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Abstract The northeastern Atlantic hosts the most ventilated subsurface waters of any eastern boundary
upwelling system, while coastal upwelling source waters are slightly above hypoxic levels. Anoxic conditions
have previously been found offshore inside mesoscale eddies whose core waters undergo oxygen
consumption for many months. Based on circumstantial in situ observations, this study demonstrates that
the Senegalese coastal ocean is subjected to episodic occurrence of zero dissolved oxygen concentration at
depth along with elevated nitrite concentration (11 mmol/m®) and nitrate/nitrite deficit to phosphate,
thereby indicating severe anoxia and intense nitrogen loss. The anoxic event was associated with a prolonged
upwelling relaxation episode in March 2012 and a nearshore diatom bloom that underwent degradation
while being advected offshore in stratified waters. This is consistent with scenarios observed in other
upwelling systems (Benguela and California), and such conditions are presumably frequent in the southern
part of the Canary system.

Plain language summary Oxygen is a key requirement for respiration by marine living
organisms. Warming of the atmosphere and the ocean surface reduces the oxygenation of offshore waters.
Similarly, the extra load of nutrients from agriculture or waste waters modifies algal production, particularly
in coastal regions, often resulting in oxygen-depleted waters. Specific reactions affecting the ionic forms of
nitrogen also occur within oxygen-depleted waters, which also impact the nitrogen cycle by generating
nitrite, which is poisonous for marine organisms, and nitrous oxide, a powerful greenhouse gas. We took
measurements at sea to show that a poorly studied coastal sector of the North Atlantic Ocean, the Senegalese
continental shelf, can be episodically subjected to complete depletion of subsurface oxygen (anoxia) as well
as high nitrite concentrations, constituting the first report of anoxia for this oceanic region. We also show
that this anoxia is likely the consequence of the decay of a bloom of diatoms, a group of microalgae common
in this type of ecosystem that initially developed in shallow waters and transported offshore by anomalous
currents associated with low-wind conditions.

1. Introduction

The dissolved oxygen (O2) concentration in oceanic waters results from physico-chemical and biogeochem-
ical processes. Surface waters are often oversaturated in O2 due to photosynthetic activity while subsurface
waters are undersaturated as a result of respiration and degradation of organic matter produced in the sur-
face layer. Large areas of the eastern boundary upwelling systems host subsurface oxygen minimum zones
(OMZs), but the level of O2 is variable (Sarmiento & Gruber, 2006). The OMZ of the eastern tropical
North Atlantic, located between the well-ventilated subtropical gyre and the equatorial oxygen maximum,
is composed of a deep OMZ and a shallow OMZ at about 100 m (60-70 umol/kg). Advection by zonal jets
dominates the oxygen supply to the deep OMZ and may be responsible for the intermediate O2 maximum
around 200-m depth, between deep and shallow OMZ (Brandt et al., 2015).

Glessmer et al. (2009) showed that the connection of the Mauritanian-Senegalese upwelling region with the
deep OMZ is very weak (only ~1% of the upwelling waters originate in the region in their numerical
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Figure 1. (a) Thermohaline and flow features of the Northeast tropical
Atlantic (Aristegui et al., 2009; Kounta et al., 2018) including the Cape
Verde frontal zone (CVFZ), North Equatorial Current (NEC), North
Equatorial Counter Current (NECC), North Equatorial Undercurrent
(NEUC), and West African poleward Boundary Current (WABC). The
typical upwelling circulation off southern Senegal is represented in the
upper-right panel: The WABC flows northward and feeds the coastal
upwelling with nearly hypoxic subsurface waters. The preferential upwel-
ling pathway is situated just south of Dakar. Upwelled water is subsequently
advected southward. (b) Surface Chl-a concentrations (mgChl—a/m3) from
Modis Aqua on 14 March 2012. Zonal transects sampled during UPSEN are
represented with blue segments. ADCP velocities over the bottom 15 m
(resp. near-surface depth range 10 to 5 m) are indicated as black (resp. gray)
vectors. The M2 tidal constituent is by far the dominant one. Velocities are
time averaged over 4, 1, and 2 M2 periods with final averaging dates and
mooring sites (pink square at arrow tails) being, respectively, 5:30 a.m. on 14
March (14.33°N to 17.25°W), 9:00 a.m. on 15 March (14.33°N to 17.21°W),
and finally 10:00 p.m. on 16 March (14.52°N to 17.22°W where anoxic Sta-
144—pink/blue diamond—was carried out).

experiment). Hence, the deep Atlantic OMZ contributes marginally to
low-oxygen events that can occur over the shelf along Senegal and
Mauritania. On the other hand, the shallow part of the OMZ is in close
proximity to the coastal upwelling region off Mauritania (Brandt et al.,
2015; Klenz et al., 2018) and Senegal (Capet et al., 2017). For the latter
region, modeling experiments have recently corroborated the existence
of mean upwelling pathways conveying offshore waters in the
depth/density range of the shallow OMZ from the latitudes of the North
Equatorial Countercurrent/Undercurrent to the southern Senegalese
shore (Ndoye, 2016; Ndoye et al., 2017; see Figure la for the physical
regional context).

0O2-depleted waters have biological impacts on most marine living organ-
isms. Thresholds of deleterious O2 concentrations vary among classes and
species but also depend on the exposure times and frequencies (e.g.,
Monteiro & van der Plas, 2006; Vaquer-Sunyer & Duarte, 2008). On aver-
age, crustaceans are more sensitive than fish, while fish are more sensitive
to low O2 levels than bivalves and gastropods. Below 22 pmol/kg extreme
stress and mortality of organisms is expected. For example, low-oxygen
events have provoked rock lobsters walkout in the southern Benguela
(Cockceroft, 2001), the mortality of crabs off Oregon-California
(Grantham et al., 2004), and massive fish beaching and mortality off
Chile (Hernandez-Miranda et al., 2010). While O2 values in the shallow
OMZ of the eastern North Atlantic are well above lethal values, hypoxic
conditions have been proposed to explain the occasional anomalous mor-
tality of demersal fish (Serranidae) since the late 80s (Caveriviére & Touré,
1990; personal communication from investigators of Centre de Recherche
Océanographique de Dakar Thiaroye). Nevertheless, no coastal anoxic
event has, to our knowledge, been reported in the southern Canary
Current System (CCS).

Extreme O2 depletion can also have additional consequences through
denitrification and annamox processes by inducing nitrogen loss
and/or nitrous oxide (N,0) outgassing. Such conditions have been iden-
tified in different eastern boundary upwelling systems (e.g., Codispoti &
Christensen, 1985) including the Benguela (e.g., Kuypers et al., 2005)
but has never been reported to occur in the CCS where N,O is believed
to be produced mainly through nitrification pathway (Kock
et al., 2012).

A number of studies conducted during the last 15 years show a global
deoxygenation trend in both offshore and coastal waters (e.g., Breitburg
etal., 2018; Chan et al., 2008). Although the causes of these hypoxia events
vary, changes in source waters, wind forcing, and nutrient loading
increase are frequently implicated (e.g., Breitburg et al., 2018; Chan
et al., 2008; Checkley & Barth, 2009; Diaz & Rosenberg, 2008; Rabalais
et al., 2010; Zhang et al., 2010).

This study is, to our knowledge, the first report of extreme deoxygenation
and fixed nitrogen loss along the shores of West Africa that are part of the
CCS. The field experiment and the data collection and analysis are pre-

sented in section 2. Section 3 presents the wind, 02, and chlorophyll-a (hereafter Chl-a) observations avail-
able to describe and contextualize the deoxygenation/nitrogen loss episode. A discussion is offered in
section 4 on the conditions and processes having led to anoxia and on the broader local to

regional implications.
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2. Materials and Methods

The UPSEN field experiment took place from 7 to 17 March 2012 on board the FRV Suroit. Observations
included 154 CTD stations. Data were acquired using a SBE911+ that measures pressure, temperature, con-
ductivity, fluorescence, and O2 levels. Data postprocessing was performed using the seabird SBE processing
software and followed standard practices (see Morison et al., 1994). Ninety-eight samples were analyzed by
Winkler method using a iodometric titration with an amperometric endpoint to validate electrochemical O2
concentrations for which the accuracy is ~1.5 umol/kg (e.g., Aminot & Kérouel, 2004) and the detection limit
is 4 umol/kg (A.Paulmier, pers. com.). Nitrate, nitrite, phosphate, and silicate concentrations were deter-
mined with a METROHM Titrino 848 analyzer. Pigment concentrations were measured by high-
performance liquid chromatography (Ras et al., 2008, adapted from Van Heukelem & Thomas, 2001; see
supporting information S1 caption). The relative percentage of the main phytoplankton taxonomic groups
was determined using the diagnostic pigment analysis of Aiken et al. (2009). Multiple short-term deploy-
ments of an array of upward looking Acoustic Doppler Current Profilers (ADCP) were made in 30- to
40-m water depths. The array consisted of two RDI (300 kHz) and two AQUADOPP (400 and 600 kHz), each
recording currents every 2 min with 1-m bin size. ADCPs were deployed at the northern, southern, western,
and eastern ends of a cross, with approximately 1.8-km distance between the extremities. Velocity measure-
ments at the four locations are simply averaged and low-passed filtered (time averaging over one to three M2
tidal periods) to provide estimates of the near-surface and near-bottom subinertial currents at midshelf. The
mooring deployments made between 11 and 16 March (respectively, on 16 March) were within 20 km
(respectively, 1 km) from where the anoxic observation was made. Wind variability was characterized using
data from the Yoff weather station at Dakar Airport (DWS), National Climatic Data Center blended sea
winds (Zhang et al., 2006), and wind recorded on board the vessel.

Synoptic sea surface Chl-a concentrations encountered 14 March were provided by Modis Aqua. Data pro-
cessing involved a specific deconvolution (Diouf et al., 2013) to reduce the contamination due to large
amounts of mineral dust in the atmosphere.

3. Results

During UPSEN observation stations were mainly organized along four zonal/across-shore sections situated
on the shelf south of Dakar (Figure 1). UPSEN occupied the southernmost section at 13°50’N and 14°06’'N,
followed by a section at 14°20'N before ending by a section at 14°31’N. Observations described herein focus
on the final northern section where hypoxic conditions were encountered over the midshelf and one station
(Station 144, hereafter Sta-144) exhibited near-bottom anoxia. Prior to this survey, usual upwelling (north-
erly) winds of 10-15 knots were blowing over the area (Ndoye et al., 2014). Winds weakened just before
the survey started (Figure 2) and blew gently from 7 to 10 March alternating from weak northeasterlies
(NE) in the morning to northwesterlies (NW) in the evening (not shown), a usual pattern for this region
strongly affected by thermal winds (see Figure 2e in Capet et al., 2017, for the similar diurnal cycle observed
in 2013). The relaxation became more pronounced between 10 and 13 March with very weak NW winds
punctuated by short periods of weak southerlies. The night and morning of 16 March were marked by alter-
nating NE-NW winds and a southeasterly wind blew over Dakar for an hour at midday. The typical circula-
tion characterized by an equatorward surface-intensified upwelling jet over the midshelf (Figure 1a)
reversed to poleward shortly before (Figure 2c). It is during this part of sequence that the observed
anoxia developed.

Six stations at depth between 31 and 32 m (127, 130, 134, 144, 148, and 152) were made between 16 March
2:42 a.m. and 17 March 10:10 a.m. within 1 km from 14°31.06'N to 17°13.05'W (hereafter Sta-144). Near-
bottom O2 concentrations below ~20 wmol/kg were measured after the 16 at 9:15 a.m. (Sta-130). Among
them, Sta-144 exhibited pronounced anoxia recorded by the electrochemical sensor and the Winkler method
(Figure 3a). On 16 March , nitrate concentrations in the bottom layer decreased from 21 to 3.1 umol/L
between 2:42 a.m. (Sta-127) and 10:03 p.m. (Sta-144) while nitrite concentrations increased from 0.59 to
11.2 umol/L (Figure 3e). The following day, nitrate/nitrite concentrations reverted back to less extreme
values (Figures 3d and 3e), but oxygen levels remained anomalously low at 5-13 umol/kg (Figure 3a). The
nitrogen deficit (N* = NO;~ + NO, —16*PO,*") mirrors the nitrate/nitrite consumption/production
(Figure 3f). The modest changes in phosphate concentration throughout the period indicate that ionic
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Figure 2. (a) Meteosat SEVIRI sea surface temperature (°C) at different times during UPSEN. Acoustic Doppler current profiler (ADCP) velocities over the bottom
15 m (resp. near-surface depth range 10 to 5 m) are indicated as black (resp. gray) vectors. Velocities are time averaged as in Figure 1c (velocities measured on 12-14
March are shown with sea surface temperature on 11 March). ADCP mooring sites also as in Figure 1c; (b) instantaneous (dashed) and low-pass filtered with
one inertial period forward shift (solid black) meridional wind (m/s; negative is southward) at DWS (14°44'N, 17°30'W, 27 m above ground). Gray rectangles
delineate the periods without shipboard measurements. The prolonged relaxation period is clearly visible between 7 and 17 March; (c) Midshelf time-depth dia-
grams of zonal (top) and meridional (bottom) currents (m/s) measured by upward ADCPs. The thin black lines near 0-m depth represent sea level position. The four
distinct mooring locations and associated measurement time periods are reported in the time line above each panel. The timeline also indicates when the MODIS
image (Figure 1) was taken and when Sta-144 was made. The subsurface shelf flow reversed to northward during the final part of UPSEN (lowest right panel).

forms of nitrogen were depleted (Figure 3b). The 10-m layer over the sediment thus presented consistent
conditions of extremely low oxygen and large negative N* during the 30-hr period. A slight Chl-a increase
toward the bottom is also noticeable in the same depth range (Figure 3g). Diagnostic pigment analysis
revealed a biomass composition strongly dominated by diatoms that represented 60% to 95% of the total
biomass (Figure 3h). The pheophorbide-a pigment concentration peaked at Sta-134 (16 March, 12:22 pm)
at 5-m depth. Near the bottom, highest concentrations were encountered at Sta-148, followed by Sta-144
(0.6 and 0.44 umol/L, respectively; Figure 3i).
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Figure 3. Profiles of (a) O2 concentrations from CTD casts, (b) phosphate, (c) silicate, (d) nitrate, (e) nitrite concentrations, and (f) nitrate deficit for stations 127 at
2:42 a.m., 130 at 9:15 a.m., 134 at 12:22 p.m., 144 at 22:03 on 16 March and stations 148 at 8:43 a.m., 152 at 10:10 a.m. the 17; profiles of (g) Chl-a, (h) diatom

contribution to phytoplankton biomass, and (i) pheophorbide at the same stations 127, 130, 134, 144, and 148. Crosses in panel (a) correspond to Winkler oxygen
measurements for Sta-144.

Figure 4 shows near-surface and near-bottom Chl-a concentrations, apparent oxygen utilization (AOU), and
02 concentrations at all field stations. The north-south distance between the observation sections is only 28
km (20 km between the central north and the northern sections), and the distribution of stations between
shallow versus deep areas remained roughly constant throughout the experiment. Hence, we can present
data shown in Figure 4 as mainly representative of temporal evolution over the entire area. O2 concentra-
tions and AOU show that the midsurvey corresponded to the most productive phase at the surface
(Figures 4b and 4c). The end of the survey is characterized by a reduction of O2 concentrations and an
increase in AOU occurring at the same time, which reflects an enhanced respiration in surface waters.
Over the whole survey, the bottom 5-m layer presented biomass ranging from few to 45 mgChl-a/m?, the
highest biomasses being measured for the section at 14°20’N (except for few single stations; Figure 4d).
The most noticeable temporal changes concern near-bottom 02 and AOU that, respectively, exhibit a down-
ward and an upward trend. These trends are particularly pronounced toward the end of the experiment
when rapid changes seem to occur after Sta-130. The bottom O2 concentrations and AOU are less variable
than in surface layers and show a continuous augmentation of consumption throughout UPSEN
(Figures 4e and 4f). The 14°31’N section stands out with mean O2 falling below 10 umol/kg for the bottom
layer at several stations while AOU increases by ~30 umol/kg. Note that bottom O2 concentrations at 14°20"
N are statistically different from concentrations at 14°N and 14°31’'N (¢ test at 95% confidence level) whereas
concentrations at 14°N and 14°31’'N are not.

4. Discussion

High-resolution sampling of the water column during UPSEN revealed a short episode of complete
subsurface anoxia. Reaching the O2 levels observed at six stations situated within 1-km distance requires
the consumption of ~60 umol/kg of oxygen, this value being approximately the background concentration

MACHU ET AL.

2623



Geophysical Research Letters 10.1029/2018GL079622

AQU (pmol/kg) Biomass (mgChI/mZ)

[O,] (umolkg)

a) Integrated [Chl-a] - Upper 20m d) Integrated [Chl-a] - 5m Bottom layer
200 0 50 0
40
150
-50 30 -50
100 20
-100 -100
50 10
0 -150 0 -150
07/03 08/03 10/03 12/03 15/03 16/03 07/03 08/03 10/03 12/03 15/03 16/03
b) Mean AOU e) Mean AQOU
: : 0 K , 0
200
100 -50 150 -50
50
400 190 -100
0 50
-50 -150 0 -1
07/03 08/03 10/03 12/03 15/03 16/03 07/03 08/03 10/03 12/03 15/03 16/03
c) Mean [02]
0
300
200 "
100 -100
0 -150 0 -100
07/03 08/03 10/03 12/083 15/03 16/03 07/03 08/03 10/03 12/03 15/03 16/03
2012 2012

Figure 4. (a, d) Biomass, (b, €) mean apparent oxygen utilization ([02]g,:-[O2]mes), (¢, ) and mean [02] for the (a-c) upper layer (0-20 m) and the (d-f) bottom
layer from CTD casts: 14°55'N (white), <14°06'N (red), 14°20’N (green), and 14°31'N (black). Right axis is the bathymetry (m) for each station displayed as a
thin blue line on all panels (a-f). Mean O2 profiles for stations shallower than 45 m along transects at 14°N (red), 14°20’N (green), and 14°31’'N (black) are added in

panel (f).

for near-bottom upwelling waters over the southern Senegalese shelf (see Figure 4 in Capet
et al., 2017). Ignoring processes other than local phytoplankton degradation and assuming a
photosynthesis/respiration reaction with a typical mean carbon:chlorophyll ratio of 50, such reduction
requires 10 mgChl-a/m3. This Chl-a concentration was rarely encountered in places shallower than 20-m
depth, except at ~14°20’N to 17°15'W toward the end of the survey (13 March, not shown). In practice,
the observed O2 drawdown must have implied sinking of near-surface plankton in the bottom layer
where degradation took place. In a 1-D vertical framework, required Chl-a concentrations are not
fundamentally different because the surface layer where most of the plankton resides and the anoxic
bottom layer have a similar thickness. Chl-a concentrations in the vicinity of the anoxia event were thus
three to five times lower than the required 10 mgChl-a/m?® (Figure 3g).

The presence of elevated Chl-a levels over the inner shelf and the sudden shift of the flow direction from
equatorward to poleward at mid-shelf on 15 March potentially drove the development of the midshelf anoxic
event. Chl-a concentrations of 10 mgChl-a/m? were present when anoxia occurred and shortly before with
16.9 mgChl-a/m> obtained by high-performance liquid chromatography at the surface for the inner-shelf
Sta-128 (14°31’N to 17°10'W; 23-m depth) on 16 March. Chl-a patterns for 14 March are visible on
MODIS image and confirm the widespread presence of elevated Chl-a nearshore and particularly inshore
of the anoxic area (Figure 1). The comparison with estimates from in situ observations gives some confidence
on the patterns and absolute numbers (mean Chl-a difference between satellite and HPCL measurements
was 0.13 mgChl-a/m? for 14 March; Figure S1).

The observed anoxic event occurred toward the end of a prolonged upwelling relaxation phase that was par-
ticularly marked after 11 March (Figure 2). Current measurements indicate that the midshelf subinertial
flow remained predominantly oriented toward the south during that period but reversed to northward on
15 March, that is, shortly before the anoxic event was observed (Figures 1 and 2). Synoptic fluctuations of
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the local wind were limited around the time of flow reversal (Figure 2b). Thus, the most plausible explana-
tion for this change in flow orientation involves remote wind fluctuations triggering coastal trapped waves,
as classically found in coastal upwelling systems (Brink, 1991; Chapman, 1987; Hormazabal et al., 2004;
Pringle & Dever, 2009). Although diabatic processes may be responsible for some of the SST differences
between the SEVIRI scenes for 15 and 16 March (Figure 2a), the SST evolution between these dates is sup-
portive of a shelf-scale flow reversal that would modify the shape of the cold upwelling plume (oriented
north-south on 15 March and having a more tilted comma-type appearance on 16 March). Due to geomor-
phology of the shelf south Dakar, the circulation associated with coastal trapped waves cannot be purely
meridional because it must roughly follow the isobaths (Wilkin & Chapman, 1990), hence the explanation
for the orientation of the flow near the anoxic site on 16 March (Figure 1). This led to the transport of near-
shore waters toward the mooring area (Figures 1 and 2).

Consumption of 45 to 60 umol/kg of oxygen (near-bottom concentrations encountered at midshelf at 14°20’
N and in offshore upwelling waters, respectively) and over 20 mmol/m? of fixed nitrogen is unlikely to have
taken place over a 24-hr period. This would imply extreme consumption rates of the order of 60 mmol/m>/
day, which are 2 orders of magnitude higher than typical respiration rates measured in upwelling regions
(e.g., Adams et al., 2013). Accordingly, ocean currents must have mainly been responsible for advecting
nearshore waters already highly depleted in O2 that had not been previously sampled, as opposed to sud-
denly creating conditions that would have led to rapid local O2 consumption near the anoxic site.

The origin of these O2-depleted waters cannot be precisely determined, but sustained O2 depletion can only
have occurred (i) where biomass levels were sufficiently high to produce significant consumption, typically
inshore of the 20- to 25-m isobath (Figure 1), and (ii) where the water depth was sufficient to prevent bottom
water aeration through vertical mixing, that is, typically where the water column was stratified. The water
column was always stratified at the stations we sampled (offshore of the 15-m isobaths), but nighttime wind
speeds measured by the ship weather station systematically reached 15 knots (not shown), so significant 02
depletion may have been limited to beyond the 10-m isobath. The reduced size of the sector compatible with
the production of near anoxic waters in the proposed scenarios is qualitatively consistent with the short
duration of the anoxic event on 16 March. Several elements indicate that significant organic matter degrada-
tion and O2 consumption were occurring in the water column on 16 March.

Offshore stations along the 14°31'N transect presented surface and bottom maxima of Chl-a that supports
the remote sedimentation of phytoplankton biomass mainly composed of diatoms and the advection of
enriched phytoplankton in the vicinity of Sta-144 (Figures 3g and 3h). Decay rates tend to follow the overall
biological richness of the water with the fastest decay occurring in rich nearshore waters (Fuhrman, 1999).
Pheophorbide-a is usually considered as a product of Chl-a degradation associated to protozoan grazing
(Lampert, 2001), which must have been active on 16 March when Pheophorbide-a concentrations are about
three times higher than those found during the rest of the survey (Figure 3i; the average concentration dur-
ing UPSEN was 0.17 umol/L).

Nitrogen and O2 consumptions occurred at the sediment interface in our area of investigation (Dale et al.,
2014; Sokoll et al., 2016) and can exhibit high temporal dynamics (Berg et al., 2013). At seasonal timescale,
02 consumption at the sediment interface was estimated to account for 16% of the 0.9 ml/L seasonal draw
down over the Oregon shelf (Adams et al., 2013). According to Huettel et al. (2014), the highly permeable
carbonate sand that constitutes the seabed in our area of investigation (Barusseau, 1984) can be a net source
of O2 owing to high benthic photosynthesis rates. Measurements off Mauritania by 50-m depth during the
upwelling season gave uptake rates of ~10 mmolOz/mz/day (Dale et al., 2014). Therefore, the underlying
permeable sediments may play a role in the net oxygen demand in the lower 10 m of the water column,
but flux intensity and direction are totally unconstrained in our observations.

The anoxia encountered at midshelf during an upwelling relaxation is thus the likely consequence of the
advection of a decaying diatom bloom that developed in shallower waters. Similar sequences are also
encountered in the Benguela and California upwelling systems (Chapman & Shannon, 1985; Checkley &
Barth, 2009; Pitcher & Probyn, 2010, 2011).

Although nitrification is thought to be the main process producing the potent N,O greenhouse gas off
Mauritania (Kock et al., 2012), our study suggests that N,O could be produced by denitrification in the
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broader CCS. Production of N,O through denitrification is thought to be favored compared to free nitrogen
in coastal environments (Naqvi et al., 2006). Understanding oxygen dynamics over the southern Senegal
shelf would be useful to quantify the CCS contribution to atmospheric concentration of this greenhouse gas.

Major unknowns remain regarding the duration and extension of the anoxia, the frequency of occurrence
and regional consequences on the nitrogen budget and the ecosystem, including through possible export
of low O2 waters toward the open ocean (Schiitte et al., 2016). Note that nitrite can be poisonous for certain
species. Coastal processes implicated in the production of local O2-depleted waters may be anthropogeni-
cally affected. This could add to or even surpass the concerns associated with the O2 trends in OMZs
(Stramma et al., 2008). Additional observations as well as modeling will strive to fill these important knowl-
edge gaps. Setting up a regular monitoring program will certainly be needed in order to understand O2 varia-
bility and the long-term evolution of low oxygen events and reveal the processes underlying regional
changes in the OMZ and at local scales, such as the impacts of wastewater discharges around Dakar
(Diop et al., 2014).
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