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ABSTRACT

The epoch of the Anthropocene, a period during which human activity has been the dominant influence on
climate and the environment, has witnessed a decline in oxygen concentrations and an expansion of oxygen-
depleted environments in both coastal and open ocean systems since the middle of the 20th century. This
paper provides a review of system-specific drivers of low oxygen in a range of case studies representing marine
systems in the open ocean, on continental shelves, in enclosed seas and in the coastal environment. Identification
of similar and contrasting responses within and across system types and corresponding oxygen regimes is shown
to be informative both in understanding and isolating key controlling processes and provides a sound basis for
predicting change under anticipated future conditions. Case studies were selected to achieve a balance in system
diversity and global coverage. Each case study describes system attributes, including the present-day oxygen
environment and known trends in oxygen concentrations over time. Central to each case study is the identifi-
cation of the physical and biogeochemical processes that determine oxygen concentrations through the tradeoff
between ventilation and respiration. Spatial distributions of oxygen and time series of oxygen data provide the
opportunity to identify trends in oxygen availability and have allowed various drivers of low oxygen to be
distinguished through correlative and causative relationships. Deoxygenation results from a complex interplay of
hydrographic and biogeochemical processes and the superposition of these processes, some additive and others
subtractive, makes attribution to any particular driver challenging. System-specific models are therefore required
to achieve a quantitative understanding of these processes and of the feedbacks between processes at varying

scales.

1. Introduction

The global ocean is increasingly modified by human activities and
one of the important responses to these changes is the deoxygenation of
coastal and open ocean waters (Breitburg et al., 2018). Low oxygen
environments in the ocean have existed through geological time in
coastal and ocean systems where oxygen sinks exceed sources of oxygen
at varying time scales (Fennel and Testa, 2019). More specifically, the
proposed epoch of the Anthropocene, a period during which human
activity has been the dominant influence on climate and the environ-
ment, has witnessed a decline in oxygen concentrations and an expan-
sion of oxygen-depleted environments since the middle of the 20th
century (Breitburg et al., 2018). This loss of oxygen from the ocean
serves as a major stressor, affecting biogeochemical cycles and marine
ecosystems, and may also interact with other stressors leading to syn-
ergistic impacts (Gruber et al., 2011; Bopp et al., 2013).

The recent collation of global open ocean oxygen data shows an
average decrease in oceanic oxygen content of more than 2% since 1960,
with estimates varying broadly between ocean basins, regions and water
depths (Schmidtko et al., 2017; Levin, 2018; IPCC, 2019). Ocean models
predict a continued decline in oxygen inventory of 1-7% by the year
2100 (Keeling et al., 2010; Long et al., 2016). Calculations further
indicate that rates of deoxygenation are greater in coastal environments
than in the open ocean (Gilbert et al., 2010) and in the coastal envi-
ronment, the number of sites of hypoxia reported in 2008 was consid-
ered to have increased by an order of magnitude since the 1960s (Dias
and Rosenberg, 2008). These trends of deoxygenation caused the
Intergovernmental Oceanographic Commission (IOC) to establish the
expert group, the Global Ocean Oxygen Network (GO,NE) in 2016, tasked
with improving our understanding of deoxygenation and its impacts and
providing a global and multidisciplinary appraisal of the problem. The
undertaking of this review paper was prioritized by the GO;NE in an
effort to synthesize our knowledge and to provide an inclusive
perspective of the drivers of deoxygenation in both coastal and open
ocean systems. Understanding how and why oxygen varies in space and
time is of fundamental importance as this variability shapes the
biogeochemical and ecological structure of marine systems.

System sources and sinks of oxygen are dictated by a number of
physical and biogeochemical processes, and their imbalance may drive
deoxygenation (Pena et al., 2010; Testa and Kemp, 2011; Friedrich et al.,

2014; Fennel and Testa, 2019; Oschlies et al., 2018). In surface waters,
oxygen concentrations are strongly dependent on air-sea exchange,
whereas in bottom waters, particularly in shallow waters, exchange
across the sediment-water interface is often significant. Advection by
currents is responsible for the flux, both lateral and vertical, of oxygen
across system boundaries, and mixing and diffusion are also important
physical processes particularly in determining the vertical distribution
of oxygen. Therefore, long water residence time and intense stratifica-
tion tend to isolate water masses from oxygen supply. Biogeochemical
processes that affect oxygen concentrations include the production of
oxygen and organic matter through photosynthesis and their con-
sumption through respiration and remineralization. Consequently, sur-
face waters usually contain high concentrations of oxygen as a result of
photosynthesis and atmospheric exchange. However, in subsurface
waters, photosynthesis is diminished and oxygen sinks may begin to
dominate supply. Oxygen consumption typically occurs through the
oxidation of organic matter in both the water column and sediments,
largely by means of aerobic respiration, but as oxygen concentrations
are depleted, a sequence of microbially-mediated anaerobic respiratory
processes may dominate using electron acceptors other than oxygen.
Nevertheless, regardless of aerobic or anaerobic pathways, respiration
and the ultimate consumption of oxygen is determined by the supply of
organic matter.

Although the independent drivers of oxygen production and con-
sumption in the coastal and open ocean environments are generally
known, deoxygenation results from a complex interplay of these hy-
drographic and biogeochemical processes and there is a clear need for a
better mechanistic understanding of oxygen depletion on a variety of
scales and across systems. The superposition of these processes, some
additive and other subtractive in the net outcome of hypoxia or anoxia,
makes attribution to any particular driver challenging. Model develop-
ment is therefore a likely requirement for providing a quantitative
assessment of the contribution of these different processes to observed
changes in oxygen, which will in turn also facilitate improved predic-
tion. This paper seeks to provide a review of system-specific drivers of
low oxygen in a range of case studies representing marine systems in the
open ocean, on continental shelves, in enclosed seas and in the coastal
environment (Fig. 1.1). Identification of similar and contrasting re-
sponses within and across system types and corresponding oxygen re-
gimes is shown to be informative both in understanding and isolating
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key controlling processes and, ultimately, in predicting changes in ox-
ygen under past and anticipated future conditions.

Case studies were selected to achieve a balance in system diversity
and geographic coverage (Fig. 1.1). Each case study sets out to describe
system attributes, including the present-day oxygen environment and
known trends in oxygen concentrations over time. Central to each case
study is the identification of the physical and biogeochemical processes
that serve to transition each system from net autotrophy to net hetero-
trophy, thereby leading ultimately to either hypoxia or anoxia. Finally,
comment is provided with each case study on the susceptibility of each
system to further deoxygenation particularly where predictions are
available through model simulations and output. The value of within
and across system comparison in guiding future observation and
modelling needs is also demonstrated.

While the need to use a single unit for oxygen concentration remains
a priority, the case studies below express oxygen concentrations in a
variety of units as determined by their use in the original publication.
For ease of conversion: 1.0ml1™' = 1.4 mg1™! = 44.66y mol 1™ Oy; and
1 umol 17! = 0.9737 umol kg ! at seawater density of 1.027 gcm™>. In
some cases, the partial pressure of oxygen (pO,) is presented and
expressed in kilopascals: at 100% saturation, pOy = 21 kPa =21 uM at
10°C.

2. Open oceans

The eastern tropical oceans are generally characterised by large
volumes of oxygen depleted waters at an intermediate-depth referred to
Oxygen Minimum Zones (OMZs; Paulmier and Ruiz-Pino, 2009). The
hypoxic waters of these regions are typically found between 100 and
1 000 m depth where ventilation is weak and the consumption of oxygen
high driven by the sinking of particulate matter. Case studies are pre-
sented for the Eastern Tropical Pacific (ETP) with a focus on the Eastern
Tropical South Pacific (ETSP), and the Eastern Tropical North Atlantic
(ETNA). These OMZs differ in that the OMZ of the ETSP covers a much
greater area and oxygen concentrations in its core region are consider-
ably lower than those in the OMZ of the ETNA. In the Indian Ocean,
oxygen deficient subsurface waters do not develop on its eastern
boundary as in the Atlantic and Pacific Oceans, but are found in the
north in the ocean basins of the Arabian Sea and the Bay of Bengal. A
case study of the OMZs of the North Indian Ocean serves to contrast the

California
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drivers of oxygen depletion in these two ocean basins (Arabian Sea and
Bay of Bengal) with those in the ETSP and the ETNA.

2.1. Eastern tropical Pacific OMZ

2.1.1. A system of two OMZs

The meridional extension of the Eastern Tropical Pacific (ETP) OMZ
is from 40°S to 30°N at thermocline depths ranging from 100 to 1 000 m.
The OMZ reaches its shallowest depths and lowest oxygen concentra-
tions in the coastal regions where thermocline waters have been isolated
from the atmosphere for the longest time. In the near equatorial region
of the open ocean, oxygen concentrations tend to increase, separating
the ETP into the Eastern Tropical North Pacific (ETNP) OMZ (off Mexico
and Central America) and the Eastern Tropical South Pacific (ETSP)
OMZ (off Peru and Chile). These two well-defined OMZs are connected
through intricate pathways and their equatorward edges are charac-
terised by oxygen peaks termed secondary oxygen maxima (Margolskee
et al,, 2019). Both systems comprise three layers: an upper layer
demarcated by an oxycline at around 100 m depth (shallower close to
the coast and deeper offshore), a core layer of Oy < 20 umol 17! between
400 and 1 000 m, and a lower layer demarcated by a less intense oxygen
gradient extending to about 3 500 m below the core (Paulmier and Ruiz-
Pino, 2009). In the core layer (O3 < 20 umol 1*1), both OMZs exhibit a
tongue-like shape extending offshore that differs in terms of thickness,
intensity and oxygen concentration (Fig. 2.1.1).

While the same physical attribute of low ventilation contributes to
their existence, the two OMZ systems exhibit significant differences,
which are yet to be fully understood. For instance, while the ETNP OMZ
is more extensive and intense, the ETSP OMZ is shallower (e.g., Fuen-
zalida et al., 2009; Paulmier and Ruiz-Pino, 2009). In recent years, much
progress in our understanding of the dynamics of these OMZs has been
achieved from experimentation with regional biogeochemical coupled
models with a focus on the ETSP OMZ (Montes et al., 2014; Vergara
et al.,, 2016). However, gaps remain in our knowledge of the mecha-
nisms controlling variability within the ETNP OMZ due to biases and
limitations in state-of-the art global coupled models (Cabré et al., 2015),
to the different climatic and geographical settings of the ETNP OMZ, and
to the relative paucity of in situ data.

OMZs North
Indian Ocean

Shelves North
Indian Ocean

Fig. 1.1. The location of 19 case studies representing marine systems in the open ocean (brown), on continental shelves (yellow), in enclosed seas (purple) and in the
coastal environment (green). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2.1.1. Vertical sections (left) and horizontal distributions (400 m depth; right) of annual mean oxygen concentration extracted from high-resolution coupled
physical-biogeochemical model outputs (ROMS-BioEBUS, Dewitte et al., 2012; Gutknecht et al., 2013a,b; Montes et al., 2014) configured for the Eastern Tropical
North Pacific (ETNP, top) and Eastern Tropical South Pacific (ETSP, bottom) at 116°W and 87°W, respectively. Oxygen concentrations of 20, 60 and 100 pmol 1! are

depicted as white contours.

2.1.2. Drivers of oxygen variability in the ETSP

The ETSP OMZ is primarily maintained by the combination of slug-
gish oceanic circulation and high or moderate rates of organic matter
decomposition consuming dissolved oxygen (Paulmier and Ruiz-Pino,
2009; Breitburg et al., 2018), and the balance of these physical and
biogeochemical processes may vary at different timescales. Due to the
favourable coastline geometry for planetary wave energy transmission,
the OMZ of the ETSP is strongly influenced by remote variability
generated in the equatorial central Pacific (i.e., El Nino) that modulates
coastal upwelling driven by the divergence in Ekman transport and
mesoscale activity (see Fig. 2.1.2). In terms of mean circulation, waters
transported by the Equatorial Current System (Equatorial Undercurrent:
EUC, primary and secondary Southern Subsurface countercurrents:
pSSCC and sSSCC - also known as Tsuchiya Jets) are important in OMZ
dynamics in that they supply waters of different oxygen content to the
ETSP OMZ. Estimates from model simulations indicate that the main
contributor to changes in oxygen fluxes to the coastal system comes from
the EUC (~300 x 10° mol s™!), while the pSSCC (~70 x 10% mol s™1)
and the sSSCC (>~20 x 10° mol s~ 1) have only marginal contributions
(Montes et al., 2014). These estimates are consistent with available
observations (e.g., Stramma et al., 2010a,b) that indicate that the ETSP
OMZ is ventilated by zonal jets (i.e., pSSCC and sSSCC) rich in nutrients
but low in oxygen (e.g., Llanillo et al., 2013); these zonal jets contribute
to the reduction of mean OMZ oxygen levels coincident with reductions
attributed to the respiration of organic matter (Monteiro et al., 2006;
2011; Brandt et al., 2010; Llanillo et al., 2013). In terms of variability in
the OMZ, variability in advection is an order of magnitude larger than
the variability in biogeochemical processes. Advection is particularly
strong across the OMZ boundaries where the strongest gradients in ox-
ygen are found (particularly in the vicinity of the oxycline and near the
coast). Non-linear advection also contributes to transient (i.e., non

steady) local gradients in oxygen associated with either local biogeo-
chemical aerobic processes (like oxic decomposition and nitrification in
the region of the oxycline) and/or high frequency mesoscale activity
generating oxygen gradients within a larger scale mean flow (Montes
et al., 2014).

In particular, the boundaries of the ETSP OMZ are characterized by
strong gradients in oxygen content and the presence of highly turbulent
zones (Montes et al., 2014; Vergara et al., 2016), where mesoscale
structures play a dual role in determining high frequency variability
(Bettencourt et al., 2015). At depths between ~400 and ~600 m, model
simulations indicate that mesoscale eddies and fronts act as barriers to
the entry of oxygen into the OMZ core. Here eddies serve to modulate
oxygen diffusion across the OMZ borders and thereby maintain the
separation of oxygen-rich and oxygen-poor waters. However, sporadi-
cally, eddies may introduce waters with high oxygen content across the
borders of OMZs. These events result in fluxes of oxygen an order of
magnitude higher than mean fluxes, thereby contributing significantly
to the ventilation of the OMZ. At shallower depths, eddies formed near
the coast due to the instability of coastal currents (Capet et al., 2008) to
induce subduction and offshore transport, thereby carrying their water
properties westward. This lateral transport exports nutrients off-shore
(Rossi et al., 2008; Gruber et al., 2011; Stramma et al., 2013) leading
to a reduction in biological production and vertical export from coastal
areas. These processes are likely to be influential in ventilating the OMZ.
For instance, a reduction in oxygen concentration in the OMZ could be
achieved by a reduction in the meridional and vertical eddy activity, as
in the Northern Tropical Atlantic OMZ (e.g., Brandt et al., 2010). Model
simulations also indicate that the oxygen eddy flux is modulated at
seasonal timescales, which could explain seasonal variation in the ETSP
OMZ (Vergara et al., 2016). Finally, open ocean conditions may impact
coastal conditions because reduced ventilation events (e.g., associated
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Kelvin wave

Cyclonic eddies
? Mixing

Fig. 2.1.2. Schematic of the main physical processes involved in the mainte-
nance and variability of the Eastern Tropical South Pacific OMZ. Colored
contouring represents oxygen concentration (logarithmic scale), where the
darkest red contour corresponds to waters with oxygen concentra-
tions < 1ml1~! at 300 m (CARS data, www.cmar.csiro.au/cars). Light blue ar-
rows correspond to subsurface currents (PCUC: Peru-Chile Undercurrent,
pSSCC, sSSCC: primary and secondary Southern Subsurface countercurrents,
respectively). Anticyclonic eddies are in red and cyclonic eddies in blue. The
thick red long arrow curving from south to west represents ventilation of the
thermocline, that is, in its conceptual view, the subsurface equatorward
transport of water masses through potential vorticity conservation from the
surface in the mid to high-latitudes. Along this water mass pathway, the OMZ
limit can be eroded through diapycnal mixing (blue squiggly arrows). (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Q Anticyclonic eddies

with SSCC) can enhance the OMZ near the continent, promoting local
anaerobic biogeochemistry (Monteiro et al., 2011).

At lower frequencies, the El Nino-Southern Oscillation (ENSO) is the
main driver of variability in the ETSP OMZ. The strong Eastern Pacific El
Nino events have the most obvious impact on the ETSP OMZ through the
advection of warm waters along and off the coast of Peru and Chile.
However, weaker Central Pacific El Nino events are more influential
through the propagation of coastal-trapped Kelvin waves along the coast
that modulate coastal upwelling and produce vertical displacements of
the upper limit of the coastal OMZ (Morales et al., 1999; Hormazabal
et al., 2006; Graco et al., 2017). A modeling study focusing on the
extreme El Nino event of 1997-98 and the La Nina event of 1999-2000
showed contrasting changes in the ETSP OMZ and the oxycline associ-
ated with the horizontal and vertical advection of nitrate (Mogollon and
Cali, 2018). Simulation results indicate a reduced OMZ during El Nino
years as a consequence of the horizontal advection of warm, nutrient-
poor waters into the region, whereas during La Nina years there is a
tendency for the OMZ to expand due to the vertical advection of cold,
nutrient-rich waters that promote biological activity. An asymmetric
response of the ETSP OMZ to different types of El Nino has been reported
by Garcon et al. (2019), where the Eastern Pacific El Nino events yield a
larger OMZ reduction while the Central Pacific El Nino events are
associated with an intensified OMZ that may favour more deoxygenated
water conditions. The scarcity of subsurface oxygen data has limited
investigation of OMZ variability at low frequencies, although historical
data suggest an expanding trend including a significant decadal
component (Stramma et al., 2008). Potentially important processes in
the forcing of the OMZ have been documented based on regional and
global models and they revealed a significant dependence on model
parameterizations and resolution. The few high-resolution data sets
available suggest that organic matter degradation within the OMZ plays
a significant role in the high frequency variability of oxygen (e.g., Bre-
tagnon et al., 2018), a process not suitably accounted for in current
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models.

At decadal scales, our understanding of the variability of the ETP
OMZ is even more limited due to the superimposition of a long-term
climate trend and higher frequency climate oscillations. Decadal vari-
ance in particular can arise from the reddening of the variability spec-
trum of the physical and biological drivers; whereby variance is manifest
at low frequencies and high frequency perturbations are dampened (Ito
and Deutsch, 2010). Sensitivity experiments with a global coupled
biogeochemical-circulation model suggest that when the ETP OMZ ex-
periences environmental physical forcing typical of the positive phase of
the Pacific Decadal Oscillation (PDO), the volume of suboxic regions
may expand by 7% over 50 years due to a slow-down in large scale
circulation related to a decrease in the intensity of the trade winds
(Duteil et al., 2018). The prevailing positive PDO conditions since 1975
may therefore have contributed significantly to the current long-term
trend of deoxygenation in the ETP. It is noteworthy that the ETP OMZ
is influenced by a variety of physical mechanisms from equatorial re-
gions at different time scales, and their relationship with the dynamics of
the OMZ remains largely unknown. This holds true especially in the
ETNP OMZ where few studies have been undertaken to establish a clear
understanding of the drivers of low oxygen. The ETNP OMZ, specifically
the oceanic region off Mexico, is characterized by strong vertical strat-
ification with low primary productivity (Maske et al., 2010; Franco
et al., 2014). This OMZ is also influenced by various climatic modes at
both interannual to decadal timescales (i.e., ENSO [Frischknecht et al.,
2015], the North Pacific Meridional Mode and the North Pacific Gyre
Oscillation [Di Lorenzo et al., 2008]), the role of which on OMZ vari-
ability has not been extensively documented. Nevertheless, it is likely
that the OMZ off Mexico is modulated by ENSO (Durazo, 2009; Kurczyn
et al., 2012) as demonstrated during the El Nino of 2015-16 when an
incursion of oxygenated water modified the local structure of an intense
and shallow OMZ, partially eroding and intensifying the oxycline
(Trucco et al., 2019).

2.1.3. The susceptibility of the ETP OMZ to further deoxygenation

At climatic timescales, there is a concern about the possible expan-
sion of the ETP OMZ in a warmer climate. Oxygenation proxies in
paleoceanographic records show expansion of the ETP OMZ in associ-
ation with events of global-warming during the recent deglaciation (e.g.,
Moffitt et al., 2015), similar to present observations of change due to
anthropogenic perturbations (e.g., Stramma et al., 2008; Ito et al.,
2016). Oxygen decreases recorded in the equatorial region and in the
upper-ocean of the ETSP OMZ during the last five decades are associated
with the expansion of the OMZ (Czeschel et al., 2012; Schmidtko et al.,
2017). For the ETP OMZ, projections of models under the scenario of
global warming indicate a considerable decrease in oxygen content
(more pronounced in the ETNP than ETSP OMZ) in response to warming
and a reduction in oxygen solubility, and to increased stratification and
reduced ventilation (Bopp et al., 2013; Oschlies et al., 2018).

2.2. Eastern tropical North Atlantic OMZ

2.2.1. Oxygen distribution in the open ETNA

In the eastern tropical North Atlantic (ETNA) two permanent OMZs
are observed: a deep OMZ with a core depth located at about 400 m and,
closer to the shelf, a shallower OMZ at about 100 m depth (Karstensen
et al., 2008; Brandt et al., 2015). Oxygen concentrations in these two
OMZs rarely fall below 40 umolkg™! (e.g., Bange et al., 2010). Lowest
oxygen concentrations at the core of the deep OMZ are found off the
continental margin at about 20°W and 10°N (Brandt et al., 2015). The
spatial propagation of the deep OMZ into the ETNA is bounded in the
north by the North Equatorial Current (NEC) and in the south by zonal
flows near the Equator (North Equatorial Counter Current and the North
Equatorial Undercurrent). Towards the east, the OMZ extends into the
coastal waters of Northwest Africa (Mauritania and Senegal) and
weakens in the west towards the high-oxygen boundary regime of the
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North Brazil Current (Fig. 2.2.1). Water masses above the OMZ core
(200-400 m) are poorly ventilated and show long residence times
leading to an estimated age of these waters of more than 90 years (Duteil
et al., 2014a,b).

In addition to the two permanent OMZs, localized low-oxygen
cyclonic eddies and anticyclonic mode water eddies have been
recently reported for the ETNA. These eddies are referred to as “dead
zone” eddies because the oxygen concentration within the eddy core
may fall below 2 umol kg~! (Fig. 2.2.2; Karstensen et al., 2017). Dead
zone eddies are thought to originate from the highly productive coastal
upwelling region off West Africa and subsequently propagate westwards
into the open Atlantic. Oxygen concentrations in these eddies are lowest
at 40-60 m depth, and are therefore notably shallower than the per-
manent OMZs (Fiedler et al., 2016; Schiitte et al., 2016a,b).

The ETNA OMZ has been expanding over the past decades as evi-
denced by both a decline in core oxygen concentration and an increase
in the vertical extent of the OMZ as observed during the period
1960-2008 (Fig. 2.2.3; Stramma et al., 2008). The rate of deoxygenation
in the ETNA was estimated to be equivalent to an integrated net loss of
136 umolm~2 yr~! and this loss is associated with an increase in the
vertical extent of OMZ waters of <90 umol kg ! by 85%; from a thick-
ness of 370m in 1960 to 690 m in 2006. An analysis of more recent
oxygen concentrations (2006-2015) showed different decadal trends
within the OMZ core for upper (200-400m) versus deeper
(400-1000 m) water masses (Hahn et al., 2017). While oxygen con-
centration continued to decline (-5.9 + 3.5 umol Oy kg’1 decade™) in the
upper oxycline, oxygen concentration below the OMZ core increased
(4.0 £ 1.6 umol O, kg~! decade™). If this trend continues the OMZ is
expected to shoal with severe consequences for surface ocean biota.
Causes for the shoaling of the OMZ are not fully understood but may be
related to weakened ventilation and/or enhanced biological oxygen
consumption.

2.2.2. Controls of oxygen in the ETNA

Oxygen concentrations in the deep OMZ of the ETNA, like in other
parts of the ocean, are controlled by the physical supply and biological
consumption of oxygen. Analyses showed that meridional eddy fluxes
contribute the most to the ventilation of the OMZ (about 60%), followed
by the contribution from diapycnal mixing (about 20-30%) (Brandt
etal., 2015). Expansion of the ETNA OMZ over recent decades (Stramma
et al., 2008; Hahn et al., 2017) indicates that oxygen supply is unable to
meet oxygen demand created by the remineralization of sinking par-
ticulate organic matter (Matear and Hirst, 2003). Biological processes of
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oxygen consumption, which are less constrained than the physical
processes of supply and loss in the oxygen budget of the ETNA, show
relatively higher temporal and spatial variability. Organic matter sus-
taining heterotrophic respiration in the ETNA OMZ is supplied mainly
by the vertical settling of particles produced within the euphotic zone or
transported from the more productive upwelling regions along the West
African coast via the Canary Current System.

The capture of sinking particles by drifting sediment traps has shown
that particulate organic carbon (POC) fluxes in the ETNA region off
Mauritania (~10°N, 21°W) decrease from 69 to 76 mg C m 2 d?! at
100m to 24-28 mg C m~2 d"! in the OMZ core at 400 m (Engel et al.,
2017). This POC loss of 41-52mg C m 2 d! indicates an average het-
erotrophic respiration rate of 4.7-5.9 umol Oy kg™! yr~! within the
upper 300 m of the mesopelagic water column, assuming a respiratory
quotient (RQ) of [CO2]:[02] of 0.89 after Williams and Giorgio (2005).
This approximation, however, only includes the fast sinking particles
that are typically captured with sediment traps and assumes that their
loss from sinking fluxes is due to complete oxidation to CO5 without
significant production of recalcitrant suspended or dissolved organic
matter. Thus, these respiration estimates are at the lower end of the
range of biological oxygen consumption rates (10 umolkg™! yr—! at
100 m depth to about 6 umol kg ! year ™! in the OMZ core) estimated for
the ETNA from apparent oxygen utilization (AOU) (Karstensen et al.,
2008). The carbon flux attenuation observed in the ETNA by Engel et al.
(2017) is less than would be expected based on the ambient temperature
and the assumption that organic carbon flux attenuation can be pre-
dicted for oxygen replete areas from in situ temperature for the upper
500 m (Marsay et al., 2015). The ETNA POC export flux data thus sug-
gests that organic carbon remineralization, and hence oxygen con-
sumption in the OMZ, may be reduced compared to fully oxygenated
waters.

Enhanced biological productivity and the accumulation of particu-
late and dissolved organic matter from anticyclonic mode water eddies
has been reported for the ETNA (Loscher et al., 2015). This may be
explained by a combination of high nutrient concentrations in the
coastal upwelling waters in which eddies originally form, and continued
vertical advection of nutrient-rich waters from below the euphotic zone.
The enhanced productivity, in turn, leads to considerably higher oxygen
consumption rates within the eddy (0.26 pmolkg™! d’; Fiedler et al.,
2016) compared to the surrounding waters (0.03 pmolkg™! day';
Karstensen et al., 2015). These high oxygen consumption rates lead to
dead zone eddies with particularly low oxygen concentrations (Loscher
etal., 2015; Fiedler et al., 2016). Oxygen depletion within the eddy core
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Fig. 2.2.2. Oxygen distribution around and within an eddy as observed in an anticyclonic mode water eddy in the ETNA north of the Cape Verde Islands (Karstensen
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Fig. 2.2.3. Changes in dissolved oxygen concentration indicate an expansion of
the OMZ in the eastern tropical North Atlantic (10° to 14°N, 20° to 30°W) over
the years 1960-2008 as shown by Stramma et al. (2008).

is assumed to progress while the eddy travels along its pathway from the
coast to the open Atlantic because the high rotational speed impedes
oxygen exchange between the eddy core and the surrounding water
mass.

Meso- and sub-mesoscale physical processes, such as the formation of
eddies and filaments, can play an important role in the organic carbon
(and thus oxygen) budget in the open ETNA as eddies and filaments
affect lateral transport from the eastern boundary upwelling regions
(Alvarez—Salgado et al., 2007). For the Canary Current System, the
offshore flux of organic carbon in the upper 100 m has been estimated as
8-34% of net community production of the coastal system and can
extend up to 1 500 km into the open North Atlantic (Lovecchio et al.,
2018). The lateral supply of organic matter may thereby contribute to
sustaining net heterotrophy and hence the biological drawdown of ox-
ygen in the open North Atlantic (Hoppe et al., 2002). Organic matter in
the dissolved and colloidal phases may play a particular role in this
offshore transport, as concentrations in upwelling regions are typically
high and sinking losses negligible. For the upwelling regions off
Northwest Africa and north-west Iberia, reported accumulation rates of
DOC and POC are similarly high (Alvarez-Salgado et al., 2001). A recent
study off Mauritania suggested that, in addition to new DOC production,
the off-shore transport of DOC may also be fueled by the upwelling of
DOC previously released during particle decomposition on the shelf
(Thomsen et al., 2019). However, for assessing the role of lateral
advection of organic matter as part of the coupling between the pro-
ductive shelf system and the open ocean, more information is needed on
meso- and sub-mesoscale transport processes and the rates of biological

turn-over and respiration during the course of transport.

2.2.3. Future changes in ETNA OMZ

Predicting the future development of the OMZ in the open ETNA
region is largely limited by the inability of models to accurately repro-
duce the present vertical oxygen distribution, in particular the separa-
tion between the shallow and deep OMZ (Matear and Hirst, 2003; Duteil
et al., 2014a,b). In addition, the contribution of biological and biogeo-
chemical processes to the observed and increasing imbalance of the
oxygen budget in the ETNA is largely unknown. Changes in biological
oxygen consumption could in principle be related to: (1) enhanced
export of organic matter, (2) a change in sinking particle composition (i.
e., increasing C:N ratios) or increased lability, (3) reduced sinking speed
or (4) changes in temperature. Better understanding of how warming
will decrease oxygen solubility in surface waters and increase upper
ocean stratification with consequences for vertical mixing, subduction
and ocean circulation is needed. Warming may also affect upwelling at
eastern continental margins and therefore the production of organic
matter and its transport to the open ETNA by lateral transport.
Furthermore, the frequency and strength of mesoscale eddies may
change in the future with potential consequences for both the supply of
organic matter and oxygen to the open Atlantic. Oxygen budgets of the
ETNA are sensitive to the highly oxic equatorial currents (Brandt et al.,
2010; Duteil et al., 2014a,b). Assessing variations in biogeochemical and
physical forcing, including current intensity and zonal meandering, will
therefore also be crucial in estimating future changes in the ETNA OMZ.

2.3. OMZs of North Indian Ocean

The lowest oxygen concentrations in the Indian Ocean are observed
in its two northern basins, namely the Arabian Sea and the Bay of Bengal
(Wyrtki, 1971). The OMZs of the Indian Ocean differ from the OMZs in
the Pacific and the Atlantic Oceans in that the most pronounced oxygen
deficiency in subsurface waters of the Indian Ocean does not develop
along its eastern boundary. This results in the conspicuous absence of
low oxygen conditions in waters off the west coast of Australia, and is in
contrast to acute oxygen depletion that occurs at comparable latitudes
off the west coasts of South America and Africa.

2.3.1. OMZs of the Arabian Sea and Bay of Bengal

The mesopelagic oxygen minimum zones (OMZs) of the Arabian Sea
and Bay of Bengal are among the largest found in the oceans (Paulmier
and Ruiz-Pino, 2009). The anomalous location of the Indian Ocean’s
OMZs in these two northern basins is the consequence of two unique
geographical features: (1) the connection of the Indian Ocean to the
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Pacific Ocean through the Indonesian seas; and (2) the limited north-
ward extension of the Indian Ocean to ~25°N due to the Eurasian
landmass. The porous low-latitude eastern boundary allows the inflow
of warm, less-saline water (known as the Indonesian Throughflow) from
the Pacific Ocean to the Indian Ocean (Gordon, 2005), which contrib-
utes to the anomalous (poleward) surface flow (the Leeuwin Current) off
western Australia. The low latitude northern boundary has an even more
pronounced effect on the oceanography of the Indian Ocean at latitudes
greater than 10°N (the Hydrochemical Front; Wyrtki, 1973) in that it
results in a unique monsoon circulation characterized by complete re-
versals of the atmospheric and surface oceanic circulations once every
six months. The monsoon winds fertilize the surface waters of the
Northwestern Indian Ocean (Arabian Sea) through the upwelling of
nutrient-rich subsurface waters in summer and convective overturning
in winter, making the Arabian Sea highly productive on an annual basis
(Naqvi et al., 2006a). This, in turn, elevates oxygen demand at depth
through the sinking of particulate organic matter from the surface layer.
The low latitude northern boundary also severely restricts subsurface
water mass formation north of the equator, except to a very limited
extent in the two Mediterranean-type marginal seas — the Red Sea and
Persian Gulf. Thus, most (~90%) of the mesopelagic ventilation is by
waters of the southern hemisphere, principally the Indian Ocean Central
Water (IOCW) or the Subantarctic Mode Water, that are relatively more
oxygenated and cross the equator in the western Arabian Sea mostly
during the Southwest Monsoon (SWM) (Swallow, 1984; Naqvi et al.,
2010a). Thus, the occurrence of OMZs in the northern basins of the In-
dian Ocean is due to both moderately high oxygen consumption rates
arising from the elevated productivity of the region and a severely
restricted oxygen supply via lateral advection (Swallow, 1984; Naqvi,
1987; Warren, 1994; Howell et al., 1997).

The varying balance between the oxygen demand for respiration and
its supply via ventilation creates geographical changes in oxygen de-
ficiencies in the North Indian Ocean, both within and between the two
major basins. The Arabian Sea is far more productive than the Bay of
Bengal (Naqvi et al., 2006a). The Arabian Sea is also relatively better
ventilated at mid-depths because, in addition to the above-mentioned
flow of intermediate waters of southern origin that cross the equator
only in the western Indian Ocean, it also receives high salinity,
oxygenated waters from the Red Sea and the Persian Gulf. Remarkably,
while the overall range of minimum dissolved oxygen concentrations in
the OMZs of the two basins is quite small (<0.2 ml 1’1), the two basins
are characterized by vastly different biogeochemical regimes that have
been apparently stable on at least decadal time scales. How the delicate
balance between oxygen consumption and supply is sustained and how
the balance will respond to human activities (Stramma et al., 2008;
Schmidtko et al., 2017), are issues of enormous biogeochemical and
ecological significance that are not well understood (Bristow et al.,
2017).

2.3.2. Reducing versus non-reducing OMZs

Once oxygen becomes limiting, anaerobic respiratory pathways are
initiated whereby microbes utilize other electron acceptors for the
degradation of organic matter. These oxidants are believed to be utilized
sequentially in the order of decreasing energy yield (NOx > Mn(IV) > Fe
(1 > SO%’> COy) (Froelich et al., 1979). The free energy change (AG®)
associated with the oxidation of 1 mol of glucose using O5, NO3 and Mn
(V) are similar (-3190, —3130 and —3005 KJ, respectively; Froelich
et al.,, 1979). Thus, some overlapping of respiration involving these
electron acceptors (together referred to as “suboxic” processes) may
occur. In fact, coincidence of maxima in nitrite (NO3), an intermediate
of denitrification (NO3 - NO3 - NO — N2O — N3), and Mn(II) within
the core of the Arabian Sea OMZ strongly points to contemporaneous
reduction of NOy and Mn(IV) (Saager et al., 1989; Farrenkopf and
Luther, 2002). A maximum in Fe(Il) is also found within the same layer
(Moffett et al., 2007, 2015), despite the much lower energy yield for Fe
(I11) reduction (AG® = —1410 KJ mole™! glucose). It is not clear whether
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this maximum is produced in situ or transported from the continental
margin. In either case, concentrations of Mn and Fe are too low (a few
nM) for these electron acceptors to be significant contributors to organic
matter degradation. Sulphate is by far the most abundant (>28 mM)
electron acceptor in seawater, but the associated energy yield
(AG®°=—380 KJ mole’! glucose) is an order of magnitude smaller than
that provided by Oy, NOy or Mn. Therefore, sulphate reduction in the
water column has been thought to occur only after all NOy has been fully
utilized. However, Canfield et al. (2010) provided evidence for signifi-
cant sulphate reducing activity within the OMZ off Chile based on
labelling experiments and metagenomic sequencing of the microbial
community. They proposed that the sulphide produced was oxidized by
NOy. Even though this process has not been closely examined in other
OMZs, its reported coupling with the nitrogen cycle and the low con-
centrations of the other electron acceptors are used to support the long-
held view that the biogeochemistry of OMZs is dominated by the ni-
trogen cycle (Canfield et al., 2010). What is most intriguing, however, is
that the reductive nitrogen transformations are extremely sensitive to
the ambient oxygen concentrations even close to levels of detection.

The extreme sensitivity of nitrogen redox processes to oxygen con-
centrations in the low range is clearly seen in the distribution of oxygen
and NO; along a transect extending from the Omani coast to the Indian
coast (Fig. 2.3.1). The accumulation of NO3 (called the secondary nitrite
maximum (SNM)) only occurs within the upper one-third or so of the
OMZ and within a fairly well-defined zone that extends from the Indian
shelf in the northeastern Arabian Sea to the central Arabian Sea
(Fig. 2.3.1a). The apparent separation of the zone of active pelagic
denitrification from the productive upwelling centers is unique to the
Arabian Sea, as in the Pacific and Atlantic oceans these zones are asso-
ciated with the productive eastern boundary upwelling systems. This
anomaly in the Arabian Sea mainly arises from a more vigorous venti-
lation of the OMZ from the south in the western Arabian Sea, and also
through the advection of the Persian Gulf Water (PGW) in the northern
Arabian Sea (Codispoti et al., 2001). In addition, stronger vertical eddy
mixing in the western Arabian Sea and the offshore transport of detritus
have also been proposed to contribute to the location of the most intense
OMZ in the central and northeastern parts of the basin (Kim et al., 2001;
McCreary et al., 2013).

The seasonality and probably the interannual variability of advection
of relatively oxygenated intermediate waters result in seasonal and
interannual shifts in the western boundary of the SNM zone in the
western Arabian Sea (Rixen et al., 2014). The monsoon-forced seasonal
reversals of both surface and subsurface circulations also bring about
substantial temporal changes in the OMZ off the Indian coast (Naqvi
et al., 2009). The prevalence of relatively low NO5- concentrations off
the Indian coast attributed to the northward transport of slightly more
oxygenated waters by the West India Undercurrent (WIUC) during the
SWM when the surface flow is toward the equator is evident in Fig. 2.3.1
(Naqvi et al., 2006b). Such poleward undercurrents are ubiquitous in
eastern boundary upwelling systems (McCreary, 1981). At its peak,
waters of the WIUC may be identified by lower salinity and higher ox-
ygen content extending down to approximately 400 m depth and up to
200 km offshore from the continental slope off Goa (~15°N latitude)
(Naqvi et al., 2006b). The associated injection of oxygen into the OMZ
prevents the water from becoming reducing just off the continental
margin at least up to 17°N during the SWM, thereby accounting for the
observed offshore intensification of denitrification (Fig. 2.3.1). This
pattern is different from that seen in other OMZs, especially off Peru,
where the most intense denitrification occurs within the poleward un-
dercurrent (Codispoti et al., 1989). Naqvi et al. (2006b) attributed this
anomaly to lower oxygen demand within the WIUC arising from the
lower productivity of overlying waters, implying the dominant role of
physical processes in the development of the OMZ of the Arabian Sea.

Within the reducing/denitrifying portion (SNM) of the OMZ, oxygen
concentrations (Fig. 2.3.1b) are close to or below the detection limit of
the sensitive colorimetric procedure suitable for measurements in the
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Fig. 2.3.1. Vertical sections of oxygen (B), NOz (C), and NO3 (D) extending from Oman to India constructed using data collected by the RV Sagar Kanya and RV
Thomas G. Thompson during June-September 1995. Locations of stations are shown in (A) with reference to the secondary nitrite maximum zone (after Naqvi, 1991)
and the zone of minimum Winkler O, at 300 m as demarcated by the 0.25ml1~! contour (dotted curve) (after Wyrtki, 1971). From Nagqvi et al. (2006a).

low range (Broenkow and Cline, 1969), rendering these waters func-
tionally anoxic (Lam et al., 2011; Thamdrup et al., 2012). In addition to
the NO; maximum, this zone exhibits all the characteristics of a “sub-
oxic” system, including a NO3 minimum, a NoO minimum sandwiched
between two maxima, prominent deficiencies in NO3 and excess Ny
(Fig. 2.3.2). Maxima in beam attenuation constant (turbidity), total
bacterial counts and activity of the electron transport system (ETS), a
measure of respiration rates, are also associated with the SNM (Naqvi
et al., 1993) as are maxima in reduced Mn and Fe (II), Mn (II) and iodide
(Farrenkopf and Luther, 2002; Moffett et al., 2007, 2015). Loss of NO3
to Ny is also indicated by natural isotope abundance measurements that
show large enrichment of the heavier isotopes (15N and 18O) in NO3 and
its depletion in Ny (Brandes et al., 1998; Gaye et al., 2013). Moreover,
while NO within the SNM is highly enriched with the heavier isotopes
(Naqvi et al., 1998a,b), the 5'°N and §'%0 values of NO; are quite low
(mostly negative), indicating substantial reoxidation of NO3 to NO3
(Gaye et al., 2013; Martin and Casciotti, 2017). Like the other microbial
and chemical characteristics, the trends of natural isotope abundance in
the Arabian Sea are typical of the reducing marine OMZs (Casciotti,
2016). Thus, despite different physical processes causing the develop-
ment of OMZs within the Indian Ocean, the microbial response to anoxia

and associated biogeochemical transformations appear quite similar.
In addition to denitrification, nitrogen loss within OMZs also occurs
through anaerobic ammonium oxidation (anammox, NO,_ + NHj—
N» + 2H20), a relatively recently discovered autotrophic process (Strous
et al., 1999). Direct measurements of Ny production rates in OMZs using
labelled substrates have often shown anammox to be more important
than denitrification (Kuypers et al., 2015; Thamdrup et al., 2006;
Hamersley et al., 2007), with a couple of notable exceptions. Ward et al.
(2009) found denitrification to be the major nitrogen loss process in the
Arabian Sea. However, observations by Lam et al. (2011) made at about
the same time yielded low rates of both denitrification and anammox,
but high NO; oxidation rates, within the SNM zone. Outside this zone,
off Oman, Jensen et al. (2011) found significant nitrogen loss to occur
through a coupling between anammox and dissimilatory nitrate reduc-
tion to ammonium (DNRA). Ward et al. (2009) reported higher anam-
mox rates in the OMZ in the eastern tropical South Pacific (ETSP) off
Peru. However, Dalsgaard et al. (2012) showed that although denitri-
fication occurred less frequently than anammox in the ETSP, when
evident in functionally anoxic waters, it was quantitatively far more
important than anammox and accounted for the majority of the overall
nitrogen loss. Interestingly, regardless of which process was found to be
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Fig. 2.3.2. Vertical profiles at 19°N, 67°E of (a) oxygen (circles) and NO3 (triangles); (b) N,O (circles) and NO; (triangles); (¢c) NO3 deficit according to Codispoti
et al. (2001) (dots connected by the solid line), N* according to Gruber and Sarmiento (1997) (small filled triangles connected by the dashed line), and “excess N»”

calculated from the N,/Ar ratio (larger unconnected symbols — crosses for data collected on two different cruises from this station and triangles for those from other
stations also located within the denitrification zone). After Naqvi et al. (2006b).

more important (denitrification or anammox), molecular studies have
demonstrated the presence of organisms with the genetic capability to
perform both processes even though these genes might not be expressed
(e.g., Ward et al., 2009; Lam et al., 2011). These observations suggest
low but more common anammox activity seemingly controlled by the
supply of NH{, and more vigorous, albeit episodic, denitrification ac-
tivity, depending on the availability of organic matter and a complete
loss of dissolved oxygen.

The OMZ of the Bay of Bengal is possibly the most unique of all
oceanic OMZs. Based on circulation alone, the lowest oxygen concen-
trations in the Indian Ocean are expected to occur in this basin. Indeed,
the minimum values within the Bay of Bengal OMZ are distinguishable
from those in the Arabian Sea when determined with the titrimetric
Winkler procedure. However, the SNM is seldom found in the Bay of
Bengal, and NO3 concentrations within the OMZ are much higher than
those in the Arabian Sea at comparable latitudes (Fig. 2.3.3). Recent
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Fig. 2.3.3. Comparison of typical vertical profiles of Winkler oxygen (a), NO3 (b), and NO5 (c) in the Arabian Sea (solid circles) and Bay of Bengal (open circles).
Station locations are shown in the insets and the shaded area marks the zone of denitrification in the Arabian Sea.

10



G.C. Pitcher et al.

measurements using the STOX sensor have shown that the Bay of Bengal
OMZ contains traces of oxygen (10-200 nM) that can, in rare cases, fall
below the detection limit (7-12nM) of the STOX electrode (Bristow
et al., 2017). Out of the seven stations sampled in the study, traces of
NO; (maximum 180 nM) were detected within a narrow layer close to
the top of the OMZ only at one station. Measurements of the No/Ar ratio
indicated the presence of excess Ny (2-3 uM), and isotopic analysis
revealed elevated 615N-NO§ (by 1.5%o) (Bristow et al., 2017). This, in
conjunction with a significant NO3 deficit (<4 uM), suggests biological
production of N» from NO3. Analysis of microbial genes indicated the
presence of a microbial community equipped for both denitrification
and anammox, quite similar to that found in other OMZs, and labelling
experiments demonstrated the potential for anammox in the presence of
NO;. Bristow et al. (2017) proposed that traces of oxygen within the Bay
of Bengal OMZ supported NO> oxidation, thereby restricting its con-
version to Ny through anammox or denitrification.

The key question that arises from these observations related to
denitrification and anammox in the Bay of Bengal is what prevents the
removal of traces of oxygen? One possible explanation is the large
quantities of lithogenic material carried to the Bay of Bengal by
numerous rivers. This material may be incorporated into particle ag-
gregates providing ballast and thereby facilitating their rapid sedimen-
tation to the seafloor with less degradation in the water column (Ittekkot
etal., 1992; Rao et al., 1994). Support for this hypothesis is provided by
much lower respiration rates in the water column in the Bay of Bengal
than in the Arabian Sea (Naqvi et al., 1996). Using a series of model
simulations, Al Azhar et al. (2017) demonstrated that the deeper remi-
neralization depth (RD) in the Bay of Bengal, potentially arising from the
above-mention ballast effect, could explain the contrasting distributions
of oxygen and NO3 in the Arabian Sea versus the Bay of Bengal and the
confinement of denitrification to the Arabian region. In fact, a similar
mechanism (progressive offshore shoaling of RD from the Omani coast)
has been invoked to contribute to the offshore strengthening of the OMZ
in the Arabian Sea as well, although the causative process of iron limi-
tation controlling phytoplankton composition and thereby export of
organic matter to the deep sea is different (Naqvi et al., 2010b). Finally,
McCreary et al. (2013) have shown that the absence of upwelling, and
consequently reduced availability of detritus along the western bound-
ary, might also be a factor responsible for the weaker OMZ in the Bay of
Bengal.

2.3.3. Trends of deoxygenation

Using global data sets, Stramma et al. (2008) showed that the rate of
oxygen loss was the highest (0.34 umol kg ! yr1) in the North Pacific
and the lowest (0.09 umolkg™ yr™1) in the equatorial Indian Ocean.
Schmidtko et al. (2017) also found that of the estimated 4.8 petamol of
oxygen lost from the oceans, the combined contribution by the equa-
torial Indian Ocean and the southern Indian Ocean was only 8.5%. Based
on these analyses, the ongoing decrease in dissolved oxygen inventory in
the Arabian Sea and Bay of Bengal combined appears to be «0.055
petamol decade. The observed decreases in oxygen along the west
coast of India, in the Gulfs of Aden and Oman, and in the northern Bay of
Bengal were not accompanied by increases in apparent oxygen utiliza-
tion (AOU) implying that the change is mainly due to a decrease in
oxygen solubility in warming waters. Significantly, maximal deoxy-
genation in the equatorial Indian Ocean appears to be occurring along
the western boundary where the more oxygenated intermediate waters
originating in the south cross the equator into the Arabian Sea, which
has important implications for future developments of the OMZs of the
North Indian Ocean.

Three recent studies have dealt with deoxygenation of the upper
water column in the Northwestern Indian Ocean. Two of these (Piont-
kovski and Queste, 2016; Queste et al., 2018) focused on the western
Arabian Sea and the Gulf of Oman. Analysing data collected during the
period 1960-2010, Piontkovski and Queste (2016), updating Piont-
kovski and Al-Oufi (2015), reported warming of water at 300 m by

11

Progress in Oceanography xxx (xxxx) xxx

1.15 4+ 0.48 °C over five decades and shoaling of the oxycline at a rate of
~19m decade’. The observed oxygen decrease within the OMZ was
especially pronounced during the SWM, with the most recent data
(2000-2010) indicating nearly anoxic conditions. Queste et al. (2018)
combined the historical data with glider time series to show that within
the core of the OMZ in the Gulf of Oman oxygen levels have fallen from 6
to 12 ymol kg ! at the time of the International Indian Ocean Expedition
(IIOE) in the 1960s to <2 ymol kg~! in recent times. Although this shift
is subtle and could, to some extent, be accounted for by the improved
quality of recent data, it is potentially significant given the above-
mentioned sensitivity of nitrogen redox processes to vanishingly low
oxygen levels.

The third study relating to deoxygenation in the Northwestern Indian
Ocean was by Banse et al. (2014), who focused on the more intense OMZ
in the central Arabian Sea. They utilized oxygen data (measured by the
titrimetric Winkler procedure with visual end point detection) collected
from 1959 to 2004 at stations located within zonally-paired boxes of 1°
latitude x 2° longitude; the boxes were centered at the latitudes of 8, 10,
12, 15, 18, 20, and 21°N and the longitudes of 65° and 67°E. Linear
regression of oxygen concentration on year separately for the northeast
monsoon and SWM showed a complex pattern. Within the boxes located
at 8-12°N outside the SNM zone, oxygen appeared to have increased
with time in the majority of cases. In contrast, within the OMZ, an
opposite trend was observed in most cases, except for the boxes located
at 20-21°N. The observed rate of oxygen decrease (median ~ -
0.12uMyr™1), is close to the lower range of rates of oxygen decline
reported by Stramma et al. (2008). Similarly, where the slopes were
positive, although not statistically significant at 20-21°N latitudes, the
maximal slope value was only ~0.10 uM yr L.

NO; is a useful parameter to examine in the assessment of deoxy-
genation within OMZs because it acts as a surrogate of functional anoxia
(Thamdrup et al., 2012). The SNM in the Arabian Sea has been known
since the John Murray Expedition in 1933-1934 (Gilson, 1937), which
means that parts of the Arabian Sea OMZ have been functionally anoxic
for at least 80 years. The NO5 concentration provides a measure of the
extent of denitrification (Naqvi, 1991; Bulow et al., 2010), but it is not
clear whether denitrification in the Arabian Sea has intensified in recent
years. Repeated measurements at two locations (at 19.75°N, 64.62°E,
going back to 1977, and at ~15°N, 68°E, going back to 1979) showed
large interannual changes in NO3 concentration but no long-term
trends. Using the data collected during the US JGOFS cruises in
1994-1995, Rixen et al. (2014) demonstrated that the area with NO5
>2uM was 63% larger in 1995 than that estimated earlier (Naqvi,
1991). However, these authors also note that these observations may
indicate considerable seasonal and interannual variations in denitrifi-
cation rather than a simple increasing temporal trend.

In order to investigate deoxygenation trends within the OMZ of the
Bay of Bengal, Naqvi (2021) compared the earliest available oxygen data
from this region collected during the IIOE with recent values. Five ox-
ygen profiles obtained during 20-22 April 1963 on R.V. Anton Bruun are
compared with observations on a cruise of R.V. Roger Revelle on 27 April
2007 at the same location (Lat. 18°N, Long. 89°F; Fig. 2.3.4). In 1963,
the Winkler oxygen concentrations within the depth range ~200-400 m,
measured with manual titration with visual end point detection, aver-
aged 8.33 £2.11 uM, with a minimum value of of 5.36 uM. The corre-
sponding average and minimum values in 2007, based on automated
titrations, were 2.63 &+ 0.26 uM and 2.26 uM, respectively. Taking into
consideration the slight overestimation of oxygen (by ~0.04ml1~! or
1.8uM) by the manual method, the inferred decrease in oxygen,
although subtle, is still significant. Measurements using a STOX sensor,
having a detection limit of 7-12nM, at this site in January-February
2014 on board R.V. Sagar Kanya yielded a minimum oxygen concen-
tration of 36 nM (Bristow et al., 2017). Oxygen could not be detected in
six samples taken elsewhere. These observations suggest that oxygen
levels within the OMZ of the Bay of Bengal might have decreased
slightly, but significantly, over the past five decades and that this OMZ is
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Fig. 2.3.4. Comparison of oxygen distribution in the northern Bay of Bengal in
the vicinity of Lat. 18°N, Long. 89°E based on sampling in April 1963 (black
symbols) and April 2007 (red symbols). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

on the verge of turning functionally anoxic (Bristow et al., 2017).
However, the lower OMZ appears to have remained remarkably stable
for over 5 decades.

2.3.4. Future scenarios

The above review suggests that the rate of deoxygenation in the
water column of the North Indian Ocean is substantially lower than in
most other oceanic areas (Schmidtko et al., 2017; Stramma et al., 2008).
However, given the large volume of water in the region that contain only
traces of oxygen and is thus on the verge of turning anoxic, even small
declines in oxygen levels in these waters may potentially have a dis-
proportionally large impact on the ecosystem and biogeochemistry.
Such a decrease may occur due to a decline in the oxygen concentrations
in intermediate waters crossing the equator in the western Arabian Sea,
as well as a change in the volume of these waters arising from altered
circulation. Moreover, oxygen demand at mid-depth may also increase
locally due to the intensification of upwelling (Goes et al., 2005). The
monsoons are known to play an important role in regulating the in-
tensity of the OMZ, and the associated biogeochemical transformations,
as indicated by the sedimentary record (Altabet et al., 2002). Because
global warming is projected to significantly impact the SWM (Turner
and Annamalai, 2012), monsoons represent an important region-specific
anthropogenic forcing that is likely to modify oxygen distribution in the
North Indian Ocean in the future (Lachkar et al., 2018). The ongoing
increase in nutrient loading from land is another way by which human
activities could increase subsurface oxygen demand. In the case of the
North Indian Ocean, especially the Bay of Bengal that is surrounded by
densely-populated land masses, this effect may not be restricted to the
formation of coastal low-oxygen (dead) zones and the expansion/
intensification of the existing ones, but it may also have basin-wide
impacts. The extreme sensitivity of the Bay of Bengal OMZ to human
activities can, therefore, not be overstated.

Another region-specific feature is that the OMZ of the Arabian Sea is
the only OMZ in the world that is ventilated by freshly-formed water
masses in the two Mediterranean-type marginal seas, namely the Red
Sea and Persian Gulf. Of these, the Persian Gulf Water (PGW) flows
directly into the layer where denitrification is the most intense. Thus,
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oxygen supply by this water mass controls denitrification in the north-
western Arabian Sea and Gulf of Oman (Codispoti et al., 2001; Banse
et al., 2014). The PGW also has higher concentrations of total organic
carbon (TOC) (Al-Said et al., 2018) than the water with which it mixes
(Hansell and Peltzer, 1998). Changes in the preformed concentrations of
both TOC and oxygen in the PGW may potentially impact redox cycling
within the Arabian Sea OMZ. The emergence of hypoxia in the central
Gulf (Al-Ansari et al., 2015) and high concentrations of TOC in the
northern Gulf, one of the principal sites of formation of Gulf Deep Water,
suggest that such a change may already be underway as a consequence
of unprecedented eutrophication in the Gulf (Al-Yamani and Naqvi,
2019).

3. Continental shelves

Continental shelves represent the interface between the populated
coastline and the open oceans, and the oxygen regime of the shelf
environment may be strongly influenced by these adjoining environ-
ments. In this regard, the interaction between ocean-shelf exchange in
controlling shelf ventilation and the role of shelf geometry in regulating
productivity and retaining organic carbon are central to the develop-
ment of shelf hypoxia and anoxia. Case studies presented here include
the eastern boundary upwelling systems off California, Peru and
Northern and Central Chile, Namibia and Senegal; the northern Gulf of
Mexico; and the continental shelves of the North Indian Ocean.

3.1. California Current

The California Current Ecosystem (CCE) extends along the west coast
of the USA from Washington State to Baja California (50°N — 25°N). This
major upwelling region is forced by winds of the North Pacific High, the
Aleutian Low and a thermal low-pressure system off California and
northern Mexico (Checkley and Barth, 2009). Their relative importance
varies seasonally, with latitude and inshore versus offshore. The CCE is a
productive ecosystem consisting of a southward flowing, relatively
shallow California Current and beneath this a northward flowing Cali-
fornia Undercurrent. The California Current is fed by cold, fresh,
nutrient-poor, oxygen-rich, high pH waters from the North Pacific
Current, whereas the California Undercurrent, situated around
100-300 m (op ~26.6), contains low-oxygen waters derived from North
Equatorial Pacific Intermediate waters that are warm, salty and rela-
tively acidic (Meinvielle and Johnson, 2013; Evans et al., 2020). Wind
driven upwelling is largely coastal, occurring at depths of 100-200 m
and at rates of 10-20 m d'l, but also can be a product of wind stress curl,
which results from spatially variable surface Ekman layer transport
driven by horizontal differences in the surface wind stress. Wind stress
curl yields a much lower rate of upwelling (0.1-0.2m d'Y) than Ekman
transport but can represent a significant fraction of the total (Checkley
and Barth, 2009). There is considerable spatial variability in upwelling
dynamics along the California Current with different patterns in the
northern and southern regions (Checkley and Barth, 2009). Throughout
the CCE, high biological productivity generates a permanent oxygen
minimum zone (OMZ; 03<0.20pmolkg™!) at approximately
450-1000 m depth (Fig. 3.1.1). Above this zone, oxygen limited waters
occur (Oy 20-60 pmol kg’l), with the hypoxic zone (60 pmol kg’l)
sometimes extending to or onto the shelf (Checkley and Barth, 2009;
Gilly et al., 2013).

3.1.1. Time scales of oxygen variability and its drivers

California Current System (CCS) waters, and those below, experience
oxygen variability over time scales spanning nearly 8 orders of magni-
tude (Levin et al., 2015). At very long time scales, bathyal OMZs expand
and contract over glacial-interglacial periods throughout the Quaternary
(Moffitt et al., 2014, 2015). Analyses of foraminiferal communities,
sediment varves, redox metals and 5'°N data have documented large
changes in bottom-water oxygenation off California during the last
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Fig. 3.1.1. Typical southern California oxygen profile illustrating zones
described in Gilly et al. (2013); modified from Levin and Gallo (2019).

deglaciation (Ohkushi et al., 2013; Myhre et al., 2017). These changes
are driven by warming and cooling events that can be abrupt, and may
have caused much larger oxygen perturbations than observed in the
modern records.

Hydrographic data collected by the California Cooperative Fisheries
Investigation (CalCOFI), initiated in 1951, and additional moorings that
record oxygen continuously at specific stations, have provided consid-
erable insight into oxygen variability and its drivers in the CCS during
the past half century. Off southern California, very low oxygenation was
observed in the 1950s and 2000 s but higher concentrations occurred
within this period during the 1970s and 1980s (Fig. 3.1.2a) (McClatchie
et al., 2010). Multi-decadal oxygen variation in the CCS has been linked
to the changing influence of the North Pacific Gyre driven by the Pacific
Decadal Oscillation (Pozo Buil and Di Lorenzo, 2017), and the influence
of the California Undercurrent inshore and to the south (Meinvielle and
Johnson, 2013). Oxygen also varies inter annually with ENSO cycles that
influence the relative contribution of different source waters, the
strength of upwelling, mixed layer depth and productivity (Bograd et al.,
2019). At depths of 100-200 m there is significant ENSO-related vari-
ability in the contributions of Pacific Subarctic Upper Water to the
southern CCS. These contributions vary with distance from shore and
are greatest during La Nina years, while Pacific Equatorial water con-
tributes more to inshore, deeper waters during El Nino (Bograd et al.
2019). Cooler La Nina conditions generally enhance productivity and
lead to lower oxygen levels through increased biogeochemical draw-
down whereas the opposite occurs during El Nino (Fig. 3.1.2b) (Nam
et al., 2011). The strength of coupling of ENSO to CCS dynamics varies
with water depth and La Nina generally has a stronger influence than El
Nino (Fiedler and Mantua, 2017).

The CCE exhibits a clear seasonal wind cycle with peak upwelling
occurring in spring every year; leading to lowest oxygen in late spring
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and early summer in southern California (Fig. 3.1.2¢; Send and Nam,
2012; Nam et al., 2015). While upwelling brings lower oxygen waters to
the surface, upwelling also brings nutrients. Seasonal hypoxia associated
with summer upwelling is well documented off Washington and Oregon
from 1950 to 1986; but in 2006 this was more extensive on the WA shelf
(covering 5 000 kmz) with concentrations of 0.5ml1! being lower than
any previous observations (Connolly et al., 2010). Siedlecki et al. (2015)
found that respiration of primary production is responsible for 50-60%
of the seasonal decline of oxygen on the Washington and Oregon
shelves, with local retentive circulation processes determining the
spatial patterns of respiration-induced hypoxia. Seasonal hypoxia was
initially observed on the Oregon inner shelf (20-50 m) in 2002 (Gran-
tham et al., 2004) and has continued off Oregon in most years (Chan
et al., 2008). Proposed explanations involve reductions in winds that
normally mix and oxygenate shelf waters, lowered oxygen levels in
source waters and intensification of upwelling, which has increasingly
brought low oxygen, high CO5 waters onto the shelf and fueled inten-
sified respiration (Chan et al., 2008; Feely et al., 2008; 2018). Similar
severe shelf hypoxic events are rarely reported in the southern CCS.
However, inshore anoxia occurred off San Diego, CA in May 2020
following a massive bloom of Lingulodinium polyedra potentially enabled
by warming and excess precipitation the previous month (Anderson and
Hepner-Medina, 2020).

Oxygenation in the CCE is also highly sensitive to short-term winds
and associated nutrient inputs that yield event-scale changes in
oxygenation. Week-long upwelling and relaxation episodes occur in
waters off southern California (Fig. 3.1.2 d). On wide shelves, these
episodes lead to declines in oxygen associated with increased biogeo-
chemical oxygen consumption on the inner shelf; in contrast on narrow
shelves, the oxygen increases (Send and Nam, 2012). Alongshore
advection transports the oxygen signal that persists for days to weeks.
Continuous monitoring on the shelf also revealed semidiurnal fluctua-
tions associated with internal tides and in kelp forests, with diel cycling
of oxygen linked to kelp photosynthesis (Fig. 3.1.2e; Frieder et al.,
2012).

3.1.2. Long-term oxygen trends

Superimposed on decadal, inter annual, seasonal and higher-
frequency variability are longer term trends of declining oxygen on
the outer shelf and upper slope over the past 30-35 y (Bograd et al.,
2008; 2015; Ren et al., 2018; Evans et al., 2020), often with greater
oxygen loss inshore than offshore (Bograd et al., 2015; 2019). Oxygen
loss has been documented across the full latitudinal range of the Cali-
fornia Current, including a decline of: (1) —0.83 ymolkg™1 y~! from
1979 to 2011 in Canadian waters southwest of Vancouver Island
(Fig. 3.1.3a; Crawford and Pena, 2013); (2) — 0.9 pmol kg_1 y_1 along
the Newport Hydrographic Line off Oregon (Fig. 3.1.3b; Pierce et al.,
2012); (3) —1.92 pmol kg ™! y! observed at 250-400 m off Monterey
from 1998 to 2013 (Fig. 3.1.3c; Ren et al., 2018); and (4) off southern
California —2.1 pmol kg’1 y’1 from 1984 to 2012 (Fig. 3.1.3d; Bograd
etal., 2008, 2015) and —0.97 pmol kg~ y ! at 100-400 m from 1993 to
2018 (Evans et al., 2020). Some of the steepest declines are evident at
op = 26.5, in the core of the California Undercurrent, consistent with a
strengthened advection of the northward flowing California Undercur-
rent and increased input of and remineralization within Pacific Equa-
torial Water (PEW) (Meinvielle and Johnson, 2013; Bograd et al., 2015;
Evans et al., 2020). The influence of PEW in the California Undercurrent
at 6g = 26.5 falls from 90% to 50% between 25°N and 31°N, remains
relatively constant to 36°N, and then decays to about 20% by 50°N
(Meinvielle and Johnson, 2013).

There has been a significant shoaling of the OMZ upper boundary
(20 pmol kg ! isocline) by 69 m off Oregon (Pierce et al., 2012) and of
the hypoxic boundary (60 pmolkg™! isocline) by up to 90m within
portions of the southern CCS (Bograd et al., 2008). Since 1980, the CCS
has effectively experienced a northward shift of subsurface water mass
characteristics, with the tropical source waters of the PEWs also possibly



G.C. Pitcher et al. Progress in Oceanography xxx (xxxx) xxx

—~ —~ 0.1
- <
= =3 -
S £ 0
> o B
£ a
2 -0.1
®©
C
5
% ° Jan06 Jan0Q7 Jan08 Jan09 Jan10 Jan11
O -044 z o °°°o.°
0.6 * | .
CCA : - DM mooring (35 m)
T T T T T T ——— DM mooring (88 m)
@ - —@ CalCOFI stn.093.26.7 (30-40 m)
C -  Mean seasonal cycle (35 m)
6

| | H
5 P I Do ﬂl‘l”'l |

a o o [ | |
%4 : I i w HJ' | all lll‘ J’H 'v‘ 'I vﬂ
S by / ' W N W
% W T ;

1

Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul Jan Jul

2005 2006 2007 2008 2009 2010 2011 |

Fig. 3.1.2. Time scales of oxygen variability in southern California, USA from Levin et al., 2015 (Fig 2). Plots of oxygen (and in some cases pH) illustrating time
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250 m (26.6 6y), suggesting regime shifts in 1960 and 2000 (modified from McClatchie et al., 2010). (b) Inter annual scale (2006-2011) illustrating effects of ENSO
(El Nino and La Nina) on dissolved oxygen at 35m depth on a mooring located 6 km offshore of Del Mar, CA (modified from Nam et al., 2011). Thick lines are
smoothed time series, daily variation is shown in grey. (c) Seasonal scale combining CalCOFI data at line 93.26.7 and continuous mooring measurements at 35 m
and 88 m off Del Mar, CA. The aqua line shows the mean seasonal cycle. (modified from Send and Nam, 2012), (d) Event (week) scale illustrating oxygen con-
centration (upper red line) and oxygen anomaly where effect of density excursion is removed (lower black line) from 1 Feb — 31 July 2010 at 88 m depth on a
mooring off Del Mar, CA. Upwelling (blue shading) and relaxation (green shading) phases are linked to low and high oxygen, respectively (modified from Send and
Nam, 2012). (e) Semi-diurnal and Diurnal-scale variations in oxygen and pH over an 11-day record at 7 m water depth inside the La Jolla Kelp Forest (green line)
and just offshore of the kelp forest (blue line) in San Diego, California. The semidiurnal signal is stronger during the upwelling phase (blue shading) relative to the
relaxation phase (green shading) when kelp photosynthesis influences diel oxygen and pH variability. Yellow and black bar indicates day-night cycles (Frieder et al.,
2012, and unpublished). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

declining in oxygen during this period. Interestingly, there is no long- that 62-73% of observed declines can be attributed to remote forcing (i.
term oxygen loss in the upper California Current at oy = 25.8 (Bograd e., oxygen declines in source waters feeding both the California Current
et al., 2015; Ren et al., 2018). and the California Undercurrent). The North Pacific Waters (e.g., at
Ren et al. (2018) noted different oxygen dynamics along different Station Papa) have experienced declining oxygen over this period
isopycnals off Monterey CA between 1980 and 2013. At shallower (Whitney et al., 2007). A shallower region of major oxygen decline off
depths (50-100m; 25.5 op), variation in oxygen was strongly inter- Monterey at 100 m is possibly indicative of increased remineralization
annual with low-frequency oscillations at periods of <10y. At from local primary production (Ren et al., 2018), which has increased
50-100m (26.1 op), a significant oxygen decline is superimposed on (Chavez et al., 2011).
inter annual variability, while at 300-350 m (26.7 o), the linear decline Oxygen changes in southern California are accompanied by increases
in oxygen, both inshore and offshore, is much stronger and inter annual in nitrate and phosphate, which largely mirror the oxygen trends and are
variability is weak. Beyond 300-350 m, oxygen increases at 27.3-27.4 interpreted at the basin scale as being remotely forced in a manner

oo at about 0.4 pMol kg™! yl. Oxygen variability above 300m is similar to oxygen (Bograd et al., 2015). These changes may influence
significantly correlated with the North Pacific Gyre Oscillation (NPGO) both phytoplankton biomass and the composition of the plankton,
(R-0.72) and the Upwelling Index (R = 0.63), but not with the Oceanic including the incidence of the neurotoxin-producing Pseudo-nitzschia

Nino Index (Ren et al., 2018). (Sekula-Wood et al., 2011; Kahru et al., 2012).
A box model investigating the causes of dramatic oxygen declines at Upwelling contributes to oxygen loss through direct contribution of
26.7 o off Monterey (almost 40% decline at 300 m since 1980) suggests low-oxygen waters and by the introduction of nitrogen that stimulates
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Fig. 3.1.2. (continued).

productivity and subsequent respiration. Over the past 60 years, up-
welling winds have intensified in the CC, with warm season analyses
more likely to show this pattern than annually summarized data
(Sydeman et al., 2014), and with greater intensification at higher lati-
tudes (Wang et al., 2015). The Bakun hypothesis of increased land-
temperature differential offers one explanation for intensified upwell-
ing; other studies suggest that the poleward migration and intensifica-
tion of major atmospheric high-pressure cells are driving intensified
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coastal upwelling (Rykaczewski et al., 2015).

Most of the nitrogen input into the California Current at the regional
bight-wide spatial scale is attributed to upwelling-driven processes,
which is the largest source of nitrogen by an order of magnitude relative
to effluent and by two orders of magnitude relative to riverine runoff
(Howard et al., 2014). However, at smaller spatial scales commensurate
with algal bloom development, wastewater effluent and upwelling
contributed the same quantity of nitrogen in several sub regions of the
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southern California on the oy 26.5 kg m? isopycnal surface from 1984 to 2012 (from Bograd et al., 2015).

Southern California Bight. Thus, it is unlikely that land-derived nitrogen
is contributing significantly to ocean deoxygenation. Increases in
nutrient concentrations and nutrient ratios have been observed in the
upwelling source waters of the CCS (Rykaczewski and Dunne, 2010;
Bograd et al., 2015), which are likely to affect both phytoplankton
biomass and composition. Notably, modeling indicates that mesoscale
eddies in the CCS reduce the input of nutrients and phytoplankton
growth by transporting nutrients offshore (Gruber et al., 2011). Pro-
cesses such as stratification or offshore transport that diminish nutrient
concentrations may reduce biogeochemical demand for oxygen by
lowering primary production. A major challenge lies in understanding
how secular climate change (warming) affects oxygenation through the
combined, and sometimes counteracting, effects on physical and
biogeochemical processes of altered stratification, upwelling, solubility,
nutrient input, mixed depth and advection. While solubility and strati-
fication effects of warming have likely lowered oxygen levels of CC
source waters in the subarctic and tropical Pacific, none of the observed
declines in oxygen have been unequivocally and mechanistically
attributed to climate change.

A long-standing question is whether the observed long-term, secular
declines in oxygen in the CCS are attributable to climate change (i.e.
global warming). Given that the long-term trends are superimposed on
considerable oxygen variability manifested on multiple time scales
(Fig. 3.1.2), they are difficult to disentangle from tracer distributions
without modeling. The contributions of different drivers (water mass
advection, remineralization and upwelling) and depth-specific trends in
the northern vs southern CCS make the anthropogenic climate change
contributions nuanced at best. Natural variations from ENSO can affect
Pacific Equatorial Water contributions in southern California by about
10% (Bograd et al. 2019). Oxygen increase in the subsurface southern
CCS from 1985 to 1993 (+20 +5 pMol kg™!) followed by an oxygen
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decline from 1993 to 2018 (-24 + 2 uMol kg™1) (Evans et al., 2020) re-
flects a decadal shift, the link of which to global warming is unclear.
Warming effects on solubility in the Northern Equatorial Pacific Inter-
mediate Water would not explain oxygen loss in the southern California
region, whereas internal remineralization off Mexico and an increased
contribution of Northern Equatorial Pacific Intermediate Water can.
Further water mass analyses conducted using time series data from other
parts of the CCS may help resolve these questions (Evans et al., 2020).

3.1.3. Future predictions and susceptibility to deoxygenation

Wang et al. (2015) projected increased upwelling intensity in other
Eastern Boundary Upwelling Systems but not in the CC where greater
uncertainty reflected regional controls associated with the atmospheric
response to climate change. In contrast, Xiu et al. (2018), using pro-
jections to 2049, showed increased upwelling intensity associated with
stronger alongshore winds in the coastal region, and enhanced upper-
ocean stratification in both the CC and open ocean. This prediction
was generated by a high-resolution (7 km in the horizontal) coupled
physical-biological model based on the Regional Ocean Modeling Sys-
tem (ROMS) and the Carbon, Silicate, and Nitrogen Ecosystem model
(CoSiNE-31) that included 31 chemical and biological variables, multi-
ple plankton functional groups and multiple nutrient forms. Projections
of the coupled model used dynamic downscaling from the climate
simulated by an earth system model over the CC region from 1970 to
2049 under the representative concentration pathway 8.5. Warming
enhanced nutrient fluxes to the deep source waters of the CC and
increased winds and eddies transported these to the euphotic zone. The
phytoplankton response to this input, however, was non-linear, making
the projection of effects on oxygen into the future difficult. If equatorial
wind stress continues to increase and deoxygenation occurs linearly in
southern California at the rates documented from 1993 to 2018, then
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waters at 150-325 m depth are projected to become hypoxic (60 uMol
kg_l) by 2034 (Evans et al., 2020). Coupled Model Intercomparison
Project Phase 5 RCP 8.5 projections, dynamically downscaled within
ROMS projected to 2100 predict considerably greater loss of oxygen in
the northern than southern CCS, but with loss of aerobic habitat for
anchovy in the southern CCS (Howard et al., 2020). Notably, the high
oxygen variability in the CCS and uncertainty contribute to very long
time of emergence of an anthropogenic climate-driven oxygen signal in
the CCS (Long et al., 2016).

Most of the low-oxygen waters (<60 pmol kg ') that are widespread
on the Washington and Oregon shelf are also acidified, with low
aragonite saturation (<7.6 and <0.6, respectively) (Feely et al., 2018).
Acidification occurs because respiration drives much of the temporal
variation in oxygen and organic matter respiration releases CO,. Un-
derstanding both the drivers and ecosystem responses to hypoxia in the
CCS will almost certainly require integrated study with ocean
acidification.

In summary, oxygen is highly dynamic in the CCS but ocean deox-
ygenation is a notable long-term (~30 year) trend that is superimposed
on this finer-scale variability. This is manifested as shoaling oxyclines
and declining oxygen concentrations at specific water densities. Both
remote forcing by North Pacific and Pacific Equatorial source waters,
which are experiencing oxygen loss from remineralization, stratification
and changes in gas solubility, and intensified upwelling and biogeo-
chemical drawdown contribute to the downward trends in oxygen.
Presently, there is no consensus as to whether these declines in oxygen
are a result of anthropogenic climate change or natural variability.

3.2. Northern Gulf of Mexico

The oxygen deficient bottom-water area of the northern Gulf of
Mexico, often called the “dead zone,” is the second largest human-
caused area of hypoxia (dissolved oxygen concentration <2mg1~!) in
the global coastal ocean. Here the term ‘dead zone’ refers to an area in
which bottom-dragging trawls fail to capture fish, shrimp or crabs when
the oxygen concentration falls below a critical level near the seabed
(Renaud, 1986). Hypoxia is but one of the symptoms of eutrophication
that tracks increases in human population, a focusing of that populace in
coastal regions, agricultural expansion in river basins, and increasing
food and energy consumption (Bennett et al., 2001; Galloway and
Cowling, 2002; Rabalais, 2004; Rabalais et al. 2007a,2007b; Galloway
et al., 2008).

3.2.1. System description and known oxygen trends

The northern Gulf of Mexico represents a coastal margin (continental
shelf) that receives excess nutrient loads from the Mississippi River
watershed and a subsequent worsening of oxygen depletion since the
1950s when agriculture expanded along with increased fertilizer
application. The area, because of high freshwater inputs and their pri-
marily westward transport along the Louisiana coast, results in a
salinity-stratified system for most of the year with a strengthening of the
pycnocline in summer from thermal warming. Tropical storms and cold
fronts disrupt the stratification to varying levels so that the oxygen
depletion is temporarily alleviated, but otherwise hypoxia can be pre-
sent from February to November, with bottom-water hypoxic conditions
being most persistent and severe from May through to September.

The Mississippi River drainage is by far the dominant source of nu-
trients fueling the northern Gulf of Mexico hypoxic zone. The combined
flows of the Mississippi and Atchafalaya Rivers accounted for 91% of the
estimated total nitrogen load (Dunn, 1996). If only streams between
Galveston Bay (Texas) and the Mississippi River delta are considered (i.
e., those most likely to influence the zone of hypoxia), then the com-
bined flows of the Mississippi and Atchafalaya Rivers account for 96% of
the annual freshwater discharge and 98.5% of the total annual nitrogen
load. Similar calculations for the annual total phosphorus load are 88%
of the total 37 streams and 98% of the streams between Galveston Bay
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and the Mississippi River delta. The nitrogen sources come from a
watershed that is primarily an agricultural landscape with 90% of the
nonpoint sourced nitrogen loading from corn and soybean crops (52%),
other crops (14%), atmospheric deposition (16%) and urban and
population-related sources (9%) (Alexander et al., 2008). Inputs of
phosphorus are primarily from crops (43%), pasture and range (37%),
and urban and population-related sources (12%) (Alexander et al.,
2008). As one moves away from the discharges of the Mississippi and
Atchafalaya Rivers, there is a consistent westward and downstream
transition from lower to higher salinities, higher to lower nutrients, and
higher to lower surface chlorophyll concentrations (Walker and Raba-
lais, 2006).

The shelf-wide distribution of hypoxia is determined annually from
an 8 to 9-day mapping cruise in mid-summer, usually in late July
(Rabalais et al., 1996). The average area of the hypoxic zone is 14
000 km? over the period 1985-2020 (no values for 1989 and 2016) with
the largest measured zone approaching 23 000 km? in 2017 (Fig. 3.2.1).
The yearly estimates of the hypoxic zone and factors important in its
distribution are recorded in http://www.gulfhypoxia.net. The hypoxic
water mass extends west from the Mississippi River birdfoot delta across
the Louisiana shelf and onto the upper Texas coast, and from within

Fig. 3.2.1. Distribution of bottom-water dissolved oxygen <2mg1~" along the
Louisiana shelf for mid-summer cruises in 2015, 2017, and 2019. Data source:
Nancy N. Rabalais, Louisiana Universities Marine Consortium/Louisiana State
University, and R. Eugene Turner, Louisiana State University. On-line at
https://gulfhypoxia.net/research/shelfwide-cruises and long-term data resides
at NODC, NCEI. Differences in the westward extent and the total bottom area
hypoxia depend on winds and currents at the time of the monitoring cruise and
the nitrate load in May, respectively.
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1 km of the barrier shoreface to as much as 125 km offshore. Hypoxia is
found in water depths up to 60 m, but more typically between 5 and
30 m. Hypoxia is not found just in a thin lens overlying bottom sedi-
ments, but intrudes well up into the water column depending on the
location of the pycnocline. When dissolved oxygen falls below 2 mg1~1,
it often falls below 1mgl™' and is sometimes anoxic. Mid-summer
hypoxic zones primarily form a continuous band of low oxygen bot-
tom waters across the Louisiana shelf, but the distribution of hypoxia is
sometimes located in disjunct sections down-plume of the Mississippi
and Atchalafaya river outflows. Wind-driven currents from the west to
the east across the Louisiana shelf often force the hypoxic water mass
onto the southeastern shelf in mid to late summer (Rabalais et al., 2010,
2018).

Once hypoxia becomes well-established in mid-summer, much of the
onshore to offshore variation in distribution can be attributed to wind-
induced cross-shelf advection (Rabalais et al., 1991) (Fig. 3.2.2). The
low oxygen water mass is displaced into deeper water following winds
that produce downwelling-favorable conditions. Upwelling-favorable
conditions push the hypoxic water mass closer to the barrier island
shore. It is the impingement of these hypoxic water masses close to shore
that results in “jubilees” along Louisiana barrier islands. Jubilees are
events that usually follow a north wind and movement of the hypoxic
water mass onshore where stunned or stressed fish, shrimp and crabs are
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concentrated in the shallow waters along the beach and can be easily
harvested. A jubilee “gone bad” occurs when the water mass is extremely
low in oxygen or contains hydrogen sulfide, and the trapped fish cannot
escape, resulting in massive fish kills.

Continuously recording oxygen meters deployed near the bottom
(20-m water depth) off Terrebonne Bay (100 km west of the Mississippi
River) and off Caminada Pass (50 km west of the Mississippi River)
where the shelf slope gradient is much greater depict dominant scales of
variability (Rabalais et al., 1994; Fig. 3.2.3). The pattern generally
depicted off Terrebonne Bay is persistent hypoxia and often anoxia for
extended periods of the record during May to September. By compari-
son, the oxygen meter deployed closer to the Mississippi River (Cami-
nada Pass), but influenced by tidally-advected deeper well-oxygenated
water, was hypoxic 44% of the record from mid-June through mid-
October (compared to 75% at the station off Terrebonne Bay).

Paleo indicators in dated sediment cores show that hypoxic condi-
tions likely began to appear around the 1950s and became more severe
since the 1970s with the tripling of the nitrate flux from the Mississippi
River to the Gulf of Mexico (Rabalais et al. 2007a). Whereas Gulf of
Mexico coastal hypoxia has been systematically mapped only since
1985, there are data that document the presence of hypoxia since the
early 1970s (Rabalais et al., 2002). One might expect a propensity for
the northern Gulf of Mexico ecosystem to develop hypoxia naturally
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Fig. 3.2.2. Cross-shelf contours for dissolved oxygen concentration (mg 1!) during an upwelling-favorable wind condition (16 August 1990) and a downwelling-
favorable wind condition (17 September 1990) (from Rabalais et al., 1999 with permission from the author).
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Fig. 3.2.3. Time-series plots of bottom dissolved oxygen concentration (mg1~!
at hourly intervals) at a persistently hypoxic station off Terrebonne Bay and an
intermittently hypoxic station off Caminada Pass (from Rabalais et al., 1994
with permission from the author).

because of the high volume of fresh water and nutrients delivered by the
Mississippi River and the nature of the stratified coastal system. How-
ever, sediment core indicators clearly document recent eutrophication
and increased organic sedimentation in bottom waters, with the changes
more apparent in areas of chronic hypoxia and coincident with the
increasing nitrogen loads from the Mississippi River system in the 1950s
(Eadie et al., 1994; Turner and Rabalais, 1994; Rabalais et al., 2007a,
2014). This evidence comes as an increased accumulation of diatom
remains (biologically bound silica) and marine-origin carbon (stable
carbon isotope analysis) accumulation in the sediments. While present-
day foraminiferal diversity is generally low in the Louisiana bight,
comparisons among assemblages from areas of different oxygen deple-
tion indicate that the dominance of Ammonia parkinsoniana over Elphi-
dium spp. (A-E index) was much more pronounced in oxygen-depleted
compared to well-oxygenated waters (Rabalais et al., 1996; Sen Gupta
et al., 1996). Buliminella morgani, a hypoxia-tolerant species, known only
from the Gulf of Mexico, dominates the present-day population (>50%)
within areas of chronic seasonal hypoxia, and has increased markedly in
recent decades. The hypoxia-intolerant foraminiferan Quinqueloculina
sp. was a conspicuous member of the fauna from 1700 to 1900, indi-
cating that oxygen stress was not a problem prior to 1900.

3.2.2. Causes and controls of low oxygen

Stratification and nutrient-enhanced primary production are both
required for the development of hypoxia in the northern Gulf of Mexico,
but the increases in nutrient loads are considered the driving force in the
initial development of hypoxia off the Mississippi River and its wors-
ening over time. The combination of high freshwater discharge, long
residence time, seasonal reduction in wind mixing, regional circulation,
and summer warming controls the strength of stratification that goes
through a well-defined seasonal cycle. The physical structure of the
water column and high nutrient loads that enhance primary production
lead to a perennial and annual formation of the bottom-water hypoxic
water mass that is dominant from spring through late summer.

The effluent from the Mississippi River basin enters the Gulf of
Mexico and brings with it runoff, primarily non-point runoff from about
41% of the lower 48 United States. The three-fold increase in nitrate-N
since the 1950s has worsened hypoxia in terms of its severity and its
areal extent, with changes apparent since about 1985. A good predictor
for the size of the bottom area of hypoxia in mid-summer is the load of
nitrate-N from the Mississippi River in May (Turner et al., 2008). The
timing of maximum loads allows phytoplankton biomass to increase

19

Progress in Oceanography xxx (xxxx) xxx

offshore, excess organic matter to reach the inner and middle conti-
nental shelf sediments, and respiration to draw down the oxygen in a
stratified water column. Increasing nitrogen loads are the primary factor
in the formation and worsening of hypoxia, but phosphorus loads are
also important in stimulating excess phytoplankton production.

The forms of nitrogen and phosphorus, their loads, and their ratios in
nutrient-laden waters reaching the Gulf of Mexico affect the eventual
productivity of Gulf phytoplankton. If a nutrient is considered to be
limiting to the growth of phytoplankton in a coastal system, then the
increased loads of that nutrient will stimulate phytoplankton growth
leading to eutrophication. Most marine waters are considered nitrogen-
limited for growth of phytoplankton, whereas fresh waters are consid-
ered to be phosphorus-limited. There are multiple examples, however, of
deviation from this dichotomy. For example, Turner and Rabalais
(2013) performed a series of nutrient limitation bioassays over a range
of geography, salinity and water depth for a 30-y period in the area of
low oxygen on the Louisiana shelf. They found that the number of N-
limited bioassays was five times greater than the P-limited bioassays.
N -+ P synergism occurred where salinity was >20, and represented 59%
of all samples that were not light-limited. Because of these more recent
studies, dual control of nitrogen and phosphorus is recommended for
eutrophied coastal waters experiencing oxygen deficiency (Paerl et al.,
2016).

For oxygen deficiency to develop, the water column must be strati-
fied so that the bottom layer is isolated from the higher oxygen con-
centrations of surface waters. The diffusion of oxygen from surface to
bottom is prevented by the presence of the pycnocline that forms a
density barrier below which decomposition of organic matter leads to
reduced oxygen levels in the bottom waters. The source of the organic
matter settling to the seabed in the northern Gulf of Mexico is mostly
from phytoplankton growth stimulated by riverine-delivered nutrients,
although some river-borne organic matter is also delivered by the Mis-
sissippi River (Eadie et al., 1994; Turner and Rabalais, 1994). The
concentrations and total loads of nitrogen, phosphorus, and silica to the
coastal ocean influence the productivity of the phytoplankton commu-
nity, the types of phytoplankton that are most likely to grow, and ulti-
mately the downward flux of phytoplankton-derived organic matter
(Lohrenz et al., 1997; Turner et al., 1998; Dortch et al., 2001). Phyto-
plankton not incorporated into the food web and fecal material gener-
ated by the food web sink into bottom waters where they are
decomposed by aerobic bacteria, causing oxygen depletion. The relative
influence of the physical features of the system and the progression of
biological processes varies spatially and over an annual cycle. Both are
inter-related in the northern Gulf of Mexico and directly linked with the
dynamics of the Mississippi and Atchafalaya river discharges.

3.2.3. Predictions of the future oxygen environment

For many environmental problems, including excess nutrients,
agreement among scientists, political institutions, and society on policy
and intervention measures is required despite the scientific uncertainty.
Fortunately, around the globe, measures to decrease excess nutrient
loads proceeded without complete scientific consensus on which nutri-
ents to reduce, how much, and by what methods. For example, in the
case of the area of bottom-water hypoxia west of the Mississippi River
discharge, initial estimates of hypoxia extent turned out to be lower than
the areas predicted in subsequent modeling analyses (Justi¢ et al.,
2007). In addition, climate change scenarios for the Mississippi River
watershed and conditions in coastal waters will likely aggravate the
conditions of low oxygen in the northern Gulf of Mexico (Rabalais et al.,
2014). Knowledge gaps will remain and new ones will arise, but most
action plans for reducing and mitigating the effects of nutrients are
conceived within a long-term adaptive management strategy that links
management actions with monitoring, research, modeling, and a
commitment to long-term assessment and management.



G.C. Pitcher et al.

3.3. Peru and Northern—Central Chile

The shelf and slope off Peru and Northern-Central Chile are strongly
influenced by the Eastern Tropical South Pacific (ETSP) oxygen mini-
mum zone (OMZ), where cumulative oxygen depletion is attributed to
the low oxygen content of source waters, poor ventilation, a long resi-
dence time, and the decay of the high biological production sinking from
surface waters (Pennington et al., 2006). The OMZ of the ETSP accounts
for 11% of the global volume of OMZ waters, and it is the fourth largest
OMZ in terms of area. The upper boundary is shallower than that of
other OMZs, attaining its shallowest depth off Central Peru (Helly and
Levin, 2004) and entering into the euphotic layer. Near the equator, the
OMZ upper boundary is deeper (>200m) and under the influence of
equatorial circulation (Stramma et al., 2010a,b). From the equatorial
line to the Central Peruvian coast, the upper boundary shoals, and the
OMZ thickens and gains in intensity (Fig. 3.3.1), as oxygen is further
depleted by the decomposition of sinking organic matter through the
water column. Farther south, the OMZ volume shrinks gradually, due to
ventilation of the upper water column caused by coastal upwelling and
stronger wind mixing and by mixing of the lower water column with
oxygenated Antarctic Intermediate Waters (Fuenzalida et al., 2009). The
OMZ waters are also characterized by low pH (Leon et al., 2010) and
high dissolved inorganic carbon, accumulated from the respiration of
decaying organic matter in the water column (Paulmier and Ruiz-Pino,
2009). Further, oxygen deficiency also favours denitrification and
anammox (anaerobic ammonium oxidation) as the main respiratory
pathways, resulting in significant nitrogen loss and nitrate deficiency in
upwelling waters (Lam et al., 2009).

3.3.1. Ecological effects in the water column and margin sediments
Oxygen deficiency shapes the distribution and life cycles of living
communities in the water column and at the seafloor. The vertical dis-
tribution and diel migrations of several groups of zooplankton and
meroplankton are limited by oxygen-deficient waters (Criales-Hernan-
dez et al., 2008; Antezana, 2009; Escribano et al., 2009). The restricted
vertical distributions affect the patterns of retention and export pro-
duction in the upwelling areas. Habitat compression appears to favour
efficient trophic transfer to the upper levels of the food web, contrib-
uting to the exceptional fish productivity of the system. Moreover, the
dominance of the Peruvian anchovy nearshore, where the oxycline is
shallower, is likely to be explained by the greater tolerance of anchovy
to hypoxia than the Peruvian sardine and other pelagic nekton (Bertrand
et al., 2011; Alegre et al., 2015). Conversely, under less intense oxygen
deficiency, a higher abundance of these pelagic species in the coastal
waters occur at multiple time-scales (Salvatteci et al., 2019a).
Demersal and benthic biodiversity are higher on the Northern
Peruvian shelf, where the upper limit of the OMZ is deeper (Gutiérrez
et al., 2006). Farther south, the benthic communities are highly variable
in the shallow subtidal zone, which is characterised by episodic oxygen
deficiency (Tarazona et al., 1988; Arntz et al., 2006; Aguirre-Velarde
et al.,, 2019). With increasing water depth and oxygen deficiency,
benthic macrofauna tend to disappear, while the biomasses of sulphur-
oxidizing bacterial mats (Thioploca spp), benthic foraminifera and
nematodes rapidly increase (Levin et al., 2002; Gutiérrez et al., 2008;
Cardich et al., 2015). Inner shelf sediments are typically sulfidic and rich
in freshly sedimented phytodetritus (Gutiérrez et al. 2008; Cardich et al.
2015). In some areas, free sulfide is found in bottom waters and is
eventually advected to the surface (Schunk et al., 2013). Sedimentary
organic matter (SOM) preservation is low, as frequent shallow oxygen-
ation events promote carbon recycling. From the outer shelf to the OMZ
core (at 300-400 m), SOM concentrations are the highest (Levin et al.
2002; Cardich et al. 2015), but free sulfide is only found deeper in the
sediments because of its use by Thioploca spp (Suits and Arthur, 2000;
Maltby et al., 2016), and/or its precipitation as metal sulphides (Froe-
lich et al., 1988; Scholz et al., 2011). At the lower boundary of the OMZ
(~600 m), microxic conditions are present, nitrate penetrates deep into
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Fig.3.3.1. (a) Dissolved oxygen concentration at 150 m water depth in the
Tropical Pacific (Gutiérrez et al., 2009); (b) mean upper limit depth (m, color
bar) and thickness (m, black contours) of the OMZ off the Peruvian coast; (c)
climatological oxygen concentration for a meridional section at 100 nm from
the coast, depicted as a grey line in (b). Both (b) and (c) derived for the period
1981-2010 (M Graco, pers. comm.). Date source: IMARPE and World Ocean
Database (WOA; Boyer et al., 2013).

the sediment (Dale et al., 2016) and concentrations of SOM are lower
(Fig. 3.3.2). Deeper down to 1000m, bottom oxygenation favours
macrobenthic biomass, diversity and bioturbation (Rowe, 1971; Levin
et al., 2002), as well as the presence of deep demersal fishes (Aramayo,
2016).

3.3.2. Drivers of oxygen deficiency at seasonal to interannual time-scales
The ETSP OMZ is sensitive to changes in the equatorial circulation
(Montes et al., 2014; Espinoza-Morriberon et al., 2019), as the Equato-
rial Undercurrent (EUC) and the primary and secondary Tsuchiya Jets
(Tsuchiya, 1975; Montes et al., 2010) ventilate the system by the east-
ward transport of more oxygenated waters towards the Eastern Pacific
(Stramma et al., 2010a,b). The intense remineralization of organic
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Fig. 3.3.2. Left: a section of dissolved oxygen off Callao (12°S, distance in nm) in April 2005, recorded on an MPI-IMARPE cruise onboard the RV Olaya (Lam et al.,
2009), showing a weak oxygenation event over the shelf. Reference values of TOC for the shelf and slope are shown (Cardich et al., 2015; Levin et al., 2002,
respectively). Right: Representative vertical profiles of sulphide and nitrate in the pore water across the shelf/upper slope; the black zone at the surface in ‘case 1’
depicts the fluffy layer (Gutiérrez et al., 2008). It should be noted that mats of Thioploca spp and benthic foraminifera store and use biological nitrate in the outer shelf

and OMZ core, respectively (Dale et al., 2016).

matter, primarily in the oxycline, is the main process that consumes
dissolved oxygen (Paulmier et al., 2006; Paulmier and Ruiz-Pino, 2009)
within the region. The dynamics of the Peru-Chile undercurrent and
intense mesoscale activity also contribute to the variability in oxygen
deficiency (Vergara et al., 2016; Espinoza-Morriberén et al., 2019).

At seasonal timescales, stratification/mixing, productivity and
export production, and mesoscale circulation govern the shallowing of
the upper boundary of the OMZ in summer when it is able to enter the
euphotic zone (Graco et al., 2017). In summer, vertical mixing and eddy
diffusive flux are restricted to shallower depths, stratification is stronger
and productivity increases (Echevin et al., 2008; Thomsen et al., 2016),
leading to more oxygen depletion in the subsurface waters. By contrast,
subduction of oxygenated waters, associated with mesoscale circulation
(eddies and filaments), tends to be deeper during winter, when wind
forcing and vertical mixing are stronger and primary productivity is
lower due to light limitation (Echevin et al., 2008; Thomsen et al., 2016;
Vergara et al., 2016;). Off Northern Peru, seasonal variability of the
OMLZ is influenced by the activity of the Equatorial Undercurrent, which
is more intense in austral autumn, bringing relatively more oxygenated
waters into the area (Czeschel et al., 2015).

Equatorial Kelvin Waves (EKWs) generated in the Equatorial Pacific
and Coastal Trapped Waves (CTWs) play a major role in the ventilation
of the water column in the region at intraseasonal to interannual time-
scales (Echevin et al., 2014; Espinoza-Morriberon et al., 2017). When
EKWs reach the western coasts of America, they trigger downwelling/
upwelling CTWs, which propagate poleward. The passage of down-
welling CTWs, which are more frequent and intense during El Nino in
the Eastern Pacific (EN), deepen the OMZ upper limit (Gutiérrez et al.,
2008; Graco et al., 2017), while upwelling CTWs have the opposite ef-
fect of causing the OMZ to shoal (Espinoza-Morriberon et al., 2019).
Therefore, Eastern Pacific EN events are associated with a deepening of
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the OMZ, exposing the shelf off Peru and northern Chile to oxygenated
waters (Morales et al., 1999; Sanchez et al., 1999; Gutiérrez et al., 2008;
Graco et al., 2017).

Coastal upwelling and export production delivered from surface
waters amplifies the depletion of oxygen near the coast, due to the up-
ward advection of oxygen-poor waters from upwelling and from the
enhanced oxygen consumption resulting from the production exported
from the surface (Paulmier et al., 2006; Graco et al., 2007). However,
the frequent intrusion of dissolved oxygen associated with mesoscale
eddies, internal waves or coastal trapped-waves (Grados et al., 2016;
Vergara et al., 2016; Espinoza-Morriberon et al., 2019), gives rise to a
highly dynamic oxygen regime nearshore. These conditions favour the
recycling of organic matter with low preservation of organic carbon in
the surface sediments. Farther offshore, the outer continental shelf and
upper slope are characterized by the highest accumulation rates of
sedimentary organic matter (Munoz et al., 2004; Gutiérrez et al., 2009;
Cardich et al., 2015).

3.3.3. Paleo-oxygenation and recent trends

Proxies for water column denitrification, including sediment redox
conditions, bioturbation and benthic foraminifera, among others, have
been used to reconstruct past variation of subsurface oxygenation in the
region (Higginson and Altabet, 2004; Morales et al., 2006; Gutiérrez
et al., 2009; Salvatteci et al., 2014, 2016; Erdem and Schonfeld, 2017;
Diaz-Ochoa et al., 2011; Castillo et al., 2017). At multidecadal to
millennial timescales, the intensity and extension of the OMZ is modu-
lated by changes in the Walker circulation, which controls the thermo-
cline depth and thereby the productivity and respiration in the ETSP, as
well as the subsurface ventilation associated with the equatorial currents
(Agnihotri et al., 2008; Gutiérrez et al., 2009; Xu et al., 2015; Salvatteci
et al., 2016). Farther south, the OMZ is likely to be influenced by the
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meridional shifts of the subtropical front controlling the ventilation at
higher latitudes and by the intensity of the South Pacific Subtropical
High (SPSH) that affects alongshore wind forcing (Strub et al., 1998).
After the Last Glacial Maximum, rapid deoxygenation took place
following the Southern Hemisphere signature of deglacial warming,
leaving a distinct imprint in 5!°N sediment records along the Peru-Chile
margin that show maximal values during the Heinrich Stadial 1 period.
Thereafter, an average positive trend of oxygenation characterised the
late deglaciation, superimposed with millennial fluctuations (Higginson
and Altabet, 2004; De Pol-Holz et al., 2014; Moffitt et al., 2015; Sal-
vatteci et al., 2016). During this period, denitrification in the subsurface
accelerated and the flooding of continental shelves subsequently
increased denitrification at the seafloor (Galbraith et al., 2013).
During the warm mid-Holocene, the OMZ was weaker than during
the early Holocene or the last millennia, as inferred by multiple proxies
reported for the Peruvian slope (Xu et al., 2015; Salvatteci et al., 2016).
This has been attributed to intensification of the eastward subsurface
equatorial currents and the poleward undercurrent, as a consequence of
a much stronger Walker circulation cell (Xu et al., 2015; Salvatteci et al.,
2016; 2019b). For the late Holocene, proxy records of oxygenation and
productivity provide evidence of significant shifts at multi-centennial
time-scales, apparently associated with global ‘cold’ and ‘warm’
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climatic periods (Fig. 3.3.3a, b). Thus, for the Little Ice Age (LIA,
1400-1850 CE), proxy records off Peru and Northern Chile indicate
increased oxygenation in the water column and lower export produc-
tion, under both weak Walker circulation and SPSH conditions. By
contrast, for the late Medieval Climatic Anomaly (MCA, 1100 - 1350 CE)
and after the LIA, the records indicate an increase in subsurface deox-
ygenation and higher export production with intensification of the
Walker circulation and SPSH (Sifeddine et al., 2008; Gutiérrez et al.,
2009; Salvatteci et al., 2014). A bi-decadal period around the 1870s
(characterized by strong ENSO activity; Gutiérrez et al., 2011) featured
diatom-rich sedimentation events from Central Peru to Northern Chile.
These events were associated with strong water column deoxygenation
and bottom anoxia as inferred from §'°N records in sedimentary organic
matter and enrichment of redox-sensitive metals (Gutiérrez et al., 2009;
Diaz-Ochoa et al., 2011; Salvatteci et al., 2014; Castillo et al., 2017).
For the twentieth century, in the subtropical region, shelf and slope
records suggest increased subsurface and bottom oxygen with inter-
decadal fluctuations. At lower latitudes, a slight increase in oxygen near
the OMZ core is noticeable for the last half century that seems decoupled
from increased export production (Fig. 3.3.3c) (Gutiérrez et al., 2009;
Salvatteci et al., 2014; Castillo et al., 2017). Further south, at 36 °S, a
decrease in the concentration of redox sensitive metals in the
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Fig. 3.3.3. (Paleo) oxygenation and (paleo) productivity records off central Peru. (A) Map of the sediment cores used for the records shown in figures B and C
(Salvatteci et al., 2014, 2018). (B) Records of water column denitrification, sediment redox condition and export production for the last millennium. The latter is
presented as percentage of total organic carbon (TOC%) and as an average export production (AEP) obtained from the average of the Ni and Cu enrichment factors.
Records from G-10 (triangles) were used for the period before 1500 CE, and records from B-14 (circles) were used for 1500 to 2005 CE. (C) Records of water column
denitrification (5'°N) and sediment redox conditions (authigenic Re/Mo ratio, y-axis inverted) for the last century. Data are from analysis of core B-14. (D) Average
quarterly time series of instrumental dissolved oxygen data from several water column depths for the 1960 — 2010 period (IMARPE); shading corresponds to one
standard deviation. The horizontal dashed line in B and C indicates the value of 0.4 x 10~ which corresponds to the ratio of the concentration of these metals in sea-
water; higher values indicate suboxic conditions, whereas equal or lower values indicate sulfidic conditions.
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continental shelf sediments from ~1930 to ~2005 (Srain et al., 2015),
suggests a regional-level signature to the oxygenation trend (Castillo
et al., 2017).

Proxy records are supported by historic shipboard oxygen measure-
ments since the 1960s, which indicate a slight trend of ventilation close
to the OMZ core over the upper continental slope (Cardich et al., 2019)
(Fig. 3.3.3d). These observations contrast with those from the upper
water column that exhibit strong regional interdecadal variability for
the same period and a shoaling trend of the oxycline for the past few
decades (Bertrand et al., 2011). Moreover, the shipboard measurements
over the slope differ from oceanic observations off Northern Peru and in
the Equatorial Eastern Pacific that indicate a trend of deoxygenation
over the past decades (Czeschel et al., 2012, 2015). A modeling study
suggests that the shoaling of the oxycline from 1970 to 2008 was asso-
ciated with a decrease of the oxygen fluxes of the subsurface equatorial
undercurrents (Espinoza-Morriberon, 2018), although in nearshore
subsurface waters, instrumental data since the 1990s off Central Peru
reveal a slight trend of oxygenation (Graco et al., 2017).

Multiple sediment cores near the OMZ core in the North Eastern
Pacific (NEP) show a decreasing trend in 5'°N from 1850 to 1990 and an
increasing trend since 1990 (Deutsch et al., 2014). Thus, the records
suggest that the OMZ in the NEP was shrinking for most of the 20th
century but that this trend reversed to deoxygenation in the latest period
(Deutsch et al., 2014). The latter records are therefore similar to those
observed in the ETSP oxycline, but the deoxygenation trend for the past
few decades is absent in the proxy records from the Peruvian slope and
Chilean shelf. Several mechanisms could be responsible for these fea-
tures. For instance, multidecadal variations in the intensity of trade
winds, by forcing thermocline depth changes, may have influenced the
oxygen demand below the oxycline (Deutsch et al., 2014). However,
variation in the intensity of trade winds may also involve changes in the
equatorward overturning circulation associated with the Subtropical-
Tropical cells, which can contribute to the ventilation of the tropical
ocean (Duteil et al., 2014a,b). Different oxygen trends in the NEP and
the ETSP could result from the variability of the Equatorial Undercur-
rent (EUC), which is at least partially modulated by the intensity of trade
winds and the Walker cell. However, while an intensification of the EUC
would contribute to ventilate the subsurface water column in the coastal
ETSP (Montes et al., 2014; Espinoza-Morriberon et al., 2019), intensi-
fication would increase the inflow of more oxygen-depleted waters than
the local subsurface water in the NEP (Bograd et al., 2008; 2015; Ren
et al., 2018). Furthermore, the trend of weak oxygenation near the OMZ
core of the ETSP may reflect an intensification of the Chile-Peru Deep
Coastal Current, which transports relatively fresh, oxygenated and cold
Antarctic Intermediate Waters from the south (Pietri et al., 2014; Car-
dich et al., 2019).

3.3.4. Future oxygen deficiency under climate change

Current regional projections of ocean deoxygenation remain uncer-
tain, especially relating to changes in oxygen in and around the ETSP
OMZ. In fact, current global ocean models have limitations in accurately
simulating the present-day oxygen distribution, and in reproducing
measured changes in oxygen concentrations over the past 50 years
(IPCC, 2013; Cabré et al., 2015; Oschlies et al., 2017; Schmidtko et al.,
2017).

Climate change is likely to influence critical drivers of ventilation off
Peru. In contrast with initial predictions of the likely response of up-
welling systems to climate change (Bakun, 1990), recent downscaling of
climate change scenarios show that surface winds off Peru are likely to
decrease during summer (Goubanova et al., 2012; Belmadani et al.,
2014; Chamorro et al., 2021) and on average stratification of the upper
layers will increase (Echevin et al., 2020). As surface stratification is
enhanced by ocean warming and oxygen saturation decreases with ris-
ing temperatures, surface layers are expected to experience reduced
ventilation. Moreover, the impacts of increased nearshore stratification
may differ with season. During summer, coastal upwelling may weaken,
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and thus productivity and the export of organic matter are likely to be
reduced, leading to lower consumption of oxygen in subsurface layers
through respiration. In winter, the depth of the surface mixed layer may
be reduced due to the enhanced stratification, which may reduce light
limitation (Echevin et al., 2008), favor primary production and the
export of organic matter, and thus increase the biological consumption
of oxygen. At a larger scale, potential changes in the circulation of
Walker and Hadley cells (Lu et al., 2007; Vecchi and Soden, 2007; Yim
et al., 2017) could affect the ventilation of the OMZ. Mechanisms may
include the advection of source waters by the eastward equatorial cur-
rents in the north (Duteil et al., 2014a,b), and in the south, the inflow of
more oxygenated subsurface or intermediate waters (Stramma et al.,
2010a,b; Llanillo et al., 2013).

The projected increase in nearshore mesoscale activity (Echevin
et al., 2011; Oerder et al., 2016) could enhance eddy-driven ventilation
over the shelf and slope (Vergara et al., 2016). Modifications of the
equatorial current systems (EUC and SSCCs, Montes et al., 2010, 2014;
Espinoza-Morriberon 2018; Espinoza-Morriberon et al., 2019) may also
change the volume of oxygenated waters of equatorial origin that are
transported into the coastal system. Overall, ventilation processes also
depend on the oxygen and nutrient content of the source waters upw-
elled near the coast (Rykaczewski and Dunne, 2010; Espinoza-
Morriberon et al., 2017; Echevin et al., 2020), which are not well con-
strained in CMIP models of the Eastern Equatorial Pacific (Cabré et al.,
2015). A detailed analysis of the respective impact of these processes
using regional downscaled simulations of CMIP earth system models is
warranted.

To summarize, subsurface oxygen deficiency is an intrinsic feature of
the ETSP and life cycles and biodiversity are adapted to the current
patterns of oxygen deficiency and its spatial and temporal variability.
Past records show that the ETSP OMZ intensity is modulated by climate
variability through complex remote and local physical and biogeo-
chemical processes that are not completely understood. Thus, predicting
future trends of the ETSP OMZ and consequent ecological impacts face
two important challenges. First, there is a need to improve our scientific
understanding and modelling of the feedbacks among processes and
scales that affect both ventilation and the consumption of oxygen. Sec-
ondly, there is a requirement for improved knowledge of biogeochem-
ical, ecological and physiological thresholds that affect benthic,
demersal and pelagic communities, as well as changes in benthic-pelagic
coupling of nutrient regeneration, productivity and the export of organic
matter. In the upper water column, a shallowing of the oxycline may
amplify the negative effects of thermal stratification on the coastal
retention of zooplankton and fish larvae (Brochier et al., 2013), and
cause further vertical compression of the habitat of pelagic nekton.
These mechanisms need to be investigated by combining experimental
and bioenergetics studies with high-resolution modelling of coastal
circulation and biogeochemistry.

3.4. Southern shelf of the Canary Current

3.4.1. Shelf description and present oxygen conditions

The OMZ of the Eastern Tropical North Atlantic (ETNA), similar to
some other oceanic basins, lies in the weakly ventilated shadow zone
between the well-ventilated subtropical gyre and the equatorial oxygen
maximum with its core located around 10°N and 20°W at ~400 m
depth. The ETNA OMZ has expanded since the 1960s (Stramma et al.,
2008, 2010a,b; Brandt et al., 2015) and has shoaled in the last decade
(Hahn et al., 2017). However, regional modelling suggest that the
connection between this deep OMZ and upwelling waters is very weak as
only ~1% of the surface waters originate from the waters of the OMZ
(Glessmer et al., 2009). Along North-West Africa, waters upwelling onto
the shelf north and south of the Cape Verde peninsula originate from
relatively shallow water masses (Capet et al., 2017; Ndoye et al., 2017).
Hence, oxygen conditions over the shelf are more constrained by the
shallow water oxygen minimum located at ~100m (~26.6kgm™3)
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depth off Mauritania and Senegal (Fig. 3.4.1a; Voituriez and Chuchla,
1978; Brandt et al., 2015; Klenz et al., 2018; Tall et al., In Press).

Along the southern part of the Canary Upwelling System, changes in
the shape of the continental shelf and the presence of the Cape Verde
peninsula result in a change in upwelling dynamics moving from the
north to the south of the Cape (Ndoye et al., 2017). Along Mauritania,
extensive sampling ~18°N has shown dissolved oxygen concentrations
of 6070 umol kg ™! during the upwelling season in March on the outer
edge of the shelf, with hypoxic conditions (e.g., 30 umol kg™1) associ-
ated with relaxation following the upwelling season (Gier et al., 2017).
Over the southern Senegalese shelf, oxygen concentrations of near-
bottom upwelling waters are ~60 umol kg ! during the upwelling sea-
son (Fig. 3.4.1c,d; Capet et al., 2017) and ~200 ymol kg~ during the
warm season (Tall et al., In Press). Although the longer residence times
characteristic of the wide and shallow southern Senegalese shelf favour
the development of hypoxia, the first evidence of anoxia has only
recently been documented (Machu et al., 2019). However, hypoxic
conditions have previously been proposed to explain the occasional
anomalous mortalities of demersal fish (Serranidae) that have been
observed since the late 1980s (Caveriviere and Touré, 1990).

3.4.2. Causes and controls of low oxygen
Oxygen-rich Tropical Surface Waters (TSW) dominate the upper
ocean off West Africa. Central waters below the TSW comprise an upper
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and a lower layer, roughly delimited by the 26.8 kg m™ isopycnal at
around 300 m depth (El Moussaoui et al., 2005; Pena-Izquierdo et al.,
2012; Klenz et al., 2018). The shelf is therefore subject to the influence
of upper Central Waters that flow in a northward direction. Off the coast
of Senegal, upper Central Water is made up primarily of South Atlantic
Central Water (SACW), but is increasingly mixed with North Atlantic
Central Water (NACW) as water moves towards the north. The charac-
teristics of these source waters constrain the oxygen supply onto the
shelf, with both physical and biologically-mediated processes subse-
quently modifying the oxygen content of shelf waters. Mean oxygen
concentrations of the upper Central Water decrease northward pre-
sumably as a result of the degradation of the organic matter produced as
a consequence of upwelling over the shelf (Pena-Izquierdo et al., 2012;
Klenz et al., 2018). Off the Mauritanian coast, at ~18°N, Klenz et al.
(2018) have shown that the lowest oxygen concentrations
(~30 umol kg™1) on the shelf are encountered following the upwelling
season (June and August). During this time of upwelling relaxation,
stratification strengthens and limits diapycnal oxygen supply from sur-
face layers, which acts in combination with prolonged periods of high
respiration (~10 mmol O, m~2 d'; Dale et al., 2014) following the
productive upwelling season, to reduce oxygen concentrations to their
lowest values. During a cruise in 2014, Thomsen et al. (2019) showed
that while some oxygen variability can be attributed to water mass
composition, water mass characteristics are strongly modified by local

b) 1@ 7:22 AM 1@ 4:52 PM
0 : { . 20
-20 P PN
(@ 3:20 PM °
-40 1@ 2:33 PM 7
. /'m;m 18
é /7 4
£ ;yéz;svm 17
- - (i) 4
a)  Shallow Oxygen Minimum  umoikg ~ ° .
2N e ————f— 120 -100 ewsan  Temperature (°C) -
I : : 11/02/2012 - 14°20'N 15
20°N . i
| : ° 14
18°N v las grer@=a000
p— 250
16°NI : /‘,
‘ 200
14oN|"","'.'."' J
| ‘e = J 150
12°N [} <
° o ]
I . L4 3 100
N ‘_._-’ Oxygen (umol/kg) -
N - ) 11/02/2012 - 14°20'N 50
8°N LI O @ nmn QO M mE. =g = > o B
YRR -f—*-- on ==,
I - ® : - . —: ) Y I L | 1
&N ® . @ omee, 474 -17.3 472 174
I T e ® e Longitude
4°N o 0 &0
. Y ’
205‘2°w 30°W 26°W 26°W 24°W 22°W 20°W 18°W 16°W 14°W ~a ' o
o 2 | 0 5 o
O 1.8 © + oo H &F B FERrERgbe ¥
8 1.6 R +
1.4 C . . ‘
-100 -75 -50 -25 0

bottom depth [m]
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oxygen consumption that occurs close to the coast near the seabed. Here,
local oxygen respiration creates oxygen anomalies on time scales of
1-2 weeks that are of the same magnitude as those attributed to water
mass variability.

Different advection and mixing processes have been proposed to
explain the variability of oxygen in bottom waters of the southern
Senegalese shelf (Fig. 3.4.1c; Tall et al., In Press). During the upwelling
season, near hypoxic waters are advected onto the shelf (Capet et al.,
2017; Machu et al., 2019). At the MELAX station (14°20'N — 17°13.5'W;
35 m depth), the oxygen content of bottom waters tends to be lower than
that of upper slope water and can be partly attributed to the respiration
of organic matter on the shelf (Tall et al., In Press). In addition to sea-
sonal and intraseasonal variability in the slope current, coastal trapped
waves (CTWs) can be generated from south of Senegal as far afield as the
Gulf of Guinea (Diakhaté et al., 2016; Kounta et al., 2018). These CTWs
modulate alongshore currents over the Senegalese continental slope and
shelf (irrespective of local wind forcing) and, by vertically displacing
isopycnals and oxygen gradients, modify the properties of source waters.
During the upwelling season (December to May), currents are from the
north, but reverse with the transition to the warm season in April and
May, causing bottom oxygen concentrations to increase despite a
strengthening of stratification. Stratification plays a crucial role in
diurnal and semi-diurnal variability of oxygen by modulating the
onshore propagation of internal waves and influencing mixing in the
bottom layer, particularly during the transition period (August to
November) from the warm and rainy monsoon season to the upwelling
season (Tall et al., In Press). Remotely forced CTWs further impact ox-
ygen concentrations by modulating the northward West African
Boundary Current (Kounta et al., 2018) resulting in the transport of
more oxygenated water from the south.

Anoxia recorded at mid-shelf during a period of relaxation of up-
welling in March 2012 was attributed to the advection of a decaying
diatom bloom that had developed in shallower waters. Coastal trapped
waves triggered by remote wind fluctuations were considered the cause
of the change in flow orientation and the advection of the decaying
bloom (Machu et al., 2019). Other undocumented cases of severe hyp-
oxia have been observed at different locations over the shelf from Dakar
to Gambia during field experiments carried out over the last 7 years
(Machu, pers. com.). These cases often involve high phytoplankton
biomass and also occur during periods of relaxation and strong strati-
fication that inhibits diapycnal oxygen supply.

3.4.3. The future oxygen environment

Many gaps remain in understanding oxygen variability along the
coastal regions of the ETNA and on the low oxygen conditions that
develop in this region. The duration and extension of hypoxic and anoxic
events, their frequency of occurrence and their regional consequences
on the nitrogen budget and the ecosystem, including through possible
export of low oxygen waters toward the open ocean (Schiitte et al.,
2016a,b), are largely unknown.

The increase in the carbon-to-nitrogen ratio observed in particulate
organic matter in high CO5 environments may lead to greater oxygen
consumption resulting in a 50% increase in the suboxic water volume
worldwide (Oschlies et al., 2008). Regionally, the shoaling by
—22+17 m of the deep OMZ observed by Hahn et al. (2017) over the
last decade could modify the oxygen properties of water masses flowing
over the continental slope and shelf of the ETNA. In Senegal, increases in
the human population and in wastewater discharges (Diop et al., 2014)
will play a role in affecting oxygen conditions. Coastal processes
implicated in the production of local oxygen-depleted waters may also
be affected by global climate change. The warming of surface waters as
observed over the last decades (Vélez-Belchi et al., 2015; Gomez-Letona
et al., 2017), and the accompanied reduction (~10%) in wind stress as
predicted to occur in the ETNA (Sylla et al., 2019), are likely to further
influence stratification that plays an important role in generating low
oxygen conditions over the shelf.
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3.5. Northern Benguela shelf

3.5.1. System description and established trends

The Benguela Current region is a wind driven upwelling system that
borders the west coast of southern Africa. The central upwelling cell
near Liideritz (27°S) divides the system into two sub regions: the
northern Benguela located off Namibia and southern Angola (~15-26°S)
and the southern Benguela located off southern Namibia and the west
coast of South Africa (~27-34°S). Bottom-water oxygen concentrations
below 2.0 ml1! are perennial in the northern Benguela; in particular,
between 19°S and 24°S, the shelf exhibits persistent oxygen depleted
bottom-waters with concentrations ranging from below 0.5 to 1.0 m1 17}
(Fig. 3.5.1; Bartholomae and van der Plas, 2007). Some seasonality is
nevertheless evident, in that shelf hypoxia is most widespread during the
warm, stratified conditions of summer and autumn, extending as far as
28°S (Fig. 3.5.1a). Hypoxia also occurs off the shelf as a seasonal mid-
water oxygen minimum feature at around 150 to 300 m water depth.
Conversely, some re-oxygenation of shelf waters occurs during the
winter into the spring upwelling period (Fig. 3.5.1b) when cool, fairly
aerated Eastern South Atlantic Central Water (ESACW) flushes the
northern Benguela shelf (Duncombe Rae, 2005).

Shelf anoxia in the northern Benguela is frequently accompanied by
sulphidic water column conditions from anaerobic decomposition of
organic matter (Briichert et al., 2006; van der Plas et al., 2007; Lavik
et al., 2009; Ohde and Mohrholz, 2011; Ohde and Dadou, 2018). Dia-
tomaceous mud belts are specifically a major source of hydrogen sul-
phide. Here the rapid degradation of excess organic matter by bacterial
sulphate reduction drives the diffusive flux of hydrogen sulphide from
the sediment (Briichert et al., 2006). The amount of hydrogen sulphide
leaking into the water column is, however, limited by mats of a variety
of sulphide-oxidizing bacteria, including Thiomargarita namibiensis
(Schulz et al., 1999) and Beggiotoa, which cover the sediments and
capture HyS before it reaches the surface waters (Briichert et al., 2006;
Lavik et al., 2009). The limited availability of sulphate in the upper few
centimeters of the sediments further promotes methanogenesis and the
accumulation of free methane gas (Emeis et al., 2004). Both oxygen and
methane concentrations on the shelf also exhibit variability at the event
scale linked to local wind forcing (Monteiro et al., 2006).

Strong, longer-period fluctuations in oxygen are also evident in the
northern Benguela forced by recurrent warm and cold events at inter-
annual periods. Extreme warm events, referred to as Benguela Ninos, are
known to strengthen hypoxia and cool events (Benguela Ninas) are
known to oxygenate the shelf (Shannon et al., 1986; Monteiro et al.,
2008). Data from the near-monthly oceanographic monitoring transect
off Walvis Bay (23°S), which was re-initiated in 1999, but has been
sampled intermittently for dissolved oxygen since the late 1970s, show
considerable inter-annual variability in water column oxygen
(Fig. 3.5.2). This variability includes prolonged periods of shelf hypoxia
from 1994 to 1995 and 2000-2001 associated with warmer sub-
thermocline water (Hamukuaya et al., 1998; Bartholomae and van der
Plas, 2007; Monteiro et al., 2008) and of shelf oxygenation from 1996 to
1998 associated with cooler waters (Fig. 3.5.2; Monteiro et al., 2008). In
situ time series for the northern Benguela are not sufficiently long to
resolve multi-decadal trends or patterns in oxygen variability. However,
sedimentary core analyses have provided insight into past surface water
temperatures, upwelling intensity and productivity over multi-decadal
to glacial-interglacial time periods (e.g. Berger and Wefer, 2002; West
et al., 2004; Meisel et al., 2011) from which inferences about the
bottom-water oxygen condition can be made.

3.5.2. Causes and controls of low oxygen

The northern Benguela is a wind-forced coastal upwelling system in
which southerly (trade) winds, linked to the position and circulation of
the South Atlantic high pressure system, are an important driver of its
productivity and variability on multiple time and space scales (Shannon,
1985; Boyd, 1987). The local equatorward wind forcing, which is
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strongest during winter to spring, drives the cross-shelf advection and
upwelling of nutrient-rich waters leading to high primary productivity
on the inner northern Benguela shelf (Lass and Mohrholz, 2008; Fennel
et al., 2012; Louw et al., 2016). The wide shelf ensures the retention of
upwelling driven-shelf production and depositional characteristics, as
influenced by the interaction between internal tides and the bathymetry,
result in longshore alternating bands of high and low concentrations of
particulate organic matter (Monteiro et al., 2005, 2011).

Aerobic remineralization of new production deposited on the inner
shelf is expected to contribute to significant seasonal variability in ox-
ygen drawdown. However, while the flux of new production peaks in
early summer, the oxygen minimum over the northern Benguela occurs
in late summer to autumn (Monteiro et al., 2006; Louw et al., 2016).
This anomaly is attributed to changes in the physical ventilation of the
shelf as controlled by the relative dominance of South Atlantic Central
Water (SACW) flowing southward from the Angolan Dome, over the
northward transport of Eastern South Atlantic Central Water (ESACW)
from the Cape Basin.

The relaxation of equatorial trade winds during austral summer or
the strengthening of the westerlies have been suggested as triggers for
Kelvin waves that travel along the equatorial waveguide and, upon
reaching the African continent, continue poleward as coastal trapped
waves that deepen the thermocline and bring warm, saline Angola
current water to the northern Benguela (Florenchie et al., 2003; Rouault
et al., 2007; Junker et al., 2017). These sub-thermocline waters
advecting southward as the so-called poleward undercurrent, both over
the shelf and slope, originate from the pool of nitrate-rich, low-oxygen
water in the Angola gyre (Duncombe Rae, 2005; Mohrholz et al., 2008).
This Angola gyre central water primes the northern Benguela shelf with
low oxygen and further biogeochemical activity that can lead to anoxia
(Monteiro et al., 2006; Briichert et al., 2006; van der Plas et al., 2007;
Mohrholz et al., 2008). With the strengthening of the upwelling-
favourable southerly winds in summer off Liideritz and in winter and
spring off central to northern Namibia (Boyd, 1987), the undercurrent
reverses direction to equatorward. This reversal brings cold, more
oxygenated ESACW originating from the Cape Basin off South Africa and
ventilates the northern Benguela shelf, mainly via the strong Liideritz
upwelling cell, leading to an oxygen maximum during spring (Dun-
combe Rae, 2005; Monteiro et al., 2008; Mohrholz et al., 2008). These
advective mechanisms driving oxygen supply are the primary controls of
seasonal, interannual and decadal variations in the severity of oxygen
depletion (Monteiro et al., 2006, 2008).

Using a regional coupled modelling approach incorporating the hy-
drodynamic ROMS model (Shchepetkin and McWilliams, 2005) and the
biogeochemical model BioEBUS, Bachelery et al. (2016) showed that
oceanic remote equatorial forcing explains more than 85% of the
interannual oxygen fluctuations along the Angolan and Namibian

Coastal inter-annual oxygen anomalies (mmol0,.m?)
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coasts, including the northern Benguela. Remotely forced coastal trap-
ped waves propagate poleward along the African coast with strong
subsurface signatures that can be detected in the northern Benguela to
24°S. To describe the processes associated with the propagation of these
coastal trapped waves, Bachelery et al. (2016) analyzed coastal inter-
annual biogeochemical budgets and found oxygen anomalies were
controlled by physical advection processes. Changes in subsurface
coastal biogeochemical characteristics were shown to translate into
large variations of primary production in the euphotic layer. A sharp
North (0°-22°S) - South (23°-28°S) contrast was evident in the biogeo-
chemical signature of coastal waters (Fig. 3.5.3), including a sign
inversion in the interannual anomalies in the Benguela upwelling sys-
tem, in agreement with satellite-derived chlorophyll concentrations.
This sign inversion is a function of weakened vertical advection asso-
ciated with less intense vertical gradients of the biogeochemical tracers.
The subsurface nutrient gain and associated oxygen loss in the Benguela
upwelling system is explained by the horizontal advection of nitrate-rich
water from the equator toward the pole, concomitant with vertical
advection of deep nutrient-rich water.

Gutknecht et al. (2013a,b) have modelled the oxygen-dependent
processes over the northern Benguela shelf in a climatological configu-
ration using the coupled physical-biogeochemical ROMS-BioEBUS
model and explored the model sensitivity to key biogeochemical pa-
rameters and nitrous oxide parameterizations. Biogeochemical param-
eters associated with organic matter decomposition, vertical sinking,
and nitrification were shown through sensitivity analyses to play key
roles in determining oxygen content, nitrogen loss, and nitrous oxide
concentrations in the OMZ. Simulated minimum oxygen concentrations
were driven by the poleward meridional advection of oxygen-depleted
waters offshore of the 300 m isobath and by biogeochemical activity
inshore of this isobath, highlighting a spatial dependence of the domi-
nant processes maintaining minimum oxygen concentrations off
Namibia (Fig. 3.5.4).

Interchanges between nutrient-rich, oxygen-depleted SACW and
well-oxygenated ESACW in the Benguela create unique biogeochemical
conditions on the shelf in that they drive the seasonality of nitrification,
anammox and denitrification (Mashifane et al., 2016). Nitrite concen-
trations are key to understanding intermediate nitrogen processes and
their implications for nitrogen loss in oxygen depleted waters. Under-
standing nitrite dynamics in oxygen depleted areas is nevertheless a
challenge as nitrite represents an intermediary nitrogen species with a
short turnover time. Further, nitrite is also reduced to nitrogen under
conditions of oxygen depletion that prevents its accumulation. The
modelling study of Mashifane et al. (2016) showed that primary and
secondary nitrite maxima occur in the water column of shelf waters. The
primary maxima are found in well oxygenated waters of the euphotic
zone in response to nitrification and nitrate assimilation in the region of

Fig. 3.5.3. Vertical section of oxygen anomalies as
a function of latitude during an extreme warm event
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Fig. 3.5.4. (a) Minimum oxygen concentrations (mmol O, m~%) simulated in the OMZ, (b) the depth (m) of these minimum oxygen concentrations, (c) the thickness
(m) of the OMZ, (d) oxygen advection term (mmol O, m~° d'l), (e) oxygen mixing term (mmol Oy m~3 d'l), and (f) oxygen consumption by biogeochemistry (oxic
decomposition and nitrification, mmol O, m ™~ d!) at the depth of minimum oxygen concentrations. For fluxes, negative values indicate an oxygen sink and positive a

source (from Gutknecht et al., 2013a,b).

the nitracline. Secondary nitrite maxima are prominent in oxygen
depleted waters in the Angola-Benguela Frontal (ABF) region at
100-200 m depth and are attributed to denitrification. South of the
frontal region (off Walvis Bay), the secondary nitrite maxima are lower
and indicate significant consumption through anammox (Kuypers et al.,
2015). Subsequent nitrite reduction in the depleted bottom waters of the
Benguela leads to nitrous oxide production, with high concentrations
occurring in the ABF region as a result of nitrification and
denitrification.
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3.5.3. Predictions of the future oxygen environment

Various responses to climate change have been proposed for eastern
boundary upwelling systems, including the northern Benguela, with a
focus on changes in the trade wind system, upwelling intensity and sea
surface temperatures. Proposed changes include an intensification of
wind-induced coastal upwelling in response to increased land-sea tem-
perature differences associated with global warming (Bakun, 1990;
Sydeman et al., 2014). Responses to increased upwelling are increased
productivity, higher sedimentation of organic material and increasing
anoxia in bottom waters (Bakun 1990; Bakun and Weeks, 2004).
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However, ocean warming could counter stronger upwelling by
increasing stratification and thus complicating forecasting of biogeo-
chemical responses (Sydeman et al., 2014; Garcia-Reyes et al., 2015).
Further, coastal wind records for Liideritz show weaker than average
southerly wind stress since 2005 (Peard, 2007; CAF Grobler unpubl.
data).

Model simulations have also revealed a likely poleward shift in at-
mospheric high-pressure systems that would result in upwelling weak-
ening at low latitudes and strengthening at high latitudes (Rykaczewski
et al., 2015; Wang et al., 2015). This may translate to a reduction in the
extent of coastal upwelling in the northern Benguela, leading to
increased hypoxia and anoxia over a large part of the shelf due to
reduced ventilation from the main upwelling cell at Liideritz. A change
in frequency and severity of Benguela Nino events (Siegfried et al.,
1990) would also affect dissolved oxygen levels as the tropical water is
oxygen-poor and increased intrusion into the northern Benguela would
lead to an increase in the areal extent and intensity of hypoxia (Monteiro
et al., 2008).

For the Benguela, projected climate change and expected ecosystem
responses by the end of the 21st century have been investigated using a
regional coupled physical-biogeochemical model ROMS-AGRIF/
BioEBUS (Chust et al., 2014). The model was forced with climate sim-
ulations from the IPSL-CM4 Earth system model for the period
2080-2100 relative to 1980-2000 under the future climate scenario A1B
representative of possible conditions between 2080 and 2100 under a
business as usual emissions scenario. Wind downscaling following
Goubanova et al. (2012) was necessary to correct SST seasonality, mixed
layer depth, and to provide more realistic circulation and biogeochem-
ical properties over the domain (Chust et al., 2014; Machu et al., 2015).
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The Benguela upwelling system was projected to experience an increase
in sea surface temperature (41.4 °C) and a decrease in net productivity
(-12%) over the entire domain, and a decrease in the magnitude of trade
winds (-10%) and of minimum oxygen concentrations (-20 to
-30mmol m~3) over the northern region and in areas of coastal up-
welling (Chust et al., 2014). However, unexpected conditions charac-
terised by increased production and plankton biomass could develop in
the northern part of the Benguela upwelling system and along the coast,
as a response to increased temperature and stratification and decreased
mesoscale activity from weakening winds (Chust et al., 2014). Several
studies using coupled models (Gruber et al., 2011) and satellite data
(Rossi et al., 2008) show that decreased mesoscale activity over the
continental slope can increase productivity in eastern boundary up-
welling systems that may lead to an increase in the downward export of
organic matter and a greater oxygen demand. In a future climate sce-
nario, simulated pH decreased over the entire domain (-0.24) due to an
increase in atmospheric CO; and the subsequent CO, increase in
seawater resulted in the acidification of the Benguela (MEECE, 2013).

3.6. Continental shelves of the North Indian Ocean

The two mesopelagic OMZs of the North Indian Ocean impinge upon
a very large area of the continental margin. In fact, by being land-locked
in the north, the Indian Ocean accounts for as much as two-thirds of the
global continental margin area that is exposed to oxygen concentra-
tions <0.2ml17! (Helly and Levin, 2004). However, as the upper
boundary of the OMZ is generally between 100 and 150 m depths, the
continental shelves only experience severe oxygen depletion during
periods of upwelling. This process occurs on a large scale during the
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Fig. 3.6.1. Typical vertical profiles of temperature, salinity, oxygen, nitrate and nitrite over continental shelves in summer (A) off Oman (Sta. SK209/16—18.5‘ ‘N,
57.299"E, sampled on 18.09.2004); (B) off western India (Sta. SK208/M03A — 12.708"N, 74.613"E, sampled on 24.08.2004); off eastern India (Sta. SSK051/VST02
— 17.618'N, 83.754"'E, sampled on 12.06.2013); and off Myanmar (Sta. SK175/76-14.502 N, 95.485E, sampled on 09.05.2002).

29



G.C. Pitcher et al.

Southwest Monsoon (SWM) along both the western and eastern
boundaries of the Arabian Sea, but with contrasting intensity and effects.

3.6.1. Shelf susceptibility to low oxygen

Temperature, salinity, oxygen, NO3 and NO3 profiles typically
observed during summer upwelling over the western and eastern con-
tinental shelves in the Northwestern and Northeastern parts of the In-
dian Ocean are compared in Fig. 3.6.1. In the western Arabian Sea,
upwelling driven by very strong southwesterly winds, forces subsurface
waters of moderately low oxygen onto the shelf off the Somali and
Arabian coasts. The thermohaline stratification is weak and nutrient
concentrations are quite high in this region (Fig. 3.6.1a). However, the
upwelled water is rapidly transported offshore and the short residence
time over the narrow shelf does not allow the development of intense
anoxia. Over the western Indian shelf, upwelling results from large-scale
circulation, and except in the south, along the coasts of Kerala and
western Sri Lanka where local winds are upwelling-favourable, the
process is confined to a narrow (few tens of kilometers wide) coastal
belt. Moreover, upwelled water is often prevented from reaching the
surface due to the slow rate of upwelling and by a thin (5-10 m) low-
salinity lens that is formed because of the high rainfall in the coastal
zone (Fig. 3.6.1b). Consequently, low oxygen (<0.5 ml1™1) conditions in
bottom waters prevail over the entire Indian (and possibly most of the
Pakistani) shelf (area ~200 000 km2), making it the largest shallow
water oxygen-deficient zone in the world (Naqvi et al., 2000). The
upwelled water, derived from the West India Undercurrent (WIUC), has
low-oxygen to begin with, but is not anoxic. However, as it ascends over
the shelf, WIUC waters further loses oxygen leading to clear water-
column redox zonation: hypoxia over the outer shelf, “suboxia” (deni-
trifying conditions) over the mid-shelf and anoxia (sulphate reduction)
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over the inner shelf (Fig. 3.6.2). Reducing conditions that culminate in
sulphate reduction in near-bottom waters along an open coast have only
been reported from the coastal upwelling systems off Namibia and Peru.
However, while shelf anoxia off wetern India displays a number of
similar chemical characteristics to the Namibia and Peru systems,
including a build-up of high concentrations of hydrogen sulphide and
nitrous oxide (off Peru but not off Namibia) (Briichert et al., 2006;
Schunck et al., 2013; Arévalo-Martinez et al., 2015), shelf anoxia off
western India is different with respect to the forcing processes. That is,
while excessive organic loading is a major cause of anoxia off Namibia
and Peru, seasonal anoxia over the Indian shelf is predominantly due to
initial low oxygen concentrations in upwelled waters and to their stag-
nation over the shelf. The extended residence time of these waters on the
shelf is a consequence of a combination of the slow rate of upwelling and
of very strong near-surface thermohaline stratification. The moderate
organic loading over the Indian shelf is also reflected in the small
accumulation of organic carbon, even over the inner shelf (2-3.5%), and
consequently low sulphate reduction rates, sedimentary methanogenesis
and a much smaller accumulation of methane in the overlying waters
(Naik et al., 2017; Shirodkar et al., 2018).

Unlike the Arabian Sea, anoxic conditions do not usually develop
over the shelf in the Bay of Bengal, even though oxygen levels fall to
quite low levels below the mixed layer (Fig. 3.6.1¢c,d; also see Sarma
etal., 2013). This is also the case off the mouths of the major rivers, such
as Ganges-Brahmaputra and Irrawaddy that enter the sea over wide
shelves, causing strong stratification. The absence of anoxic conditions is
largely because upwelling in the Bay of Bengal is much weaker than in
the Arabian Sea, and the mesopelagic OMZ therefore rarely extends to
shallow depths. However, an instance of very low oxygen (~0.1 ml™!
1Y was reported by Satpathy et al. (2013) in very shallow waters (59 m)
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Fig. 3.6.2. Vertical sections of temperature, salinity, oxygen, inorganic nitrogen species and hydrogen sulphide off Mumbai based on observations during 6-7

October 1999 (from Naqvi et al., 2000).
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off the south-east coast of India in September 2010. Although this event
was attributed to land-based pollution, the data presented suggest an
offshore origin of nearly-anoxic waters, possibly associated with an
eddy.

3.6.2. Human-induced deoxygenation trends

Available data suggest a decrease in oxygen concentrations in the
western Arabian Sea off Oman since the 1960s (Piontkovski and Al-Oufi,
2015; Piontkovski and Queste, 2016). However, more observations are
needed from the Omani shelf to better assess this trend, its linkage to
harmful algal blooms and fish kills and its potential socio economic
impact (Piontkovski and Queste, 2016; Gomes et al., 2014). In com-
parison, the seasonally anoxic zone off the west coast of India, known
since the 1950s (Banse, 1959; Carruthers et al., 1959), has been more
thoroughly investigated, with initiation of time series observations off
Goa (the Candolim Time Series, CaTS) and repeat samplings along
several coastal transects in the 1990s (Naqvi et al., 2000, 2006¢, 2009).
Observations from the CaTS reveal large interannual changes in the
duration and intensity of the oxygen deficiency without a clear long-
term trend (Naqvi et al., 2009). However, the intensity of oxygen defi-
ciency is apparently greater now than it was in the 1970s. Sulphidic
conditions that have been observed during most years since 1997 were
not encountered during the extensive surveys of the shelf conducted
under the UNDP/FAO-sponsored Integrated Fisheries Project (IFP) from
1971 to 1975 when the oxygen concentrations in upwelled waters
appear to have been significantly higher (Naqvi et al., 2006c). It has
been proposed that the intensity of anoxia may be controlled by basin
scale events such as the Indian Ocean Dipole (IOD) (Vallivattathillam
etal., 2017). The year-long observations at a fixed site off Kochi revealed
remarkably similar oxygen distribution to that observed by Banse
(1968) who had sampled the same site from July 1958 to January 1960
(Gupta et al., 2016). However, it may be pointed out that 2012 was an
IOD year with weaker than usual upwelling.

Despite the immense runoff from major rivers like the Ganges-
Brahmaputra (Mitra et al., 2018) and Irrawaddy that are alleged to
transport large quantities of nutrients into the Bay of Bengal (Seitzinger
et al., 2002), large scale hypoxic zones near these river mouths, such as
that evident off the Mississippi in the Gulf of Mexico, are not present
(Fig. 3.6.1d). This supports the view that nutrient runoff by rivers
flowing into the Bay of Bengal is likely smaller than predicted (Seit-
zinger et al., 2002). Unfortunately, recent, reliable oxygen data to assess
the extent of oxygen change along the coasts of countries such as
Bangladesh, Myanmar, Malaysia and Thailand does not exist.

4. Enclosed seas

Enclosed or semi-enclosed seas are characterised by limited ex-
change of water with adjacent seas or oceans and may be distinguished
by euxinic deep layers. Case studies are presented for the Baltic Sea, the
Black Sea and the Sea of Japan. Both the Baltic Sea and Black Sea show
records of oxygen depletion following their transition from freshwater
systems ~8 000 years ago. While the Sea of Japan is presently well-
oxygenated, it has a history of oxygen depletion dictated by sea level
changes that regulate seawater exchange and the relative inflow of
freshwater.

4.1. Baltic Sea

The Baltic Sea is the largest anthropogenically induced hypoxic area
in the world (Conley et al., 2009a). Over the last 115 years, observations
document a 10-fold increase of hypoxia, primarily linked to the
increased inputs of nutrients from land and with global warming
contributing in recent years (Carstensen et al., 2014a). Hypoxia not only
impacts bottom-living organisms and fish communities in the Baltic Sea,
but also alters the breakdown of organic matter and the biogeochemical
cycles of many biologically important elements such as nitrogen,
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phosphorus and iron (Carstensen et al., 2014b). Significant international
efforts have been made to reduce anthropogenic nutrient inputs in order
to restore good environmental status (HELCOM, 2018; Murray et al.,
2019); although eutrophication has been reduced, hypoxia is still pre-
sent and is near its maximum size (>60 000 km?).

4.1.1. System description

The Baltic Sea is a strongly stratified, semi-enclosed postglacial sea
with a surface area of 415 000 km2, a volume of 21 700 km® and an
average depth of 55m with several deep (>200m) basins. The catch-
ment area is 1 640 000 km?, which gives a drainage area of around four
times its surface area, with 9 countries having a coastline on the Baltic
and 6 additional countries in the catchment. The salinity is controlled
both by freshwater inputs from the watershed and by the exchange of
saltwater with the North Sea. The exchange occurs through the shallow
and narrow connections at the Danish Straits resulting in an estuarine-
like circulation in the Baltic producing a strong salinity gradient from
marine salinity conditions (30 gkg™) at the entrance area to near
freshwater (2gkg 1) in the innermost parts of the northern reaches
(HELCOM, 2018). Marine species are progressively replaced along this
salinity gradient by freshwater species according to their salinity
tolerances.

Water exchange is characterized by outflowing brackish water at the
surface and inflowing salty and denser water through the Danish Straits.
Although salinity inflows enter into the Baltic regularly (Meier, 2007),
most studies have focused only on the dense inflows, the so-called Major
Baltic Inflows (MBIs), that occur irregularly in response to meteoro-
logical conditions (Schinke and Matthaus, 1998). MBIs can transport
large quantities of salinity and oxygen with significant potential to in-
crease oxygen concentrations in the deep waters of the Baltic Proper
(Schmale et al., 2016; Neumann et al., 2017).

There are large climatic gradients in the basin and the water tem-
peratures vary significantly depending upon location, season and depth.
During winter season, the northern Baltic Sea tends to be ice covered
whereas surface temperatures during summer average 9-10 °C. In the
southern Baltic, surface temperatures during winter range from 0 to 5 °C
and increase to 15-20°C during the peak of the summer (HELCOM,
2018). Temperatures in deep basins are around 5 °C with little seasonal
variation. Both surface and bottom-water temperatures have increased
by 1-2°C over the past century.

4.1.2. History of deoxygenation

Sediment records show that hypoxia first occurred in the Baltic Sea
soon after its transition from fresh water to brackish water ~8 000 BP
and hypoxia has been present intermittently throughout the Holocene
(Zillén et al., 2008). Laminated sediments indicating hypoxic conditions
can be seen primarily during three main intervals of the Holocene: the
Holocene Thermal Maximum between c. 8 000—4 000 BP, the Medieval
Climate Anomaly between 1 200-750 BP and the modern hypoxic in-
terval (AD 1 800 to present) (Fig. 4.1.1a). Sedimentary records signal
intermittent euxinic (i.e., sulfidic) conditions in the bottom waters of the
deep basins during the Holocene. The hypoxic intervals are character-
ized by enhanced cyanobacteria blooms and high organic carbon con-
tents in sediments, attributed to both greater preservation of organic
matter under reducing conditions and enhanced primary productivity
during the hypoxic intervals (Funkey et al., 2014). Perturbation of trace
metal cycles during the modern hypoxic interval is more intense than
past hypoxic intervals indicating that euxinic bottom water conditions
are more common today than during past hypoxic intervals (van Hel-
mond et al., 2018).

Historical records of dissolved oxygen concentration from research
cruises and monitoring programs show that low water-column dissolved
oxygen concentrations have been observed since ~1 900 with a 10-fold
increase of hypoxia in the Baltic Sea during the last 115 years (Car-
stensen et al., 2014a). The area of oxygen-deficient waters has expanded
from 5 000 km? to over 60 000 km? with large decadal fluctuations over



G.C. Pitcher et al.

Progress in Oceanography xxx (xxxx) xxx

Sediment Climate 10°E 20°E 30°E
0 5 &
Little Ice Age {L? \g: ©
‘ Medieval K
1000 HypOXla Warm‘:’enod =z ?
08 \—\\
2000 |
Neo- . f/
glaciation Finland
~ 3000
&
(V]
® z
5 4000 et
g H . Holocene
s 5000 ypoxia Thermal Max g
L )
2
©
© 6000
T Climate anomaly
°
E’ 7000 H pOXia Holocene 5 /’”/\m >
8 y Thermal Max Lithuania } :lg
8000 w Belarus
z =
9000 “l \
= 3 100km
FeS FeS FeS ) 7
10000 = FeS FeS - : — -
FeS FeS FeS 10 e
80 _
Stagnation
— 1 period
N
E B+
x
)
o -
-—
e
w40 -
(0]
—
< 1
20
1 (¢}
0 - f : : ' : : f
1890 1910 1930 1950 1970 1990 2010

Fig. 4.1.1. Hypoxic conditions in the Baltic Sea. (a) The occurrence of laminated sediments as an indicator of hypoxia during different periods of the Holocene. (b)
Areal extent of hypoxia in the Baltic Sea for the period 2001-2017. Black shading indicates anoxia, whereas red shading indicates hypoxia. (c) Annual average areal
extent of hypoxia during the time period calculated from oxygen measurements (Carstensen et al. 2014a).

the last century (Fig. 4.1.1b,c). The maximum extent of hypoxia is
increasingly controlled by the area below the pycnocline, and during
most of the last decade nearly the entire bottom area below this layer is
hypoxic. The modern data also show that the deepest depressions have
experienced intermittent hypoxia during most of the Holocene, which
corresponds well with what is observed in the palaeo data (Zillén et al.,
2008; van Helmond et al., 2018).

Coastal hypoxia is widespread in the coastal zone of the Baltic with
~35% of all coastal ecosystems having experienced hypoxia during the
period 1955-2009 (Conley et al., 2011). Most of the sites investigated
have experienced episodic hypoxia, which is a precursor to development
of seasonal hypoxia (Conley et al., 2009b).

Episodic re-oxygenation can occur during strong MBI events and
deep water oxygenation events can occur if inflows are dense enough to
penetrate below the pycnocline. Recent studies have clearly
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demonstrated a complex response to inflow events both during the
inflow period (Neumann et al., 2017; Schmale et al., 2016) and there-
after (Carstensen et al., 2014a). These events are strongly dependent
upon volume of inflowing waters and density conditions in both the
inflowing water and in the bottom waters. Subsequent changes in ver-
tical mixing across the pycnocline with changes in salinity stratification,
in nutrient biogeochemistry and consequent primary productivity
(Funkey et al., 2014) all impact long-term oxygen dynamics in bottom
waters after the occurrence of inflows of denser water.

4.1.3. Causes of deoxygenation

The expansion of hypoxia over the last century in the Baltic Sea has
been primarily attributed to enhanced nutrient input from land and the
atmosphere increasing algal production and thereby creating an oxygen
demand upon degradation, and due to global warming (Carstensen
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et al., 2014a). Warming with climate change has caused the bottom
waters to become increasingly oxygen depleted by decreasing the sol-
ubility of oxygen as a result of increasing temperature and through
enhanced respiration of organic matter.

Nutrient pollution due to intense agriculture in the watershed
together with discharges from wastewater resulted in an increase in
nutrient loads to the Baltic Sea from the 1950s to the 1980s (Fig. 4.1.2),
but then loads decreased substantially thereafter (Gustafsson et al.,
2012). The Baltic Sea provides one of the rare examples in coastal ma-
rine ecosystems where successful management has led to a trend
reversal in nutrient loading (Carstensen et al., 2006). Unfortunately,
there are large pools of nutrients stored in sediments found in the
watershed (e.g., agricultural fields, lakes) as well as nutrients buried in
the Baltic sediments. These nutrients can be stored in the ecosystem on
decadal or even centennial scales, or can be released and recycled. For
example, phosphorus release from sediments will continue for several
decades after load reductions, with hypoxia allowing for the retention of
phosphorus in the water column (Reed et al., 2011).

Numerous results indicate that temperature and salinity changes
were the key drivers of past hypoxia and imply that ongoing climate
change will delay recovery from the modern, nutrient-driven hypoxia
(Papadomanolaki et al., 2018). During the hypoxic periods observed in
the past (e.g., the Holocene Thermal Maximum and the Medieval
Climate Anomaly, Zillén et al., 2008; Papadomanolaki et al., 2018),
changes in salinity and sea surface temperature were key causes of
hypoxia, underscoring their possible importance in facilitating the
spread of oxygen-depleted bottom waters in a future Baltic Sea. How-
ever, while shifts in climate and physical circulation are important
factors modulating the extent of hypoxia, further nutrient reductions
will be necessary to reduce the ecosystem impacts of deoxygenation.

4.1.4. Modeling

Several physical-biogeochemical ocean circulation model simula-
tions have been used to disentangle the drivers of hypoxia (Filola et al.,
2009; Meier et al., 2011; Lehmann et al., 2014; Meier et al., 2018) and
the role of eutrophication and atmospheric forcing functions on hypoxia.
Most projections agree that rainfall will increase with global warming
causing the average salinity to decrease over the coming century, pre-
sumably weakening stratification. However, decreased oxygen concen-
trations are predicted due to enlarged nutrient loads with increased
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runoff (Meier, 2007). Additional projected decreases in oxygen con-
centrations occur due to the reduced oxygen flux from the atmosphere to
the ocean caused by increasing temperature and intensified internal
nutrient cycling (Meier et al., 2011). Decadal to centennial changes in
eutrophication, and the resulting hypoxia, have been primarily caused
by changing river borne nutrient loads and atmospheric deposition
(Carstensen et al., 2014b; Meier et al., 2018). All simulations to date
agree that during the past 150 years, hypoxia would not have developed
if nutrient conditions had remained at pristine levels. It is the increases
in nutrient inputs (Gustafsson et al., 2012) that stimulated biological
production and subsequent eutrophication, and thereby enhanced oxy-
gen consumption (and hypoxia) in bottom waters during the last
century.

Saltwater inputs and MBIs can modulate the duration and extent of
hypoxia. MBIs are characterized by two phases: (1) sustained high
pressure over the Baltic with easterly winds followed by (2) several
weeks of strong zonal wind and pressure fields over the North Atlantic
and Europe (Schinke and Matthaus, 1998). While these weather condi-
tions can be observed, they cannot be predicted. Therefore, projections
are not able to predict the timing of future impacts of MBIs and saltwater
exchange, and indicate that mitigation schemes must also accommodate
these changes in salinity and temperature and their possible effect on
oxygen concentrations.

Finally, despite a reduction in external nutrient loads, the ecological
status for large parts of the Baltic Sea is showing only gradual
improvement (Andersen et al., 2017). Recovery from eutrophication is a
slow process due to shifting baselines and non-linear responses of
biogeochemical processes to reduced nutrient inputs (Duarte et al.,
2009). This can also be attributed to the internal storage of nutrients in
sediments and the recycling of phosphorus under hypoxic conditions.
Model simulations suggest that once the goals of the Baltic Sea Action
Plan (BSAP) for nutrient reduction are met, conditions could improve
substantially within decades, but that fully achieving the management
goals could take longer (HELCOM, 2018).

4.2. Black Sea
4.2.1. System description and history of anoxia

The Black Sea is a semi-enclosed sea with restricted exchange of
water with the Mediterranean Sea through the Bosporus Strait. The
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northwestern region of the sea consists of an almost 200 km wide shelf
that comprises about 20% of the total surface area of the sea and that
receives a large freshwater input mainly from the Danube River. The
ratio of drainage area to the surface area of the Black Sea is particularly
large (~5.21, Ludwig et al., 2009) leading to the discharge of a massive
amount of fresh water (~350-400 km?> year’l) into the Black Sea.
Consequently, the hydro-physical structure of the sea is particularly
sensitive to river flows. The central Black Sea is ~2 000 m deep and
interacts with the shelf along the continental slope.

During the Last Glacial Maximum, the Black Sea was a fully enclosed
freshwater lake without any exchange with the Mediterranean Sea
(Degens and Ross, 1972). With rising sea levels, water of the Mediter-
ranean Sea entered the Black sea around 8 000 years ago. As the salinity
of Mediterranean water was high (~36), the Mediterranean water sank
to the bottom as it entered the Black Sea resulting in the progressive
formation of a permanent halocline that inhibited vertical ventilation of
subsurface waters (Fig. 4.2.1). This resulted in the creation of deep
anoxic, and ultimately sulfidic waters, thereby transforming the oxic
Pleistocene freshwater lake into a permanently sulfidic marine basin.

4.2.2. Physical controls of anoxia and recent trends

Due to the presence of the permanent halocline (Fig. 4.2.1), the
vertical circulation in the deep part of the Black Sea is currently less than
a tenth of the integrated horizontal circulation (Stanev, 1990) and two
main ventilation mechanisms come into play. Winter cooling and mixing
oxygenate the upper layer forming dense waters that sink to the layer of
the permanent pycnocline and form the well-oxygenated Cold Inter-
mediate Layer (CIL); this is characterized by a temperature minimum at
a depth between 50 and 100m (Fig. 4.2.1). The other ventilation
mechanism is intermittent, occurs below the CIL and is associated with
the penetration of salty well-oxygenated Mediterranean waters through
the Bosporus Strait. As a result, only the first ~100 m of the water col-
umn is regularly ventilated, while waters below 100-150 m (~87% of
the volume corresponding to ~4.7 x 10° km®) are essentially stagnant,
deprived of oxygen and contain massive amounts of hydrogen sulfide.
The Black Sea is the largest sulfidic basin in the world. The only trans-
port influencing the deep waters is associated with convective motions
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driven by geothermal heat fluxes leading to the formation of the largest
bottom convective layer (400-500 m) in the world’s ocean (Top et al.,
1991). The water residence time increases from a few years in the sur-
face layer, subject to seasonal variability, to several hundreds of years
for the deep waters. Together, the vertical structure and semi-enclosed
character ensure that the Black Sea is naturally poorly ventilated and
particularly sensitive to any modification of its hydrological balance.

The vertical biogeochemical structure of the Black Sea water column
therefore consists of a well oxygenated surface layer (roughly 0-50 m),
an oxycline where the oxygen concentration decreases sharply with
depth to trace levels, a suboxic layer characterized by very low con-
centrations of oxygen and HjS (i.e., Oz <10 pM and H,S <5 nM) (Murray
etal., 1995), and a sulfidic layer extending from roughly below 100 m to
the bottom (forming a large pool of reduced components like HyS, NH4,
Mn2*, Fe?*) (Fig. 4.2.2). The upper interface of the suboxic layer cor-
responds to the base of the oxycline and its position depends on the flux
of particulate organic matter sinking from the surface and the volume of
the CIL formed by seasonal winter cooling. The lower interface is
determined by the intensity of the upward flux of reduced substances
from the anoxic layer (mainly HyS) and their oxidation by oxygen
(mainly laterally injected from the Bosporus Strait), nitrate and metal
oxides such as MnO, and FeOOH (e.g., Konovalov and Murray, 2001)
(Fig. 4.2.2).

The volume of new cold water formed each year depends on atmo-
spheric conditions, especially atmospheric temperature. An increase in
winter atmospheric temperature is expected to modify the rate of for-
mation of the CIL that will impact the ventilation of the lower oxic layer.
As the deep basin oxygen inventory is positively related with formation
of the CIL, a reduced CIL is expected to lead to a reduction in the basin
oxygen inventory (Capet et al., 2016a). The analysis of long-term time
series data (ship-based and BGC-Argo floats) collected in the deep basin
(1955 to 2016) revealed that the oxygen penetration depth (i.e., the
depth where the oxygen concentration reaches 20 ymol 1™!) decreased
from 140 m to less than 90 m with a consequent reduction in the oxygen
inventory of 44% (Capet et al., 2016a). This shoaling of the oxycline and
reduction in total water column oxygen has been interpreted as a
response to changes in the basin-wide nutrient load and climatic
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Fig.4.2.1. Typical vertical profiles of salinity, temperature and density computed for the deep Black Sea using observations from the Black Sea TU and MEDAR data
bases. The permanent halocline, pycnocline and Cold Intermediate Layer (CIL) are marked but their vertical extension varies spatially as determined by circula-
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Oxygen Reduction
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Fig. 4.2.2. Vertical distributions versus density of dissolved oxygen, hydrogen sulfide, phosphate, nitrate, nitrite, dissolved manganese and reduced iron in the oxic,
suboxic and upper anoxic layers in the central basin during the June 2001-Knorr cruise with the associated respiration pathways (figure modified from Tugrul

et al., 2014).

variability (Konovalov and Murray, 2001). The eutrophication process
that impacted the north-western shelf of the Black Sea in the late 1960s
also led to an increased input of organic matter into the deep sea and
consequently higher oxygen consumption. After 1996, climate warming
led to a reduction in the volume of the CIL, which serves as an essential
vector for ventilation.

4.2.3. Eutrophication and reduced ventilation of the continental shelf

In addition to the presence of the large sulfidic pool in the deep
portion, the Black Sea has also been subject to seasonal bottom hypoxia
on its northwestern shelf located along the Romanian and Ukrainian
coasts. In the late 1960s and early 1970s, urban expansion and agri-
cultural and industrial development increased the nitrogen and phos-
phorus loads onto the shelf of the Black Sea to the extent that the ratio of
inorganic nitrogen runoff of 6-8x10° t N yr~! to the shelf area (~80
000km?) was significantly higher than that usually observed in the
global ocean coastal zone (e.g., Wollast, 1998). This massive increase in
nutrients resulted in the eutrophication of shelf waters and the devel-
opment of large phytoplankton blooms that contributed to a significant
increase in the accumulation of organic matter in the sediments.
Further, the development of an anticyclonic current during the summer
transports waters discharged from the Danube over the shelf to the north
of the river mouth. These waters only leave the shelf in the northwestern
region of the Black Sea, thereby significantly extending the area of high
productivity. During the summer the water column is strongly stratified
by the formation of a seasonal thermocline that combines with the
halocline associated with the river plume. This strong stratification
prevents the ventilation of bottom waters and the concurrent con-
sumption of large amounts of oxygen with the degradation of bottom
detritus leads to large areas of hypoxia on the shelf. Mee (2006) esti-
mated that the resulting dead zone extended over a surface area of 40
000 km? at its extreme in the 1990s, which represents more than half of
the shelf surface area. The occurrence of these hypoxic zones is thought
to have killed thousands of tons of fish and benthos (Mee, 2006).

In the 1990s, nutrient runoff dropped off sharply due to a slow-down
in agricultural and industrial activities following the collapse of the
communist regime in Eastern Europe. Although it was argued by some
that the shelf of the Black Sea had subsequently recovered from bottom
hypoxia following the reduction in nutrient input, Capet et al. (2013)
showed that bottom hypoxia was still prevalent during summer on the
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northern shelf and this finding has been corroborated by Ukrainian data
sets. The cause of the prolonged hypoxia is considered to be the
continued consumption of large quantities of oxygen due to the remi-
neralization of organic matter accumulated over a number of years. This
“sediment inertia” has been identified as a factor in delaying the
reduction in hypoxia from reduced nutrient inputs and complicates
prediction of the time required for ecological restoration of the system.
For the Black Sea, the restoration period is expected to be extended by
~9years due to the buildup of organic material during the period of
eutrophication (Capet et al., 2013).

Since the mid-90s, coupled physical-biogeochemical models have
been developed and used to understand the biogeochemical structure
and cycling of the Black Sea. The modeling has focused on the oxygen
dynamics at seasonal and interannual scales in order to establish
whether the oxygen budget is balanced or has been disrupted by
eutrophication and climate warming. Yakushev and Neretin (1997)
initiated the building of a one dimensional chemical model of the
transition zone between the oxygenated and anoxic zone describing the
oxygen, nitrogen and sulfur cycles. This model was the precursor to the
Redox-Layer Model (ROLM) that has been applied in the Black Sea and
in various other oxygen deficient environments such as the Baltic and
Arabian Seas (e.g., Yakushev et al., 2007). In particular, ROLM has been
used by Stanev et al. (2014) for investigating the impact of lateral
mixing processes on the dynamics of the redox layer. The first vertically-
resolved planktonic model describing primary production, export and
degradation was developed by Oguz et al. (2000) by coupling oxygen
and nitrogen dynamics with a simplified representation of the manga-
nese and sulfur cycle. This model was extended by Oguz et al. (2001)
and Oguz (2002) to include representation of gelatinous carnivores and
fish dynamics. Konovalov et al. (2006) investigated the importance of
the lateral injection of oxygen from the Bosporus Strait using a one-
dimensional model that represented the lateral transport of oxygen. In
a three-dimensional framework, Grégoire et al. (1997) developed the
first coupled hydrodynamic-biogeochemical model of the Black Sea with
a simple Fasham-type model that was extended by Grégoire and Lacroix
(2001) to include oxygen. This model was refined by Grégoire et al.
(2008, 2010) to give rise to the Biogeochemical Model for Hypoxic and
Benthic Influenced areas (BAMHBI), which is the only Black Sea model
that fully and explicitly simulates biogeochemical processes in the deep
anoxic waters down to the sediments. This model has been extended by
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Capet et al. (2016b) to include representation of the sediments and is
currently used in an operational mode in the European Copernicus
Marine Environment Monitoring Service (CMEMS, http://marine.
copernicus.eu/) delivering 10-day forecasts and 25-year reanalyses.

4.3. Sea of Japan

4.3.1. System description and drivers of deoxygenation

The Sea of Japan is a semi-enclosed marginal sea between the Jap-
anese archipelago, the Korean Peninsula and the Eurasian Continent
(Fig. 4.3.1). The seafloor bathymetry incorporates shallows in straits
(<130 m) and deep areas in basins (>3 500 m), such as in the Japan and
Yamato Basins. Adjacent marine waters are connected to the sea through
the shallow straits. The connections to the Sea of Japan include the East
China Sea through the Tsushima Strait (sill depth 130 m), the Pacific
Ocean through the Tsugaru Strait (sill depth 130 m), and the Okhotsk
Sea through the Mamiya (sill depth 12 m) and Soya Straits (sill depth
55m) (Itaki, 2016). The Tsushima Warm Current from the East China
Sea flows in through the Tsushima Strait, and is the major seawater
influx to the Sea of Japan (Talley et al., 2006). As the Tsushima Warm
Current flows towards the polar front, it cools down and sinks to form a
homogenous layer called the Japan Sea Proper or Deep Water (Minoura
et al., 2012). This unique process of deep-water formation drives the
circulation and presently sustains high oxygen levels in the Sea of Japan.

However, although the Sea of Japan is now classified as a well-
oxygenated marginal sea (Talley et al., 2006), it presents an inter-
esting history of deoxygenation. Due to its semi-enclosed setting and
shallow sill depths (~130 m), the Sea of Japan is highly sensitive to sea
level changes and activities of inflow from adjacent waters (Gallagher
et al., 2015). As the sea level dropped during glacial periods (maximum
130 m), the Sea of Japan was gradually isolated from adjacent oceans.
When sea level drop exceeded 90 m, sea circulation was notably altered
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in the absence of inflow from the Tsushima Warm Current. Conse-
quently, the Sea of Japan received relatively higher inputs of freshwater
from precipitation and river runoff leading to strong ocean stratification
(Watanabe et al., 2007). This led to deoxygenation occurring in almost
the entire deep-sea basin (Tada et al., 1999; Kido et al., 2007; Tada et al.,
2015; Watanabe et al., 2007).

These oxygen dynamics of the Sea of Japan are clearly recorded as
centimeter- to decimeter-scale alternations of dark- and light-coloured
layers in basin-wide sediment depositions during the Quaternary (Kido
et al., 2007; Tada et al., 1999; Tada et al., 2015; Watanabe et al., 2007).
Light-coloured layers were deposited under conditions of intense bio-
turbation and represent well-oxygenated periods. In contrast, thick
dark-coloured sulfur-rich layers (~20 to 40 cm thick) were deposited
under euxinic conditions caused by strong ocean stratification and
correspond with sea level drops of > 90 m during glacial maxima (Kido
et al., 2007; Tada et al., 1999; Watanabe et al., 2007; Tada et al., 2015).

The sea circulation and oxygen dynamics are controlled by complex
mechanisms influenced by global and regional dynamics, including
orbital-scale glacial-interglacial cycles, suborbital-scale climate
changes, the East Asian Monsoon system, and the activities of inflows
from adjacent waters. The interplay of these systems has resulted in
various degrees of deoxygenation. In addition to the thick dark-colored
sulfur-rich layers during glacial maxima, thinner dark layers during
interstadials reflect millennial scale changes in the East China Sea
coastal waters that join the Tsushima Warm Current influx (Watanabe
et al., 2007). The influx of low-salinity, nutrient-rich East China Sea
coastal waters also enhance stratification and surface productivity,
leading to bottom water deoxygenation (Tada et al., 1999; Tada et al.,
2018). These millennial scale changes in the coastal waters of the East
China Sea, and consequent changes in the oxygen dynamics of the Sea of
Japan, probably reflect variability in the East Asian Summer Monsoon
associated with abrupt climatic changes of the suborbital Dansgaard-

Fig. 4.3.1. A map of the Sea of Japan showing
(1) the semi-enclosed nature of the marginal sea,
(2) the Tsushima Warm Current (red arrows), and
(3) basin-wide deep-sea drilling sites (yellow
points). The deep sea drilling sites are from Deep
Sea Drilling Program Leg 31, Ocean Drilling
Program Leg 127 and 128, and the Integrated
Ocean Discovery Program Expedition 346. Sedi-
ment cores obtained from these sites are charac-
terised by alternations of dark- and light-coloured
sediment layers. Abbreviations: TWC, Tsushima
Warm Current; MS, Mamiya Strait; SS, Soya
Strait; TGS, Tsugaru Strait; TSS, Tsushima Strait.
The bathymetric data were downloaded from the
NOAA ETOPO1 database (Amante and Eakins,
2009). The map was generated with the R pack-
age “marmap” (Pante and Simon-Bouhet, 2013).
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)

145°E


http://marine.copernicus.eu/
http://marine.copernicus.eu/

G.C. Pitcher et al.
Oeschger Cycle (Tada et al., 1999, 2018).

4.3.2. Biological impacts of deoxygenation on benthic fauna

The Sea of Japan provides a natural laboratory for understanding
biotic responses during cycles of deoxygenation. Recent deep-sea dril-
lings (IODP Expedition 346) have recovered continuous high-resolution
sediment cores in multiple key locations (Tada et al., 2015). Multidis-
ciplinary studies, including sedimentology, biostratigraphy, tephros-
tratigraphy, magnetostratigraphy, and isotopic stratigraphy, on these
cores has advanced our understanding on the regional Quaternary
stratigraphy (Irino et al., 2018; Sagawa et al., 2018; Tada et al., 2018).
High-resolution and high-precision stratigraphy has established a robust
foundation to investigate the biological impacts of deoxygenation
processes.

Microfaunal analyses on sediment cores have revealed extirpation
events caused by deoxygenation (Fig. 4.3.2). In intermediate water
depths, barren intervals of benthic ostracods and benthic foraminifera
are found in striking synchrony with the thick dark-layer events (Gal-
lagher et al., 2018; Huang et al., 2018a). These extirpation events were
documented during glacial maxima (i.e., sea level minima) in Marine
Isotopic Stages 2, 6, 10, 12 and 16, immediately before ice age termi-
nations I, I, IV, V and VII (Huang et al.,, 2018a). In deeper waters
(>900 m), the abundance and diversity of ostracods are lower than in
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the intermediate water depths. Nevertheless, statistical analyses also
show that oxygen variability was important in controlling deeper-water
faunal changes (Huang et al., 2018b; Yamaguchi et al., 2017). Other
major taxonomic groups, such as the foraminifera and radiolarians,
show consistent patterns in that the anoxic conditions resulted in their
absence from the deep-sea fauna (Gallagher et al., 2018; Itaki et al.,
2004).

Orbital-scale ostracod records from Marine Isotopic Stages 1 to 17
showed oxygen-driven patterns of extirpation and succession in the
deep-sea benthic faunal community (Fig. 4.3.2; Huang et al., 2018a).
The non-barren intervals between glacial extirpation events were char-
acterized by alternating dominance of low-oxygen tolerant taxa (e.g.,
Krithe sawanensis) and oxygen-demanding taxa (e.g., Cytheropteron
hyalinosa) (Huang et al., 2018a). The low-oxygen tolerant taxa were
dominant during hypoxic conditions before and after extirpation events
(i.e., entering and exiting the thick dark-layer events) (Huang et al.,
2018a) and oxygen-demanding taxa were dominant during periods of
high sea level (Huang et al., 2018a).

4.3.3. Future prospects of deoxygenation in the Sea of Japan

The Sea of Japan provides useful insights into the deoxygenation of
deep sea ecosystems, which are important and understudied systems
(Thurber et al., 2014). The deoxygenation process in the Sea of Japan is

Sea of Japan (Site U1427, water depth 330 m)
Ostracod indicators (Huang et al. 2018a)
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Fig. 4.3.2. Schematic of possible deoxygenation scenarios and benthic faunal responses. The first panel shows a relative sea level stack over the past 700 thousand
years (Elderfield et al., 2012) with ice age terminations labelled T-I to T-VII. The second and third panels are temporal changes of ostracod indicators in intermediate
water depth (Huang et al., 2018a). Krithe sawanensis is a low-oxygen tolerant species, whereas Cytheropteron hyalinosa inhabits well-oxygenated environments. The
periods of dominance of K. sawanensis and C. hyalinosa are marked in cyan and orange colours, respectively. The final panels summarize the glacial-interglacial faunal
variability (black: glacial extirpation event, cyan: dominance of K. sawanensis, orange: dominance of C. hyalinosa) associated with sea levels and oxygen levels from
Marine Isotopic Stages 1 to 16 (white boxes: odd-number stages, gray boxes: even-number stages). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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complex and influenced by both climate change and by regional East
Asian Monsoon activity. Based on continuous measurements, the
bottom-water oxygen levels in the Sea of Japan have indeed declined
by >8% in the past 30years (Gamo, 2011). Several paleoecological
studies across multiple taxonomic groups have shown that marine eco-
systems in intermediate and deep water are highly sensitive to oxygen
variability (Gallagher et al., 2018; Huang et al., 2018a,b; Itaki et al.,
2004; Yamaguchi et al., 2017) and severe deoxygenation will lead to
extirpation of benthic fauna. These findings provide evidence of how
potentially weakened ocean circulation in response to global warming
can affect the oxygen dynamics in the Sea of Japan and other deep-sea
ecosystems.

5. Coastal zone

The inner-shelf environment is subject to variable coastal geo-
morphology that serves to create areas of high susceptibility to low
oxygen. Changes in coastline configuration and orientation, and
changing bottom topography, strongly affect circulation and the prop-
erties of stratification and retention. These features also serve to influ-
ence inner shelf productivity, all of which impact rates of oxygen supply
and consumption. Included in the spectrum of coastline configurations
are headlands, capes, peninsulas, fjords, bays and estuaries, representing
systems of increasing isolation from the open coast and consequently
also increasing retention times. These systems are, in turn, subject to a
wide range of temporal patterns in oxygen depletion associated with
varying atmospheric conditions such as winds and precipitation. Coastal
zone case studies presented here include Chesapeake Bay, Limfjorden
Estuary in Denmark, the Changjiang and Zhujiang estuaries located in
China, Tokyo and Osaka Bay of Japan, and Paracas Bay and St Helena
Bay located in the Humboldt and Benguela eastern boundary upwelling
systems.

5.1. Chesapeake Bay

5.1.1. System description and history of deoxygenation
Chesapeake Bay, located in the mid-Atlantic coastal region of the
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United States, is the largest estuary in North America (Fig. 5.1.1). The
mainstem bay is approximately 300 km long, 74 km® in volume and has
a 20-30 m deep but narrow (1-4 km) center N-S channel with shallow
(<10m) flanks to the east and west. Average depth is only 6 m. The
mainstem bay and its tidal tributaries have a surface area of approxi-
mately 11 500 km? and are bounded by almost 19 000 km of shoreline.

Chesapeake Bay has one of the largest ratios of watershed area to
surface area among estuaries worldwide (14.3:1) and a high watershed
area to volume ratio (2.2:1) (www.chesapeakebay.net; Kemp et al.,
2005). The water quality of the estuary is therefore particularly sensitive
to land-based activities. The approximate 165 000 km? watershed is
65% forested, 24% agriculture and 11% developed land (Shenk and
Linker, 2013), includes the urban areas of Washington, DC and Balti-
more, and is home to >18 million people. The 1949-2000 average water
temperature ranged from 2.5 °C in February to 26 °C in August in the
central channel of the mesohaline mainstem bay (Cronin et al., 2003).
Surface water temperature can vary seasonally from 0 to 30 °C or more
in some shallow parts of the system; a long-term record near Solomons,
MD, indicates that annual average surface water temperatures increased
by about 1.5 °C between 1940 and 2005 (Najjar et al., 2010).

On average, Chesapeake Bay receives 2 300 m® s™! of freshwater
flow of which >50% is from the Susquehanna River (Schubel and
Pritchard, 1986). In addition, 8 major tributaries, and numerous smaller
tributaries provide freshwater inflow laterally along the entire length.
This freshwater input drives a gravitational estuarine circulation
(Pritchard, 1956, 1967) with a buoyant surface net seaward flow and a
denser lower-layer counter flow toward the head of the estuary. This 2-
layer circulation results in residence times of 90 to 180 days for fresh-
water and nutrients. The density stratification in the central channel,
combined with relatively long residence times, promotes oxygen
depletion in the deep waters of the Bay during the summer (Boicourt,
1992). In recent years (2014-2018), the maximum hypoxic volume
(DO <2.0 mg 1H ranged from 7.1 to 10.8 kms, or about 10-16% of the
total bay volume (VIMS, 2018).

The spatial and temporal extent of deoxygenation in the bottom
waters of Chesapeake Bay increased dramatically during the 20th cen-
tury due to cultural eutrophication (e.g., Kemp et al., 2005); however,

Fig. 5.1.1. Map showing location of Chesapeake Bay in North America.
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the geometry and circulation of the Bay naturally facilitate oxygen
depletion in bottom waters. Microfossil and geochemical proxies from
sediment cores in the mainstem Bay and tributaries show evidence of
hypoxia estimated at between 0.5 and 2 ml11~* over 2000 yr BP, followed
by greater deoxygenation with extensive land clearing in the watershed
from 1700 to 1900 (Cooper and Brush, 1991; Willard et al., 2003; Cronin
and Vann, 2003; Fig. 5.1.2a). The degree of pyritization of iron begin-
ning around 1940 indicates that sediment in parts of the mainstem bay
were deposited in low oxygen or anaerobic conditions (Cooper and
Brush, 1993); a timeframe also supported by an abrupt change in
sulphur speciation (Zimmerman and Canuel, 2000). Direct measure-
ments of bottom water low oxygen were first reported in 1917 in the
lower Potomac River (Sale and Skinner, 1917) and in 1938 in the center
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deep channel of Chesapeake Bay (Newcombe and Horne, 1938). Since
these early observations, more regular monitoring programs have
allowed investigators to assess the physical and biogeochemical controls
of low oxygen waters in Chesapeake Bay.

5.1.2. Causes and controls of deoxygenation

Sub-pycnocline waters in the central deep region of Chesapeake Bay
exhibit an annual cycle of maximum dissolved oxygen concentration in
the winter and minimum during the summer (e.g., Taft et al., 1980;
Malone et al., 1996; Fig. 5.1.2b). The decrease in bottom water oxygen
begins in spring with stratification and reverses in fall with seasonal
cooling of surface water and increased wind-induced mixing. The
decrease in bottom water oxygen begins at the northern limit of the
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stratified flow and expands southward over the summer. Methane con-
centrations of 40 umol have been measured in near-bottom anoxic water
of the central channel of the mesohaline mainstem bay (Gelesh et al.,
2016).

Annual differences in freshwater input control the strength, spatial
and temporal extent of density stratification in Chesapeake Bay and the
extent of hypoxia by isolating bottom waters from the atmosphere. Thus,
early analyses of the proximate causes of inter annual variations in
bottom water deoxygenation suggested that inter-annual variations in
the major source of freshwater to the Bay, the Susquehanna River,
during winter-spring was the best predictor of the volume of hypoxic
(<2mg 1’1) bottom water in summer (e.g., Taft et al., 1980; Seliger and
Boggs, 1988; Hagy et al., 2004). However, because freshwater input
influences both nutrient delivery and stratification, longer-term obser-
vations and analyses have been necessary to assess the relative impor-
tance of these two factors in controlling bottom water low oxygen in
Chesapeake Bay. These more extensive analyses have shown that in-
creases in the severity and extent of summer bottom water deoxygen-
ation could not be explained solely by variation in freshwater inputs and
the magnitude of stratification. Instead, Chesapeake Bay-wide increased
volumes of low oxygen waters were also related to nutrient inputs,
consistent with cultural eutrophication in other coastal systems (e.g.,
Kemp et al., 2005; Murphy et al., 2011; Testa and Kemp, 2014; Li et al.,
2016; Testa et al., 2018a,2018b). Initial springtime rates of oxygen
decline have varied little since 1938 (Hagy et al., 2004). This suggests
that the initial spring decline in oxygen is driven by stratification, while
the late spring oxygen decline and the extent of summer hypoxia are
more closely related to eutrophication (Hagy et al., 2004; Kemp et al.,
2005; Testa et al., 2018a,2018b). Inter-annual variations in spring
nutrient loading are also correlated with rates of organic deposition to
sediments that increase oxygen demand (Boynton and Kemp, 2000).
Analysis of the monitoring data from 1985 to 2013 have shown that
flow-corrected nitrogen loads and bottom water ammonium concen-
tration have been reduced in Chesapeake Bay and that anoxia and late-
summer low-oxygen in bottom waters have declined somewhat (Li et al.,
2016; Testa et al., 2018a,2018b).

Prevailing wind speed and direction can influence the supply of ox-
ygen to Chesapeake Bay bottom waters. Southerly winds enhance oxy-
gen supply to bottom waters whereas westerly winds can lower oxygen
supply to bottom waters (Scully, 2010a). Longer-term changes in bottom
water oxygen concentration could result from large-scale climate pat-
terns (i.e., NAO) that influence these local wind conditions (Scully,
2010b). Short-term erosion of the pycnocline and reaeration of low
oxygen bottom waters can occur as a result of sub-tropical storms and
hurricanes, but the gravitational circulation of the Bay rapidly (days) re-
establishes stratification leading to the re-development of hypoxic bot-
tom waters (Roman et al., 2005).

In addition to the dominant signal of seasonally persistent bottom-
layer hypoxia and anoxia in the mainstem Bay, the diverse bathyme-
try of Chesapeake Bay is reflected in a wide range of other temporal and
spatial patterns of hypoxia.These other patterns of hypoxia include
episodically interrupted seasonal hypoxia, wind and tide-driven up-
welling that advects hypoxia into shallow waters, and diel and tidal-
cycling low oxygen. Wind- and tide-forced oscillations of the pycno-
cline advect oxygen-depleted sub-pycnocline water towards shore in the
mainstem Chesapeake Bay and into the mouths of some of its tributaries
(Sanford et al., 1990; Breitburg, 1990; Fig. 5.1.2¢). In the mesohaline
mainstem Bay, for example, persistent winds blowing northward for
several days can result in upwelling that advects oxygen-depleted water
onto shallow nearshore oyster reefs on the western flanks of the Bay.
Dissolved oxygen concentrations <0.5mgl™! have been reported in
2-4 m water depths (Breitburg, 1990). Dissolved oxygen concentrations
in the surface layer water, both along the exposed mainstem Bay
(Breitburg et al., 2009) and in shallow creeks and sub-estuaries (Breit-
burg et al., 2015; MD-DNR 2019), also fluctuate on diel cycles and with
tides, as a result of variation in the balance between oxygen production
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through photosynthesis and oxygen consumption through aerobic
respiration. Fluctuations in pH accompany these oxygen fluctuations
and the severity of hypoxia and acidification are highly correlated both
among (Fig. 5.1.2d, Miller et al., 2016) and within (Breitburg et al.,
2015) sites. There is large variation among sites in the amplitude of the
cycle, even within a single small tributary.

5.1.3. Three-dimensional modeling

The Chesapeake Bay has been the subject of decades of intensive
water quality modeling by a variety of investigators (Testa et al., 2017).
The various models have been designed and used to assess the causes
(including physical versus biological) of hypoxia and to guide man-
agement actions about the responses of hypoxia to changes in nutrient
loadings from the rivers. Examples of these analyses are highlighted that
provide evidence of physical versus biological controls on hypoxia and
projections on the effects of management actions under an expected
future climate.

The relative role of physical versus biological controls of hypoxia is
fundamental to effective management and restoration. Management
actions in Chesapeake Bay are designed to reduce nutrient and sediment
loadings from the watershed (NRC 2011; Lefcheck et al., 2018), which
targets eutrophication and biological controls (biological productivity).
The restoration plan of reducing nutrient and sediment loadings is a
multi-decadal plan (Aiken, 2017) and therefore assessing the effective-
ness of the reductions into the future is needed to ensure the restoration
is viable and sustainable.

Modeling has shown the importance of both physical controls and
biological controls, and the mix of results suggests that both play
important roles in controlling summertime hypoxia in the Chesapeake
Bay. Scully (2016) used a 3-D hydrodynamic model coupled to a simple
oxygen model and showed a strong influence of summer winds on
hypoxia for 1984-2013, with river discharge and nitrogen loading also
being correlated to summer time hypoxia volume. Challenges in sepa-
rating the effects of river flow (physical) and nutrient loadings (bio-
logical) were evident because of their dependency. Using a budget
modeling approach, Du and Shen (2015) showed that when biological
controls were removed, there was good agreement between predicted
and observed bottom oxygen over 1985-2012, with oxygen being
correlated with the magnitude of the vertical exchange time (VET). VET
was estimated using 3-D tracer modeling and the concept of water age;
VET is the elapsed time since the water parcel was last in contact with
the surface. The degree of biological control in the Du and Shen analysis
was indexed by the oxygen consumption rate and was correlated with
chlorophyll-a concentrations (both spatially and temporally), thereby
linking biological controls to the subsequent decline in bottom oxygen as
the production decays. Both of these analyses focused on physical con-
trols and demonstrated their importance in affecting hypoxia.

In contrast, Li et al. (2016) used the Regional Ocean Modeling Sys-
tem (ROMS) hydrodynamic model coupled to the Rossby Center At-
mospheric (RCA) water quality model and determined that biological
controls played a dominant role in affecting summertime hypoxia in the
Chesapeake Bay. They quantified the effects on oxygen of longitudinal
and vertical advective fluxes, horizontal and vertical diffusive fluxes,
water column biogeochemical uptake (including algal and microbial
respiration) and sediment oxygen demand. They developed an oxygen
budget with these terms for the year 2000 and then used the multi-year
simulation (1996-2005) to assess the relative role of these different
physical and biological factors in influencing interannual variability in
hypoxic volume. When examined within the year, the physical terms
were mostly positive (i.e., caused an increase in oxygen), while the
water column biogeochemical uptake was the largest sink term of oxy-
gen. Over the 10-year simulation, water column biogeochemical uptake
had the highest correlation with bottom oxygen and was also correlated
to nutrient loadings and primary productivity.

Irby et al. (2018) used a ROMS 3-D hydrodynamic model coupled to
a relatively simple water quality model (Estuarine-Carbon-
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Biogeochemistry, ECB) to assess the effects of nutrient reductions under
a future climate. The model represents single phytoplankton and
zooplankton groups and one limiting nutrient (nitrogen). They
compared the most recent nutrient reduction targets (38-45% re-
ductions) for the Chesapeake Bay imposed for 1993-1995 and then the
same 1993-1995 simulation but under climate conditions expected for
2050. Future climate for 2050 was warmer, had higher sea level and had
changed monthly river flows that affected nutrient delivery to the Bay.
The warming effect was imposed by increasing water temperatures by
1.75 °C throughout the Bay that then affected biogeochemical processes
and oxygen solubility. Sea level effects were imposed by adding 0.5 m to
the free-water surface layer at the outer boundary of the model grid
along the continental shelf. River flows were altered by multiplying
monthly flows by ~1.16x for January, February, and December, by
1.093x for November, and by 0.96 to 1.035x for the remaining months.
The three years were simulated under baseline, baseline plus all climate
change factors (temperature, sea level, precipitation), and with the
nutrient reductions plus temperature, sea level, and precipitation
imposed individually and all together.

The modeling results of Irby et al. (2018) showed that, overall,
nutrient reductions had a larger effect on oxygen then the effects of
climate change included in the model scenarios; however, climate
change did reduce some of the gains in oxygen that resulted from the
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reductions in nutrient loadings. Climate change was predicted to result
in an earlier onset of hypoxia by about 7 days and an increase in the
cumulative hypoxic volume (km® x days) with dissolved oxygen con-
centrations between 2.0 and 5.0 mg1!. Climate change (all three ef-
fects) did not exacerbate the volume of hypoxia in the main hypoxic
zone during the summer months (dissolved oxygen was already
consistently low). Temperature had the largest individual factor effect
(negative) among the climate change variables evaluated, and decreased
oxygen solubility accounted for a large fraction of the temperature ef-
fect. The negative effect of increased river flow (which increased strat-
ification and nutrient delivery), and positive effect of sea level rise
(which decreased residence time) on cumulative hypoxic volume were
smaller than those of temperature and approximately cancelled each
other out.

In summary, the mainstem hypoxia of Chesapeake Bay has been
extensively studied using long-term monitoring, process-level studies
and coupled hydrodynamics-water quality modeling. Data analysis and
modeling suggests that stratification drives the initial spring decline in
oxygen and eutrophication influences the extent of the summer hypoxia.
The diverse bathymetry of Chesapeake Bay results in hypoxia on mul-
tiple scales: (1) seasonally persistent bottom-layer hypoxia in the
mainstem Bay, (2) episodic seasonal patchy hypoxia, (3) shallow-water
hypoxic events due to wind and tide-driven upwelling, and (4) diel and

76.30°W

76.25°W 76.20°W

Fig. 5.2.1. (a) Location of Paracas Bay in the South Eastern Pacific region, showing the average distribution of sea level pressure and alongshore winds. (b) Ba-
thymetry map superimposed on summer (JFM) distribution of sea surface temperature (SST, color shading). Position of ASCAT wind data (red star) and offshore
stations across the upwelling cell (crosses) are included. Dashed lines demarcate the limits of the Paracas National Reserve (red) and of Paracas Bay and the adjacent
coast (black), as detailed in (c), whereby bathymetry, pollution sources and sampling stations are plotted. Circles indicate stations from which nutrient data shown in
Fig. 5.2.2 were collected; filled and open circles indicate stations sampled from 2005 to 2021 and half-filled circles from 1999 to 2009. Climatology and time-series of
Figs. 5.2.2 and 5.2.3 were computed from stations A and B. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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tidal-scale oxygen cycling. Modeling has shown the importance of both
physical controls and biological controls, and the mix of results suggest
that both play important roles in controlling summertime hypoxia in the
Chesapeake Bay. Explicit modeling of hypoxia under possible future
conditions enabled quantification of how global climate change would
affect, and partially dampen, the hypoxia response to proposed nutrient
reductions. Chesapeake Bay serves as an example of extensive use of
both data and modeling to inform and evaluate a large-scale restoration
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effort designed to reduce nutrient loadings to reduce hypoxia. Restora-
tion efforts are continuing with a spatial approach that defines water
quality goals and targets on local scale, which then leads to the devel-
opment of implementation plans to achieve these goals (Batiuk et al.,
2013). The large-scale of the effort has fueled ever-evolving de-
velopments and advances in coupled watershed-estuarine hydrody-
namic and water quality modeling in response to new scientific issues
and management needs (Hood et al., 2019).

Fig. 5.2.2. (a) Annual cycles of bottom water dis-
solved oxygen (BWO ml 171, boxes median, quartiles
and percentiles 1 and 99) and sea surface tempera-
ture (SST, mean) at bay station A, velocity (m s of
upwelling-favorable winds (ASCAT, see Figure 1b
for position) and Pisco river discharge (m® s™1); (b)
frequency of HABs recorded in Paracas Bay
(2005-2017) by the species Alexandrium ostenfeldii,
Heterosigma akashiwo, Prorocentrum cordatum, Aka-
shiwo sanguinea, P. micans, other dinoflagellates and
other species; and (c) bottom water N:P ratios in
Paracas Bay (stations shown in Figure 1c), for winter
(July), spring (October/November) and late summer
(March), compared with ratios from water column
records (0-500m) at offshore stations across the
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5.2. Paracas Bay

5.2.1. Bay description

Paracas Bay (14°S) is a small (35 kmz), shallow (<15m depth)
embayment located downstream of the main coastal upwelling center
off Peru (Fig. 5.2.1a-c). Paracas Bay has a semi-enclosed geo-
morphology, partially isolated from the open waters by a peninsula on
the western side of the bay, with the bay mouth oriented towards the
north-east. The peninsula protects both the bay and the adjacent coast
north-east of the bay from upwelling winds. The geomorphology and
bathymetry result in the convergence of upwelled and inshore waters
within the bay (Maldonado, 1988; Yzocupe, 2002). An upwelling
shadow develops north of the bay, allowing the persistence of relatively
warm temperatures (SSTs) compared to the upwelled waters off the
peninsula, while the bay itself exhibits intermediate SSTs (Fig. 5.2.1b).
The Pisco River discharges 15 km north of the mouth of the bay and its
flow is highly seasonal, being low in winter and reaching its peak in
summer. The seafloor exhibits a mosaic of sediment types, from fine
sand to silty mud. The sedimentary organic matter and total organic
carbon contents exhibit values up to nearly 16% and 6%, respectively,
with the highest values within the bay (Velazco and Solis, 2000).

The oceanographic regime in Paracas Bay exhibits a clear seasonal
signature. During winter and early spring, when alongshore equator-
ward winds are prominent, the intrusion of cold upwelled waters and
vertical mixing characterize the water column. In contrast, during
summer and early fall, thermal stratification intensifies, coastal up-
welling is reduced and freshwater input from the Pisco River increases
(Cabello et al., 2002) (Fig. 5.2.2a). The topographic protection offered
by the bay increases stratification of the water column when winds
relax, which in turn, supports higher primary productivity in the bay
particularly during summer (Gutiérrez et al., 2016). During winter,
spring and early summer, diatoms dominate the phytoplankton com-
munity, with a shift in mid-summer to flagellates that persist until
autumn. These flagellates may include harmful algal blooms (HABs)
most often formed by Heterosigma akashiwo, Akashiwo sanguinea and
Prorocentrum micans (Cabello et al., 2002; Lopez, 2008) (Fig. 5.2.2b).

Episodes of hypoxia and the emergence of bottom anoxia occur
primarily during summer and autumn (Cabello et al., 2002; Aguirre-
Velarde et al., 2019) and correspond to conditions of low pH (Merma,
2016). In some cases, these episodes are followed by the presence of
discoloured “white waters” associated with the oxidation of free sul-
phide to colloidal elemental sulphur (Schunk et al., 2013). These hyp-
oxic conditions during summer-autumn trigger an intense nitrate deficit
in the bottom waters, likely due to denitrification in the water column
and the release of phosphate from the surface sediments (Fig. 5.2.2c).

Benthic fauna in Paracas Bay exhibit strong bathymetric zonation.
For macrofauna, species richness is greatest in shallow (<5 m) mixed
hard-soft bottoms, composed of filter feeders like bivalves, cirripeds and
anemones, and large predators and grazers, like crabs and urchins
(Ibarra, 2015). With increasing depth, the bottom becomes muddy and
the benthic community becomes dominated by deposit-feeding and
predatory polychaetes, followed by small crustaceans and mollusks
bearing well-developed gills to withstand oxygen deficiency (Ibarra,
2015; Lomovasky et al., 2011). At depths around 10 m, the muddy
bottom in the bay is almost devoid of macrofauna. Few calcareous
benthic foraminifera species inhabit these sediments, along with some
soft-shelled species, which may outnumber the calcareous foraminifera
in conditions prone to the dissolution of carbonates (Merma, 2016).

Paracas Bay forms a buffer zone to the marine protected area of
Paracas, which extends from the peninsula to Independencia Bay in the
south and up to 53 km offshore (Fig. 5.2.1b). The coastal population of
about 100 000 people is concentrated in the town of Pisco and the
harbor district San Andres, both located to the north of the bay. For the
past decade, total fish landings in Pisco-Paracas have averaged 33 000
tons per annum, with the Peruvian anchovy Engraulis ringens comprising
about 75% of the catches. Shellfish harvests have reached 1 569 tons per
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annum during the same period, and include mainly scallops, marine
snails, mussels, crabs and macroalgae. The aquaculture sector is based
primarily on bottom culture and secondarily on suspended culture of the
Peruvian scallop Argopecten purpuratus, with an annual production of
around 1 000 tonnes from the Paracas region.

Several other anthropogenic activities directly or indirectly impact
the water quality of the bay and adjacent coast (Fig. 5.2.1c). Treatment
of domestic waters from the town of Pisco and San Andrés harbour was
initiated in 2000, but the treated sewage waters are nonetheless dis-
charged into the Pisco River. The river also transports high loads of
nitrate and nitrite, derived from agriculture use, and silicates, at con-
centrations up to 59 uM, 22.5 uyM and 186 pM, respectively, according to
IMARPE records, well above the concentrations found in coastal waters.
Until 2004, waste waters from fish meal and fish oil industries were also
disposed directly into the bay and adjacent coast with minimal treat-
ment, which is likely to have increased the organic content in the
shallow surface sediments adjacent to the factories (Velazco and Solis,
2000; Cabello et al., 2002). In 2004, a new waste treatment system was
established for these industries and a sewage pipe was built that dis-
charges outside of the bay into water of 50 m depth (Fig. 5.2.1c). Since
2004, shipping of gas products has also taken place in a marine berth
located north of the bay.

5.2.2. Drivers of coastal hypoxia and emergence of anoxia

At least three mechanisms drive the development of coastal hypoxia
and anoxia in Paracas Bay; these include the advection of oxygen-
depleted upwelled waters into the bay, in situ oxygen depletion
following thermohaline stratification, and in situ oxygen depletion by
the decay of HABs.

During summer and autumn, abrupt drops in temperature down to
8°C can be recorded in a few hours with coincident drops in bottom
water oxygen often reaching anoxic conditions (Aguirre-Velarde et al.,
2019). These episodes are occasionally accompanied by “white water”
discolourations (Fig. 5.2.3b, d-e). A shallow oxygen minimum zone,
local bathymetry and the orientation of the bay all favour the advection
of the oxygen-depleted upwelled waters into the bay resulting in low
oxygen conditions for several days. Remote-sensing of ocean colour has
shown that “white waters” are more frequent in autumn (Chauca, 2018;
Ohde, 2018), just after the annual peak in productivity and when up-
welling winds become stronger. These observations indicate that coastal
upwelling is able to transport anoxic, sulphidic waters into the bay.

In situ depletion of oxygen in Paracas Bay has also been linked to
thermohaline stratification. The seasonality of coastal winds leads to a
general intensification of upwelling and vertical mixing of the upper
water column during winter and spring and a weakening of these pro-
cesses during summer and autumn. Reduced winds during this latter
period, with increased insolation, promote thermal stratification of the
coastal and bay waters (Sears, 1954). In addition, river discharge in-
creases from nearly zero in winter and spring to 200-800m> s! in
summer following rains in the Andean mountains (Fig. 5.2.2a). This
freshwater input causes a drop in surface salinity to 30 ppm and these
waters may extend several miles from the river mouth, enhancing
stratification and oxygen depletion. Wind relaxation events also pro-
mote the southward flow of these waters into the bay (Yzocupe, 2002),
whereby local stratification and respiration may further deplete oxygen
through the water column and down into bottom waters (Fig. 5.2.3a-d).
This mechanism is likely to be more dominant in late summer, when
river discharge and SST reach their peaks, and wind intensity is gener-
ally lowest.

HABs are often followed by anoxic events in Paracas Bay (Cabello
et al.,, 2002; Lopez, 2008). The development of HABs has a weaker
seasonal signature compared to wind and river discharge, although
HABs are more frequent in autumn (Fig. 5.2.2b). In fact, any window of
wind relaxation, particularly following coastal upwelling events, may
trigger phytoplankton growth, profiting from the enrichment of surface
waters (Pitcher et al., 2010). The senescence and decay of blooms leads
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Fig. 5.2.3. (a) Hourly time-series of sea surface salinity, (b) SST (°C), (c)
stratification (vertical density gradient, s units m’l), and (d) bottom water
dissolved oxygen (ml 1) at station B (shown in Figure 1) from 23/01/19 - 11/
03/13). Red arrows indicate bottom hypoxia associated with stratification and
black arrows depict the occurrence of ‘white waters’ affecting Paracas Bay; (e) a
‘white water’ event detected on 11/02/2013 (satellite image from MODIS). The
identification was done by analysis of reflectance at 488 nm (related to high
sulphur concentrations in seawater from the oxidation of hydrogen sulfide).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

to the sedimentation of large quantities of phytodetritus followed by
anaerobic respiration and possible anoxia. HABs formed by Pro-
rocentrum ordatum and H. akashiwo are observed along adjacent coastal
waters and within the bay, coincident with the distribution of stratified,
hypoxic waters following wind relaxation events. Other HABs, including
A. sanguinea and Alexandrium ostenfeldii, have mostly been observed
inside the bay and in summer and autumn, when HAB decay can
contribute a greater fraction to sedimentary organic enrichment and the
development of anoxia.

The three mechanisms described above are not mutually exclusive,
so that a hypoxic or anoxic event may result from a combination of these
drivers (Fig. 5.2.3d). Two other anthropogenic factors may amplify the
development hypoxia or anoxia through the eutrophication of coastal

44

Progress in Oceanography xxx (xxxx) xxx

waters. Firstly, the nutrient input and the transport of organic matter by
the Pisco River has yet to be quantified. Secondly, the input of organic
matter linked to maritime traffic, including fishing, and the fish meal
and oil industries, needs to be considered. Importantly, the lowest bot-
tom oxygen concentrations were recorded before the construction of a
new waste treatment system and sewage pipe in 2004.

5.2.3. Inter annual variability and recent trends

Bottom water oxygen (BWO) in the bay has been measured by
IMARPE since 1999 and in 2005 these measurements were extended to
the adjacent coast north of the bay (Fig. 5.2.4). From these records, it is
possible to infer a pattern in BWO which can be roughly split into two
periods: the first period is characterized by a trend of oxygenation that
reached a plateau in 2007, and the second period reveals a reversal of
this trend.

For the first period (1999-2007), oxygen trends were positive in the
bay, but varied seasonally, from +0.11 ml1~! y? (or + 4.7 umol 1% y'1)
in early spring to+0.28 ml1~} y! (or 4+ 12.4 ymol 17! y'!) in late sum-
mer. By contrast, for the second period (2008-2019), trends were sig-
nificant only for winter and early spring, but negative, reaching
—0.10ml17! y! (or —4.5umol17! y1). For the northeastern adjacent
coast, trends after 2007 were not significant.

The oxygenation of bay bottom waters during the first period is at
odds with reported coastal cooling along Central and Southern Peru
from the late 1970s to the late 2000s (Gutiérrez et al., 2011, 2016), as
the cooling trend is indicative of enhanced upwelling and thereby likely
to increase the advection of oxygen-depleted waters into the bay. On
other hand, during the first period, a strong La Nina (1999-2001) and
two Modoki El Ninos (2002-2003 and 2006-2007) occurred, the former
associated with a shoaling of the oxycline and the latter, with weak
oxygenation of the water column within the region (Gutiérrez et al.,
2008; Dewitte et al., 2012; Graco et al., 2017). Then, an ENSO-related
contribution for the observed oxygenation in the bay could not
explain the higher BWO values already measured in the summers of
2005 and 2006, before the occurrence of the last Modoki El Ninos. It is
more likely that the trend of oxygenation was the result of reduced
oxygen consumption owing to the reduced input of organic matter
following the construction of the sewage pipe in 2004 (Fig. 5.2.4).

For the second period, the trend of winter deoxygenation suggests an
increase in the advection of oxygen-depleted upwelled waters into the
bay, though enhanced vertical mixing during winter precludes the
development of anoxia in winter. The absence of deoxygenation off the
northeastern adjacent coast might be explained by its lower exposure to
the advection of upwelled waters. Ohde (2018) has proposed that the
occurrence of sulphidic events, which are related to the advection
mechanism for hypoxia (see above), are associated with La Nina con-
ditions, but the period of observation is too short to verify this hy-
pothesis. Also, better understanding of the roles of the recent variability
of upwelling-favorable winds or upwelling source waters on the oxygen
trends is needed.

5.2.4. Susceptibility to deoxygenation under climate change

Future projections of the oceanographic conditions off the Peruvian
coast indicate that coastal upwelling winds will show a moderate
decrease during summer with climate change (Goubanova et al., 2012;
Belmadani et al., 2014; Chamorro et al., 2021). However, thermal
stratification is expected to intensify (Echevin et al., 2011, 2020;
Brochier et al., 2013), which is likely to result in reduced ventilation of
the subsurface layers, particularly in summer. Increased stratification is
also likely to increase the occurrence of HABs that may also lead to
further hypoxia or anoxia in the bay. Irrespective of changes in coastal
upwelling, the advection of oxygen-depleted waters into the bay also
depends on changes in the upwelling source waters. Recent studies
highlight the role of circulation changes (Llanillo et al., 2013; Duteil
et al., 2014a,b; Montes et al., 2014; Espinoza-Morriberén, 2018) and
nearshore mesoscale activity (Echevin et al., 2011; Oerder et al., 2016;
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Vergara et al., 2016) on increasing or decreasing the ventilation of up-
welling source waters in the region.

Bay susceptibility to deoxygenation will also depend on future
changes in river discharge and pollution. Hydrological scenarios predict
an average 6% increase in rainfall upstream of the Pisco River by 2030,
reaching a 16% increase in summer (Oria and Avalos, 2013; MINAM,
2016). Since the Peruvian coast is characterized by steep, narrow slopes,
rainfall and river discharge are closely linked (Olsson et al., 2017).
Increased river discharge will contribute directly by intensifying sum-
mer stratification in the bay, and may also contribute to increase
nutrient and organic matter inputs, particularly if current deficiencies in
the management of waste waters persist. Also, the ongoing expansion of
the San Martin harbour at the bay mouth has modified local bathymetry
in order to increase its operating capacity, which will escalate maritime
traffic and the possibility of increased local pollution. Again, further
research is needed to establish the future scenarios for coastal hypoxia,
ecosystem health and management options in Paracas Bay, taking into
account the multiple drivers involved.

In conclusion, events of coastal hypoxia and anoxia currently char-
acterize Paracas Bay, particularly during summer and autumn. These
events are favoured by bay topography, coastal upwelling and local
circulation; and wind variability is important in the development of
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thermohaline stratification, HABs and their subsequent decay, and the
advection of oxygen-poor upwelled waters into the bay. The occurrence
of hypoxia is amplified by river discharge, which introduces freshwater
into the system, increases nutrient and organic matter content in the
bay, and serves as a source of pollutants. The vulnerability of the bay to
anthropogenic influences is evidenced by time-series of near bottom
oxygen, which shows the lowest oxygen conditions prior to the con-
struction of a sewage pipe in 2004. Future scenarios at the regional level
suggest increasing susceptibility to deoxygenation under climate
change, as the stratification of Peruvian coastal waters is predicted to
increase, leading to reduced bottom ventilation and an increase in
coastal HABs.

5.3. Masfjorden and the Bergen fjords

More than 1 000 fjords are located on the rugged west coast of
Norway, and they vary in size, shape and environmental conditions. The
deepest and longest fjord is Sognefjorden, which is 205 km in length and
has a maximum depth of 1 308 m. Other countries with numerous fjords
include Alaska, Canada, Greenland, Iceland and Scotland in the northern
hemisphere, and Argentina, Chile and New Zealand, and Antarctica, in
the southern hemisphere. Some Norwegian fjords are naturally hypoxic
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or anoxic, either recurrently or permanently, and are often characterised
by sulphidic water masses and sediments (Gaarder, 1916). Other Nor-
wegian fjords, particularly those in the south, have shown a loss of ox-
ygen in their basin waters since the 1980s (Sztre et al., 2010).
Masfjorden and the Bergen fjord system on the southwest coast of
Norway are the location of large Atlantic salmon Salmo salar farms
(Svasand et al., 2017) that require well-oxygenated water.

5.3.1. System description and history of deoxygenation
Fjords are typically long and narrow, with steep sides and deep inlets

Fjord water

A Brackish water A
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carved out by glaciers, and were filled with seawater after the last glacial
maximum around 17 000 years ago (Syvitski et al., 1987). The outer
areas of fjords can be several kilometers wide, and they narrow to a few
hundred meters at their heads. A topographic barrier in the form of a sill
is typically found at the entrance of a fjord, and this serves to isolate the
deep basin waters from waters outside of the fjord (Inall and Gillibrand,
2010; Darelius, 2020; Aksnes et al., 2019; Fig. 5.3.1a). These sills
strongly influence water structure, circulation, sediment distribution
and the biology of fjords. Variation in density stratification between
fjords and adjacent coastal waters is important in determining the

Fig. 5.3.1. (a) A simplified illustration of fjord
topography with three vertical layers: a thin
brackish layer at the top, a dynamic intermediate
layer which extends down to the sill depth, and the
basin water below sill depth. OB refers to dissolved
oxygen of basin water and OS to dissolved oxygen of
oceanic water (open access under the CC BY license:
Aksnes et al., 2019); (b) basin depths as depicted by

J

Op

Basin water

J

- Intermediate layer

a transect of the Bergen fjords, starting at the sill at
the entrance of Hjeltefjorden, via Byfjorden, the
fjords surrounding Ostergy, and exiting at Herdlaf-
jorden (Copyright John Grieg, from Setre et al.,
2010); (c) location of Masfjorden and the Bergen
fjords. The North Atlantic Current (NAC) is a
northern branch of the Gulf Stream that transports
North Atlantic Waters (NAW, salinity > 35%/40) into
the Norwegian Sea, and the Norwegian Coastal
Current (NCC) forms a wedge of less saline Norwe-
gian Coastal Water (NCW, salinity < 34.5%/4) along
the Norwegian coast (modified from open access
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renewal of water masses below the sill depth (Inall and Gillibrand,
2010).

The water masses of fjords consist of three distinct layers: a brackish
layer at the top formed by freshwater supplied from the local watershed,
an intermediate layer between the brackish water and the sill depth
(Stigebrandt, 2012), and basin water (Aksnes et al., 2019; Fig. 5.3.1a).
Circulation within Norwegian fjords is influenced by the wedge-like
Norwegian Coastal Current (NCC) comprising North Atlantic Water
(NAW, salinity > 359 00) and Norwegian Coastal Water (NCW,
salinity < 34.5%/90) (Fig. 5.3.1c). The thickness of the surface layer is
typically 1 to 5 m depending on the volume of freshwater supply relative
to the fjord volume (Aksnes et al., 2019). The intermediate layer consists
of low saline NCW (< 34.50/00), and if the sill is deep enough, the in-
termediate layer also contains the more saline NAW (> 35%/¢0) below
the layer of NCW. In the intermediate layer, there is normally a signif-
icant exchange of water between the fjord and oceanic water; non-local
forcing by winds along the Norwegian coast regulate this advective
transport (Aksnes et al., 1989; Asplin et al., 1999; Setre, 2007). Estua-
rine circulation in fjords, including Masfjorden, is minor compared to
the circulation of the intermediate layer (Aksnes et al., 1989; 2019).
Deep water renewal typically occurs intermittently and is mainly
influenced by fjord topography and connections with NAW, tidal cir-
culation and diapycnal mixing (Gade and Edwards, 1980; Aure and
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Stigebrandt, 1989; Saetre et al., 2010). Seasonal variations are evident in
the depth of NCW that is narrow and deep in winter but shallow and
broad during the summer. When the NCW is shallow and broad, fjord
basin waters on the west coast of Norway are renewed (Sztre et al.,
2010; Fig. 5.3.2).

Shallow sills restrict free exchange of basin waters with the open
ocean, resulting in the stagnation of basin waters (Syvitski et al., 1987).
Many fjords in the Bergen system have shallow sills and the basin water
below the sill depth can only be renewed if the density of the water
outside the fjord exceeds that of the density of the basin water (Gade and
Edwards, 1980; Syvitski et al., 1987). Temperature and oxygen vary
seasonally, as is evident in Byfjorden where changes in temperature and
oxygen of the deep basin waters are driven mainly by the annual inflow
of deep coastal water over the sill (Sztre et al., 2010). During the inflow
period in late spring to early summer, the mean temperature at 300 m
depth is shown to drop from 7.35 to 7.10 °C and the oxygen increases
from 5.3 to 5.9ml17! (Fig. 5.3.2).

The length, width and depth of fjords, along with their sill depths,
dictate their susceptibility to the development and persistence of hyp-
oxic conditions. Some fjords, including the Bergen fjords, have several
basins and sills (Syvitski et al., 1987). The Bergen fjords stretch from
Korsfjorden (60°10’N; 5°10’E) in the south to Fensfjorden (60°50'N;
5°10'E) in the north and have a total surface area of 240 km? (Seetre
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et al., 2010). The outer sill depth is 130 m deep, located at the entrance
to Hjeltefjorden, which connects the ocean with the 350m deep
Byfjorden. Further inland is the 550 m deep Salhusfjorden with an in-
ward connection to the 650 m deep Osterfjorden, and so forth (moving
from left to right in Fig. 5.3.1b). Inside Osterfjorden is the 8 km long,
0.5 km wide and 200 m deep Mofjorden, located behind a very shallow
2-2.5m deep and 700 m long sill. Hydrographic measurements dating
back to 1903 show that Mofjorden is a pristine and remote fjord with
naturally anoxic and sulphidic basin waters. These measurements re-
ported severe hypoxia with oxygen concentrations < 0.2 ml1~! at depths
between 50 and 200 m and increasing concentrations of HpS with depth
with a maximum of 0.9 ml1~! at the bottom (Gaarder, 1916). Natural
anoxia was also reported by Gaarder (1916) in another shallow sill fjord
in a more populated area close to Bergen, Nordaasvannet, with stagnant
deep basin waters (80 m depth) containing H,S between 15 m and the
bottom.

The total annual exchange of intermediate water above the outer
130 m sill to the Bergen fjords is estimated at 375 km® yr~!, of which
60% is driven by the horizontal density difference (baroclinic exchange)
between coastal waters and fjord waters above the sill (Inall and Gilli-
brand, 2010; Seetre et al., 2010). Exchange driven by estuarine circula-
tion and freshwater runoff in the Bergen fjords is ~15% of the total
exchange across the sill (Sztre et al., 2010). Field studies and model
simulations also show that the advection of intermediate water masses is
dampened with increasing distance from the coast, and this dampening
reduces the transport of zooplankton into the inner regions of fjords and
decreases the carrying capacity of these inner regions for higher trophic
levels (Salvanes et al., 1995).

Long-term monitoring programmes were established in the Bergen
fjords, including Fensfjorden and Masfjorden, in the 1970s. These pro-
grammes aimed to (i) monitor domestic effluent from Bergen; (ii)
evaluate seabeds for mining deposits; (iii) evaluate the consequences of
floating bridges; (iv) monitor pollution from fish farms; and (v) monitor
environmental influences on fish recruitment and distribution along the
coast (since 1935) and in fjords (since 1975) along the Norwegian coast
(Seetre et al., 2003). These programmes have generated valuable time
series that have also been used for studies of the responses of water
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quality and benthos to climate variability. The data show a clear in-
crease in temperature and a clear loss of oxygen at 300 m depth since
1980 in Byfjorden (1926-2005) and Fensfjorden (1975-2008)
(Fig. 5.3.3). Signals of oxygen loss are also apparent in the benthic deep
water macrofauna, which is now dominated by opportunistic species
characteristic of areas of hypoxia and high organic matter in their sed-
iments (Johansen et al., 2018).

Masfjorden branches off towards the north from within the inner part
of Fensfjorden. Masfjorden has a 75 m deep sill at its entrance, is 22 km
long, ranges in width from 0.3 to 1.3 km and has a maximum depth of
494 m. Haugsverfjorden, in turn, branches off the inner part of Masf-
jorden over a sill that is 20-30 m deep and 67 m wide into a basin with a
maximum depth of 120 m. The majority of freshwater enters at the head
of Masfjorden, where the outlet from a hydroelectric power plant is
located (Aksnes et al., 1989). The volume of Masfjorden is 5.36 km3, the
surface area is 28.5 km?, and the tidal amplitude is 0.5 to 1 m. The daily
exchange due to tides is ~0.5% and the total freshwater supply varies
between 30 and 60 m> s~? (Aksnes et al., 1989).

For Masfjorden, Aksnes et al. (2019) recently reported a multi-
decadal declining trend in oxygen concentration of 2.0mll™! over
42years. Over the same time period, the data show a decline in the
density of the basin water and a 1°C increase in temperature
(Fig. 5.3.4a). The salinity was in the range 34.85 — 35.10%o (Aksnes
et al., 2019; Fig. 5.3.4b). The water is defined as North Atlantic Water
(NAW) if salinity > 35.0%o0 and as Norwegian Coastal Water (NCW) if the
salinity < 34.5%o.

Since 2011, annual monitoring at a fixed station in Masfjorden has
shown a decline in deep basin oxygen. During this period (2011 to
2017), oxygen concentrations below 300m depth dropped below
2ml17}, but have subsequently partially recovered (Fig. 5.3.4d). Coin-
cident measurements of nutrients in 2019 showed increasing nutrients
with depth that paralleled the decrease in oxygen concentrations with
depth (Elin Darelius and Are S Olsen, University of Bergen, unpublished
data; Fig. 5.3.4c). Although particulate organic matter (POM) in the
water column has not been measured, published data on sediment
samples from 470 m depth in 2014 showed the sediment to be 65% silt
(grain size <0.063 mm) and 44% total organic carbon (TOC) (Tveranger
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Fig. 5.3.3. Long-term monitoring at 300 m depth of (a) temperature (°C) and (c) oxygen (ml 171) at hydrographical station 4 in Byfjorden from 1926 to 2005; and
annual autumn measures of (b) temperature (°C) and (d) oxygen (ml 171) at the Fensfjorden hydrographical station from 1975 to 2008 (from Sztre et al., 2010,

copyright John Grieg).
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etal., 2019), indicative of a high sedimentation rate and sluggish bottom

currents.

Haugsverfjorden, a branch of Masfjorden, has shown a greater loss
in oxygen than the main fjord, with concentrations below 50-60 m
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Fig. 5.3.4. Measurements in the basin water of
Masfjorden from 1975 to 2016 of (a) dissolved
oxygen (ml 1" and density (sigma-t); and (b)
temperature (°C) and salinity (%o) (data are pre-
sented as averages of measures from 200, 300
and 400 m depth in October or November) (open
access under the CC BY license: Aksnes et al.,
2019); (¢) nutrient profiles from 2019 (Copyright:
Elin Darelius and Are S Olsen, Geophysical
Institute, University of Bergen, unpublished
data); and (d) vertical profiles of oxygen from
CTD-casts in the autumn in Masfjorden from
2011 to 2019 and in March 2020, and in Haugs-
vaerfjorden in August 2018 and March 2020
(Copyright: Martine Rgysted Solds and Anne Gro
Vea Salvanes, Department of Biological Sciences,
University of Bergen, unpublished data).

depth declining to 0.066 m11~! in 2018 and 2020 (Martine Rgysted Sol&s
and Anne Gro Vea Salvanes, University of Bergen, unpublished data;
Fig. 5.3.4d). Studies of deep-water exchange in Masfjorden have just
begun (Aksnes et al., 2019; Darelius, 2020), but for other similar sill
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fjord systems, it has been shown that hypoxia is achieved by the net
effects of intrusions of well oxygenated deep water across the sill, the
degradation of organic matter by microbial respiration and vertical
turbulent diffusivity (e.g., Gade, 1973; Aure and Stigebrandt, 1989;
Aure et al., 2007; Stigebrandt, 2012).

5.3.2. Causes and controls of deoxygenation

Dissolved oxygen content in fjord basin waters, when sill depths are
deeper than the euphotic zone, depends on three main processes (Aure
and Stigebrandt, 1989; Aksnes and Lie, 1990): (1) basin water renewal
from the intrusion of water masses of higher density than that of the
basin water, (2) oxygen consumption from biological activity, and (3)
vertical turbulent diffusivity. The isolation and stagnation of basin water
typically leads to the depletion of dissolved oxygen resulting in hypoxia
and sometimes anoxia (Aure and Stigebrandt, 1989; Gillibrand et al.,
1996). This may affect the sedimentary environment, particularly if the
water at the sediment interface and basin waters become anoxic (Inall
and Gillibrand, 2010).

Intruding water masses from outside of fjords originate from depths
at, or shallower than, the sill depths (Aksnes et al., 2019), or when
stratified barotropic flow accelerates denser water from below the sill
depth up and over the sill to a depth of equivalent density inside the
fjord (Gade and Edwards, 1980; Inall and Gillibrand, 2010). The resi-
dence time of the basin water depends on three factors (Stigebrandt,
2012): (i) the spectral distribution of the temporal density fluctuations
of the water just above the sill depth outside the fjord, (ii) the rate of the
density reduction of basin water due to diapycnal mixing, and (iii) the
time it takes to fill the basin with new water. For many fjords, the time
scale for filling the basin with new water is long relative to the time scale
for density variations and numerous partial exchanges that might take
place (Aksnes et al., 2019). For example, studies of deep-water exchange
in Sognefjorden, which has a deep sill of 165 m at its entrance, show that
water flow into the fjord, with a density sufficiently high to reach the
bottom of the fjord, lasts for only a few days. This indicates that bottom
water renewal is episodic, and occurs only when water outside of the
fjord is sufficiently heavy and there is an inward current able to move
this water across the sill (Lars Asplin, Institute of Marine Research,
personal communication).

Vertical mixing and diffusion reduce the density of water in the fjord
basin with time. The energy needed to mix light water downwards is
mainly supplied by the tides; for example, tidal currents interacting with
the sill to generate internal waves that break against the fjord walls
(Aure and Stigebrandt, 1989). A northward increase in tidal amplitudes
and a reduction in vertical density gradients along the Norwegian coast
result in an increase in the renewal rate of fjord basin waters to the north
(Seetre et al., 2010). Consequently, some fjord basin waters in northern
Norway are renewed and re-oxygenated annually (Szlen 1950), while
renewal in fjords in southern Norway may take several (8-9) years
(Gade, 1973; Szelen, 1976; Aure et al., 2007). In fjords with deep basins
and also in fjords with deep sills, the oxygen consumption is lower than
in shallow fjords, so even when the time between deep water renewal
events is long, it may take several years before the basin waters turn
hypoxic or anoxic (Gade, 1973; Aure and Stigebrandt, 1989).

The rate of oxygen consumption from biological activity depends
largely on fjord topography. Aure and Stigebrandt (1989) estimated the
rate of oxygen consumption for 29 fjords in the mid-Norway region,
north of the Bergen fjords. Their estimates show that the rate of oxygen
consumption was inversely proportional with the depth of the fjord
basin, and that the oxygen consumption rate decreased with increasing
sill depth. Thus, oxygen is depleted faster in fjords with shallow basin
water and/or shallow sills than in fjords with deep basin water and/or
deep sills (Aure and Stigebrandt, 1989). For example, in Nordaasvannet,
which has a shallow 10 m deep sill and a basin depth of 80 m, it took
only 6-7 months after water renewal for anoxic conditions to again
develop from 20 m depth to the bottom at 80 m (Gaarder, 1916). This
was assumed to be caused by resuspension of particulate organic matter
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(POM) from the soft-bottom sediments into the water column resulting
from the intrusion of well oxygenated water from outside the fjord
(Gaarder, 1916). As the POM sank back to the bottom, oxygen was
stripped from the water column due to heterotrophic activity and
degradation by microbial respiration (Gaarder, 1916). During stratifi-
cation in both Nordasvannet and Lind&spollane (part of the Bergen
fijords) in the 1980s, the sedimentation rate decreased below the
euphotic zone and with increasing depth, which was contrary to what
was found in other areas (Wassmann, 1983,1985).

If the time required to consume all oxygen is shorter than the time
period between renewals, then the fjord basins will lose oxygen and may
turn anoxic. Aksnes et al. (2019) identified five three-year periods in
Masfjorden after 1977 when basin water oxygen concentrations dropped
at rates between 0.42 and 0.75ml O, 17! yr™1. Fjord basin waters can
contain high levels of POM resulting in high oxygen demand, especially
if fish farming is occurring in the fjord. The decline reported by Aksnes
etal. (2019) includes the biochemical oxygen demand attributed to feces
and excess feed on salmon farms, estimated in Masfjorden annually as
0.065ml O, 1t per 1 000 metric tons fish produced. Aksnes et al. (2019)
thereby estimated that ~9% of the total oxygen consumption was due to
the effects of fish farming. These estimates indicated a time scale of
7-12 years of stagnant conditions for the Masfjorden basin water to turn
anoxic.

5.3.3. Modelling renewal frequency of basin water in sill fjords

Darelius (2020) revisited the data used by Aksnes et al. (2019) and
applied the statistical approach of Gade (1973) to evaluate the effect of
the observed negative trend in the density of shelf waters on the renewal
rate of the basin waters of Masfjorden and other fjords. The observed
negative trend (-0.006 kg m~> yr1) after 1990 in the annual maximum
density observed at Sognesjgen (a hydrological station on the west coast
of Norway visited bimonthly since 1935) has, in all likelihood, reduced
the renewal frequency and increased the stagnation period of its basin
waters. Darelius (2020) estimates that the probability of stagnation
periods longer than 10 years has increased since 1990 from 0.02 to be-
tween 0.13 and 0.19. The negative trend in the density of surface waters
appears uncorrelated with sea surface temperature and the Atlantic
Multidecadal Oscillation (Darelius, 2020). Rather, the observed simul-
taneous warming and freshening of the upper 1000 m of the Norwegian
Sea from 2011 to 2018 may be explained by reduced ocean heat loss and
the advection of fresher Atlantic water into the Norwegian Sea (Mork
et al., 2019).

Furthermore, the high temperatures and salinities along the coast in
the 1990s were ascribed by Sztre et al. (2003) to an increase of Atlantic
inflow in the late 1980s and early 1990s combined with a strengthening
of the North Atlantic Oscillation (NAO). Ten years later (2000-2009),
Albretsen et al. (2012) report an increase in temperature of more than
0.6 °C (compared with the mean for 1961-1990) along the Norwegian
coast both for surface and deeper (200m) waters. Observations of
negative trends in the annual maximum density at most hydrographical
stations along the coast of Norway suggest that the renewal frequency of
the basin waters of many Norwegian fjords may have been reduced
during the last 30 years, leading to steady declines in oxygen (Darelius,
2020). If the trend of deoxygenation continues in fjords, then this will
impact fjord ecosystems and negatively impact the fish farming sector.

5.3.4. Summary of temporal influences on hypoxia in fjords of western
Norway

The main influences on hypoxia in fjords of western Norway are: (1)
renewal frequencies of basin water below sill depth; (2) the amount of
particulate organic matter (POM) and consumption from biological ac-
tivity; and (3) vertical turbulent diffusivity (Aure and Stigebrandt, 1989;
Aksnes and Lie, 1990). Renewal of fjord basin waters is mainly driven by
tidal circulation, diapycnal mixing, the cross-sectional area at the sill,
the sill depth and the basin depth below the sill (Aure and Stigebrandt,
1989; Seetre et al., 2010). Renewals occur in the spring—summer season
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when the North Atlantic Water (NAW) is shallow. The wedge-shaped
Norwegian Coastal Current (NCC) overlaying the NAW is deep and
narrow during winter and wide and shallow during summer, and the
dynamics of these water masses are driven by monsoon-like wind pat-
terns along the Norwegian coast (Sztre et al., 1988); with winds from
the south-west dominant in the winter and winds from the north
dominant in April-August.

The warming of the interior of the North Atlantic Ocean has, through
increased stratification and reduced ventilation, contributed to recent
deoxygenation of the mesopelagic zone of Masfjorden, a typical west
coast Norwegian fjord. Aksnes et al. (2019) suggest that the North
Atlantic “Great Salinity Anomalies” in the 1980s, combined with
warming, have led to a decreased frequency of high-density water-in-
trusions and have thereby reduced the renewal rate of Masfjorden basin
water. Despite a gradual increase in salinity after 1980, the density of
the water at the sill depth has decreased due to increasing temperatures
(Aksnes et al., 2019). The probability of stagnation periods longer than
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10 years is now six times higher than before 1990 due to reduced density
at the sill depth (Darelius, 2020).

The recent warming along the Norwegian coast appears to be asso-
ciated with large-scale phenomena of the North Atlantic. Hydrographic
studies report high correlations with the NAO decadal cycle and pre-
cipitation (Szetre et al., 2003; Albretsen et al., 2012) and a simultaneous
trend of warming and freshening in the upper 1000 m attributed to
reduced ocean heat loss and the advection of fresher Atlantic water into
the Norwegian Sea (Mork et al., 2019). Since the circulation of fjord
basins is tightly connected with coastal water masses via tidal circula-
tion and coastal wind conditions (Sztre et al., 2003), future climate
changes in the North Atlantic will likely propagate into the fjords. A
continued decrease in the density of coastal water masses at fjord sill
depths may increase the probability of long stagnation periods with
implications of ongoing deoxygenation of fjord basin waters.
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5.4. Limfjorden Estuary

Hypoxia is widespread in the coastal zone of the Baltic Sea
(Fig. 5.4.1), with an estimated ~35% of all coastal ecosystems having
experienced hypoxia during 1955 to 2009 (Conley et al., 2011), and
with the overall frequency of hypoxia increasing. However, improved
oxygen conditions have also been observed in coastal ecosystems
receiving significant nutrient inputs from urban areas in the past after
their sewage treatment was upgraded, such as the inner Stockholm Ar-
chipelago (Norkko et al., 2012). Restricted water circulation is an
important feature for many of the hypoxic coastal ecosystems, especially
in the Swedish and Finnish archipelagos.

Phytoplankton growth stimulated by nutrient inputs from urban and
agricultural sources is the primary cause of hypoxia in most Baltic
coastal ecosystems. Hypoxia can be generated by local nutrient sources
enhancing productivity in the coastal ecosystem, or it can be imported
through advection of hypoxic bottom waters from deeper open areas,
where perennial or seasonal hypoxia prevails. This is typically the case
for coastal ecosystems in the outer archipelagos, experiencing spillovers
of hypoxic water from the central Baltic Sea, and some estuaries in the
western Baltic where strong westerly winds can drive seasonally hypoxic
water from the Danish Straits into shallower waters.

In the shallow Limfjorden estuary, hypoxic conditions are observed
nearly every year during the warm summer months; however, frequent
wind mixing breaks down stratification such that development of
persistent seasonal hypoxia does not occur (Conley et al., 2009b).
Nutrient inputs from the local watershed are the main cause of hypoxia
in the Limfjorden, and these nutrients sustain high productivity in the
system.

5.4.1. System description of Limfjorden

Limfjorden is the largest estuary in Denmark. It has two inlets, one
connecting to the North Sea to the west and the other connecting to the
Kattegat to the east. The area of the Limfjorden is 1 500 km? and the
catchment area is 7 500 km?, of which 62% is intensively farmed with a
high livestock density. Limfjorden consists of a mosaic of basins with
different nutrient status, and due to large nutrient inputs, the estuarine
system is highly eutrophic. The estuary has a mean water depth of 4.6 m
and consists of several shallow broads (up to 5-8 m deep) linked by
deeper channels (18-22 m). Stratification occurs following intrusions of
saline North Sea water through the western inlet that then propagate to
the other broads; stratification in the shallow areas is easily broken
down by wind mixing. The western part has broad shoals on both sides
of the central channel and is more exposed to wind than other basins
(Carstensen et al., 2007, 2013). The estuary has a large mussel fishing
industry based on bottom dredging, and the stones and shells that are
removed are not returned to the estuary resulting in alterations to the
bottom habitat.

Nutrient discharges to the Baltic Sea and to the Danish coastal waters
peaked in the 1980s (Carstensen et al., 2006). In the past two decades,
several nutrient management plans have been implemented and signif-
icant measures have been taken to reduce nitrogen and phosphorus
discharges. Overall nutrient inputs from Denmark since 1990 have been
reduced by ~50% for nitrogen (N) and 56% for phosphorus (P) (Rie-
mann et al., 2016) and the dominant phosphorus input from land
changed from point to diffuse sources (Krause-Jensen et al., 2012). Both
nutrient and chlorophyll concentrations have responded with
decreasing trends over the period from 1985 to 2008 for all basins in
Limfjorden (Krause-Jensen et al., 2012), although nutrient levels remain
high in many parts of the Limfjorden (Carstensen et al., 2013).
Furthermore, analysis of nutrient inputs from 1990 to 2017 show only
moderate long-term declines for N (Fig. 5.4.2a), but not for P
(Fig. 5.4.2b); however, major reductions occurred earlier in the 1980s
when most sewage treatment plants were upgraded (Krause-Jensen
et al., 2012).
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Fig. 5.4.2. Long-term nutrient loading to the Limfjorden from 1990 to 2016 for
(A) nitrogen (N) and (B) phosphorus (P).

5.4.2. History of deoxygenation

The first reports of oxygen deficiency in the Limfjorden date back to
around 1940, showing low oxygen concentrations in the same basins
that experience hypoxic conditions today. Water quality monitoring was
initiated in 1980 and since 2003 spatially extensive monitoring cruises
have been carried out with the aim to map the extent of hypoxia.
Enormous annual variation in the extent of hypoxic waters
(02 <2mgl™!) is observed in the Limfjorden (Fig. 5.4.3a). Hypoxia can
occur in early June and extend until early October, with large areas of
the sea bottom affected by hypoxia, particularly in the nutrient-rich
southeastern basins (Krause-Jensen et al., 2012). The maximum bot-
tom area affected by hypoxia during the period 2004-2017 varies be-
tween years by over an order of magnitude, ranging between 13 km? in
2015 and 282km? in 2011 (Fig. 5.4.3b). Although it appears that the
maximum extent of hypoxia has decreased through time, this trend is
partly due to reduced monitoring effort over time, which varied from
sampling almost every week in the earlier years to monthly surveys in
recent years. Annual reports on oxygen concentrations below the pyc-
nocline during stratified conditions show no long-term changes in oxy-
gen concentration (Hansen and Carstensen, 2019).

Examples of the appearance and disappearance of hypoxia show a
wide range of area covered during the summer months with no consis-
tent pattern in the geographic distribution of oxygen (Fig. 5.4.3b). Peak
hypoxia can occur in any summer month with the duration dependent
upon wind conditions. Carstensen et al. (2007) observed that Skive
Fjord, a small enclosed basin in the Limfjorden, was only stratified about
40% of the time due to the shallowness and the wind-exposed character
of its inlet.

5.4.3. Causes and consequences of deoxygenation

Hypoxia can develop within a few days after saltwater intrusions
cause the water column to stratify. While saltwater intrusions from the
North Sea are saturated in oxygen as they enter the Limfjorden, they also
form a thin bottom layer (~2-3 m) in the most productive basins. The
relatively small total oxygen content in the bottom layer offers little
resistance to the large sediment oxygen demand during the warm
summer months and consequently, bottom waters become deoxygen-
ated after a few days with calm winds and persistent stratification.
Moreover, this deoxygenated water mass can move around between
basins by shifting winds that are not sufficiently strong to mix the entire
water column. The Limfjorden ecosystem is sensitive to eutrophication
owing to its physical setting. It is possible that hypoxia occurred in the
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Fig. 5.4.3. Annual variation in the extent of hypoxic waters (O, <2mg1~') in the Limfjorden. A. Extent of hypoxic waters during different times of the year for
different years. The inset defines the maximum area of hypoxia observed during a particular year. B. Spatial variation in the extent of hypoxia in 2005, 2010 and

2011 demonstrating the strong variability in the coverage of hypoxic area.

past, before nutrient inputs started to accelerate in the 1950s (Conley
et al, 2007), but oxygen demands have increased with nutrient
enrichment rendering the ecosystem more vulnerable to hypoxia.
Hence, in the past it would likely require unusual meteorological con-
ditions for hypoxia to develop, whereas today meteorological conditions
supporting the development of hypoxia occur multiple times each
summer.

The connection between nutrient inputs and the poor ecological
status of the Limfjorden was realized in the 1980s, when the first
management measures to address eutrophication were taken. Due to
reductions in nutrient inputs from wastewater treatment plants in the
early 1980s, all basins in Limfjorden have responded with decreasing
trends in both nutrient and chlorophyll concentrations over the period
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from 1985 to 2008 (Krause-Jensen et al., 2012). However, oxygen
concentrations have not improved showing a small, albeit not signifi-
cant, decrease over time (Hansen and Carstensen, 2019). This unex-
pected result may be due to increasing temperatures enhancing
respiration and increasing the frequency of stratification (Riemann
et al., 2016). In fact, oxygen conditions would have been much worse
during the peak of eutrophication in the 1980s, if wind conditions and
stratification had been similar to that in more recent decades.
Increases in particulate inorganic matter have been observed from
enhanced sediment resuspension in response to the removal of blue
mussels by dredging and to declining eelgrass cover (Carstensen et al.,
2013). Although both blue mussels and eelgrass can sustain low oxygen
concentrations for days, it is also possible that severe events of hypoxia
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will affect these populations and therefore contribute to the observed
increase in sediment resuspension (Carstensen et al., 2013). Further-
more, nutrients stored in sediments are probably more easily mobilized
during resuspension events in the absence of blue mussel and eelgrass
populations.

Hypoxia under stratified conditions also leads to high accumulation
of inorganic nutrients in bottom waters in Limfjorden. These nutrients
can then sustain phytoplankton blooms in the surface after stratification
breaks down by wind. Carstensen et al. (2007) showed that the
magnitude of the surface blooms is significantly related to prior hypoxic
conditions.

Limfjorden has been a test case for the use of long-line mussel
farming as a mitigation tool in eutrophic coastal areas (Holmer et al.,
2016). Model analyses show that mitigation farming decreases chloro-
phyll a concentrations and increases Secchi depth, especially in the local
surroundings of the mussel farms (Timmermann et al., 2019). However,
nutrient regeneration from mussel farms is high and enhances nutrient
availability, primarily ammonium, and thereby increases the pool of
nutrients in the water column with the contribution increasing with
increasing biomass of the farmed mussels. In addition, sediment respi-
ration is enhanced showing a significant contribution of mussels to the
consumption of oxygen (Holmer et al., 2016). Hence, mussel farms may
overall reduce some of the symptoms of eutrophication in the estuary,
but they also concentrate organic sediment loading locally with rami-
fications for development of hypoxia and nutrient cycling.

Low oxygen concentrations leading to hypoxia enhance sediment—
water fluxes of ammonium and phosphate, increasing nutrient
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concentrations in the water column and stimulating additional phyto-
plankton production (Conley et al., 2007). Therefore, recommendations
are that mussels should be harvested within the first year of the pro-
duction cycle when the sediments change from a net sink of N due to
uptake of N in the sediments to a source of N to the estuary.

5.4.4. Future perspectives

Over-enrichment of nutrients leads to serious and negative effects on
ecosystems such as algal blooms, habitat loss, biodiversity changes,
fishery loss and bottom water oxygen depletion (Scavia and Yong,
2009). In addition, hypoxia reduces the ability of marine systems to bury
phosphorus or to lose nitrogen through denitrification (Asmala et al.,
2017). Changes and reductions in benthic communities after hypoxic
events alter the processing of organic matter within the sediments, and
by reducing sediment mixing by organisms and can lead to increases in
the anaerobic decomposition of organic matter. Repeated hypoxic
events, such as observed in Limfjorden, thus increase the susceptibility
of Danish waters to eutrophication and further hypoxia (Conley et al.,
2007).

Decades of fertilizer use have created nutrient legacies in the
catchment of the Baltic Sea and in its sediments. These nutrient pools
result in time lags between the implementation of conservation mea-
sures that reduce land-based nutrient loads and the expected improve-
ments in water quality (McCrackin et al., 2018); these delays can
frustrate efforts for a cleaner Baltic Sea.
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Fig. 5.5.1. Bathymetry of the (a) Benguela eastern boundary upwelling system and (b) St Helena Bay, and (c) along-shelf values of temperature, salinity and oxygen

on the 200 m isobath.
Adapted from Dingle and Nelson (1993)
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5.5. St Helena Bay

The Benguela eastern boundary upwelling system is partitioned into
northern and southern subsystems by a major upwelling cell off Liideritz
that creates a hydrographic disjuncture (Duncombe Rae, 2005). In the
northern Benguela subsystem, oxygen depletion is more severe and
widespread compared to that in the southern Benguela and this contrast
in the oxygen regime is evident from the progressive increase in bottom
oxygen values along the 200-m isobath south of the Liideritz upwelling
cell (Fig. 5.5.1; Dingle and Nelson, 1993). The greater severity in oxygen
depletion in the northern subsystem is largely dictated by differences in
the character and source of the waters that feed wind-induced upwelling
on the shelf to the north and south of the Liideritz discontinuity. North of
the Liideritz upwelling cell, sub-thermocline waters originate from the
oxygen-depleted Angola gyre, whereas south of Liideritz these waters
come from the interior of the well-ventilated Cape Basin (Duncombe
Rae, 2005). Consequently, in contrast to the northern Benguela which is
primed with remotely sourced low oxygen water, oxygen depletion in
the southern Benguela is primarily a function of local drawdown. Here,
oxygen-depleted waters are generally confined to the Namaqua shelf
where oxygen concentrations have been shown to be lowest in St Helena
Bay (Fig. 5.5.1; De Decker, 1970; Bailey and Chapman, 1985, 1991;
Monteiro and van der Plas, 2006; Jarre et al., 2015).

5.5.1. Bay setting within the southern Benguela

St Helena Bay is formed by Cape Columbine, a promontory that
modulates the seasonal upwelling process by influencing the across-shelf
structure in alongshore flow, thereby creating a zone of retention in the
lee of the Cape (Duncan and Nel, 1969; Holden, 1985; Penven et al.,
2000; Fawcett et al., 2008). Additionally, intensification of upwelling off
Cape Columbine, and the resulting cold water plume that forms off the
promontory, tends to create a dynamic boundary isolating bay waters
from the offshore domain (Penven et al., 2000). The resulting cyclonic
circulation and increased residence time within the bay gives rise during
the upwelling season to a strongly stratified, highly productive, two-
layer system, sustained with cold upwelled bottom water and a sun-
warmed surface layer (Waldron and Probyn, 1991).

The high productivity of St Helena Bay, and its isolation from the
shelf region through limited across-shelf exchange, lead to very high
levels of phytoplankton biomass within the bay particularly during late
summer and early autumn (Pitcher and Weeks, 2006; Weeks et al.,
2006). Increasingly stratified conditions at this time promote the suc-
cession of phytoplankton communities leading often to dinoflagellate-
dominated communities, which may accumulate nearshore forming
red tides following relaxation or reversal of upwelling favourable winds
(Pitcher and Nelson, 2006). Under conditions of persistent downwelling,
development of an inshore poleward counter-current on the Namaqua
shelf promotes alongshore delivery of these blooms into the southern
reaches of the bay (Pitcher and Probyn, 2011; Pitcher et al., 2014).
Within this environment of elevated primary production and high levels
of organic matter two conspicuous categories of oxygen depletion have
been identified with their own set of drivers and scales of variability,
namely: (1) seasonal sub-thermocline hypoxia-anoxia and (2) episodic
nearshore anoxia.

5.5.2. Seasonal sub-thermocline hypoxia-anoxia

Many investigations have reported the seasonal development of sub-
thermocline hypoxia in St Helena Bay that is attributed to the retentive
characteristics of the bay, to the high summer productivity in surface
waters and a corresponding high rate of sedimentation of labile organic
matter from these waters, and to summer stratification of the bay that
impedes the exchange of oxygen between surface and bottom waters (De
Decker, 1970, Bailey, 1991; Monteiro and van der Plas, 2006; Pitcher
et al., 2014). Isolation of bay from shelf waters as simulated using a
barotropic model (Penven et al., 2000), and as evident in the surface
distribution of phytoplankton (Pitcher and Nelson, 2006), is also

55

Progress in Oceanography xxx (xxxx) xxx

apparent in the bottom oxygen regime in that bay waters are clearly
more depleted of oxygen than mid-shelf waters (Pitcher et al., 2014).
These observations are considered indicative of local drawdown rather
than that of advective exchange and the markedly different relationship
between oxygen and temperature within and outside the bay further
reinforces the notion of local depletion (Pitcher et al., 2014; Lamont
et al., 2018). Spatially, the seasonal depletion of bottom oxygen is most
evident in the southern reaches of the bay coincident with the highest
surface chlorophyll a concentrations (Pitcher and Probyn, 2017). In
these high chlorophyll a areas, retention as a function of cyclonic cir-
culation is at a maximum and the consistently lower oxygen concen-
trations in this part of the bay are also responsible for a local shift in
biogeochemical cycling. Only in this region of the bay is there evidence
of fixed-N loss via denitrification and/or anammox with a resulting clear
nitrate deficit in autumn (Pitcher and Probyn, 2017).

A high resolution time series of bottom oxygen in the southern region
of the bay at 50 m depth for 2013-2014 showed that the seasonal decline
in oxygen concentration is marked by sharp sub-seasonal variability.
This subseasonal variability reflects events of hypoxia or anoxia that are
often associated with periodic deposition of organic matter, as indicated
by coincident increases in bottom chlorophyll a concentrations (Pitcher
and Probyn, 2017). The deposition of fresh organic matter as indicated
by large spikes in bottom fluorescence is considered indicative of rapid
vertical flux to the sediment and alludes to abrupt termination of
blooms. A more recent time series of temperature, oxygen and chloro-
phyll a from the same locality for July 2016 — June 2017 similarly de-
picts many of these sub-seasonal variations (Fig. 5.5.2). The elevated
bottom temperatures (>11 °C) and oxygen concentrations (>2 ml 1’1)
characteristic of winter, decline with the transition to spring, and an
increasingly stratified environment forced by the incursion of cold
bottom waters and sun-warming of surface waters. The hypoxic condi-
tions that consequently characterize most of spring and summer are
interspersed with events of anoxia clearly linked with periodic increases
in bottom water chlorophyll a concentrations. Two such events leading
to anoxia are evident during the course of the 2016-17 upwelling sea-
son, one in spring (late September — early October) and the other in
autumn (March) (Fig. 5.5.2). These events were separated by several
similar events, but of lesser magnitude, while the second event was
followed by a period of sustained anoxia. Bottom waters are abruptly
ventilated by deep mixing with the onset of winter (June), as revealed by
a coincident increase in bottom temperatures (Fig. 5.5.2).

5.5.3. Episodic nearshore anoxia

A category of episodic oxygen-deficiency is recognized in association
with high biomass dinoflagellate blooms in the nearshore waters of St
Helena Bay (Pitcher and Probyn, 2011, 2012, 2016; Pitcher et al., 2014;
Pitcher and Jacinto, 2019). The blooms are known as red tides and the
northern shores of St Helena Bay are often subject to these blooms where
they accumulate under conditions of downwelling during late summer
and autumn (Pitcher and Probyn, 2011, 2012; Pitcher et al., 2014).
These events have often been associated with large marine mortalities
and have also been found to coincide with corrosive low pH conditions
and, in some cases, with the production of hydrogen sulphide (HS)
(Matthews and Pitcher, 1996; Pitcher and Probyn, 2012).

Overnight development of anoxia in St Helena Bay has been shown to
be achievable owing to the exceptional rates of respiration of these
blooms due to their magnitude and the inherently high respiration rates
of dinoflagellates (Pitcher and Probyn, 2016). Night-time respiration
rates of 1.71 ml 1" h™! have been recorded and far exceed replenishment
via air-sea exchange, and result in the subsequent removal of oxygen
from the entire water column within a few hours of sunset. Bloom
senescence and its subsequent decay within the confines of shallow, low
volume, nearshore environments also lead to the complete stripping of
oxygen from the water column. Nutrient stressors are considered
important in driving bloom-to-post-bloom transitions important in
determining the biogeochemical fate of the bloom and the onset of
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Fig. 5.5.2. A time series of (a) bottom temperature and oxygen, and (b) bottom oxygen and chlorophyll a in St Helena Bay at 50 m depth from 1 July 2016 to 30 June
2017 (data from Department Forestry, Fisheries and Environment, South Africa provided by Grant C. Pitcher).

anoxia (Pitcher and Probyn, 2016). Concurrent measurements of nu-
trients and nutrient uptake within red tides have shown that nutrient
concentrations are unlikely to meet the demands of these blooms.
Nutrient inaccessibility, particularly during periods of extended down-
welling when sub-thermocline nutrients are unavailable, is therefore
likely to trigger cell death and bloom mortality thereby fueling the mi-
crobial food web and the consumption of oxygen (Pitcher and Probyn,
2011).

Observations of anoxia attributed to the dinoflagellate Prorocentrum
triestinum in St Helena Bay in February 2015 demonstrate the scales of
variability associated with such events (Fig. 5.5.3; Ndhlovu et al., 2017).
The bloom distribution and magnitude was captured by satellite ob-
servations of ocean colour, and profiles of oxygen at four stations
demonstrate the extreme variability of oxygen concentrations between
stations and throughout the water column. Warm surface waters with
high biomass characterized all of the stations. Anoxic conditions were
evident through the entire water column at the shallow inner station a,
anoxic surface waters were found to overlay oxygenated deeper waters
at station b, near-surface and bottom hypoxia were evident at station c,
while station d was characterized by saturated oxygen concentrations at
the surface and bottom water hypoxia (Fig. 5.5.3). This extreme vari-
ability is dictated by bloom patchiness, varying metabolism (oxygen
production/consumption) and ultimately bloom senescence leading to
high microbial respiration and a rapid transition from net autotrophy to
net heterotrophy.
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5.5.4. The superposition of drivers of hypoxia-anoxia

Multiple mechanisms drive oxygen depletion in St Helena Bay and
their importance vary somewhat between the two categories of seasonal
sub-thermocline depletion and episodic nearshore depletion. The extent
and rate of development of hypoxia and anoxia is always a function of
competing physical and biogeochemical processes with the trade-off
between flushing and respiration clearly important. The superposition
of processes, some additive and others subtractive in the net outcome of
hypoxia or anoxia, makes attribution to any particular mechanism
challenging. Although oxygen depletion results from the sum of a
number of processes serving in the direct production or consumption of
oxygen, these processes are indirectly controlled by a complex interplay
of hydrographic and biological factors.

Upwelling-supplied nutrients are fundamental in determining the
high productivity of St Helena Bay; however, coastline configuration
and the resulting three-dimensional circulation are equally important in
creating a zone of retention of high biomass (Pitcher and Nelson, 2006).
Through the generation of a cyclonic eddy within the bay, retention also
serves to increase residence time and reduce flushing of the bay by ox-
ygen replete shelf waters (Pitcher et al., 2014). Further, the development
of strongly stratified bay waters within the wind shadow of Cape
Columbine serves both to reduce the ventilation of bottom waters and to
promote the development of red tides, in that the growth of di-
noflagellates is favoured in a low turbulence environment (Figueiras
et al., 2006). Finally, periods of relaxation of upwelling are required for
the development and concentration of nearshore red tides, and the
manifestation of an inshore poleward counter current during periods of
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Fig. 5.5.3. Positions of four stations (a, b, ¢, d) sampled in St Helena Bay during the presence of an exceptional bloom of the dinoflagellate Prorocentrum triestinum as
captured in the satellite image from the NASA EOS-Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) on the 12 February 2015 and depicted by the
Normalized Fluorescence Line Height product (left panels; scale units mW cm? pm'l sr')). Profiles of temperature (blue), Chlorophyll a (green) and oxygen (purple) at
stations (a) and (b) on 10 February 2015, and (c) and (d) on 11 February 2015 depict extreme variability both between stations and through the water column
(adapted from Ndhlovu et al., 2017). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

downwelling further concentrates these blooms within the confines of
the bay (Pitcher and Nelson, 2006).

Ultimately, all oxygen consumption is driven by the supply of
organic matter and bloom senescence is an important process in fueling
this supply. In the episodic events of anoxia linked to red tide, the
respiration of organic matter by microbes and microzooplankton is
shown to far exceed oxygen supply through air-sea exchange (Pitcher
and Probyn, 2016). This is a function of the extraordinary amounts of
phytodetritus produced by these blooms and the small volume of water
from which oxygen needs to be consumed in shallow nearshore envi-
ronments. For the development of seasonal hypoxia or anoxia in bottom
waters, the rate of sedimentation of labile organic matter and the
resulting consumption of oxygen through its degradation by microbial
respiration needs to exceed the supply of oxygen from surface waters.
Supply from surface waters is dictated by the strength of the thermocline
and from the advection and subsequent retention of shelf waters into the
bay. Oxygen consumption in bottom waters appear closely linked to sub-
seasonal events of elevated deposition of organic matter as indicated by
spikes in bottom chlorophyll a concentrations (Pitcher and Probyn,
2017). These spikes in bottom fluorescence are considered indicative of
rapid vertical flux dictating rapid increases in oxygen utilization and
imply abrupt termination of blooms in response to one or another
stressor. The observations in St Helena Bay thereby serve to demonstrate
the increasing relevance of biological, as opposed to hydro-physical,
drivers of low oxygen with increasing productivity and production of
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organic matter. Within the spectrum of physical versus biological con-
trol, the episodic events of anoxia associated with red tides represent the
extreme in biological control of oxygen depletion.

5.5.5. Known trends and susceptibility to further deoxygenation

The response of eastern boundary upwelling systems to climate
change is likely to include an increase in upwelling owing to intensified
winds driven by increased temperature differences between land and sea
(Bakun, 1990; Sydeman et al., 2014). The likelihood of increased up-
welling in the southern Benguela is further supported by predictions of a
poleward shift in atmospheric high pressure systems that will strengthen
upwelling winds at high latitudes (Rykaczewski et al., 2015; Wang et al.,
2015). The timing, evolution, intensity and duration of coastal upwell-
ing all have important ecosystem consequences, as demonstrated by
year to year differences in winds in the St Helena Bay region and their
influence on upper-ocean warming, stratification, productivity and the
development of red tides (Pitcher et al., 2014). The observations of high
bay productivity and a higher prevalence of red tides during years of
increased cumulative wind stress suggest a greater risk of declining
oxygen concentrations with intensified upwelling.

Several assessments of long-term changes in bottom oxygen con-
centrations in St Helena Bay have been undertaken. Hutchings et al.
(2009) reported a long-term decline in oxygen concentrations in sub-
thermocline waters of St Helena Bay of about 1 ml1~! over the period
1961-2007 and this decline in oxygenated waters was implicated as the
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cause of a southward shift in the distribution of rock lobster (Cockcroft
et al., 2008). However, in extending this time series back to 1957,
Hutchings et al. (2012) claimed only a muted biogeochemical response
to climate in sub-thermocline waters, and attributed changes in oxygen
concentrations to marked decadal variability. Pitcher et al. (2014)
considered these time series to be compromised by temporal and spatial
biases, and in undertaking a comparison of data collected at similar
intervals and from stations of close proximity, between 1957 and 1962
and 2008-2011, was unable to detect any notable change in bottom
oxygen concentrations. These studies demonstrated the very clear need
for implementation of a consistent sampling protocol with respect to
sampling intervals and station locations to enable meaningful analyses
of trends. Nevertheless, in the absence of any detected change in bottom
oxygen concentrations, it is likely that the decline of rock lobsters on the
west coast be attributed to an increase in events of episodic anoxia due
to an increased occurrence of red tides (Augustyn et al., 2018).

5.6. Changjiang and Zhujiang estuaries

There are many sites along the coast of mainland China where
hypoxia has been observed but these observations are seldom reported
in the scientific literature. Terrestrial input typically plays an important
role in the development of hypoxia at these sites ultimately effecting
ecosystem functions. Consequently, the largest areas of hypoxia along
the coast of China are found in regions impacted by large river systems.
The two largest rivers in China, as measured by annual water discharge,
are the Changjiang (Yangtze River) and Zhujiang (Pearl River). Both
exhibit hypoxia within their respective estuaries (Fig. 5.6.1a). The
Changjiang flows into the East China Sea (and partially into the southern
Yellow Sea), and the Zhujiang (including parts of the lower reaches of
the Humen outlet, the Lingding Yang and waters off Hong Kong) flows
into the northern South China Sea (Fig. 5.6.1b,c). Another well-known
large river is the Huanghe (Yellow River) that empties into the Bohai,
where decreasing oxygen concentrations have also been reported in
recent years (Zhai et al., 2019).

5.6.1. Comparison of the Changjiang and Zhujiang estuaries

Both the Changjiang and Zhujiang are subject to high-levels of
freshwater runoff with high sediment loads. The coastal environments
off the Changjiang and Zhujiang are also highly eutrophic, and charac-
terized by very high dissolved inorganic nitrogen (DIN) relative to
phosphate (DIP) (Table 5.6.1). Consequently N:P ratios for both river
systems are extremely high (Yin et al., 2001). The Changjiang River is
very turbid, and plumes of water off the river mouth with high total
suspended matter (TSM) result in a strongly light limited environment.
The turbidity of the Zhujiang is much lower, as is evident from the lower
annual sediment discharge of 26.9 x 10° ton versus 152 x 10° ton for
the Changjiang (Table 5.6.1). For the Changjiang Estuary, phyto-
plankton growth is at a maximum and high concentrations of chloro-
phyll a are evident in the waters beyond the turbid light-limited river
plume but inshore of the nutrient-limited offshore oligotrophic waters (i.
e., between 122.5°E to 123.0°E; Zhu et al., 2009). This area of high
chlorophyll is influenced by Changjiang Diluted Waters (CDW) and re-
ports of algal blooms in the estuary and adjacent East China Sea have
increased dramatically since 1985 from <5 per year in the 1980s to over
50 per year in the 2000s (Wang, 2006). Owing to the combined effects of
high river discharge in summer and the dominance of southwesterly
winds induced by the East Asia Monsoon, the impact of the Changjiang
waters can extend as far as Cheju Island, about 400 km from the river
mouth, where the salinity can decline to < 30 in surface waters (Lie
et al., 2003).

Hypoxia typically occurs off the Changjiang Estuary in August each
year, with the first records dating back to the 1950s, when the hypoxic
zone was around 1 900 km? (Data of the national integrated oceano-
graphic survey, 1961). Later in the 1970s, a low oxygen area was
identified in the southern Yellow Sea with oxygen concentrations as low
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Fig. 5.6.1. (a) The location of China’s two largest estuaries (b) the Changjiang
and (c) the Zhujiang. Demarcated areas of hypoxia (O, <2mgl™!) are labeled
by year/month. For plot b, blue and hollow arrows indicate the flow directions
in surface and bottom layers, respectively. CDW = Changjiang Diluted Water;
TCWW = Taiwan Current Warm Water. Modified from Zhu et al. (2011). For
plot ¢, the arrow indicates summer flow in the offshore region (SCSWC = South
China Sea Warm Current). For the Lingding Yang region flow patterns are
strongly influenced by the tides, undergoing reversals as determined by the
tidal phase. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Table 5.6.1
A comparison of the Changjiang and Zhujiang.
Units Changjiang Zhujiang

Basin area 10° km? 1.94 [1] 0.45 [2]
Population billion 0.4 [1] 0.09 [2]
Annual water discharge 10° m® 970 [1] 395 [2]
Annual sediment discharge 10° ton 152 [3] 26.9 [3]
Silica (summer) uM 150 [4] 115 [5]
Nitrate (summer) uM 100 [4] 90 [5]
DIP (summer) uM 1.5 [4] 0.6 [5]

(1) The Changjiang water resources bulletin (2015).
(2) The Peal River water resources bulletin (2016).
(3) China River Sediment Bulletin (2016).

(4) Zhang et al. (2007).

(5) Yin et al. (2001).
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Fig. 5.6.2. Hypoxic zone area in the Zhujiang Estuary (PRE) and off the
Changjiang Estuary (CE). Note the x-axis is not proportional. Data source, for
CE: 1959 (Office of integrated oceanographic survey, 1961), 1981 (Limeburner
et al., 1983), 1988 (Tian et al., 1993), 1998 (Wang and Wang 2007), 1999 (Li
et al., 2002), 2002 (Wang, 2009), 2003 (Wang, 2009), 2005 (our unpublished
data), 2006 (Zhu et al., 2011), 2011 and 2013 (Zhu et al., 2017); for PRE: 2011
(Yin et al., 2004; Qian et al., 2018).

as 1.8 ml1~! in near-bottom waters (Gu, 1980). During the 1980s and
1990s, further studies identified areas of hypoxia (Limeburner et al.,
1983; Tian et al., 1993), although the exact areas were not determined.
Increased attention was given to hypoxia off the Changjiang Estuary in
the late 1990s, and in 1999 the area of hypoxia was determined to be
13.8 x 10% km? (Li et al., 2002). By 2006, the area of hypoxia had
increased to 15.4 x 10° km? (Zhu et al., 2011) and was similarly large in
2013 at 11.2 x 10® km? (Zhu et al., 2017) (Fig. 5.6.2). The oxygen
minimum decreased over the three major hypoxic events from
0.96 mg17! in 1999 and 0.94 mg 1~ in 2006 to 0.73 mg1~! in 2013 (Zhu
et al., 2017). The East China Sea has a wide continental shelf with a
strong tidal influence, and high-frequency measurements over 25h in
summer showed a sinusoidal signal in bottom oxygen, with a period of
12-13.5h that was close to the tidal period (i.e., 12.5h) (Zhu et al.,
2017). The influence of the tide was nevertheless unable to alleviate
bottom hypoxia, largely due to the bottom topography and the strongly
stratified conditions forced by the buoyancy of the river plume. More-
over, the center of hypoxia is typically located in the area where the
residual current is slowest (i.e., the net transport due to tidal currents is
at a minimum) (Zhu et al., 2016).

Hypoxia in the Zhujiang Estuary is located at a shallower depth
(10-30m) than the hypoxia off the Changjiang Estuary (20-50 m)
(Fig. 5.6.1b,c). Hypoxia in the Zhujiang Estuary is also much smaller in
extent, is located much closer to the mainland and islands, and may even
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occur in the river channel in the upper reaches of the estuary (Humen
outlet; Fig. 5.6.1c) in winter (Dai et al., 2006). The summer hypoxia near
Lantau Island (Fig. 5.6.1c) is similar in character to hypoxia offshore of
the Changjiang Estuary, and may extend into the East China Sea and
Yellow Sea (Yin et al., 2004). Observations in the Zhujiang Estuary and
adjacent offshore region between 1990 and 2000 showed that bottom
oxygen concentration was low, but usually >2mg1~L. Only one station
located in the region of maximum turbidity showed bottom oxygen
concentrations <2 mg 1! (Yin et al., 2004). After 2000, an increasing
number of hypoxic sites were reported in the Zhujiang Estuary and
adjacent coastal environment, including both the Estuary head (the
Humen outlet) and downstream of the Zhujiang Estuary in the Lantau
Island area off Hong Kong (Fig. 5.6.1c¢) (Dai et al., 2006). In the vicinity
of the Humen outlet, oxygen concentrations of <2 mg1~! were observed
and in the dry season (February) conditions were close to anoxic (Dai
et al., 2006; Harrison et al., 2008). Downstream of the Zhujiang Estuary
off Hong Kong, hypoxic bottom waters have been recorded with an
oxygen minimum as low ~1 mg 17! (Qian et al., 2018). Overall, hypoxia
in the Zhujiang Estuary is less extensive, but more persistent than the
hypoxia associated with the Changjiang Estuary in that, during the dry
season, the hypoxia in the Zhujiang is located in the upper reaches of the
estuary and in the wet season hypoxia is located in the lower reaches of
the estuary. Monthly observations between 2010 and 2011 showed the
presence of hypoxia in the lower estuary off Hong Kong with an area ~1
000 km? (Qian et al., 2018) (Fig. 5.6.2).

5.6.2. Mechanisms important in the development of hypoxia
Stratification of the water column is the basic physical attribute that
drives hypoxia in both the Changjiang and Zhujiang estuaries (Zhu et al.,
2016). For this reason, hypoxia in both estuaries occurs primarily in
August, when water column stratification is strongest, while hypoxia is
absent off the Changjiang in the dry and windy winter season (Zhu et al.,
2017; Qian et al., 2018). Circulation is also important in controlling
hypoxia and determines the residence time of bottom waters. For the
Changjiang Estuary, the estimated bottom water residence time is
11 days, whereas for the Zhujiang Estuary the estimated residence time
(for the area close to Lantau Island) is shorter at 3-5 days (Rabouille
et al., 2008). These residence times are both considerably shorter than
those of many other areas of coastal hypoxia, including the Gulf of
Mexico where the estimated residence time is 95 days (Rabouille et al.,
2008). Consequently, hypoxia in the Gulf of Mexico is found to be more
stable than that off the Changjiang (Zhu et al., 2017) and Zhujiang es-
tuaries (Qian et al., 2018). In the Chinese estuaries, wind and cyclones
can temporally erode water column stratification and thereby ventilate
bottom waters, but following these events, stratification is readily re-
established and bottom hypoxia can again develop within two weeks
(Ni et al., 2016). Bottom topography is also considered to play a major
role in the development of hypoxia, particularly in the submerged and
old river valley off the Changjiang (Fig. 5.6.1b; Wang, 2009), where
water is more isolated and not easily renewed or replaced. However, the
bottom topography of the main zone of hypoxia further to the north is
rather featureless (with area over 15 400 kmz; Fig. 5.6.1b) and conse-
quently has a limited influence on the distribution of the hypoxic zone.
Kuroshio waters that intrude onto the shelf of the East China Sea
determine the background oxygen concentrations of the Changjiang
Estuary and its adjacent marine environment (Qian et al., 2017). These
bottom oxygen concentrations of ~4.7 mg1~! are much lower than the
saturated oxygen levels (~8 mg 17!) in the surface waters. Despite the
high input of terrestrially sourced organic matter, microbial respiration
of the organic matter formed by enhanced marine primary production,
attributed to eutrophication, is the dominant consumer of bottom oxy-
gen resulting in hypoxia (Wang et al., 2016; Wang et al., 2017). Based on
two independent isotope fractionation models that quantified the iso-
topic distillation of dissolved oxygen concentration and its 5'20, the
mean contributions of water column respiration and sedimentary
respiration to total near-bottom oxygen utilization were calculated as 53
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and 47%, respectively (Zhou et al., 2021). Beneath the pycnocline water
column respiration contributions to total oxygen utilization increased
with increasing oxygen utilization. Consequently, under hypoxic con-
ditions water column respiration was shown to be the major oxygen
consumption mechanism and therefore plays a vital role in driving the
depletion of oxygen off the Changjiang Estuary. A high resolution time
series of oxygen from a bottom-mounted sensor has shown that bottom
hypoxia can develop within relatively short periods (e.g., two weeks) in
summer and is closely related to patterns of stratification (Ni et al.,
2016). Every increase or decrease in oxygen was associated with a
weakening or strengthening of stratification. Consequently, bottom ox-
ygen and wind mixing were significantly correlated with oxygen lagging
wind by 33 h. Strong wind was shown to play a dual role in determining
bottom oxygen concentrations. Wind induced mixing was able to
ventilate bottom waters but also enhanced subsequent phytoplankton
bloom development following the enrichment of surface waters (due to
wind-driven vertical mixing). As a result, higher rates of organic depo-
sition followed during ensuing periods of stratification, thereby accel-
erating the development of hypoxia (Ni et al., 2016).

The coupling of bottom oxygen depletion and nutrient regeneration
in the northern and southern regions (separated by 30.5°N) of the
hypoxic zone off the Changjiang Estuary are distinctly different. In the
southern region, apparent oxygen utilization and regenerated nutrients
follow the Redfield ratio, whereas in the northern region there is a clear
deviation from the Redfield ratio (Zhu et al., 2011). This difference in
biogeochemical coupling is repeatedly observed each summer (Zhu
et al., 2017). Possible reasons include differences between regions in the
stoichiometry of deposited organic matter and in the removal or addi-
tion of nutrients by lateral advection or exchange at the sediment-water
interface. Note that there is upwelling in the southern region, whereas
upwelling is much weaker or absent in the northern region. Further,
because hypoxia off the Changjiang Estuary is recurrent and occurs
repeatedly within a single summer (Ni et al., 2016), nutrient regenera-
tion and hence cycling is much greater.

For the Zhujiang Estuary, while extended periods of hypoxia are rare
in Hong Kong waters, episodic events have been reported during late
summer due to factors such as low wind, high rainfall and high river
discharge that result in strongly stratified waters with dampened verti-
cal mixing (Yin et al., 2004; Dai et al., 2006). As is the case in the
Changjiang Estuary, summer upwelling and regional circulation trans-
port relatively low oxygen bottom waters (3—4 mg 1~?) into the Zhujiang
Estuary and this increases the potential for hypoxia (Harrison et al.,
2008). The development of low oxygen in this region is coupled to the
presence of phytoplankton blooms in the surface waters (Qian et al.,
2018). However, terrestrial organic matter is also considered an
important source of organic matter (as high as 35%) contributing to the
generation of bottom hypoxia (Su et al.,, 2017). In the head of the
Zhujiang estuary in the Humen outlet area, nitrification also plays an
important role in depleting oxygen in the water column (Dai et al., 2006;
Harrison et al., 2008).

The location of the hypoxic zone off the Changjiang Estuary is also
reported to be moving northward (Fig. 5.6.1b) (Zhu et al., 2011). Given
that the tidal excursion (the distance that water travels under tidal
impact) is longer in the northern region (north of 30.5°N; Fig. 5.6.1b)
relative to that in the southern region, the impacts to the benthic
ecosystem off the Changjiang Estuary may be greater (Zhu et al., 2017).
Eutrophication is a key cause for coastal and estuarine hypoxia, and it is
well established that eutrophication of the water bodies draining into
the Changjiang has been increasing for the past several decades (Zhang
etal., 1999; Yan and Zhang, 2003). Furthermore, preserved sedimentary
phytoplankton pigments indicate that mild eutrophication may have
been taking place since 1855 or possibly even earlier (Zhu et al., 2014).
As a result, the reported areas of the hypoxic zone off the Changjiang
Estuary have increased in recent decades, exceeding 10 000 km? in some
years (Fig. 5.6.2); for comparison, hypoxia at various localities in the
Zhujiang Estuary has recently been estimated as a combined area of ~1
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000 km? (Fig. 5.6.2).

Finally, it has been suggested that nutrient ratios (N/P and N/Si) in
the Changjiang estuary have changed during the last few decades (Zhang
et al., 2007), and that dinoflagellates now play a more important role in
the estuary and adjacent East China Sea (Zhu et al., 2014; Tang et al.,
2006). Dinoflagellate-derived organic matter is hence expected to play
an increasingly important role in the consumption of bottom oxygen.
With respect to the Zhujiang, nutrient loads and ratios are also likely to
change over the next several decades (Harrison et al., 2008) and these
changes and their impact on hypoxia off both the Changjiang and
Zhujiang Estuary require further study.

5.7. Tokyo and Osaka bays

Many Japanese embayments have experienced severe cultural
eutrophication due to economic growth and expanding human pop-
ulations and this has resulted in increasing depletion of oxygen in their
bottom waters (Diaz and Rosenberg, 2008; Yasuhara et al., 2012;
Yanagi, 2015b; Breitburg et al., 2018). Among these embayments,
Tokyo Bay and Osaka Bay have been intensively studied in terms of their
history of eutrophication and deoxygenation.

5.7.1. Tokyo Bay

Tokyo Bay is the largest bay in Japan in terms of the population of its
catchment area, which includes Tokyo, the capital and the largest city of
Japan (Furukawa, 2015). Approximately 28 million people live in the
catchment area of Tokyo Bay (7 600 km?), having increased from ~10
million in 1950. This is almost double the population of the Chesapeake
Bay (USA) catchment area. Tokyo Bay is an enclosed bay with a surface
area of 1 400km? and an average water depth of ~15m. The inner
northeastern part of the bay is shallow, <20m water depth, but a
channel runs south from the central bay gradually deepening to ~600 m
at the bay mouth. Surface water temperature ranges from ~10 to 27 °C,
and surface salinity varies from ~15 to 33, with more stable subsurface
salinities (at 10 m) ranging mostly from ~30 to 33 (Ramaiah and Fur-
uya, 2002; Kubo et al., 2019). The tidal range is ~1.5 m. The freshwater
input into Tokyo Bay is ~400 m® s™! (Furukawa, 2015), and two major
rivers, the Edo and Ara Rivers, provide ~50% of the total freshwater
supply to the bay (Furukawa and Okada, 2006). Seawater exchange with
the ocean is dominated by estuarine circulation, and the residence time
is about 20-30 days during summer (Sato et al., 2012; Yanagi, 2015a).
Since the 1950s, Tokyo Bay has suffered various environmental prob-
lems with serious impacts on the ecosystem because of rapid industrial
development and increasing human population (Matsumoto, 1981,
1983; Matsumoto and Saito, 1984).

Eutrophication and the resulting deoxygenation of bottom waters
has been one of the most serious outcomes of development and eco-
nomic growth, with an increase in algal blooms in the form of red tides
and blue tide events (caused by the presence of colloidal sulfur formed
by the oxidation of sulfides) following the upwelling of hypoxic bottom
waters. In addition, ~90% of the natural tidal flats of the bay have been
lost to coastal development over the last 100 years. Consequently, loads
between 1950 and 1980 increased from ~200 to ~500 tons d! for
chemical oxygen demand (COD), from ~80 to ~250 for total phos-
phorus (TP) and from ~10 to ~30 for total nitrogen (TN). However,
subsequent to these peaks in the 1970s and 1980s, these loadings sub-
sequently decreased to nearly the 1950 values (~200, ~100 and ~10 in
2001), owing to improved sewage treatment and more stringent legis-
lation and environmental management. Nevertheless, since 1980, Tokyo
Bay has consistently been subject to 3-4 months of bottom water hyp-
oxia each summer that is mostly driven by eutrophication. Typically,
hypoxic bottom waters cover the major part of the inner bay (Ando et al.,
2005). Blue tides that follow the upwelling of this hypoxic bottom water
are also associated with periodic events of hydrogen sulphide poisoning
of marine organisms. Modeling studies have indicated that wind stress,
river discharge and the intrusion of oceanic water are important in
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determining the seasonal dynamics of bottom water oxygen (Nakayama
et al., 2010; 2013; Sato et al., 2012).

The key controls on bottom water oxygen concentrations are: (1)
freshwater discharge; (2) northeast winds; (3) southwest winds; and (4)
strong southwest winds (Nakayama et al., 2010). The tendency is for
northeast winds to enhance exchange with the deep ocean (Nakayama
etal., 2010). These winds, assisted by freshwater discharge into the bay,
enhance estuarine circulation by increasing surface outflow, which is
compensated by the intrusion of deeper oceanic waters that maintain
high oxygen concentrations in the bay’s bottom waters. In contrast,
persistent southwest winds tend to suppress estuarine circulation and
the exchange of oceanic waters, and thus, contribute to the onset of
hypoxia (Nakayama et al., 2010). However, strong southwesterly winds
above a threshold of 10 m s™! cause rapid recovery from hypoxia due to
the mixing of the inner bay water with oceanic water (Sato et al., 2012;
Nakayama et al., 2010, 2013). Further, the recovery of oxygen con-
centrations is shown to be a function of the duration of these strong
winds and of the antecedent oxygen concentrations.

Observational studies from repeated measurements from the bay
head to bay mouth have been informative in describing oxygen distri-
butions in response to the intrusion of oceanic waters (Fig. 5.7.1; Fuji-
wara and Yamada, 2002). The intrusion of dense oceanic water forces
the bottom hypoxic waters to the northern bay head, where they are
lifted to intermediate depth to form a subsurface hypoxic water mass in
the region of the pycnocline. In summer, these subsurface hypoxic wa-
ters may spread out along the pycnocline towards the southern outer
part of the bay (Fig. 5.7.1, top panel). When the dense oceanic bottom
waters retreat from the bay, oceanic water may flow in at intermediate
depth by way of compensation forming a 3-layered structure. At this
time the bottom hypoxic water mass is shifted from the center of the bay
towards the mouth of the bay (Fig. 5.7.1, bottom panel; Fujiwara and
Yamada, 2002).

5.7.2. Osaka Bay

Osaka Bay is an enclosed bay with an ellipsoidal shape, being
~60 km in length and ~30 km wide, with a tidal range of ~1 m. The bay
surface area is ~1 500 km? and the average water depth is ~20 m. The
Yodo River is the main source of freshwater flowing into the bay. Osaka
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Fig. 5.7.1. Schematic illustration of circulation in Tokyo Bay and the corre-
sponding movement of hypoxic water (grey area): top panel, intrusion of
oceanic water into the bottom layer and development of subsurface hypoxic
water; and bottom panel, withdrawal of the oceanic water and accompanying
displacement of the hypoxic water towards the bay mouth (Fujiwara and
Yamada 2002).
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City, located within the catchment area of Osaka Bay, is one of the
largest cities in Japan with a population of ~2.7 million. Like Tokyo
Bay, Osaka Bay has experienced various environmental problems
attributed to coastal development and expanding populations within the
catchment area (Yasuhara et al., 2007; Yanagi, 2015c).

Environmental monitoring in the inner bay has provided an over-
view of the present status and of changes in the bay since the 1970s
(Figs. 5.7.2 and 5.7.3). These changes have included high chemical
oxygen demand and total phosphorus values and low bottom water
oxygen concentrations particularly during the summer in the inner
northeastern parts of Osaka Bay (Fig. 5.7.2). In the summer, low surface-
water salinity and resulting stratification are attributed to higher pre-
cipitation and river discharge which also contributes the input of high
organic matter into the inner part of the bay (Fig. 5.7.3).

Paleoecological investigation of sediment cores in Osaga Bay
(Yasuhara and Yamazaki, 2005; Tsujimoto et al., 2006a, 2008a,b;
Yasuhara et al., 2007; Hirose et al., 2008) identified the start of eutro-
phication in the early 1900s after the industrialization of Japan
~100years ago (Fig. 5.7.4). After that, especially during post-World
War II economic growth, eutrophication and resulting bottom water
deoxygenation further deteriorated, reaching a low in the 1970 s. Since
the early 1900s, and more specifically the mid-1950s, ostracod abun-
dance at the inner bay sites (OBY, OS3) decreased due to bottom hypoxia
driven by eutrophication, while abundances at the middle bay sites
(0S4, 0S5) increased due to a food-rich environment induced by
eutrophication without oxygen depletion (Fig. 5.7.4). These observa-
tions were accompanied by increases in the benthic foraminifera
Eggerella advena and Trochammina hadai, both known indicators of
eutrophication and hypoxia (Fig. 5.7.4). During the 1950s, one-third of
the bay was covered by hypoxic bottom waters (Joh, 1986) which
seriously affected the benthic ecosystem. The situation has improved
since the 1950s owing to better environmental regulation, specifically
the Law Concerning Special Measures for Conservation of the Environ-
ment of the Seto Inland Sea enacted in 1973. Increases in the population
of Osaka City, in the frequency of red tides (Tsujimoto et al., 2006a), and
in COD, N and P discharge from the 1900s and their peaks in the 1970s
are all consistent with the paleoecological reconstruction (Fig. 5.7.4;
Yasuhara et al., 2007; Tsujimoto et al., 2008a).

6. Discussion
6.1. Open ocean

In the open ocean, the physical attributes of low ventilation or near
stagnant waters, along with the accumulated removal of oxygen by
heterotrophic respiration, has led to the development of major subsur-
face oxygen minimum zones (OMZs) in the eastern parts of the tropical
Pacific and Atlantic oceans and in the northern Indian Ocean (Kar-
stensen et al., 2008; Paulmier and Ruiz-Pino, 2009). Oxygen profiles in
these regions are typically characterised by saturated surface oxygen
concentrations, by an oxygen minimum zone at intermediate depths
(100-1 000 m), and by higher oxygen levels at greater depths (Brandt
et al., 2015). This vertical structure is the result of a delicate balance
between oxygen supplied through varying ventilation and circulation
patterns, the photosynthetic production of oxygen, and the consumption
of oxygen by the remineralization of sinking organic matter (Brandt
et al., 2015). These OMZs typically reach their lowest oxygen concen-
trations and shallowest depths in subtropical and tropical upwelling
regions where thermocline waters have been isolated from the atmo-
sphere for the longest time (Margolskee et al., 2019).

The case studies of the ETSP and ETNA reveal that OMZs are located
in a shadow zone equatorward of the subtropical gyre, with the lowest
oxygen levels near the shelf break (Brandt et al., 2015). Similarities in
structure include an equatorial oxygen maximum driven by zonal
advection and the relative importance of the different terms of their
oxygen budgets. However, they are different in that the OMZ of the ETSP
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Fig. 5.7.2. Modern distribution of (a) bottom-water dissolved oxygen (DO), (b) surface-water chemical oxygen demand (COD), and (c) total phosphorus (TP) in

Osaka Bay (3-yr average from 2001 to 2003). From Yasuhara et al. (2007).

covers a much wider region and oxygen concentrations in its core are
considerably lower than that of the OMZ of the ETNA (Karstensen et al.,
2008). OMZ dynamics are particularly sensitive to open boundary
conditions as dictated by equatorial circulation (Montes et al., 2014).
For both OMZs, the dominant ventilation process is the eastward
advection of oxygenated waters from the well-ventilated western
boundary by subsurface equatorial zonal jets (Duteil et al., 2014a,b). As
the zonal currents are of similar strength in both the tropical Pacific and
Atlantic, it is the difference in basin width that results in greater water
mass age and consequently lower oxygen concentrations in the eastern
tropical Pacific compared to the eastern tropical Atlantic (Brandt et al.,
2015). Other common ventilation processes in these OMZs include
lateral fluxes from oxygen-rich waters of the subtropics through meso-
scale activity and diapycnal oxygen fluxes from oxygen-rich layers
above and below the thermocline. Oxygen consumption processes key to
the development of OMZs are poorly constrained and are currently best
estimated as the net consumption along the water mass path from sub-
duction to the OMZ (Brandt et al., 2015).

The anomalous location of the OMZs of the Indian Ocean, in that they
are not found on the eastern boundary, is the result of the connection of
the Indian Ocean to the Pacific through the Indonesian seas and to the
limited northern extension of the Indian Ocean as a result of the
Eurasian landmass (Wyrtki, 1971). OMZs are found in the northern
basins of the Indian Ocean, in the Arabian Sea and Bay of Bengal, and are
attributed to the high productivity of the region owing to monsoon
winds and to the very restricted oxygen supply by means of lateral
advection (Swallow, 1984; Naqvi, 1987; Warren, 1994). As revealed in
the case study of the OMZs of the north Indian Ocean, minimum oxygen
concentrations within the Arabian Sea and Bay of Bengal are similar, but
these systems are characterised by very different biogeochemical re-
gimes. The Arabian Sea is more productive than the Bay of Bengal and is
also better ventilated from oxygenated waters crossing the equator and
entering the western Arabian Sea (McCreary et al., 2013). Higher pro-
ductivity and better ventilation, together with the advection of waters
from the Persian Gulf in the northern Arabian Sea, ensure that the most
intense oxygen minima are confined in the Arabian Sea to the central
and northeastern parts of the basin. These areas of intense oxygen
minima further correspond to areas of active denitrification and nitrite
maxima.

Lower oxygen concentrations in the Bay of Bengal compared to the
Arabian Sea are expected based on their respective differences in cir-
culation and reduced ventilation of the Bay of Bengal. However, the
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nitrite maximum observed in the Arabian Sea is seldom seen in the Bay
of Bengal, where nitrate concentrations are also higher. The absence of
denitrification in the Bay of Bengal is possibly attributed to lower
respiration rates in the water column and a deeper remineralization
depth that may be linked to higher lithogenic material from river input
that is likely to facilitate more rapid sinking of aggregate material with
less degradation in the water column (Naqvi et al., 1996; Al Azhar et al.,
2017).

Quantitative assessment of the global oceanic oxygen content since
1960 has revealed a > 2% decrease throughout the water column and
ocean models predict a further decline in the global dissolved oxygen
inventory of 1-7% by the year 2100 (Stramma et al., 2008; Helm et al.,
2011; Schmidtko et al., 2017). Global warming is considered the major
driver of this decrease in the open oceans through a reduction in oxygen
solubility (Bopp et al., 2013; Oschlies et al., 2018). Decreasing oxygen
solubility associated with warming is estimated to account for ~15% of
current total global oxygen loss, and a much higher > 50% of the oxygen
loss in the upper 1 000 m of the ocean (Helm et al., 2011). The role of
decreasing solubility in declining oxygen concentrations in the upper
ocean is apparent for the period 1958-2015, in that, begining in the mid-
1980s, oxygen and heat content were shown to be highly correlated with
sharp increases in both deoxygenation and ocean heat content (Ito et al.,
2017). Itis estimated that a 1 °C warming through the water column will
create a 10% increase in the area of hypoxic zones and a threefold in-
crease in the volume of suboxic waters (Deutsch et al., 2011).

Warming also acts to intensify thermal- and salinity-driven stratifi-
cation, the latter through its effects on ice melt and precipitation, and
both may significantly decrease the transport of oxygen into the ocean
interior by diminishing ventilation processes (Oschlies et al., 2018).
Changes in the transport of oxygen can be manifest through a slow-down
in large-scale overturning circulation and reduced mixing, particularly
with a reduction in mixed layer depth (Keeling et al., 2010; Schmidtko
et al., 2017). Although current evidence suggests that biogeochemical
processes contribute only a small portion to oceanic oxygen loss, the
production and consumption of oxygen in the open ocean may also be
influenced by various factors including temperature effects on metabolic
rates (Oschlies et al., 2018). Warming tends to raise metabolic rates,
thus accelerating the rate of respiration and oxygen consumption.
Decomposition of sinking particles occurs faster, and remineralization of
these particles is shifted toward shallower depths, affecting the vertical
profile of oxygen consumption (Brewer and Peltzer, 2017), but not
necessarily changing the magnitude of oxygen loss.
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Fig. 5.7.3. Seasonal and interannual variability in (a) temperature, (b) salinity, (c) dissolved oxygen (DO), (d) chemical oxygen demand (COD), and (e) total
phosphorus (TP) in the inner part of Osaka Bay over the last 30 yr. From Yasuhara et al. (2007).

Although deoxygenation of the oceans is not restricted to low-oxygen
environments, it is in oxygen deficient regions that a further decline in
oxygen is likely to have a more immediate impact. However, the very
low oxygen concentrations in some of the OMZs make it difficult to
discern a decreasing trend. Nevertheless, observations have shown an
intensification and expansion of OMZs in the tropical oceans, specif-
ically the central and eastern tropical Atlantic and the equatorial Pacific
(Stramma et al., 2008). The steeper oxygen declines in the tropical
Atlantic may be owing to the higher oxygen concentrations in this region
compared to the Pacific and Indian Oceans.

With reference to the case studies, decreases in oxygen in the upper-
part of the OMZ of the ETSP over the past few decades, attributed to an
expansion of the OMZ (Czeschel et al., 2012; Schmidtko et al., 2017; Ito
et al., 2017), are highly sensitive to changes in equatorial circulation,
specifically the intensity of zonal currents that ventilate the OMZ from
the west. This physical contribution to the rate of change of oxygen is
considered an order of magnitude greater than changes attributed to
biogeochemical processes (Montes et al., 2014). Observations of slight
oxygenation of waters near the OMZ core off Southern Peru suggest a
source of ventilation associated with the deeper Intermediate Antarctic
Waters, though the regional significance of this trend needs to be
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confirmed and the potential mechanism further studied (Duteil et al.,
2020). In the OMZ of the ETNA, long-term changes were attributed to a
decline in core concentrations and an increase in the vertical extent of
the OMZ (Stramma et al., 2008). A more recent analysis of oxygen
concentrations has shown that while oxygen concentrations have
continued to decline in the upper oxycline, oxygen concentration below
the OMZ core has increased (Hahn et al., 2017). Causes for this shoaling
of the OMZ are not fully understood but suggested mechanisms include
weakened ventilation and/or enhanced biological oxygen consumption.
In the OMZs of the north Indian Ocean, rates of deoxygenation have
been shown to be low (Stramma et al., 2008). However, given the very
low oxygen concentrations in these waters, small declines may have a
disproportionately large impact. Deoxygenation in the equatorial Indian
Ocean appears to be highest along the western boundary, due to
declining oxygen concentrations in the intermediate waters crossing the
equator and entering the western Arabian Sea and also due to a change
in the volume of these waters as a consequence of altered circulation.
There are notable model-data discrepancies in the simulation of
ocean interior oxygen distributions in eastern tropical OMZs by Earth
system models. The failure of the models to sufficiently resolve observed
subsurface equatorial zonal jets, the exclusion of mesoscale eddies and
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1998). From Yasuhara et al. (2007).

(

inaccurate representation of isopycnal mixing, all of which are impor-
tant ventilation processes, contribute to model biases (Gnanadesikan
et al., 2013; Cabré et al., 2015; Fu et al., 2018). Nevertheless, recent
Earth system models have served to demonstrate the inter-dependencies
and feedbacks between drivers of oxygen depletion in open oceans in
their prediction of a reversal of declining oxygen concentrations in the
intermediate waters of the tropical oceans (Fu et al., 2018). Long-term
computer simulations have reproduced observed declines in oxygen
driven by reduced solubility and ventilation and these are projected to
continue to around 2150. However, the process of reducing the supply of
oxygen to the interior of the ocean with increasing stratification also
reduces the supply of nutrients to surface waters thereby limiting pri-
mary production and the export of organic matter to the deep ocean.
Therefore, a shift from OMZ expansion to contraction is predicted to
occur by these models after 2150 when biological effects of reduced
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export of organic matter become more prominent than the solubility
effect. A reduced OMZ core is also likely to limit the production of the
greenhouse gas nitrous oxide (Fu et al., 2018).

6.2. Shelf systems

The oxygen regime of the shelf may be strongly influenced by the
adjacent environments of the coastal zone and the open ocean. Coastal
ecosystems and their watersheds strongly impact the shelf environment
through the input of freshwater and river-borne nutrient loadings that
strengthen stratification and increase productivity and the supply of
organic matter to the shelf. Conversely, the supply of oxygen onto the
shelf is dictated by the origin of water masses advected onto the shelf,
the properties of which are subsequently modified by both physically
and biologically mediated processes on the shelf.

Shelf hypoxia is in many cases associated with large rivers that may
exert a strong influence on the continental shelves over which they
discharge, forming stratified and turbid plumes especially during pe-
riods of high discharge (Rabouille et al., 2008). The case study of the
northern Gulf of Mexico clearly shows shelf hypoxia driven by the
increased nutrient loads associated with many of these rivers, both in the
initial development of hypoxia and in its worsening over time. Although
physical attributes of the system, including the high volume of fresh
water supply from the Mississippi River and the resulting stratified
conditions, suggest the possible occurrence of natural hypoxia, paleo
indicators in dated sediment cores indicate the appearance of hypoxia
around the 1950s that was coincident with increasing eutrophication
(Rabalais et al., 2007a; Gooday et al., 2009). The three-fold increase in
nitrate loadings since 1950 has served to increase both the severity of
hypoxia and also the areal extent. Consequently, the load of nitrate from
the Mississippi River in May has been shown to be a good predictor of
the area of hypoxia in mid-summer (Turner et al., 2008). Although some
river-borne organic material may also contribute to the organic loading
in bottom shelf waters, most organic matter is derived from phyto-
plankton growth stimulated by riverine-delivered nutrients (Turner and
Rabalais et al., 1994; Rabalais et al., 2014). The greater persistence and
severity of bottom water hypoxia in summer is attributed to the
strengthening of the pycnocline as formed by freshwater and reinforced
by thermal warming. Once established in mid-summer, wind-induced
cross-shelf advection determines the distribution of hypoxic waters on
the shelf (Rabalais et al., 1991).

Shelf waters of the North Indian Ocean provide a clear example of an
environment impacted by low oxygen waters of the open ocean. The two
mesopelagic OMZs of the North Indian Ocean impinge on a large area of
the continental margin, which is consequently subject to severe hypoxia.
However, because the upper boundary of the two OMZs is generally
located between 100 and 200 m, the continental shelf of the North In-
dian Ocean only experiences oxygen depletion on the western and
eastern boundaries of the Arabian Sea at times of intense upwelling
during the Southwest Monsoon. In the western Arabian Sea, short resi-
dence times on the shelf do not allow for development of intense anoxia.
In contrast, on the western Indian shelf, the slow rate of upwelling and
the formation of a low salinity surface lens formed by high coastal
rainfall contribute to the formation of the largest shallow water oxygen-
deficient zone in the world (Naqvi et al., 2000). Upwelling in the Bay of
Bengal is weaker than in the Arabian Sea and the OMZ in the Bay of
Bengal rarely extends to shallow depths and therefore does not impact
the shelf environment.

Continental shelves of eastern boundary upwelling systems (EBUS)
are generally characterised by low oxygen environments generated by
high productivity without any direct anthropogenic influence. However,
here too the characteristics of source waters are important and the
variation between oxygen regimes of EBUS is considered to be driven by
differences in source waters. The fact that the spatial and temporal
variability of hypoxia both within and between EBUS far exceeds
observed variability in net production export fluxes bears testament to
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the important role of source waters in driving variability in hypoxia
(Monteiro et al., 2011).

The upper boundary of the OMZ of the Eastern Tropical South Pacific
is shallower than that of other OMZs, particularly off central Peru where
it significantly impacts the shelf environment (Helly and Levin, 2004).
This is in contrast to the southern shelf of the Canary Current that is
poorly linked to the OMZ of the Eastern Tropical North Atlantic, in that
only 1% of the ETNA OMZ waters upwell onto the shelf (Glessmer et al.,
2009). Therefore, the numerous processes that drive variability of the
OMZ in the ETSP also impact oxygen levels on the shelf. Seasonal and
interannual variations are specifically driven by the shoaling or deep-
ening of the upper boundary of the OMZ. At seasonal time scales,
mixing-stratification, primary production and mesoscale circulation
govern the shallowing of the upper boundary of the ETSP OMZ (Graco
et al., 2017), whereas Equatorial Kelvin Waves and Coastal Trapped
Waves impact the shoaling of the OMZ at intra seasonal and interannual
timescales (Espinoza-Morriberon et al., 2019). At multi-decadal to
millennial scales, shelf oxygen is influenced by the OMZ as modulated by
changes in Walker circulation, which controls thermocline depth and
thereby productivity and respiration, and by subsurface ventilation
associated with equatorial currents (Gutiérrez et al., 2009; Salvatteci
et al., 2016, 2019b).

The importance of source water is also clearly evident on the
Namibian shelf as determined by the relative dominance of South
Atlantic Central Water (SACW) flowing southward from the Angolan
Dome over Eastern South Atlantic Central Water (ESACW) transported
northward from the Cape Basin. The Angola gyre central water primes
the northern Benguela shelf with low oxygen and then further con-
sumption of oxygen over the shelf may lead to anoxia (Monteiro et al.,
2008, 2011). However, with the strengthening of upwelling-favourable
southerly winds the undercurrent reverses direction to equatorward and
thus, more oxygenated ESACW originating from the Cape Basin off
South Africa ventilates the northern Benguela shelf, leading to an oxy-
gen maximum during spring. These advective mechanisms driving ox-
ygen supply for the Northern Benguela shelf are the primary controls of
seasonal, interannual and decadal variations in the severity of oxygen
depletion.

The California Current Ecosystem provides an excellent description
of oxygen variability characteristic of EBUSs. Oxygen variability in the
California Current is shown to span many orders of magnitude providing
considerable insight into the drivers of this variability (Levin et al.,
2015). These drivers include: expansions and contractions of low oxygen
water over glacial-interglacial periods; regime shifts linked to the North
Pacific Gyre Oscillations; interannual variations linked to changes in
mixed layer depth and productivity driven by ENSO events; seasonal
variability driven mostly by the respiration of primary production with
local retentive circulation determining spatial patterns; event scale
variability linked to the upwelling-downwelling cycle and longshore
advection; semidiurnal fluctuations associated with internal tides; and
diel cycling linked to photosynthesis. Superimposed on this variability is
a longer-term trend of deoxygenation that manifests as shoaling oxy-
clines and declining oxygen concentrations at specific densities.
Although it is generally believed that solubility and stratification effects
of warming have lowered oxygen levels in California Current source
waters in the subarctic and tropical Pacific, and that the low-oxygen
California undercurrent has strengthened (Bograd et al., 2015), none
of these declines have yet been mechanistically attributed to climate
change.

Proposed changes in EBUSs in response to climate change include an
intensification of wind-induced coastal upwelling in response to
increased land-sea temperature differences associated with global
warming (Bakun, 1990; Sydeman et al., 2014). Expected responses to
increased upwelling are increased productivity, higher sedimentation of
organic material and increasing anoxia in bottom waters. However,
ocean warming could counter stronger upwelling by increasing strati-
fication, complicating forecasts of biogeochemical responses (Sydeman
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et al., 2014; Garcia-Reyes et al., 2015). Models have also revealed a
likely poleward shift in atmospheric high-pressure systems with up-
welling therefore likely to weaken at low latitudes and to strengthen at
high latitudes. For the northern Benguela, this may translate to a
reduction in the extent of coastal upwelling, leading to increased hyp-
oxia and anoxia over a large part of the shelf due to reduced ventilation.
For the Peruvian shelf waters, the fate of productivity and oxygenation
will also be modulated by the changes in the intensity of the eastward
Equatorial subsurface currents that ventilate and modify the nutrients’
signature in the upwelling source waters (Espinoza-Morriberon 2018;
2019).

6.3. Enclosed seas

Enclosed or semi-enclosed seas are typically connected to the open
ocean at the surface by one or more narrow straits that are also bounded
at depth by a submarine ridge. The resulting restrictive mechanisms of
exchange naturally drive oxygen depletion that can be amplified with
large freshwater inputs that contribute to highly stratified and eutrophic
systems. The case studies of the Baltic Sea and Black Sea both show
records of oxygen depletion following their transition from freshwater
systems ~8 000 years ago as dictated by sea level height (Zillén et al.,
2008). High freshwater input contributing to the stratified nature of
these systems is attributed to large catchment areas and high precipi-
tation. Water exchange in the Baltic is driven by outflowing brackish
water at the surface and the inflow of dense, high salinity water from the
North Sea through the Danish Straits. Sediment records indicate that
hypoxia in the Baltic has been present intermittently throughout the
Holocene with sulphidic conditions characterizing the bottom waters of
its deep basins. The Black Sea was transformed from a freshwater lake
after the entry of high salinity Mediterranean waters through the
Bosporus Strait following rising sea levels (Degens and Ross, 1972).
Subduction of these high salinity waters as they entered the Black Sea
resulted in the development of a permanent halocline that inhibited
ventilation of subsurface waters, resulting in the largest sulfidic basin in
the world. Apart from upper layer mixing, mid-water intrusions through
the respective straits serve as important ventilation mechanisms in both
the Baltic Sea and Black Sea (Neumann et al., 2017).

Further oxygen depletion over the past several decades in both the
Baltic Sea and Black Sea have been attributed to increased nutrient
loading and more recently to climate change (Carstensen et al., 2014a).
Model simulations indicate that hypoxia in the Baltic would not have
developed over the past 150 years had nutrient levels remained pristine.
The expansion of hypoxia in the Baltic over the last century has therefore
been attributed primarily to enhanced nutrient input, increased algal
production and higher oxygen demand following degradation (Gus-
tafsson et al., 2012). As a result, the Baltic Sea is now considered the
largest anthropogenically induced hypoxic area in the world. Similarly,
agricultural and industrial development, alongside unban expansion in
the late 1960s resulted in a reduction of water column oxygen in the
Black Sea, specifically in bottom waters on its northwestern shelf.
Interestingly, despite trend reversals in anthropogenic nutrient loading
in the late 1980s and 1990s in both the Baltic and Black Sea, these have
not been matched by similar increases in oxygen, and hypoxia remains
near its maximum size in the Baltic (Capet et al., 2013; Carstensen et al.,
2006). This prolonged hypoxia is attributed to large pools of nutrients
and organic matter accumulated in the sediment during the years of
higher nutrient input and is likely to delay restoration by many years.
This recovery from modern, nutrient-driven hypoxia will be further
compromised by global warming and its contribution to further declines
in oxygen through reduced solubility (Carstensen et al., 2014a).

The Sea of Japan provides an interesting case study for enclosed seas
in that it is presently well-oxygenated but has a history of oxygen
depletion also dictated by sea level changes. Exchange with adjacent
seas is through shallow straits thereby making exchange sensitive to
changes in sea level (Gallagher et al., 2015). Specifically, flow of the
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Tsushima Warm Current from the East China Sea through the Tsushima
Strait provides the major seawater influx. As this flow approaches the
polar front, it cools and sinks thereby driving circulation and high ox-
ygen levels in the Sea of Japan. However, sea level drops of >90 m
during glacial periods isolated the Sea of Japan from adjacent oceans,
specifically eliminating inflow from the Tsushima Warm Current. The
resulting relatively higher input of freshwater from river runoff caused
stratification to strengthen, leading ultimately to both anoxic and sul-
phidic conditions through the entire deep-sea basin as reflected in
sediment depositions (Tada et al., 1999; Watanabe et al., 2007).

6.4. Coastal zone

The spatial complexity of coastal environments, and the varying at-
mospheric conditions associated with them, leads to high spatial and
temporal heterogeneity in the oxygen content of the coastal zone. Those
environments with restricted circulation and long water residence times
tend to be naturally prone to lower oxygen concentrations, and an
elevated supply of inorganic nutrients as a consequence of either natural
or cultural eutrophication further increases their susceptibility to hyp-
oxia. Restricted circulation not only serves to limit ventilation but also
aids in accumulating the products of enhanced primary and secondary
production leading to greater delivery of degradable organic matter to
bottom waters. These drivers of hypoxia are clearly evident in the
coastal zone of the Baltic, where restricted circulation and elevated
nutrient loads from urban and agricultural sources are the cause of
enhanced hypoxia in the Swedish and Finish archipelagos (Conley et al.,
2011). Here, complex bottom topography in the form of basins and
shallow sills restricts circulation and creates conditions favourable for
hypoxia, whereas on the eastern shores of the Baltic between Estonia
and Poland, hypoxia is uncommon owing to increased circulation.
Similarly oxygen content of the basin waters of the fjords of western
Norway are largely dependent on deep water renewal times, which are
in turn generally governed by fjord topography, specifically in terms of
sill depth, the cross-sectional area at the sill, and the basin depth below
the sill.

Temporal variations in oxygen content are evident at a number of
scales and are usually associated with changing atmospheric conditions,
specifically varying winds and precipitation that control stratification
and the vertical exchange of oxygen within the water column. Seasonal
variability is common and most often driven by seasonal warming and
river discharge and their influence on stratification. But daily, interan-
nual and longer-period variations are also observed in oxygen concen-
trations, hypoxic volume and duration. By way of example, water
column stratification is the basic physical attribute that drives hypoxia
in the both the Changjiang and Zhujiang estuaries and for this reason
hypoxia is strongest in summer and absent in winter (Zhu et al., 2016,
2017; Qian et al 2018). Modeling studies have shown a clear reduction
of hypoxic areas in the Zhujiang estuary associated with reduced river
discharge and this is attributed to a reduction in the delivery of partic-
ulate organic matter to the estuary and a decrease in the strength of
stratification that facilitates greater vertical diffusion of oxygen (Huang
et al., 2019). Residence times in these estuaries are relatively short and
wind events associated with summer cyclones can rapidly erode strati-
fication and ventilate bottom waters. Nevertheless, stratification and
bottom hypoxia are readily re-established leading to a close correlation
of bottom oxygen and winds (Ni et al., 2016). Oxygen concentrations
also show considerable variation over the spring-neap tidal cycles with
tidal mixing replenishing bottom oxygen in shallow areas (Huang et al.,
2019). As in the open ocean, global warming is also expected to exac-
erbate oxygen depletion in many coastal systems through the same
mechanisms of intensified stratification of increased duration, decreased
oxygen solubility, and accelerated respiration. Currently the rate of
oxygen decline in coastal areas is considered to exceed that of the open
ocean reflecting the combined effects of increased warming and eutro-
phication (Gilbert et al., 2010).
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Hypoxia or anoxia in most coastal systems is at least partially
attributed to oxygen depletion in response to cultural eutrophication
that has enhanced productivity. Consequently, systems such as Ches-
apeake Bay, in which oxygen depletion is naturally facilitated by bay
geometry and circulation, have been subject to spatial and temporal
increases in the extent of depletion due to cultural eutrophication (Kemp
et al., 2005). In many cases, the size of the hypoxic area appears related
to the nutrient load. Systems subject to cultural eutrophication are
usually characterized by large catchment areas making them particu-
larly sensitive to land-based activities that include increased agricultural
production and fertilizer use, and increasing human populations, ur-
banization and associated sewage discharges. As an example, the pop-
ulation in the catchment area of Tokyo Bay is now 28 million having
increased from 10 million in 1950. Coincident with this growth in the
population, total nitrogen loading increased from 10 tons d™! in 1950 to
30 tons d'! in 1980 with a corresponding increase in chemical oxygen
demand from 200 to 500 ton d. In Chesapeake Bay, variations in
freshwater input have been shown to be the best predictor of the volume
of low oxygen bottom water in summer, through its influence on strat-
ification and nutrient input (Hagy et al., 2004).

Implementation of environmental legislation aimed at nutrient load
reductions has been undertaken in several coastal environments in an
attempt to restore oxygen concentrations to levels prior to eutrophica-
tion. Fundamental for effective management and restoration are models
that are informative in determining the relative role of physical versus
biological controls of oxygen depletion and can thereby guide man-
agement actions. However, as demonstrated in Chesapeake Bay, sepa-
rating the effects of physical and biological control are challenging
because of their interdependency, such as river discharge influencing
both stratification and nutrient loading. Within Chesapeake Bay, the
initial spring decline in oxygen is considered to be driven by stratifica-
tion, while the late spring decline and the extent of summer hypoxia are
more closely related to nutrient load (Hagy et al., 2004; Testa et al.,
2018a,2018b). While nutrient reductions in Chesapeake Bay have been
accompanied by a corresponding decline in low oxygen waters, the same
success has not been observed in other coastal environments. In Tokyo
Bay, despite the restoration of water quality parameters to those of the
1950s, the bay remains subject to 3-4 months of bottom water hypoxia
each summer with periodic events of hydrogen sulphide poisoning
(Ando et al., 2005). Similarly, improvement of water quality in Limf-
jorden Estuary appears to be delayed by “nutrient legacies” in both the
catchment areas and in the sediments of the estuary (McCrackin et al.,
2018). In Chesapeake Bay, model scenarios have shown that nutrient
reductions have a larger effect on oxygen than the effects of climate
change; however, climate change is shown to reduce some of the gains in
oxygen from reductions in nutrient loadings (Irby et al., 2018).

The eastern boundary embayments of the Humboldt and Benguela
upwelling systems, namely Paracas Bay and St Helena Bay, classified as
wide-open bays by Largier (2020), are differentiated from the other case
studies in that they are subject to natural eutrophication and are also less
dependent on freshwater input as a source of nutrients. Both Paracas Bay
and St Helena Bay are formed by promontories that influence alongshore
flow thereby creating a zone of retention in the lee of the promontory.
The topographic protection somewhat isolates these bays from the
offshore domain and increases stratification, which in turn supports high
primary productivity within the bay and a high incidence of red tides or
harmful algal blooms (Figueiras et al., 2006). Consequently, both sys-
tems are subject to hypoxia, and in some cases anoxia, particularly
during summer and autumn and exhibit a nitrate deficit in bottom wa-
ters likely due to denitrification. Both bays incur local oxygen depletion
in subsurface waters following seasonal thermohaline stratification.
Superimposed on this seasonal decline in oxygen in St Helena Bay is sub-
seasonal variability associated with periodic deposition of organic
matter indicative of abrupt termination of blooms and rapid vertical flux
into bottom waters (Pitcher and Probyn, 2017). Episodic events of ox-
ygen depletion linked to HABs are also observed in both bays (Cabello
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etal., 2002; Lopez, 2008). These events are attributed to the exceptional
magnitude of these blooms and are often associated with extreme vari-
ability in the oxygen environment attributed to bloom patchiness,
varying metabolism in terms of oxygen production and ultimately bloom
senescence leading to high microbial respiration and a rapid transition
from autotrophy to heterotrophy (Pitcher and Probyn, 2011; 2016). The
bays differ in terms of their respective source waters in that upwelled
waters advected into Paracas Bay are oxygen-depleted or even anoxic
(Aguirre-Velarde et al., 2019), whereas waters advected into St Helena
Bay are typically well ventilated. Therefore, while processes responsible
for oxygen depletion in Paracas Bay are both remote and local, oxygen
depletion in St Helena Bay is primarily a function of drawdown within
the bay. Another difference between the two bays is that freshwater
input into Paracas Bay is greater, as are major sources of anthropogenic
influence such as treated waste water and maritime traffic all of which
may further promote oxygen depletion in Paracas Bay.

7. Conclusion

Oxygen concentrations in marine systems exhibit significant spatial
and temporal variations collectively regulated by physical and biogeo-
chemical properties and processes, producing linked feedbacks that
drive oxygen decline and recovery in response to global change and
natural variability. The case studies central to this review serve to
demonstrate the roles of these physical and biogeochemical processes in
driving system variations in ventilation and respiration leading to open
ocean and coastal environments characterised by low oxygen. However,
separating the effects of these physical and biogeochemical drivers is
challenging as they proceed simultaneously and have a high degree of
interdependency. Oxygen concentration is determined by the net
outcome of several processes that either supply or consume oxygen at
different time scales. Attribution of low oxygen to a single driver is
therefore unrealistic; hypoxia or anoxia is the net outcome of the su-
perposition of a number of drivers acting in both additive and subtrac-
tive modes. Consequently, although system sources and sinks of oxygen
may be individually well established, there is a need to appreciate
multiple causality in determining changing oxygen concentrations
(Brewer, 2018). The interdependencies and feedbacks between mecha-
nisms mean that their individual effects on deoxygenation can be
counteracted or exacerbated (Robinson, 2019), and require that all
processes be incorporated in predictions as attempts to provide simple
answers are likely to fail (Brewer, 2018).

Spatial distributions of oxygen and time series of oxygen data have
provided the opportunity to identify trends in oxygen availability and, in
so doing, have allowed various drivers of low oxygen to be distinguished
through correlative and causative relationships. Such time series have
also served to show that within a single system, the drivers of low ox-
ygen may vary at different time-scales. Ultimately, system oxygen con-
centrations are determined by the tradeoff between ventilation and
respiration, with respiration being a function of organic matter whose
availability leads to widely varying rates of oxygen consumption be-
tween systems. When biogeochemical sinks are large (i.e., when the
supply of organic matter is large), hypoxia or anoxia can be achieved at
short timescales without a restriction in physical supply of oxygen.
Alternatively, if biogeochemical sinks are small, then there is a greater
requirement for restricted physical supply and the time required for
hypoxia or anoxia to develop is likely to be longer (Fennel and Testa,
2019). System-specific models are required to achieve a quantitative
understanding of these processes and of the feedbacks between pro-
cesses at varying temporal and spatial scales.

Ocean deoxygenation as observed since the middle of the 20th cen-
tury is generally attributed, particularly in the open ocean, to global
warming affecting solubility, thermohaline stratification, circulation,
mixing and rates of respiration, whereas deoxygenation in coastal sys-
tems is driven primarily through increased loadings of nutrients and
organic matter related to human activities (Breitburg et al., 2018;
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Oschlies et al., 2018). Oxygen in coastal systems is also influenced by the
effects of climate change at the regional scale through changes in pre-
cipitation and winds. Where precipitation increases, both stratification
and nutrient discharges are expected to increase, while the reverse is
expected in regions where precipitation decreases. Documenting, un-
derstanding and predicting further declines in open ocean and coastal
oxygen requires expanded and sustained observation efforts merged
with improved models.

In the open ocean, solubility effects have been found to dominate
deoxygenation near the surface and its role has been quantified; how-
ever, a quantitative understanding of the contribution of other drivers
has yet to be achieved. As a result, current models perform poorly in
depicting oxygen variability in the open ocean and underestimate
deoxygenation owing to unresolved transport processes, unaccounted
variations in respiratory oxygen demands or overlooked biogeochemical
feedbacks (Oschlies et al., 2018). Closer to the coast, models may guide
management actions in terms of responses of hypoxia or anoxia to
changes in nutrient loadings. However, trajectories of oxygen depletion
driven by eutrophication are not directly reversible, as nutrient re-
ductions lead to convoluted trajectories often without returning to their
reference status (Duarte et al., 2009). Conservation measures to reduce
land-derived nutrient loads are further complicated by so-called nutrient
legacies in catchment areas and in marine sediments causing time lags in
the improvement of water quality. The current assumption of many
coastal management plans of a direct response to altered nutrient inputs
therefore needs to change to incorporate an ecosystem perspective that
considers nutrient input with the other concurrent drivers of change and
their interactions (Duarte et al., 2009). Nevertheless, the improvements
in dissolved oxygen in coastal systems expected in response to
management-dictated nutrient reductions are likely to be significantly
greater than the potential decreases in oxygen attributed to climate
change.

Our extensive review of deoxygenation was necessarily somewhat
uneven in the information presented because these systems have been
studied to different degrees and with different emphases placed on the
various aspects of deoxygenation. This review and synthesis, with its
focus on cross-system comparisons of drivers of deoxygenation, provides
a strong scientific foundation for better understanding deoxygenation,
and for positioning us for projecting deoxygenation in response to
management actions and into the future under climate change, at local,
regional and global scales.
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