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Summary  

• Eastern boundary upwelling systems (EBUS) are one of the ocean’s most productive biomes, supporting one-
fifth of the world’s wild marine fish harvest. These ecosystems are defined by ocean currents that bring nutrient-
rich but oxygen-poor water to coasts that line the eastern edges of the world’s ocean basins. As naturally 
oxygen-poor systems, EBUS are especially vulnerable to global ocean deoxygenation. 

• The dynamics of EBUS are intimately linked to global alterations in ocean chemistry and circulation from climate 
change. Upwelling currents connect the vast region of the subsurface open ocean that is experiencing declines 
in dissolved oxygen with the productive coastal waters of EBUS. The strength and location of upwelling 
currents depend on wind fields that are also affected by climate change. For some systems, this combination 
of changes will result in an intensification and expansion of coastal low oxygen zones. 

• In comparison to the open ocean, long-term changes in dissolved oxygen availability in dynamic EBUS are 
much more challenging to resolve. Nonetheless, important trends have started to emerge. In a number of 
systems, dissolved oxygen (DO) has declined by approximately 10 µmol kg-1 per decade. This is of great 
concern because many EBUS locales already sit near if not pass the canonical threshold for hypoxia of 60 µmol 
kg-1. Observations of strengthening in winds that drive the upwelling delivery of low-oxygen and nutrient-rich 
waters in some systems portend heightened risks of ecosystem changes that outpace those expected from 
ocean deoxygenation alone. 

• Because many EBUS are already exposed to low-oxygen conditions, the risk of crossing important biological 
thresholds that regulate the distribution and productivity of fishery-dependent stocks, and ecosystem 
functioning are heightened. Shallow water anoxia has already resulted in mass die-offs of fish and shellfish in 
some systems. Expansion of low oxygen zones have led to rapid, transient invasion of hypoxia-tolerant jumbo 
squid in others. Movement of fish away from low oxygen zones have also affected the accuracy of fishery-
independent surveys even as the needs for tools for managing in the face of climate change grows.

• The intensification and expansion of low oxygen zones can have further ecosystem consequences as oxygen-
dependent cycling of elements by microbes alter the supply of nutrients or in extreme cases, lead to increased 
production of toxic hydrogen sulphide gas (H2S). Low oxygen EBUS are also regions of CO2 enrichment as the 
loss of DO is coupled to the production of CO2. In combination with ocean uptake of human CO2 emissions, 
CO2 levels in some EBUS have already reached levels where the calcium carbonate shells of marine life are now 
being readily dissolved. Eastern boundary upwelling systems thus represent hotspots for both hypoxia and 
ocean acidification where development of mitigation and adaptation solutions are urgently warranted.
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2.4.1  Introduction

Eastern boundary upwelling systems (EBUS) represent 
one of the ocean’s most productive biomes. Even 
though EBUS comprise some 1% of the area of the 
ocean, the productivity of these coastal ecosystems 
supports one-fifth of the world’s ocean wild fish harvests 
(Pauly & Christensen, 1995) and gives rise to important 
habitats for highly migratory seabirds, marine mammals 
and pelagic fishes (Block et al., 2011). Eastern boundary 
current upwelling systems can be readily identified 
from satellite maps of sea surface temperature (Figure 
2.4.1A) as coastal regions that are colder than expected 
for their latitude. Ocean water gets colder with depth. 
The presence of cold water signals wind-driven ocean 
currents that transport or upwell cold, nutrient-rich 
waters from deeper layers of the ocean. Once upwelled 
nutrients reach the sunlight surface, they fuel dense 
blooms of phytoplankton (Figure 2.4.1B) that serve as 
the base of ocean food webs. 

The dissolved oxygen (DO) content of ocean water also 
declines with depth. This reflects the loss of DO from 

the respiration of microbes and other marine life as they 
consume the rain of organic matter that sinks down 
from the productive ocean surface. In fact, the high level 
of nutrients found in upwelled waters is a direct product 
of this process of organic matter remineralization. The 
surface ocean also acts as an insulating layer that keeps 
the waters below from replenishing lost DO with oxygen 
from the atmosphere (Figure 2.4.2). The atmosphere 
does have a central role to play, however, in structuring 
EBUS through the actions of coastal winds. Equatorward 
winds are common to coastlines that lie on the eastern 
edge of ocean basins. These winds serve as engines 
that move the surface ocean. These surface currents do 
not simply flow in the same direction as the equatorward 
winds, however. Known as the Coriolis effect, currents 
in motion on a rotating planet are deflected to the right in 
the Northern Hemisphere and to the left in the Southern 
Hemisphere. The movement of surface waters away 
from the coastline lies at the heart of upwelling as 
seaward surface flows (known as the Ekman layer) must 
be counterbalanced by deep waters that rise and move 
toward the coast. As a consequence of coastal winds, 
eastern boundary current upwelling systems are one 

Ocean hypoxia effect Potential consequences

Oxygen declines induces species range shifts, changes to 
vertical and across-shelf movement patterns, and losses in 
spawning habitats.

• Altered ecological interaction rates among consumers and 
prey, and species that compete for resources.

• Altered ecological interactions as invasive hypoxia-tolerant 
species increase in abundance.

• Reduced fishery productivity as population replenishment 
declines for benthic spawning species and those that 
have strong habitat dependence for growth.

• Increased fishery conflicts as multiple targeted species are 
compressed into narrow oxygen refuges.

• Increased management uncertainty as fishery-
independent surveys are compromised by reduced 
accessibility of fish to survey methodology.

Spatial and / or temporal expansion of areas currently 
affected by suboxia or anoxia as well as novel development 
of suboxic habitats in regions where they have previously 
been absent. 

• Increased loss of nitrogen nutrients as denitrification 
intensifies.

• Increased risk of water column hydrogen sulphide 
accumulation effects as sulphate reduction intensifies.

• Altered ratios of nutrient availability as the flux of iron and 
phosphorus from sediment increases.

Intensification of ocean acidification in conjunction with 
coastal hypoxia.

• A wider array of taxa is affected and/or the effects of 
hypoxia are amplified if hypoxia and ocean acidification act 
as compounding or interactive stressors on organisms.

• More rapid shift to no-analogue state where multiple 
aspects of coastal ocean environment move away from 
natural ranges in exposure.
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of the few places in the ocean where nutrient-rich but 
oxygen-poor deep waters are transported to relatively 
shallow depths. Once upwelled, oxygen-poor waters 
can be further robbed of oxygen as the exceptional 
productivity of EBUS accelerates the rain of organic 
matter that fuels oxygen consumption above and in the 
sea floor (Adams et al., 2013). 

As inherently oxygen-poor and in many instances, 
oxygen-deficient systems, it is not surprising that EBUS 
represent hot spots for ocean deoxygenation concern, 
particularly as relatively small DO declines can push 
systems past thresholds for hypoxia (DO ≤ 60 µmol kg-1) 
or suboxia (DO ≤ 5 µmol kg-1) (Deutsch et al., 2011). 
However, the sensitivity of EBUS to ocean deoxygenation 
is further compounded by strong climate-dependence 
in the very factors that give rise to low oxygen baseline 
conditions in EBUS. As systems that receive oxygen-
poor oceanic waters, the global reductions in oxygen 
solubility from a warming ocean and slowing exchange 
of oxygen between the atmosphere and the deep 
ocean from a more strongly stratified sea can directly 
impact EBUS (Breitburg et al., 2018). In particular, 
because oceanic DO declines are not distributed evenly 
but can be most strongly focused at depth layers 
where upwelling currents are often drawn from (Ito et 
al., 2017), EBUS face disproportionate impacts from 
oceanic deoxygenation. The sensitivity of EBUS is also 
structured by the effects of climate change on coastal 
upwelling (Bakun et al., 2010). Winds are generated by 
spatial differences in atmospheric pressure, and coastal 
upwelling winds arise from pressure differences between 
a cool ocean and a warm continental land mass. As 

land masses are projected to warm more quickly than 
the ocean, a long-standing hypothesis posits that 
atmospheric pressure differences are expected to 
intensify and/or shift spatially to alter upwelling winds 
(Bakun, 1990). For systems where upwelling winds 
intensify or lengthen seasonally, increased flux of low 
DO, high nutrient waters can directly and indirectly 
strengthen local deoxygenation (Bakun, 2017).

Figure 2.4.1  Satellite remote sensing imagery of Central California Current upwelling: A) Sea surface temperature (AVHRR), B) Surface chlorophyll (SeaWiFS) 
August 2000. © John P Ryan Monterey Bay Aquarium Research Institute.

Figure 2.4.2  A) Equatorward coastal winds drives the flow of surface water 
away from the coast. B) Seaward surface flows are compensated by the 
upwelling of deep ocean water across the continental shelf. This deep water 
is deficient in dissolved oxygen and enriched in nutrients that promotes 
phytoplankton blooms. Low DO ocean water can experience further losses 
of DO as sinking phytoplankton cells are respired by microbes. © College of 
Earth, Ocean and Atmospheric Sciences - Oregon State University.
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2.4.2   Geographic definition

As their name indicates, EBUS are located at the eastern 
margins of ocean basins where equatorward winds give 
rise to coastal upwelling currents (Figure 2.4.3). There 
are four major EBUS. In the Eastern Pacific Basin, the 
Humboldt or Peru-Chile Current System (HCS) lies off 
the coasts of Peru and Chile, while the California Current 
System (CCS) stretches from British Columbia, Canada 
to Baja, Mexico. In the Eastern Atlantic, the Benguela 
Current System (BCS) is situated along the coasts of 
Angola, Namibia and South Africa while the Canary 
Current System (CaCS) extends along the coasts of the 
Iberian Peninsula into North-west Africa. 

Although the four major EBUS share broad 
commonalities in physical and ecological structures 
their locations give rise to notable differences in their 
present, as well as future, exposure to low-oxygen 
conditions (Chavez & Messie, 2009). One important 
factor is the location of EBUS relative to oceanic 
oxygen minimum zones (OMZ) (Figure 4.2.3) (Monteiro 
et al., 2011). In the eastern Pacific Ocean, broad 
expanses of the ocean interior are marked by vertical 
profiles where the DO-rich surface waters give way to 
a DO minimum layer that can reach anoxia (DO = 0 
µmol kg-1) (Thamdrup et al., 2012). Where the OMZ is 
particularly shallow such as along reaches of the HCS, 
coastward upwelling flows can directly draw suboxic 

or even anoxic water to compensate for the seaward 
movement of the surface Ekman layer. In the Northern 
Pacific, OMZ is typically found too deep to serve as 
the source water for upwelled water (Connolly et al., 
2010). Instead, upwelled water is drawn from the top 
of the OMZ where DO concentrations often range near 
hypoxic levels (Adams et al., 2013). In contrast, DO 
levels in the OMZ of the Atlantic Ocean do not reach the 
extremely low values found in Pacific Ocean OMZ. This 
does not mean that low DO and deoxygenation are less 
of a concern in the Atlantic systems. The development 
of anoxia in portions of the Benguela Current System 
highlight the importance of coastal biogeochemical 
processes in driving DO loss (Pitcher et al., 2014). 

2.4.3   Trends and impacts

Future changes in oxygen dynamics in EBUS can be 
thought of as the product of global-scale decline in 
oceanic oxygen content, and system-scale alterations 
in upwelling-favourable winds that affect the delivery 
of oxygen-poor water to the coast and the supply of 
nutrients that fuel further local drawdown of DO. To 
understand the likely scope for future changes, we 
can consider the observed changes in oceanic and 
atmospheric forcings. The ability to resolve trends in 
DO is strongly dependent on the background variability 
of a given system (Long et al., 2016). Thus, it is not 
surprising that considerable attention has been paid 

Figure 2.4.3  Location of the four major eastern boundary upwelling systems and dissolved oxygen values at 200m depth illustrating the location of each 
system relative to oceanic oxygen minimum zones. Data from World Ocean Atlas 2013.
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to time trends of DO change in the global open ocean 
(Stramma et al., 2008). Analyses of the past five decades 
of available data point to a globally averaged DO loss 
rate of 0.4% per decade (Schmidtko et al., 2017). At 
first glance, this appears to be a minor rate of loss but 
because DO declines are not distributed evenly across 
the ocean, certain regions experience rates of loss that 
are considerably higher. In particular, areas near OMZ 
exhibit DO loss rates in excess of 4% per decade 
(Schmidtko et al., 2017). The volume of suboxic waters 
in OMZ increases non-linearly with DO decline, doubling 
in size with a 1% drop in mean DO (Ito & Deutsch, 2013). 
This expansion of oceanic suboxia has immediate 
consequences for the Humboldt Current System as it 
draws upwelled water directly from the Eastern Tropical 
Pacific OMZ. In absolute terms, DO losses in the upper 
300m of the ocean (the range of depth from where 
upwelling water is typically drawn from) range upwards 
of 5 µmol kg-1 per decade (Stramma et al., 2012). This is 
notable as oceanic source waters that arrive in the CCS 
may hold only 90 µmol kg-1 of DO, already close to the 
canonical hypoxia threshold of 60 µmol kg-1 (Adams et 
al., 2013). 

Model simulations of the impacts of climate change 
on ocean oxygen inventory point to the need for long, 
five decades plus records for deoxygenation trends to 
emerge from background natural variability (Long et 
al., 2016). This imposes important constraints on our 
ability to resolve deoxygenation trends in temporally-
dynamic coastal EBUS where requirements for time 
series lengths can be even greater. Nevertheless, for 
the CCS, where long-term observations have been the 
most extensive, multi-decadal declines in DO (Pierce et 
al., 2012) and shoaling of hypoxia horizons (Bograd et 
al., 2008) have been reported. Declines in DO in recent 
decades (past 20-30 years) have been the strongest 
on record, with rates in the order of 10 µmol kg-1 per 
decade (Crawford & Pena, 2013). It is noteworthy that 
long-term measurements from multiple independent 
programmes have reported rates of DO decline that 
have been quite uniform across the CCS. Oxygen loss 
trends from Vancouver Island to Southern California 
range narrowly between 8 to 13 µmol kg-1 per decade 
(Crawford & Pena, 2013). We have fewer long-term 
records of DO from other EBUS. In the Benguela Current 
System, Moloney et al. (2013) report a decline of 9 µmol 
kg-1 per decade between 1957 and 2007 for St. Helena 
Bay, - a large productive bay that has been subject to 
episodic anoxia events (Pitcher & Probyn, 2017). For 
EBUS, changes can also manifest as increases in the 

frequency or severity of oxygen-deficiency events. In 
the CCS, nearshore suboxia and anoxia events have 
occurred in the past decade that have no precedence in 
the observational record that extends back to the 1960s 
(Chan et al., 2008). 

Insights from time-series analyses also highlight the 
climate sensitivity of oxygen dynamics in EBUS across 
inter-annual to inter-decadal time scales (Buil & Di 
Lorenzo, 2017). The impacts of ENSO variability on 
ecosystem dynamics in the HCS has been particularly 
well characterized where strong El Nino events results 
in a marked rise in oxygen levels that reorganizes the 
structures of benthic and pelagic communities (Bertrand 
et al., 2011; Escribano et al., 2004; Gutiérrez et al., 
2008). In the southern CCS, decrease and subsequent 
increase in the volume of suboxic water between 1960 
and 2005 were found to be well correlated with shifts 
in the phases of the Pacific Decadal Oscillation (PDO) 
index (Deutsch et al., 2011). During cool PDO periods, 
the thermocline and OMZ shoals increasing the supply 
of nutrients and resultant rain of organic materials that 
drive respiratory losses of DO. A larger fraction of this 
respiration also takes place within shallower OMZ 
reinforcing the tendency toward suboxia expansion. 
In the North Atlantic, declines in DO have been linked 
to weakening of trade winds associated shifts in the 
Atlantic Multidecadal Oscillation index (AMO) that are 
important to the ventilation of subsurface water masses 
(Montes et al., 2016). Anomalous events detected from 
long-term time series have also provided insights into 
the linkages between basin-scale changes in ocean 
conditions. In 2002, increased supply of nutrients from 
the Gulf of Alaska heightened coastal productivity, 
oxygen demand and the eventual emergence of 
nearshore hypoxia in the northern CCS (Grantham et 
al., 2004). These observations highlight the sensitivity 
of EBUS oxygen to climate through changes in winds, 
stratification and circulation that takes place over local 
to basin scales.

Because oxygen dynamics in EBUS are the product 
of complex interplay of physical and biogeochemical 
factors, future changes are unlikely to simply follow 
mean ocean trends in deoxygenation. Indeed, model 
projections suggest that DO in the tropical ocean may 
rise in the future if warming slackens trade winds that 
drive equatorial upwelling (Bianchi et al., 2018). In 
contrast, coastal upwelling as first proposed by Bakun 
(1990) is projected to increase as enhanced continental 
warming strengthens low-pressure systems on land 
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relative to high-pressure systems in the sea. The growth 
of modelling and observational studies stimulated 
by Bakun (1990) has provided general support for 
increased upwelling in recent decades (Sydeman et 
al., 2014; Varela et al., 2015; Wang et al., 2015). The 
deepening of this literature has also revealed important 
differences in how different EBUS and regions within 
EBUS are changing (Aravena et al., 2014). Support for 
upwelling increases are strongest for the HCS, CCS, and 
BCS (Sydeman et al., 2014). Within systems, evidence 
of upwelling increases is strongest for poleward regions 
of individual EBUS (Garcia-Reyes et al., 2015). Our 
understanding of the potential mechanisms behind 
upwelling intensification has similarly diversified. Recent 
work has emphasized the importance of poleward 
movement and expansion of oceanic high-pressure 
systems from climate change in structuring upwelling 
winds (Garcia-Reyes et al., 2015; Rykaczewski et al., 
2015). 

Eastern boundary upwelling systems are oceanic in 
their nature and discussions of future trends have most 
often focused on offshore and wind-forced changes. 
However, studies illustrating the effects of terrestrial 
nitrogen inputs on the nitrogen budget (Howard et al., 
2014) and phytoplankton bloom formation (Beman et 
al., 2005) in coastal upwelling systems, as well as the 
effects of atmospheric iron deposition in enhancing 
primary production that contribute to DO losses in OMZ 
(Ito et al., 2016) suggests that projections of future 
oxygen trends in EBUS will need to consider the role of 
pollution from human activities across a variety of scales. 
As the ocean warms, increasing stratification will inhibit 
the resupply of oxygen into the ocean but this change 
can also reduce primary production that fuels oxygen 
loss, and suppress the upwelling of oxygen-poor waters 
to the coast. In addition, increased upwelling may lead 
to greater flushing of nearshore waters so that local 
development of hypoxia may be moderated in intensity 
and/or location. These are important factors that can 
serve to offset deoxygenation trends faced by EBUS. 
At the moment, their influence is poorly resolved and 
contributes to real uncertainties in the projections of 
future conditions in EBUS.

2.4.4   Ecosystem consequences

Oxygen availability is a major environmental gradient 
that organizes the structure and functioning of marine 
ecosystems. The effects of oxygen change also tends 
to be highly non-linear with declines when DO is 

already low, soliciting disproportionately large biological 
responses (Pörtner, 2010). As a result, the expression 
of ocean deoxygenation in EBUS is expected to bring 
about important changes in ecosystem dynamics. 
The potential ecosystem consequences of future 
ocean deoxygenation can be illustrated by how marine 
ecological communities and biogeochemical cycles shift 
in response to currently observed gradients in DO. 

Oceanic microbes play a dominant role in elemental 
cycles that govern the supply of nutrients, availability 
of trace elements, DO levels, and seawater pH. The 
metabolic processes of microbes can exhibit sharp 
thresholds in activity as DO declines from hypoxic to 
suboxic and anoxic conditions (Ulloa et al., 2012). 
One particularly important suite of processes is the 
cycling of nitrogen – a fundamental nutrient that limits 
ocean productivity. The natural decay of organic 
matter releases nitrogen compounds that are readily 
used by phytoplankton to fuel their growth. In DO-
deficient waters, however, microbes that transform 
biologically-available nitrogen compounds into inert N2 
gas become active (Wright et al., 2012). This important 
loss of nutrients only occurs when DO drops below 
5 µmol kg-1 (Babbin et al., 2014) or less (Bristow et 
al., 2017) and the expansion of anoxic water in the 
eastern tropical North Pacific OMZ has been linked to 
increasing loss of nitrogen between 1972 and 2012 
(Horak et al., 2016). The onset of suboxia can also have 
global consequences for the climate system. Nitrous 
oxide (N2O) is an important greenhouse gas with 298 
times the heat trapping capacity of CO2 and oxygen-
deficient waters are a major oceanic source of N2O to 
the atmosphere. This greenhouse gas is produced by 
microbes as a byproduct of nitrogen metabolism and 
its production is accentuated as DO levels decline. 
Because low DO and active nitrogen cycling converge 
in productive EBUS, resulting in exceptional hotspots 
for N2O emissions (Arevalo-Martínez et al., 2015), it 
has been postulated that the ocean deoxygenation 
and upwelling intensification will strengthen this positive 
feedback in the climate system (Codispoti, 2010). For 
EBUS, local feedbacks will also be important to consider. 
The production of hydrogen sulphide by microbes 
is an active process in oxygen-poor environments 
particularly in sediments. In the HCS and the BCS, 
transient water column accumulation of hydrogen 
sulphide, a compound toxic to wide suites of marine 
fish and invertebrates, have been observed (Schunck 
et al., 2013) and enhancement of coastal upwelling 
by climate change has been postulated to increase 
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the likelihood of such events (Bakun, 2017). Concerns 
for potential cascading ecosystem consequences of 
expanding hypoxia also arise from the supply of iron 
and phosphorus from sediments (Capone & Hutchins, 
2013). The fluxes of these elements are tightly linked 
to oxygen concentration and can be instrumental in 
regulating productivity directly or indirectly through 
controls on nitrogen fixation (Moore et al., 2013). 

The sensitivity of microbial communities to DO declines 
is mirrored by the sensitivities exhibited by the broader 
suite of marine animals that also make up the water 
column and seafloor ecological communities of EBUS. 
Compilations of laboratory studies on marine life from 
around the world highlight the potential for lethal and 
sub-lethal effects of low DO to occur well above the 
canonical threshold of 60 µmol kg-1 (Vaquer-Sunyer & 
Duarte, 2008). This holds particular concerns for EBUS 
as DO levels readily range below 60 µmol kg-1 in the 
HCS, CCS, BCS (Helly & Levin, 2004). Considerable 
details are lost of course when the DO sensitivities of 
many species are aggregated into global mean values, 
and myriad of life history adaptations that are known 
from inhabitants of OMZ (Gibson & Atkinson, 2003) 
might suggest the potential for reduced biological 
vulnerability to future oxygen declines in systems where 
exposure to low oxygen conditions is already common. 
While some taxa that inhabit such systems can exhibit 
dampened sensitivity to oxygen declines, this sensitivity 
is by no means universal (Chu & Gale, 2017; Seibel et 
al., 2016). Across oxygen-deficient water column and 
seafloor habitats in EBUS, episodes of DO decline 
are often accompanied by community changes. For 
example, seasonal formation of hypoxia in Saanich 
Inlet in British Columbia results in rapid reorganization 
of fish and crustacean communities as more oxygen 
sensitive species are displaced from zones of hypoxia 
(Chu & Tunnicliffe, 2017). In the central CCS, ENSO-
driven changes in DO are propagated into estuaries 
and can drive population level changes in fishes that 
rely on estuarine nursery habitats (Hughes et al., 2015). 
To the south, long-term observations that began in 
1951 have revealed that abundance of deep-water 
fishes is reduced by 63% as the system transitions 
into periods of relatively low DO levels (Koslow et al., 
2011). The authors speculated that the decline reflects 
the loss of refuge from visual predators as oxygen-loss 
makes deeper habitats become in accessible to prey 
fishes. This habitat compression effect has also been 
proposed as a contributor to the opposing fluctuations 
in the abundance of sardines and anchovies in the HCS 

where the avoidance of oxygen-poor waters by sardines 
represent a loss of foraging habitat that can be utilized 
by more hypoxia-tolerant anchovies (Bertrand et al., 
2011). 

2.4.5   Societal consequences and implications 
of continuing ocean deoxygenation

Eastern Boundary Upwelling Systems link oxygen 
changes that are taking place in the global ocean 
with impacts to some of the world’s most productive 
coastal ecosystems. While this represents one of the 
most direct connections between ocean deoxygenation 
and society, considerable uncertainties remain. In 
fact, one immediate societal consequence of ocean 
deoxygenation may be increasing uncertainty in our 
ability to rely on the productivity of coastal ecosystems 
or in the efficacy of management approaches that have 
been employed to date. 

In the CCS, coast-wide fishery-independent surveys of 
groundfish stocks used to inform stock assessments 
have revealed a strong influence of DO on where fish 
are distributed, their condition and catch per unit effort 
–a key metric used to estimate abundance (Keller et 
al., 2010, 2015). Expansion and intensification of low 
oxygen zones can thus not only influence where fish will 
be caught but also how managers estimate population 
size and management targets. In the BCS, episodic 
hypoxia events that drive mass strandings of the rock 
lobsters (Jasus lalandii) results in destabilization of catch 
and mortality rates that challenges the management of 
a commercially important fishery that is already under 
pressure from over-exploitation (Branch & Clark, 2006; 
Cockcroft, 2001). Continuing ocean deoxygenation 
can also bring ecological surprises, whose occurrence 
and consequence may be difficult to forecast. Recent 
rapid poleward range expansion by the hypoxia-tolerant 
jumbo (Humboldt) squid (Dosidicus gigas) (Figure 2.4.4) 
in the California and Humboldt Current Systems have 
been putatively linked to expansion of low oxygen 
zones (Gilly et al., 2013; Stewart et al., 2014). While the 
expansion appears to be have abated at the moment, 
the sudden introduction of a large, highly active predator 
presented considerable challenges to projections of 
ecosystem changes in EBUS.

The uncertainty imposed by continued ocean 
deoxygenation will amplify and be amplified by challenges 
from future ocean warming and the progression of 
ocean acidification (Breitburg et al., 2015). The former 
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reflects the effects of greenhouse gases on the earth’s 
heat balance and the latter reflects the impacts of CO2 
emissions and its storage in the ocean on seawater pH 
and associated chemistry. Termed “hot, breathless, and 
sour,” these multiple stressors can act synergistically to 
impact marine life (Gruber, 2011). For example, ocean 
warming accentuates the impacts of hypoxia in part 
by increasing organismal demand for oxygen (Pörtner 
& Knust, 2007; Vaquer-Sunyer & Duarte, 2011). The 
effects of ocean acidification are similarly magnified 
when organisms are also challenged by the stress of 
hypoxia (Gobler & Baumann, 2016; Miller et al., 2016). 

Although ocean acidification is a globally pervasive 
problem, the interaction between ocean acidification 
and ocean deoxygenation represent particularly acute 
coupled stressors for EBUS. Low DO levels common 
to EBUS ultimately reflect the cumulative breakdown of 
organic matter which consumes oxygen and releases 
CO2. As a result, some of the highest levels of pCO2 
measured in surface ocean waters can be found in 
EBUS (Emeis et al., 2017; Feely et al., 2016; González-
Dávila et al., 2017; Shen et al., 2017), reaching levels 
not expected for the mean global ocean until the middle 
of the 21st century. As a result, EBUS represent hotspots 
for both ocean deoxygenation and ocean acidification 
(Chan et al., 2017; Reum et al., 2015), where the 
addition of CO2 from society’s emissions to an already 

elevated background level of CO2 puts systems close 
to, and in many instances past, thresholds for biological 
impacts (Bednaršek et al., 2017). 

2.4.6   Conclusions / Recommendations

The impacts of ocean deoxygenation will not be 
evenly felt across ecosystems. For EBUS where DO 
values already centre near thresholds for biological 
impacts, the confluence of future OMZ expansion 
and climate modulation of coastal upwelling and local 
productivity point to their risk as early impact systems 
to global deoxygenation. The true scope of ocean 
deoxygenation’s impacts, however, will be dependent 
on the realized rate and scale of oxygen changes, and 
the capacity of natural and human systems to mitigate 
and adapt to a more hypoxia- or anoxia-prone ocean. 
Thus, even as global greenhouse gas emissions lie at 
the heart of ocean deoxygenation, recent assessments 
have highlighted the importance of local to regional-scale 
actions in fostering global-change readiness in EBUS 
(Chavez et al., 2017). Actions include sustaining and 
growing integrated ocean observing capacity to detect 
and track the progression of hypoxia and covarying 
ocean acidification and warming stressors. Integration 
in observing reflects the need for not only physical 
and biogeochemical measurements but also those for 
physiological, population, and ecological metrics. In turn, 

Figure 2.4.4  Jumbo (Humboldt) squid Dosidicus gigas in Sea of Cortez, Baja, California © Waterframe / Alamy stock photo.



81

2.4  Evidence for ocean deoxygenation and its patterns: Eastern Boundary Upwelling Systems

Ocean deoxygenation: Everyone’s problem

S
EC

T
IO

N
 2

.4

the ability to identify and provide early warning of which 
species or parts of the system are most vulnerable can 
guide priorities in protection. There is also a premium 
need for research and partnerships that will grow new 
local mitigation and adaptation solutions that decision-
makers can draw on to ostensibly buy time until the root 
causes of ocean deoxygenation are addressed (Klinger 
et al., 2017). 

While the challenges are great, efforts are underway 
to enhance monitoring and research to support ocean 
deoxygenation actions. For example, because of the 
strong covariation between carbonate and oxygen 
chemistry and the utility of combined measurements 
in assessing data accuracy, the growth of ocean 
acidification observing networks regionally (e.g. OA-
Africa, California Current Acidification Network, etc.) 
and globally (i.e. Global Ocean Acidification Observing 
Network) is also leading to enhanced observing capacity, 
intellectual exchanges and partnerships for ocean 
oxygen monitoring. Recognition of coastal vulnerability 
to ocean acidification and oxygen deoxygenation has 
also stimulated new research into the use of green 
infrastructure in the form of seagrass and kelp beds 
to locally mitigate oxygen and pH declines (Duarte et 
al., 2017). Equally important are efforts to identify and 
promote sources of biological and ecological resilience 
to ocean chemistry changes. Examples of local 
adaptation to ocean acidification highlight the potential 
for evolutionary rescue (Munday et al., 2013) in conferring 
some level of resilience to ocean deoxygenation. The use 
of available management tools such as marine protected 
areas to support climate change adaptation is another 
arena of active research (Roberts et al., 2017). In Baja 
California, marine reserves supported larger and more 
demographically-diverse populations of pink abalone 
(Haliotis corrugate) that were better able to withstand 
and recover from hypoxia events relative to unprotected 
areas (Micheli et al., 2012). Ocean deoxygenation has 
quickly emerged as a leading pathway for climate change 
impacts. Monitoring and research efforts that identify 
what’s most at risk and grows our portfolio of mitigation 
and adaptation solutions will play a disproportionate role 
in preparing coastal EBUS communities and nations for 
the changes ahead.

2.4.7  References

Adams, K.A., Barth, J.A., & Chan, F. (2013). Temporal variability of 
near bottom dissolved oxygen during upwelling off central 
Oregon. Journal of Geophysical Research: Oceans, 118, 4839-
4854. https://doi.org/10.1002/jgrc.20361

Arevalo-Martínez, D.L., Kock, A., Löscher, C.R., Schmitz, R.A., & 
Bange, H.W. (2015). Massive nitrous oxide emissions from the 
tropical South Pacific Ocean. Nature Geoscience, 8, 530-533. 
https://doi.org/10.1038/ngeo2469

Aravena, G., Broitman, B., & Stenseth, N.C. (2014). Twelve years of 
change in coastal upwelling along the central-northern coast of 
Chile: spatially heterogeneous responses to climatic variability. 
PLoS ONE, 9, e90276. https://doi.org/10.1371/journal.
pone.0090276

Babbin, A.R., Keil, R.G., Devol, A.H., & Ward, B.B. (2014). Organic 
matter stoichiometry, flux, and oxygen control nitrogen loss in 
the ocean. Science, 344, 406-408. https://doi.org/10.1126/
science.1248364

Bakun, A. (1990). Global climate change and intensification of 
coastal ocean upwelling. Science, 247, 198-201. https://doi.
org/10.1126/science.247.4939.198

Bakun, A. (2017). Climate change and ocean deoxygenation within 
intensified surface-driven upwelling circulations. Philosophical 
Transactions of the Royal Society A: Mathematical, Physical and 
Engineering Sciences, 375, 20160327. https://doi.org/10.1098/
rsta.2016.0327

Bakun, A., Field, D.B., Redondo-Rodriguez, A.N.A., & Weeks, 
S.J. (2010). Greenhouse gas, upwelling-favorable winds, 
and the future of coastal ocean upwelling ecosystems. 
Global Change Biology, 16, 1213-1228. https://doi.
org/10.1111/j.1365-2486.2009.02094.x

Bednaršek, N., Feely, R.A., Tolimieri, N., Hermann, A.J., Siedlecki, 
S.A., Waldbusser, G.G., … Pörtner, H.-O. (2017). Exposure 
history determines pteropod vulnerability to ocean acidification 
along the US West Coast. Scientific Reports, 7, 4526. https://
doi.org/10.1038/s41598-017-03934-z

Beman, J.M., Arrigo, K.R., & Matson, P.A. (2005). Agricultural 
runoff fuels large phytoplankton blooms in vulnerable areas of 
the ocean. Nature, 434, 211-214. https://doi.org/10.1038/
nature03370

Bertrand, A., Chaigneau, A., Peraltilla, S., Ledesma, J., Graco, M., 
Monetti, F., & Chavez, F.P. (2011). Oxygen: a fundamental 
property regulating pelagic ecosystem structure in the coastal 
southeastern tropical Pacific. PLoS ONE, 6, e29558. https://doi.
org/10.1371/journal.pone.0029558

Bianchi, D., Weber, T.S., Kiko, R., & Deutsch, C. (2018). Global 
niche of marine anaerobic metabolisms expanded by particle 
microenvironments. Nature Geoscience, 11, 263-268. https://
doi.org/10.1038/s41561-018-0081-0

Block, B.A., Jonsen, I.D., Jorgensen, S.J., Winship, A.J., Shaffer, S.A., 
Bograd, S.J., … Ganong, J.E. (2011). Tracking apex marine 
predator movements in a dynamic ocean. Nature, 475, 86-90. 
https://doi.org/10.1038/nature10082

Bograd, S.J., Castro, C.G., Di Lorenzo, E., Palacios, D.M., Bailey, 
H., Gilly, W., & Chavez, F.P. (2008). Oxygen declines and the 
shoaling of the hypoxic boundary in the California Current. 
Geophysical Research Letters, 35, L12607. https://doi.
org/10.1029/2008GL034185

Branch, G.M., & Clark, B.M. (2006). Fish stocks and their management: 
the changing face of fisheries in South Africa. Marine Policy, 30, 
3-17. https://doi.org/10.1016/j.marpol.2005.06.009

https://doi.org/10.1002/jgrc.20361
https://doi.org/10.1038/ngeo2469
https://doi.org/10.1371/journal.pone.0090276
https://doi.org/10.1371/journal.pone.0090276
https://doi.org/10.1126/science.1248364
https://doi.org/10.1126/science.1248364
https://doi.org/10.1126/science.247.4939.198
https://doi.org/10.1126/science.247.4939.198
https://doi.org/10.1098/rsta.2016.0327
https://doi.org/10.1098/rsta.2016.0327
https://doi.org/10.1111/j.1365-2486.2009.02094.x
https://doi.org/10.1111/j.1365-2486.2009.02094.x
https://doi.org/10.1038/s41598-017-03934-z
https://doi.org/10.1038/s41598-017-03934-z
https://doi.org/10.1038/nature03370
https://doi.org/10.1038/nature03370
https://doi.org/10.1371/journal.pone.0029558
https://doi.org/10.1371/journal.pone.0029558
https://doi.org/10.1038/s41561-018-0081-0
https://doi.org/10.1038/s41561-018-0081-0
https://doi.org/10.1038/nature10082
https://doi.org/10.1029/2008GL034185
https://doi.org/10.1029/2008GL034185
https://doi.org/10.1016/j.marpol.2005.06.009


82

2.4  Evidence for ocean deoxygenation and its patterns: Eastern Boundary Upwelling Systems

Ocean deoxygenation: Everyone’s problem

Breitburg, D.L., Salisbury, J., Bernhard, J.M., Cai, W.J., Dupont, 
S., Doney, S.C., … Miller, S.H. (2015). And on top of all 
that… Coping with ocean acidification in the midst of many 
stressors. Oceanography, 28, 48-61. https://doi.org/10.5670/
oceanog.2015.31

Breitburg, D., Levin, L.A., Oschlies, A., Grégoire, M., Chavez, F.P., 
Conley, D.J., ... Jacinto, G.S. (2018). Declining oxygen in the 
global ocean and coastal waters. Science, 359, eaam7240. 
https://doi.org/10.1126/science.aam7240

Bristow, L.A., Callbeck, C.M., Larsen, M., Altabet, M.A., 
Dekaezemacker, J., Forth, M., … Milucka, J. (2017). N2 
production rates limited by nitrite availability in the Bay of Bengal 
oxygen minimum zone. Nature Geoscience, 10, 24-29. https://
doi.org/10.1038/ngeo2847

Buil, M.P., & Di Lorenzo, E. (2017). Decadal dynamics and predictability 
of oxygen and subsurface tracers in the California Current 
System. Geophysical Research Letters, 44, 4204-4213. https://
doi.org/10.1002/2017GL072931

Capone, D.G., & Hutchins, D.A. (2013). Microbial biogeochemistry 
of coastal upwelling regimes in a changing ocean. Nature 
Geoscience, 6, 711-717. https://doi.org/10.1038/ngeo1916

Chan, F., Barth, J.A., Lubchenco, J., Kirincich, A., Weeks, H., 
Peterson, W.T., & Menge, B.A. (2008). Emergence of anoxia in 
the California Current large marine ecosystem. Science, 319, 
920-920. https://doi.org/10.1126/science.1149016

Chan, F., Barth, J.A., Blanchette, C.A., Byrne, R.H., Chavez, F., 
Cheriton, O., … Washburn, L. (2017). Persistent spatial 
structuring of coastal ocean acidification in the California Current 
System. Scientific Reports, 7, 2526. https://doi.org/10.1038/
s41598-017-02777-y

Chavez, F.P., & Messié, M. (2009). A comparison of eastern boundary 
upwelling ecosystems. Progress in Oceanography, 83, 80-96. 
https://doi.org/10.1016/j.pocean.2009.07.032

Chavez, F. P., Costello, C., Aseltine-Neilson, D., Doremus, H., Field, 
J. C., Gaines, S.D., … Wheeler, S.A. (2017). Readying California 
Fisheries for Climate Change. California Ocean Science 
Trust, Oakland, California, USA. https://escholarship.org/uc/
item/2kr7839k

Chu, J.W., & Tunnicliffe, V. (2015). Oxygen limitations on marine animal 
distributions and the collapse of epibenthic community structure 
during shoaling hypoxia. Global Change Biology, 21, 2989-
3004. https://doi.org/10.1111/gcb.12898

Chu, J.W., & Gale, K.S. (2017). Ecophysiological limits to aerobic 
metabolism in hypoxia determine epibenthic distributions and 
energy sequestration in the northeast Pacific Ocean. Limnology 
and Oceanography, 62, 59-74. https://doi.org/10.1002/
lno.10370

Cockcroft, A.C. (2001). Jasus lalandii’walkouts’ or mass strandings 
in South Africa during the 1990s: an overview. Marine and 
Freshwater Research, 52, 1085-1093. https://doi.org/10.1071/
MF01100

Codispoti, L.A. (2010). Interesting times for marine N
2O. Science, 327, 

1339-1340. https://doi.org/10.1126/science.1184945

Connolly, T.P., Hickey, B.M., Geier, S.L., & Cochlan, W.P. (2010). 
Processes influencing seasonal hypoxia in the northern California 
Current System. Journal of Geophysical Research: Oceans, 115, 
C03021. https://doi.org/10.1029/2009JC005283

Crawford, W.R., & Peña, M.A. (2013). Declining oxygen on the British 
Columbia continental shelf. Atmosphere-Ocean, 51, 88-103. 
https://doi.org/10.1080/07055900.2012.753028

Deutsch, C., Brix, H., Ito, T., Frenzel, H., & Thompson, L. (2011). 
Climate-forced variability of ocean hypoxia. Science, 333, 336-
339. https://doi.org/10.1126/science.1202422

Deutsch, C., Ferrel, A., Seibel, B., Pörtner, H.-O., & Huey, R.B. (2015). 
Climate change tightens a metabolic constraint on marine 
habitats. Science, 348, 1132-1135. https://doi.org/10.1126/
science.aaa1605

Duarte, C.M., Wu, J., Xiao, X., Bruhn, A., & Krause-Jensen, D. (2017). 
Can seaweed farming play a role in climate change mitigation 
and adaptation? Frontiers in Marine Science, 4, 100. https://doi.
org/10.3389/fmars.2017.00100

Emeis, K., Eggert, A., Flohr, A., Lahajnar, N., Nausch, G., Neumann, 
A., … Wasmund, N. (2017). Biogeochemical processes 
and turnover rates in the Northern Benguela Upwelling 
System. Journal of Marine Systems, 188, 63-80. https://doi.
org/10.1016/j.jmarsys.2017.10.001

Escribano, R., Daneri, G., Farías, L., Gallardo, V.A., González, H.E., 
Gutiérrez, D., … Braun, M. (2004). Biological and chemical 
consequences of the 1997–1998 El Niño in the Chilean coastal 
upwelling system: a synthesis. Deep Sea Research Part II: 
Topical Studies in Oceanography, 51, 2389-2411. https://doi.
org/10.1016/j.dsr2.2004.08.011

Feely, R.A., Alin, S.R., Carter, B., Bednaršek, N., Hales, B., Chan, 
F., … Sabine, C.L. (2016). Chemical and biological impacts 
of ocean acidification along the west coast of North America. 
Estuarine, Coastal and Shelf Science, 183, 260-270. https://doi.
org/10.1016/j.ecss.2016.08.043

García-Reyes, M., Sydeman, W.J., Schoeman, D.S., Rykaczewski, 
R.R., Black, B.A., Smit, A.J., & Bograd, S.J. (2015). Under 
pressure: Climate change, upwelling, and eastern boundary 
upwelling ecosystems. Frontiers in Marine Science, 2, 109. 
https://doi.org/10.3389/fmars.2015.00109

Gibson, R.N., & Atkinson, R.J.A. (2003). Oxygen minimum zone 
benthos: adaptation and community response to hypoxia. 
Oceanography and Marine Biology Annual Review, 41, 1-45.

Gilly, W.F., Beman, J.M., Litvin, S.Y., & Robison, B.H. (2013). 
Oceanographic and biological effects of shoaling of the oxygen 
minimum zone. Annual Review of Marine Science, 5, 393-420. 
https://doi.org/10.1146/annurev-marine-120710-100849

Gobler, C.J., & Baumann, H. (2016). Hypoxia and acidification in 
ocean ecosystems: coupled dynamics and effects on marine 
life. Biology Letters, 12 , 20150976. https://doi.org/10.1098/
rsbl.2015.0976

González-Dávila, M., Casiano, J.M.S., & Machín, F. (2017). Changes 
in the partial pressure of carbon dioxide in the Mauritanian–Cap 
Vert upwelling region between 2005 and 2012. Biogeosciences, 
14, 3859. https://doi.org/10.5194/bg-14-3859-2017

Grantham, B.A., Chan, F., Nielsen, K.J., Fox, D.S., Barth, J.A., Huyer, 
A., Lubchenco, J., & Menge, B.A. (2004). Upwelling-driven 
nearshore hypoxia signals ecosystem and oceanographic 
changes in the northeast Pacific. Nature, 429, 749-754. https://
doi.org/10.1038/nature02605

Gruber, N. (2011). Warming up, turning sour, losing breath: 
ocean biogeochemistry under global change. Philosophical 

https://doi.org/10.5670/oceanog.2015.31
https://doi.org/10.5670/oceanog.2015.31
https://doi.org/10.1126/science.aam7240
https://doi.org/10.1038/ngeo2847
https://doi.org/10.1038/ngeo2847
https://doi.org/10.1002/2017GL072931
https://doi.org/10.1002/2017GL072931
https://doi.org/10.1038/ngeo1916
https://doi.org/10.1126/science.1149016
https://doi.org/10.1038/s41598-017-02777-y
https://doi.org/10.1038/s41598-017-02777-y
https://doi.org/10.1016/j.pocean.2009.07.032
https://doi.org/10.1111/gcb.12898
https://doi.org/10.1002/lno.10370
https://doi.org/10.1002/lno.10370
https://doi.org/10.1071/MF01100
https://doi.org/10.1071/MF01100
https://doi.org/10.1126/science.1184945
https://doi.org/10.1029/2009JC005283
https://doi.org/10.1080/07055900.2012.753028
https://doi.org/10.1126/science.1202422
https://doi.org/10.1126/science.aaa1605
https://doi.org/10.1126/science.aaa1605
https://doi.org/10.3389/fmars.2017.00100
https://doi.org/10.3389/fmars.2017.00100
https://doi.org/10.1016/j.jmarsys.2017.10.001
https://doi.org/10.1016/j.jmarsys.2017.10.001
https://doi.org/10.1016/j.dsr2.2004.08.011
https://doi.org/10.1016/j.dsr2.2004.08.011
https://doi.org/10.1016/j.ecss.2016.08.043
https://doi.org/10.1016/j.ecss.2016.08.043
https://doi.org/10.3389/fmars.2015.00109
https://doi.org/10.1146/annurev-marine-120710-100849
https://doi.org/10.1098/rsbl.2015.0976
https://doi.org/10.1098/rsbl.2015.0976
https://doi.org/10.5194/bg-14-3859-2017
https://doi.org/10.1038/nature02605
https://doi.org/10.1038/nature02605


83

2.4  Evidence for ocean deoxygenation and its patterns: Eastern Boundary Upwelling Systems

Ocean deoxygenation: Everyone’s problem

S
EC

T
IO

N
 2

.4

Transactions of the Royal Society of London A: Mathematical, 
Physical and Engineering Sciences, 369, 1980-1996. https://
doi.org/10.1098/rsta.2011.0003

Gutiérrez, D., Enriquez, E., Purca, S., Quipúzcoa, L., Marquina, R., 
Flores, G., & Graco, M. (2008). Oxygenation episodes on the 
continental shelf of central Peru: Remote forcing and benthic 
ecosystem response. Progress in Oceanography, 79, 177-189. 
https://doi.org/10.1016/j.pocean.2008.10.025

Helly, J.J., & Levin, L.A. (2004). Global distribution of naturally occurring 
marine hypoxia on continental margins. Deep Sea Research Part 
I: Oceanographic Research Papers, 51, 1159-1168. https://doi.
org/10.1016/j.dsr.2004.03.009

Horak, R.E., Ruef, W., Ward, B.B., & Devol, A.H. (2016). Expansion 
of denitrification and anoxia in the eastern tropical North Pacific 
from 1972 to 2012. Geophysical Research Letters, 43, 5252-
5260. https://doi.org/10.1002/2016GL068871

Howard, M.D., Sutula, M., Caron, D.A., Chao, Y., Farrara, J.D., Frenzel, 
H., … Sengupta, A. (2014). Anthropogenic nutrient sources rival 
natural sources on small scales in the coastal waters of the 
Southern California Bight. Limnology and Oceanography, 59, 
285-297. https://doi.org/10.4319/lo.2014.59.1.0285

Hughes, B.B., Levey, M.D., Fountain, M.C., Carlisle, A.B., Chavez, 
F.P., & Gleason, M.G. (2015). Climate mediates hypoxic stress 
on fish diversity and nursery function at the land–sea interface. 
Proceedings of the National Academy of Sciences of the United 
States of America, 112, 8025-8030. https://doi.org/10.1073/
pnas.1505815112

Hutchings, L., Van der Lingen, C.D., Shannon, L.J., Crawford, R.J.M., 
Verheye, H.M.S., Bartholomae, C.H., … Fidel, Q. (2009). The 
Benguela Current: An ecosystem of four components. Progress 
in Oceanography, 83, 15-32. https://doi.org/10.1016/j.
pocean.2009.07.046

Ito, T., & Deutsch, C. (2013). Variability in the oxygen minimum zone 
in the tropical North Pacific during the late twentieth century. 
Global Biogeochemical Cycles, 27, 1119-1128. https://doi.
org/10.1002/2013GB004567

Ito, T., Minobe, S., Long, M.C., & Deutsch, C. (2017). Upper ocean O
2 

trends: 1958–2015. Geophysical Research Letters, 44, 4214-
4223. https://doi.org/10.1002/2017GL073613

Ito, T., Nenes, A., Johnson, M.S., Meskhidze, N., & Deutsch, C. 
(2016). Acceleration of oxygen decline in the tropical Pacific over 
the past decades by aerosol pollutants. Nature Geoscience, 9, 
443-447. https://doi.org/10.1038/ngeo2717

Keller, A.A., Simon, V., Chan, F., Wakefield, W.W., Clarke, M.E., Barth, 
J.A., … Fruh, E.L. (2010). Demersal fish and invertebrate 
biomass in relation to an offshore hypoxic zone along the US 
West Coast. Fisheries Oceanography, 19, 76-87. https://doi.
org/10.1111/j.1365-2419.2009.00529.x

Keller, A.A., Ciannelli, L., Wakefield, W.W., Simon, V., Barth, J.A., 
Pierce, S.D. (2015). Occurrence of demersal fishes in relation to 
near-bottom oxygen levels within the California Current large 
marine ecosystem. Fisheries Oceanography, 24, 162-176. 
https://doi.org/10.1111/fog.12100

Klinger, T., Chornesky, E.A., Whiteman, E.A., Chan, F., Largier, J.L., & 
Wakefield, W.W. (2017). Using integrated, ecosystem-level 
management to address intensifying ocean acidification and 
hypoxia in the California Current large marine ecosystem. 

Elementa – Science of the Anthropocene, 5, 16. https://doi.
org/10.1525/elementa.198

Koslow, J.A., Goericke, R., Lara-Lopez, A., & Watson, W. (2011). 
Impact of declining intermediate-water oxygen on deepwater 
fishes in the California Current. Marine Ecology Progress Series, 
436, 207-218. https://doi.org/10.3354/meps09270

Long, M.C., Deutsch, C., & Ito, T. (2016). Finding forced trends in 
oceanic oxygen. Global Biogeochemical Cycles, 30, 381-397. 
https://doi.org/10.1002/2015GB005310

Micheli, F., Saenz-Arroyo, A., Greenley, A., Vazquez, L., Montes, 
J.A.E., Rossetto, M., & De Leo, G.A. (2012). Evidence that 
marine reserves enhance resilience to climatic impacts. PLoS 
ONE, 7, e40832. https://doi.org/10.1371/journal.pone.0040832

Miller, S.H., Breitburg, D.L., Burrell, R.B., & Keppel, A.G. (2016). 
Acidification increases sensitivity to hypoxia in important forage 
fishes. Marine Ecology Progress Series, 549, 1-8. https://doi.
org/10.3354/meps11695

Moloney, C.L., Fennessy, S.T., Gibbons, M.J., Roychoudhury, A., 
Shillington, F.A., Von der Heyden, B.P., & Watermeyer, K. (2013). 
Reviewing evidence of marine ecosystem change off South 
Africa. African Journal of Marine Science, 35, 427-448. https://
doi.org/10.2989/1814232X.2013.836135

Monteiro, P.M., Dewitte, B., Scranton, M.I., Paulmier, A., & Van der 
Plas, A.K. (2011). The role of open ocean boundary forcing on 
seasonal to decadal-scale variability and long-term change of 
natural shelf hypoxia. Environmental Research Letters, 6, 
025002. https://doi.org/10.1088/1748-9326/6/2/025002

Montes, E., Muller-Karger, F.E., Cianca, A., Lomas, M.W., Lorenzoni, 
L., & Habtes, S. (2016). Decadal variability in the oxygen inventory 
of North Atlantic subtropical underwater captured by sustained, 
long‐term oceanographic time series observations.  Global 
Biogeochemical Cycles,  30, 460-478. https://doi.
org/10.1002/2015gb005183 

 Moore, C.M., Mills, M.M., Arrigo, K.R., Berman-Frank, I., Bopp, L., 
Boyd, P.W., … Jickells, T.D. (2013). Processes and patterns of 
oceanic nutrient limitation.  Nature Geoscience,  6, 701-710. 
https://doi.org/10.1038/ngeo1765

Munday, P.L., Warner, R.R., Monro, K., Pandolfi, J.M., & Marshall, D.J. 
(2013). Predicting evolutionary responses to climate change in 
the sea. Ecology Letters, 16, 1488-1500. https://doi.
org/10.1111/ele.12185

Pauly, D., & Christensen, V. (1995). Primary production required to 
sustain global fisheries. Nature, 374, 255-257. https://doi.
org/10.1038/374255a0

Pierce, S.D., Barth, J.A., Shearman, R.K., & Erofeev, A.Y. (2012). 
Declining oxygen in the Northeast Pacific. Journal of Physical 
Oceanography, 42, 495-501. https://doi.org/10.1175/
JPO-D-11-0170.1

Pitcher, G.C., & Probyn, T.A. (2017). Seasonal and sub-seasonal 
oxygen and nutrient fluctuations in an embayment of an eastern 
boundary upwelling system: St Helena Bay. African Journal of 
Marine Science, 39, 95-110. https://doi.org/10.2989/181423
2X.2017.1305989

Pitcher, G.C., Probyn, T.A., du Randt, A., Lucas, A., Bernard, S., 
Evers-King, H., … Hutchings, L. (2014). Dynamics of oxygen 
depletion in the nearshore of a coastal embayment of the 
southern Benguela upwelling system. Journal of Geophysical 

https://doi.org/10.1098/rsta.2011.0003
https://doi.org/10.1098/rsta.2011.0003
https://doi.org/10.1016/j.pocean.2008.10.025
https://doi.org/10.1016/j.dsr.2004.03.009
https://doi.org/10.1016/j.dsr.2004.03.009
https://doi.org/10.1002/2016GL068871
https://doi.org/10.4319/lo.2014.59.1.0285
https://doi.org/10.1073/pnas.1505815112
https://doi.org/10.1073/pnas.1505815112
https://doi.org/10.1016/j.pocean.2009.07.046
https://doi.org/10.1016/j.pocean.2009.07.046
https://doi.org/10.1002/2013GB004567
https://doi.org/10.1002/2013GB004567
https://doi.org/10.1002/2017GL073613
https://doi.org/10.1038/ngeo2717
https://doi.org/10.1111/j.1365-2419.2009.00529.x
https://doi.org/10.1111/j.1365-2419.2009.00529.x
https://doi.org/10.1111/fog.12100
https://doi.org/10.1525/elementa.198
https://doi.org/10.1525/elementa.198
https://doi.org/10.3354/meps09270
https://doi.org/10.1002/2015GB005310
https://doi.org/10.1371/journal.pone.0040832
https://doi.org/10.3354/meps11695
https://doi.org/10.3354/meps11695
https://doi.org/10.2989/1814232X.2013.836135
https://doi.org/10.2989/1814232X.2013.836135
https://doi.org/10.1088/1748-9326/6/2/025002
https://doi.org/10.1002/2015gb005183
https://doi.org/10.1002/2015gb005183
https://doi.org/10.1038/ngeo1765
https://doi.org/10.1111/ele.12185
https://doi.org/10.1111/ele.12185
https://doi.org/10.1038/374255a0
https://doi.org/10.1038/374255a0
https://doi.org/10.1175/JPO-D-11-0170.1
https://doi.org/10.1175/JPO-D-11-0170.1
https://doi.org/10.2989/1814232X.2017.1305989
https://doi.org/10.2989/1814232X.2017.1305989


84

2.4  Evidence for ocean deoxygenation and its patterns: Eastern Boundary Upwelling Systems

Ocean deoxygenation: Everyone’s problem

Research: Oceans, 119, 2183-2200. https://doi.
org/10.1002/2013JC009443

Pörtner, H.-O., & Knust, R. (2007). Climate change affects marine 
fishes through the oxygen limitation of thermal tolerance. 
Science, 315, 95-97. https://doi.org/10.1126/science.1135471

Pörtner, H.-O. (2010). Oxygen-and capacity-limitation of thermal 
tolerance: a matrix for integrating climate-related stressor effects 
in marine ecosystems. Journal of Experimental Biology, 213, 
881-893. https://doi.org/10.1242/jeb.037523

Reum, J.C., Alin, S.R., Harvey, C.J., Bednaršek, N., Evans, W., Feely, 
R.A., … Newton, J. (2015). Interpretation and design of ocean 
acidification experiments in upwelling systems in the context of 
carbonate chemistry co-variation with temperature and oxygen. 
ICES Journal of Marine Science, 73, 582-595. https://doi.
org/10.1093/icesjms/fsu231

Roberts, C.M., O’Leary, B.C., McCauley, D.J., Cury, P.M., Duarte, 
C.M., Lubchenco, J., … Worm, B. (2017). Marine reserves can 
mitigate and promote adaptation to climate change. Proceedings 
of the National Academy of Sciences of the United States of 
America, 114, 6167-6175. https://doi.org/10.1073/
pnas.1701262114

Rykaczewski, R.R., Dunne, J.P., Sydeman, W.J., García-Reyes, M., 
Black, B.A., & Bograd, S.J. (2015). Poleward displacement of 
coastal upwelling-favorable winds in the ocean’s eastern 
boundary currents through the 21st century. Geophysical 
Research Letters, 42, 6424-6431. https://doi.
org/10.1002/2015GL064694

Schmidtko, S., Stramma, L., & Visbeck, M. (2017). Decline in global 
oceanic oxygen content during the past five decades. Nature, 
542, 335-339. https://doi.org/10.1038/nature21399

Schunck, H., Lavik, G., Desai, D.K., Großkopf, T., Kalvelage, T., 
Löscher, C.R., … Rosenstiel, P. (2013). Giant hydrogen sulfide 
plume in the oxygen minimum zone off Peru supports 
chemolithoautotrophy.  PLoS ONE,  8, e68661. https://doi.
org/10.1371/journal.pone.0068661

Seibel, B.A., Schneider, J.L., Kaartvedt, S., Wishner, K.F., & Daly, K.L. 
(2016). Hypoxia Tolerance and Metabolic Suppression in Oxygen 
Minimum Zone Euphausiids: Implications for Ocean 
Deoxygenation and Biogeochemical Cycles. Integrative and 
Comparative Biology, 56, 510-523. https://doi.org/10.1093/icb/
icw091

Shen, S.G., Thompson, A.R., Correa, J., Fietzek, P., Ayón, P., & 
Checkley, D.M. (2017). Spatial patterns of Anchoveta (Engraulis 
ringens) eggs and larvae in relation to pCO

2 in the Peruvian 
upwelling system. Proceedings of the Royal Society B: Biological 
Sciences, 284, 20170509. https://doi.org/10.1098/rspb.2017. 
0509

Sperling, E.A., Frieder, C.A., & Levin, L.A. (2016). Biodiversity response 
to natural gradients of multiple stressors on continental margins. 
Proceedings of the Royal Society B: Biological Sciences, 283, 
20160637. https://doi.org/10.1098/rspb.2016.0637

Stewart, J.S., Hazen, E.L., Bograd, S.J., Byrnes, J.E., Foley, D.G., 
Gilly, W.F., … Field, J.C. (2014). Combined climate-and prey-
mediated range expansion of Humboldt squid (Dosidicus gigas), 
a large marine predator in the California Current System. Global 
Change Biology, 20, 1832-1843. https://doi.org/10.1111/
gcb.12502

Stramma, L., Johnson, G.C., Sprintall, J., & Mohrholz, V. (2008). 
Expanding oxygen-minimum zones in the tropical oceans. 
Science, 320, 655-658. https://doi.org/10.1126/science. 
1153847

Stramma, L., Oschlies, A., & Schmidtko, S. (2012). Mismatch between 
observed and modeled trends in dissolved upper-ocean oxygen 
over the last 50 yr. Biogeosciences, 9, 4045-4057. https://doi.
org/10.5194/bg-9-4045-2012

Sydeman, W.J., García-Reyes, M., Schoeman, D.S., Rykaczewski, 
R.R., Thompson, S.A., Black, B.A., & Bograd, S.J. (2014). 
Climate change and wind intensification in coastal upwelling 
ecosystems. Science, 345, 77-80. https://doi.org/10.1126/
science.1251635

Thamdrup, B., Dalsgaard, T., & Revsbech, N.P. (2012). Widespread 
functional anoxia in the oxygen minimum zone of the Eastern 
South Pacific. Deep Sea Research Part I: Oceanographic 
Research Papers, 65, 36-45. https://doi.org/10.1016/j.
dsr.2012.03.001

Ulloa, O., Canfield, D.E., DeLong, E.F., Letelier, R.M., & Stewart, F.J. 
(2012). Microbial oceanography of anoxic oxygen minimum 
zones. Proceedings of the National Academy of Sciences of the 
United States of America, 109, 15996-16003. https://doi.
org/10.1073/pnas.1205009109

Vaquer-Sunyer, R., & Duarte, C.M. (2008). Thresholds of hypoxia for 
marine biodiversity. Proceedings of the National Academy of 
Sciences of the United States of America, 105, 15452-15457. 
https://doi.org/10.1073/pnas.0803833105

Vaquer-Sunyer, R., & Duarte, C.M. (2011). Temperature effects on 
oxygen thresholds for hypoxia in marine benthic organisms. 
Global Change Biology, 17, 1788-1797. https://doi.
org/10.1111/j.1365-2486.2010.02343.x

Varela, R., Álvarez, I., Santos, F., & Gómez-Gesteira, M. (2015). Has 
upwelling strengthened along worldwide coasts over 1982-
2010? Scientific Reports, 5, 10016. https://doi.org/10.1038/
srep10016

Wang, D., Gouhier, T.C., Menge, B.A., & Ganguly, A.R. (2015). 
Intensification and spatial homogenization of coastal upwelling 
under climate change. Nature, 518, 390-394. https://doi.
org/10.1038/nature14235

Wright, J.J., Konwar, K.M., & Hallam, S.J. (2012). Microbial ecology of 
expanding oxygen minimum zones. Nature Reviews 
Microbiology, 10, 381-394. https://doi.org/10.1038/
nrmicro2778

https://doi.org/10.1002/2013JC009443
https://doi.org/10.1002/2013JC009443
https://doi.org/10.1126/science.1135471
https://doi.org/10.1242/jeb.037523
https://doi.org/10.1093/icesjms/fsu231
https://doi.org/10.1093/icesjms/fsu231
https://doi.org/10.1073/pnas.1701262114
https://doi.org/10.1073/pnas.1701262114
https://doi.org/10.1002/2015GL064694
https://doi.org/10.1002/2015GL064694
https://doi.org/10.1038/nature21399
https://doi.org/10.1371/journal.pone.0068661
https://doi.org/10.1371/journal.pone.0068661
https://doi.org/10.1093/icb/icw091
https://doi.org/10.1093/icb/icw091
https://doi.org/10.1098/rspb.2017.0509
https://doi.org/10.1098/rspb.2017.0509
https://doi.org/10.1098/rspb.2016.0637
https://doi.org/10.1111/gcb.12502
https://doi.org/10.1111/gcb.12502
https://doi.org/10.1126/science.1153847
https://doi.org/10.1126/science.1153847
https://doi.org/10.5194/bg-9-4045-2012
https://doi.org/10.5194/bg-9-4045-2012
https://doi.org/10.1126/science.1251635
https://doi.org/10.1126/science.1251635
https://doi.org/10.1016/j.dsr.2012.03.001
https://doi.org/10.1016/j.dsr.2012.03.001
https://doi.org/10.1073/pnas.1205009109
https://doi.org/10.1073/pnas.1205009109
https://doi.org/10.1073/pnas.0803833105
https://doi.org/10.1111/j.1365-2486.2010.02343.x
https://doi.org/10.1111/j.1365-2486.2010.02343.x
https://doi.org/10.1038/srep10016
https://doi.org/10.1038/srep10016
https://doi.org/10.1038/nature14235
https://doi.org/10.1038/nature14235
https://doi.org/10.1038/nrmicro2778
https://doi.org/10.1038/nrmicro2778

