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Planetary boundaries represent thresholds in major Earth system processes 
that are sensitive to human activity and control global-scale habitability 
and stability. These processes are interconnected such that movement of 
one planetary boundary process can alter the likelihood of crossing other 
boundaries. Here we argue that the observed deoxygenation of the Earth’s 
freshwater and marine ecosystems represents an additional planetary 
boundary process that is critical to the integrity of Earth’s ecological and 
social systems, and both regulates and responds to ongoing changes in 
other planetary boundary processes. Research on the rapid and ongoing 
deoxygenation of Earth’s aquatic habitats indicates that relevant, critical 
oxygen thresholds are being approached at rates comparable to other 
planetary boundary processes. Concerted global monitoring, research and 
policy efforts are needed to address the challenges brought on by rapid 
deoxygenation, and the expansion of the planetary boundaries framework 
to include deoxygenation as a boundary helps to focus those efforts.

The concept of planetary boundaries, initially proposed by Rockström  
et al.1, describes processes disrupted by human activities that are 
critical to sustaining Earth’s ecological and societal integrity. The 
designation of nine processes—atmospheric aerosol loading, biogeo-
chemical flows (especially of nitrogen and phosphorus), loss of bio-
sphere integrity, climate change, freshwater use, land system change, 
introduction of novel entities, ocean acidification and stratospheric 
ozone depletion—provides a framework to characterize the envelope 
of safe operating spaces in which ecosystems and society can func-
tion sustainably1–3. More recently, the inclusion of justice issues that 
integrate human well-being into the framework4 and a re-evaluation 
of the boundaries3 indicate that most planetary boundary processes 
have already exceeded safe levels. The nine planetary boundaries are 
also interconnected, such that shifts in one process can impact many 
others3,5. Since its introduction, the planetary boundaries framework 
has become an important guiding concept in the natural and social 

sciences as well as in policy realms. In this Perspective, we describe how 
the decline in aquatic oxygen, termed ‘deoxygenation’, warrants con-
sideration as an additional planetary boundary. Like the nine planetary 
boundary processes originally proposed, aquatic deoxygenation has 
global ecological importance and substantial relevance to management 
and policy, and it both regulates and is regulated by other planetary 
boundary processes6. Deoxygenation is occurring rapidly, with many 
harmful effects.

Oxygen is a fundamental regulator of global biogeochemistry 
and a requirement for nearly all complex life7,8. Over the past several 
hundred million years, the concentration of O2 in Earth’s atmosphere 
has fluctuated between about 13% and 35%9. These atmospheric O2 fluc-
tuations have disrupted global biogeochemistry and caused massive 
shifts in biodiversity over time, which in turn have driven evolutionary 
events, such as the emergence of placental mammals within the past 
~200 million years10,11. The concentration of dissolved oxygen (DO) in 
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water since 1980, with the amount of low-oxygen lake water increasing 
by about 1% per decade on average33. Deoxygenation thus represents 
one of the greatest threats to the sustainability of aquatic ecosystems 
and the stability of the Earth system as a whole.

Deoxygenation control variables and thresholds
Control variables are metrics used to quantify the state of a planetary 
boundary process1–3. In aquatic ecosystems, control variables asso-
ciated with quantifying the DO concentration and changes through 
space and time relative to historic norms are essential to determining 
the impacts of DO loss. The threshold concentrations of DO below 
which anaerobic metabolisms dominate represent critical control 
variables to define the impacts of deoxygenation and, when aggre-
gated, the impacts on global biogeochemical processes. The global 
extent of anoxic waters as a percentage of the total habitat area and 
volume serves as a suitable control variable that lends itself to empiri-
cal determination and to characterizing the effects of deoxygenation 
on biogeochemical functioning. The engagement of a wide range of 
anaerobic microbial metabolisms represents a fundamental transition 
for microbially mediated processes regulating the cycling of many 
elements, such as nitrogen, phosphorus, sulfur, iron, mercury and 
carbon (Fig. 1).

A threshold of 2 mg l−1 DO is commonly used to define the thresh-
old for hypoxia. Although such an absolute benchmark can be useful 
for studies of individual species’ physiological responses, we note that 
deoxygenation is often better defined in terms of changes in the area 
and volume of hypoxic habitat relative to historic norms to character-
ize the broader biological impacts of oxygen declines. This definition 
recognizes that sensitivities to low oxygen can differ widely among 
species and that the biological consequences of deoxygenation vary 
from lethal to sublethal effects on individual organisms to far-reaching 
changes in food-web structure. For example, the copepod Lucicutia 
hulsemannae, which is abundant in ODZs, has been found “actively 
growing and developing” at 0.06 mg l−1 (ref. 32). Meanwhile, species 

Earth’s aquatic ecosystems has also varied enormously over timescales 
of tens to hundreds of millions of years, and changes in continental 
configuration, ocean circulation, surface temperature and nutrient 
loading have driven large fluctuations in aquatic oxygen levels, even 
when atmospheric oxygen levels have remained stable12. Aquatic oxy-
genation events have led to intense diversification of marine life13, and 
the intermittent development of ocean anoxic events has been associ-
ated with extreme climate warming, reorganization of biogeochemical 
cycles, ecological upheaval and extinction.

Oxygen concentrations in aquatic ecosystems are regulated by 
interconnected processes, including primary production and organic 
matter inputs, aerobic respiration, exchange fluxes with the atmos-
phere, circulation and mixing, sediment exchange, and the burial 
of oxygen-consuming chemical species (for example, carbon burial 
and pyrite formation). Photosynthesis increases DO concentrations, 
whereas respiration from both autotrophs and heterotrophs consumes 
DO. In well-mixed surface waters, where oxygen is plentiful and gen-
erally close to equilibrium with the atmosphere, DO levels are high 
enough to support a wide diversity of aerobic organisms. Below the 
sunlit euphotic zone, oxygen production is low due to minimal or the 
complete absence of photosynthesis14. Meanwhile, oxygen-consuming 
respiration often remains substantial at depth. Oxygen-deficient zones 
(ODZs) are often found below the barriers to circulation (for example, 
sharp gradients in temperature (thermoclines) and salinity (halo-
clines)) and are common in both inland waters and throughout the 
ocean where regular lateral or vertical mixing of DO (ventilation) is 
slow15–18. In freshwaters, estuaries and coastal oceans, ODZs can occur 
at depths as shallow as several metres below the surface, whereas in the 
open ocean, they can be hundreds to a few thousand metres deep and 
spatially extensive. Coastal zones and lake deep-water (hypolimnetic) 
habitats frequently experience hypoxia (low oxygen) and anoxia (zero 
oxygen), especially when productivity and the resulting downward flux 
of organic matter are high19,20. In addition, most organic-rich aquatic 
sediments are naturally anoxic, and the transition depth from oxic to 
anoxic conditions varies with organic matter sediment content and 
rate of burial21.

Recent history of deoxygenation
Although contemporary atmospheric oxygen is relatively stable22 and 
sufficient to support an enormous diversity of complex terrestrial 
life forms, the oxygen supply can be biologically limiting in many of 
today’s aquatic habitats. Hypoxic zones, usually defined as DO lev-
els of <2 mg l−1 (or 64 μmol kg−1), and anoxic habitats are commonly 
observed in aquatic ecosystems. In recent decades, DO concentrations 
have rapidly and substantially declined across both freshwater and 
marine habitats, ranging from small ponds to large lakes and reser-
voirs, rivers, inland seas, estuaries, and areas of the coastal and open 
ocean19,20,23–27. Rates of deoxygenation in lakes and reservoirs since 
1980 represent oxygen losses of 5.5% and 18.6% for surface and deep 
waters, respectively20. Meanwhile, average rates of marine deoxygena-
tion have been lower (~2% decrease in DO globally since 196024) but 
far more geographically and volumetrically extensive. Rates are also 
highly variable among oceanic basins. For example, some areas of the 
ocean, such as the midwaters off of Central California, USA, have lost 
over 40% of baseline DO in only a few decades28.

Evidence of increasing lake deoxygenation precedes the year 
190023, whereas data on coastal hypoxia show DO availability declin-
ing primarily after around 195019 and a broad awareness of open ocean 
deoxygenation arising only in the twenty-first century28–30. Across 
all types of aquatic ecosystems, the volumes and spatial extents of 
oxygen-depleted water are expanding substantially24,31–33. For example, 
there has been a fourfold increase in the volume of anoxic ocean water 
since 196024. The number of hypoxic and anoxic coastal zones is also 
on the rise, with hundreds of regions recorded across the world19,25. In 
lakes, there has been a more than 50% increase in the volume of anoxic 
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Fig. 1 | How dissolved oxygen interacts with other planetary boundaries 
and major Earth system elements. The coloured boxes represent planetary 
boundaries that interact with aquatic deoxygenation, including climate change 
(brown), global biogeochemical flows (blue), land system change (green) and 
biosphere integrity (purple). Interactions between other planetary boundary 
processes that do not include dissolved oxygen are not considered. The specifics 
of how deoxygenation is affected by other planetary boundaries are described 
further in Fig. 2.
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such as brook trout (Salvelinus fontinalis) actively avoid DO concentra-
tions below 5 mg l−1 (ref. 33). Sensitivity thresholds are notably much 
higher for most animals than for microorganisms. However, the overall 
biological consequences of deoxygenation cannot be predicted using 
a single DO concentration threshold or partial pressure34,35. Rather, the 
effects of deoxygenation on organisms occur along a continuum dic-
tated by DO supply and demand and ecological and evolutionary expo-
sure history36. Determining the biological impacts of deoxygenation 
thus requires consideration of both DO availability (usually measured 
as per cent saturation or partial pressure) and organismal require-
ments. For most organisms, particularly ectotherms, DO demand is 
physiologically coupled with temperature, with demands increasing 
as a function of ambient temperature. Biological DO demand can 
vary among species, populations, life-history stages and individuals, 
making it difficult to isolate a single threshold even within broadly 
grouped taxa35,37. However, it is well established that as oxygen con-
centrations decline, an increasing number of species are adversely 
affected, both through direct physiological effects and via transforma-
tions of food-web structure.

There are numerous aquatic habitats where deoxygenation has 
already contributed to biodiversity loss, from species extirpations to 
the collapse of entire food webs25,38. Deoxygenation can induce state 
shifts in ecosystems when critical thresholds in control variables are 
crossed. For example, anthropogenically induced increases in pro-
ductivity (termed ‘cultural eutrophication’) also increase the pool of 
labile carbon entering deep waters, which fuels oxygen-consuming 
respiration and, consequently, deoxygenation. In turn, increases in 
anoxia alter chemical reactions, including the release of phosphorus 
from redox-sensitive iron and manganese in sediments39, which fuels 
further productivity. This amplifying feedback can promote a transi-
tion to alternative and undesirable ecosystem states, characterized by 
harmful algal blooms and widespread anoxia40,41.

The observed, substantial and pervasive ecological consequences 
of DO losses demonstrate that the global deoxygenation of aquatic 
systems is approaching critical thresholds, similar to other planetary 
boundary processes such as climate change and land system change3. 
Crossing the deoxygenation threshold means that DO availability 
would cause severe and/or nonlinear ecological changes that, in the 
aggregate, threaten the stability of other Earth system processes. 
In many freshwater and marine systems, regional thresholds have 

already been crossed, and severe ecological impairment is pervasive. 
Continued deoxygenation risks increasing the spatial and temporal 
extent of DO below levels sufficient to maintain a ‘safe operating space’, 
especially when superimposed on natural climate variability and an 
increasing likelihood of extreme events42.

Interactions between deoxygenation and other 
planetary boundaries
Deoxygenation interacts with other planetary boundary processes, 
including climate change, land system change and biogeochemical 
flows (Fig. 1). Deoxygenation is caused by three overarching drivers that 
are components of these other planetary boundary processes (Fig. 2): 
(1) decreases in the solubility of oxygen in water resulting from increas-
ing temperatures, (2) reduced deep-water ventilation due to stronger 
stratification and associated reduced water-column mixing and circula-
tion, and (3) increases in oxygen-consuming respiration linked to both 
elevated temperature and enhanced inputs of nutrients and organic 
matter. Deoxygenation, in turn, alters global biogeochemical flows and 
carbon cycling feedbacks to climate change and decreases biodiver-
sity; the aerobic respiration that drives oxygen loss also contributes 
to acidification, especially at depths below the surface mixed layer.

Climate change is increasing water temperatures globally and 
thereby decreasing DO solubility20,43,44. Indeed, temperature-induced 
reduction in DO solubility explains the majority of DO losses in the 
surface waters of both lakes and oceans20,24. Climate change is also 
increasing the frequency and duration of aquatic heatwaves in both 
oceans and lakes45,46, which are predicted to increase in severity by the 
end of the century46,47. Although the effects of heatwaves on deoxy-
genation remain largely unassessed, Henry’s law suggests that heat-
waves will substantially reduce oxygen solubility and may therefore 
be a substantial threat exacerbating deoxygenation. Simultaneously, 
anthropogenic warming is reducing the frequency and intensity of 
gas exchange between water masses and the atmosphere, reducing 
ventilation and mixing and thus contributing to deoxygenation in deep 
waters of both freshwater and marine environments20,24,25,48. As surface 
deoxygenation continues, less DO is delivered to deep-water habitats.

Increases in stratification and associated reductions in venti-
lation are regulated by several factors. In many lakes, reservoirs 
and coastal systems, deep waters are often renewed seasonally. By 
contrast, the deep ocean is supplied with DO through subduction 
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Fig. 2 | Major drivers of deoxygenation in aquatic ecosystems. a–c, Many 
regions have exhibited substantial deoxygenation due to factors including 
reduced DO solubility at higher temperatures (a); increases in density difference 
between layers in the water column (that is, stratification strength), which 
reduces the ventilation of deep-water habitats (the blue line indicates an example 
conceptual historic profile of temperature through the water column, and the 

red line indicates an example contemporary profile; the circular arrows indicate 
the relative strength of mixing between depths in the water column in these two 
profiles) (b); and increases in organic matter and nutrient (phosphorous (P) and 
nitrogen (N)) fluxes that stimulate algal growth, bacterial respiration and overall 
greater DO consumption (c). Blue, cold; red, warm; molecules are O2.
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of oxygen-saturated water at high latitudes, which is subsequently 
circulated to lower latitudes and bottom waters of coastal systems. 
Changes in stratification are occurring for several reasons. First, rates 
of surface-water warming have generally been faster than those in deep 
waters (for example, see ref. 20). This strengthens density gradients 
in the water column and thereby reduces vertical mixing. Density gra-
dients can also be strengthened by changes in salinity associated with 
climate change. Specifically, runoff from the melting continental ice 
sheets or intense precipitation can reduce surface salinity and enhance 
stratification in the oceans, particularly in nearshore and high-latitude 
environments. In lakes and reservoirs, salinity gradients can be induced 
by subduction of saline water inputs49. Additionally, changes in pre-
cipitation and evaporation can dramatically alter the salinity balance 
in both inland and coastal waters. Across many aquatic ecosystems, 
long-term declines in ice cover also alter stratification and thus gas 
exchange between water masses and the atmosphere. Ice tends to limit 
the exchange of oxygen between water and the atmosphere, reducing 
deep-water ventilation at polar latitudes50; hence, in some scenarios, 
the loss of sea ice may actually enhance deep-sea ventilation51. Mean-
while, in lakes and freshwater reservoirs, the widespread loss of ice 
cover is increasing the duration of seasonal stratification, providing 
more time for summer deep-water deoxygenation to occur33,52,53.

Land system change contributes to widespread deoxygenation 
largely through its controls on biogeochemical flows, including nitro-
gen, phosphorus and organic matter inputs. Increases in agricultural 
and urbanized land cover are often the primary driver of deoxygenation 
in lakes and coastal zones because they are associated with increased 
mobilization of nitrogen and phosphorus19,20,23,25. These two macronu-
trients tend to increase algal biomass and subsequent photosynthesis, 
and thus nutrient inputs to surface waters can increase DO concentra-
tions by stimulating primary productivity20. However, in deeper waters, 
increased settling of labile organic matter from this primary produc-
tion or from watershed inputs can elevate rates of oxygen-consuming 
bacterial respiration. For example, lakes with high chlorophyll con-
centrations (an indicator of high primary productivity) are also sites 
where deep waters are consistently anoxic20. Although high primary 
productivity rates can occur naturally54, they are frequently amplified 
by land system change and terrestrial runoff19,23. Deoxygenation is 
not alone in being at least partly caused by other planetary boundary 
processes, and other planetary boundary processes similarly interact 
with one another, such as how biogeochemical flows of nitrogen and 
phosphorus are influenced by land system change and climate change5.

Impacts of deoxygenation on other planetary 
boundaries
Because planetary boundary processes are not isolated and independ-
ent5, crossing the deoxygenation boundary threshold would have sub-
stantial impacts on other planetary boundary processes, including 
climate change, biogeochemical flows and biosphere integrity6 (Fig. 1). 
DO is a key factor in determining carbon-processing rates and export, 
and thus affects the exchange of greenhouse gases between aquatic 
ecosystems and the atmosphere, aquatic biodiversity, and food web 
functioning48,55. However, the effect of deoxygenation on the direc-
tion and magnitude of greenhouse gas exchange, and hence climate 
change, is difficult to predict because deoxygenation increases both 
aquatic sediment organic carbon sinks56 and the production of potent 
greenhouse gases, including nitrous oxide (N2O) and methane (CH4)55, 
which can exacerbate climate change. It may also decrease carbon 
dioxide (CO2) emissions from some aquatic ecosystems57.

Deoxygenation regulates global biogeochemical flows, includ-
ing the cycling of nitrogen and phosphorus, sometimes exacerbating 
eutrophication and initiating an amplifying feedback on deoxygena-
tion58–60. By contrast, deoxygenation can reduce bioavailable nitrogen, 
especially in the oceans. Anaerobic microbial metabolisms, includ-
ing denitrification and anaerobic ammonium oxidation (anammox), 

engage under conditions of very low oxygen and result in the loss of 
fixed nitrogen, and in turn can reduce primary production. Nitro-
gen fixation by diazotrophs is, on various timescales, also expected 
to compensate for at least part of any deoxygenation-driven loss of 
fixed nitrogen, with theoretical potential for an amplifying feedback 
that may further accelerate deoxygenation61. Nitrogen cycling under 
anaerobic conditions also contributes to N2O emissions, potentially 
providing a feedback to climate change. For example, oceanic ODZs 
generate about half of marine N2O emissions despite occupying only 
0.35% of the ocean’s volume55,62,63. Aerobic nitrogen metabolisms also 
represent important oxygen sinks, and these contribute to maintain-
ing marine ODZs64. Cumulatively, through its control on the fate of 
carbon, phosphorus and nitrogen, DO or its absence regulates the 
role of oceans and inland waters in modulating Earth’s climate over 
geological timescales58.

Deoxygenation shapes patterns of genetic and functional bio-
diversity as well as species distributions36. At the scale of individual 
organisms, low oxygen can contribute to reduced sensory abilities, 
growth, body size and reproduction, as well as high mortality; it can 
therefore be a strong selective force that shapes evolution65–68. Sub-
lethal effects occur at DO levels about 40% higher, on average, than 
those that cause mortality34. These impacts can drive inter-population 
variation in sensitivities to low DO69. Deoxygenation-driven changes 
in organisms’ physiology can also alter species ranges and cause pat-
terns of biodiversity to shift in space and time. For example, as deeper 
tropical waters become more oxygen depleted, organisms may shift to 
cooler, higher-latitude shallower waters to find environments that are 
more suitable to their current physiological demands25,36. Moreover, 
deoxygenation-induced increases in hydrogen sulfide (H2S) and mixing 
of this toxic gas into oxygenated habitats can lead to animal kills and 
gas emissions to the atmosphere70.

The effects of deoxygenation on individual organisms or popula-
tions can aggregate to regulate food-web structure, species extinction 
rates and carbon processing71,72. Indeed, hypoxic and anoxic aquatic 
habitats, particularly those located in freshwater and coastal areas, 
are routinely referred to as ‘dead zones’ due to the substantial loss 
of eukaryotic life found there. In turn, these compromised habitats 
threaten the sustainability of critical ecosystem services, including 
fisheries48,73, with potential economic and societal consequences74. The 
combined effects of contemporary climate change and deoxygenation 
are projected to amplify the risks of marine species extinction by >70%, 
with tropical oceans most likely to exhibit species losses in the coming 
decades38. Equivalent projections for freshwater biodiversity do not 
exist at this time but may be even more dire given the exceptionally 
high rates of freshwater deoxygenation to date and the comparatively 
limited dispersal abilities of freshwater species20.

Deoxygenation in the future
Maintaining DO above biotic thresholds in the extent, volume and 
severity of deoxygenation is a paramount research and policy challenge 
that requires immediate attention. Widespread deoxygenation is likely 
to continue for decades to centuries as human population growth and 
intensified, inequitable resource use continue. Reducing greenhouse 
gas emissions, nutrient runoff and organic carbon inputs (for example, 
raw sewage loading) would slow or potentially reverse deoxygenation. 
Avoiding activities that stimulate DO consumption such as CO2 removal 
via iron fertilizers or bottom disturbance from trawling and seabed 
mining may prevent additional deoxygenation. In the absence of major 
mitigation efforts, ongoing global environmental changes are expected 
to push deoxygenation—along with several other planetary boundary 
processes—towards or beyond critical thresholds. Current models pre-
dict that ongoing increases in greenhouse gas emissions will continue to 
increase air and water temperatures, stimulating further deoxygenation 
in surface waters75,76. Continued warming and reduced ventilation will 
further exacerbate deoxygenation in deeper layers in both lakes and 
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oceans. Even if climate warming stopped immediately, deep oceans 
would probably continue to lose DO for centuries, with cumulative 
losses >10% of pre-industrial levels77. However, surface-water deoxy-
genation would probably respond more quickly than deep waters to 
a cessation of anthropogenic CO2 emissions77.

Future impacts of changes in land use and associated biogeo-
chemical flows on deoxygenation are likewise uncertain. These changes 
will vary across the globe and are tied to complex socio-ecological 
feedbacks, including changes in economic activity, population growth 
and movement, degree of urbanization, water use, agriculture and land 
management, and regulations4. Improved land-use practices can be 
effective in reducing the flux of macronutrients including nitrogen and 
phosphorus into aquatic ecosystems. However, challenges wrought by 
increasing anthropogenic resource consumption, effects of increasing 
temperatures or precipitation impacts on nutrient mobilization often 
counteract potential benefits from nutrient management, so more 
aggressive reductions may be needed to increase lake and coastal DO 
concentrations. For example, in the Chesapeake Bay, USA, long-term 
increases in hypoxia have continued due to ongoing warming, despite 
reductions in nutrient inputs78. Increasingly aggressive reductions may 
thus be required to increase DO concentrations as warming continues, 
particularly in lake and coastal environments.

Recognition of the importance of aquatic deoxygenation is also 
growing in many management and policy frameworks. Safe DO levels 
are essential for maintaining the diverse ecosystem services provided 
by aquatic ecosystems globally (from fishing and aquaculture to tour-
ism and cultural practices). Oxygen is considered an Essential Ocean 
Variable by the IOC-UNESCO Global Ocean Observing System, and the 
World Meteorological Organization considers interior ocean oxygen an 
Essential Climate Variable. Safe DO levels are also essential for achiev-
ing United Nations Sustainable Development Goals (for example, 
SDG 2, ‘End hunger, achieve food security and improved nutrition, 
and promote sustainable agriculture’; SDG 6, ‘Ensure availability and 
sustainable management of water and sanitation for all’; and SDG 14, 
‘Conserve and sustainably use the oceans, seas and marine resources 
for sustainable development’). Notably, several of the ocean-based 
climate interventions being considered to remove CO2 from the atmos-
phere could affect marine DO levels, and some may enhance midwater 
or seafloor deoxygenation79. DO is also a frequently managed water 
quality criterion. Monitoring networks range from multinational col-
laborations such as the Baltic Observatory and research networks such 
as the Global Lake Ecological Observatory Network, to those run by 
individuals and local organizations. Recognition of deoxygenation as 
a planetary boundary will increase awareness, mitigation incentives 
and actionability of this major threat to Earth system stability. Future 
research on this topic should include quantification of deoxygenation 
thresholds and assessments of how close we are to surpassing a safe 
operating space with respect to oxygen loss.
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