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Summary

e Deoxygenation affects tropical coastal ecosystems but is relatively understudied and poorly understood.

e The number of hypoxic ecosystems may be underestimated by an order of magnitude in the tropics due to
lack of research capacity.

e Corals, seagrasses and mangroves themselves are vulnerable to hypoxia, and also have the ability to influence
oxygen concentrations in the surrounding water, leading to feedbacks that can influence deoxygenation rates.

e (Corals, seagrasses, and mangroves provide habitat to diverse communities of organisms that are vulnerable
to low concentrations of oxygen.

e The warmer temperatures typical of tropical ecosystems, combined with the dependence of coral reefs on
calcification, suggests that a multiple-stressor perspective is needed for predicting the effects of deoxygenation
in this region.
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Ocean hypoxia effect

Potential consequences

Hypoxia establishes along gradients of
connectivity between terrestrial inputs and oceanic
flushing.

Species may segregate or become restricted to a
portion of their former range.
Fisheries catches may decline or be displaced.

Low oxygen can trigger biogeochemical changes
that exacerbate hypoxia in feedback loops.

Low oxygen can foster production of toxic
sulphides, leading to further death of benthic
plants and algae.

Differential tolerances and abilities to acclimate
in foundation species of corals, seagrasses, and
mangroves.

Overall diversity of foundation species may
decrease, as seen in reef building corals.
Communities may shift to dominance by stress
tolerant species that have lower habitat complexity.

Hypoxia mediates species interactions because of
different stress tolerances of interactors.

Pathogens may gain an advantage over stressed
hosts, as in black band disease on corals.
Increased stress may increase dependence on
mutualisms, as in sleep-swimming fish that flush
hypoxic coral crevices with oxygenated water.
Algae may increase on reefs because they are
more tolerant than corals to extremely low oxygen
conditions.

Low-oxygen events can cause mass mortality of
habitat-forming seagrass and corals.

Ecosystem services including nursery function are
lost.

Structural complexity of habitats simplify with loss
of structures such as coral reefs and seagrass
beds that are built and maintained by aerobic
organisms.

Hypoxia in tropical ecosystems may interact with
other global change stressors including ocean
acidification and warming.

The health and survivorship of corals and
seagrasses may respond non-linearly to changes
in dissolved oxygen concentrations.
Photosynthetic consumption of CO, and
production of O, by corals and seagrasses

may alleviate stresses associated with ocean
deoxygenation and acidification; on the other
hand, increased respiration by photosynthetic
organisms, particulary with warming, can have the
opposite effect.

8.8.1 Introduction

Oxygen depletion is a worldwide phenomenon.
However, deoxygenation in coastal marine ecosystems,
which is accelerating due to anthropogenic impacts
including eutrophication and climate change, is
most widely recognized and studied in temperate
ecosystems (Breitburg et al., 2018; Diaz et al., 2011;
Diaz & Rosenberg, 2008; Rabalais et al., 2010). Hypoxia
(oxygen concentrations < 2.8 mg L, Diaz &Rosenberg,
1995) has been documented in tropical coastal
marine ecosystems, but to a lesser degree than in
temperate counterparts (Figures 8.8.1 and 8.8.2). After
correcting for differences in length of shoreline (a basic
approximation of potentially hypoxic coastal habitat),
the number of documented dead zones in temperate
regions outnumbers those in the tropics by an order
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of magnitude (Altieri et al., 2017). Analysis suggests
this disparity is at least partially due to underreporting
and a lack of targeted research capacity in the tropics
(Figure 8.8.2). In many cases, signs of hypoxic stress
and mortality are evident in tropical habitats such as
coral reefs, even where the quantitative data to verify
the severity of low oxygen stress is unavailable (Altieri
et al.,, 2017; Nelson & Altieri, 2019). In this section,
we argue that: (1) it is likely that ocean deoxygenation
is more widespread in the tropics than currently
recognized, (2) hypoxia has a variety of negative effects
on the dominant structure-forming species in coral,
seagrass, and mangrove ecosystems, as well as the
diverse communities of organisms which they support,
and (3) there are a variety of natural and social impacts
of hypoxia already documented in the coastal tropics,
and more are likely to be identified as the intensity of
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Figure 8.8.1 Map of hypoxic ecosystems worldwide. Red dots are documented hypoxic ecosystems and gold dots are additional tropical sites where hypoxia
was inferred from mass mortality events or other signs of stress. Purple represents the relative abundance of coral in various bioregions. From Altieri et al.

(2017).

hypoxia research in the coastal tropics approaches that
of temperate areas.

Despite the relative lack of attention that deoxygenation
in the coastal tropics has received, sufficient studies have
accumulated to develop an understanding of its impacts
on living systems. In many cases our understanding
comes from ecosystems where hypoxia appears to occur
naturally, such as the isolation of reef flats by tides (Kinsey
& Kinsey, 1967) or accumulation of detritus in seagrass
beds (van der Heide et al., 2012). In general terms,
the mechanisms that drive the formation of hypoxia in
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tropical ecosystems, and the biological responses to that
stress, are not so different from in temperate ecosystems.
However, there are several key features of tropical
systems that may make hypoxia of greater concern than
in temperate ecosystems. First, tropical ecosystems are
typically exposed to warm temperatures year-round. This
is important given that higher temperatures decrease
water's saturation capacity for dissolved oxygen,
increase biological oxygen demand of both the microbes
that can generate hypoxic conditions and the metazoans
that depend on oxygen, and can stimulate primary
productivity that fuels microbial activity (Altieri & Gedan,
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Figure 8.8.2 Distribution of hypoxic ecosystems by latitude. There is approximately an order of magnitude fewer documented dead zones in the tropics than
there are in temperate regions. The disparity in research effort, evident by the number of tropical dead zones first identified by a temperate investigator,
suggests that the number of tropical dead zones has been underestimated due to a deficit in research capacity. From Altieri et al. (2017).
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Figure 8.8.3 Photographic evidence of hypoxia in three of the main tropical, coastal ecosystem types: (A) coral reefs: dead u-rchins and brilestars strewn atp

05 km

a dying coral head on the Caribbean coast of Panama, (B) seagrass meadow: dead seagrass coated with microbial mats accumulated during a die-off event
associated with concentrations of low oxygen and high hydrogen sulphide in Florida Bay, USA, and (C) mangroves: mats of Beggiatoa bacteria below the roots
indicating activity of aerobic sulphur reducing bacteria in Bocas del Toro, Panama. Deoxygenation is a common occurrence in each ecosystem with similar
indicators including mortality of macro-biota and proliferation of microbial mats. Coral bleaching (A), which is typically associated with thermal stress, can
also be triggered by hypoxia. Coral, seagrass, and mangroves can contribute to the creation of hypoxia by forming ponds, channels, and other semi-enclosed
basins as seen in (D) coral reef atoll, Manihi Atoll, French Polynesia, (E) basins within a seagrass bed in Florida Bay, USA, and (F) mangrove ponds in Bocas del
Toro Panama. (A) © Maggie Johnson, (B) © Brad Furman, (C) © Andrew Altieri, (D-E) © Google, Landsat, (F) © Google, CNES.

2015). Second, many tropical ecosystems are regularly
affected by large tropical storms, such as typhoons and
hurricanes, that can affect the nutrient and stratification
characteristics that generate hypoxic conditions (Herbeck
et al., 2011). Third, many coastal, tropical countries are
developing nations, where hypoxia drivers and social
vulnerabilities are both elevated. In developing nations,
fertilizer inputs are increasing at a more rapid rate than
in temperate ecosystems, and human population growth
and agricultural practices have outpaced growth in their
capacity to manage sewage and run-off (Lu & Tian, 2017;
MEA, 2005a). Moreover, in many tropical countries,
human populations are more reliant on local marine
habitats for vital ecosystem services including food,
tourism-related income, and shoreline protection. In such
places, the negative effects of deoxygenation on coastal
ecosystem function will directly affect human well-being
(Barbier et al., 2011).

Tropical shorelines are characterized by three key
biogenic habitats that define their ecological organization:
coral reefs, seagrass meadows, and mangrove forests.
Deoxygenation and its effects are observed in all
three coastal ecosystems (Figure 8.8.3). Much of our
understanding about the structure and function of
coastal tropical ecosystems has been developed in the
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study of these habitats (Bertness et al., 2001). We posit
that the study of coral reefs, mangrove forests, and
seagrass beds, which has contributed unique insights
to general ecological theory, also has the potential to
enrich our understanding of ocean deoxygenation.
For comparison, the study of hypoxia in temperate
ecosystems has been dominated by the study of soft
sediment communities (Diaz & Rosenberg, 1995;
Levin et al., 2009; Middelburg & Levin, 2009) (but see
examples of interactions between oxygen conditions
and temperate bivalve reefs: e.g. Altieri & Witman, 2006;
Lenihan, 1999). By adopting a perspective focused on
habitat-forming species of corals, seagrasses, and
mangroves, we offer a globally relevant perspective on
deoxygenation in tropical ecosystems that considers
the effects of: 1) these species on oxygen conditions, 2)
deoxygenation on these species, and 3) hypoxia on the
community of species that reside in each habitat.

8.8.2 Definition of species group

Many ecosystems are defined by biomass dominants
that create habitat and modify environmental conditions
(Altieri & Van De Koppel, 2013). These species are
commonly referred to as foundation species (sensu
Dayton, 1972) because their establishment is the basis
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Figure 8.8.4 (A) Coral reef, (B) Seagrass bed, (C) Mangroves. (A) © blue-sea.cz, (B) © Etan Daniels / Shutterstock.com, (C) © happtock / huttestoék.

for diverse communities and numerous secondary
ecological interactions (Bruno & Bertness, 2001). For
example, coral reefs, which cover less than 1% of the
sea floor, host over 25% of known marine species
(Reaka-Kudla, 1997). Studying ocean deoxygenation
in tropical ecosystems from the perspective of these
habitats, and in the context of the foundation species,
is particularly insightful because effects on each of
these habitats cascade to associated organisms,
which, overall, represent a large portion of the earth’s
marine biodiversity. Moreover, corals, seagrasses, and
mangroves are themselves organisms that have their
own dependence on oxygen and potential vulnerability
to hypoxic conditions.

Corals, seagrasses, and mangroves (Figure 8.8.4) form
large aggregated living structures that can influence

concentrations of dissolved oxygen through their

(A) Oxygen sink

com.

metabolic activities (Figure 8.8.5). Seagrasses and most
corals (along with their zooxanthellae) are submerged
autotrophic organisms that exchange gases with the
surrounding water column. During the night and other
light limiting conditions they are net consumers of
oxygen (and producers of CO,) which can contribute to
low oxygen conditions (Shashar et al., 1993). Mangroves
differ in that their primary gas exchange structures are
in an emergent canopy. Similar to seagrasses, however,
they transport oxygen to their roots (to overcome
naturally oxygen depleted sediment conditions) which
release oxygen into the surrounding sediments (McKee,
1993). Mangroves and seagrasses are highly productive
and form large swaths at the land-sea interface capable
of intercepting terrigenous nutrients in rivers and other
sources of run-off, and thereby reducing eutrophication
of neighbouring marine environments and the likelihood
of hypoxic conditions that can result (Boto & Wellington,

Sediment

Figure 8.8.5 Diagram of oxygen production, consumption, and exchange in seagrass both in the water column and below ground. Corals and mangroves
similarly exchange oxygen with the water column, and mangroves with the sediments. From Borum et al. (2006).
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1988; Vonk et al., 2008). However, the detritus and other
organic matter trapped by seagrasses, mangroves, and
corals (including from their own production) can fuel
local oxygen depletion (Bjork et al., 2008).

The physical structure of coral reefs, seagrass beds,
and mangrove forests can also influence oxygen
dynamics by modifying the movement of water and
other materials. They act as barriers that limit water
movement and exchange and thereby prevent re-
oxygenation of hypoxic waters from open-ocean and
surface waters (Figure 8.8.3 D-F). Coral atolls, barrier
reefs, and reef flats can create lagoons susceptible to
oxygen depletion (Andrefouet et al.,, 2015; Kinsey &
Kinsey, 1967). Likewise, mangroves can form creeks
and ponds with limited exchange and vulnerability to
oxygen depletion (Mattone & Sheaves, 2017). In some
settings, seagrass shoals enclose basins that become
hypoxic (Robblee et al., 1991), and more commonly
their effect on water chemistry is noticeable within the
canopy where water can stagnate and be influenced by
gas exchange of the blades and sediments below.

;|

Figure 8.8.6 Health§ coral reef. © 'Iad61. '

406

8.8.3 Trends and impacts
8.8.3.1 Coral reefs

Over the last several decades, coral reef ecosystems
(Figure 8.8.6) have suffered significant declines in the
abundance and diversity of reef-building corals (Bellwood
et al., 2004; Bruno et al., 2007; Gardner et al., 2003).
While much of this degradation has been attributed to
increased temperatures due to climate change (Hoegh-
Guldberg et al., 2007; Hughes et al., 2003; Munday
et al., 2008), an increase in mass mortality events (i.e.
“dead zones”) associated with low oxygen within the
last 20 years suggests that hypoxia is another important,
but largely overlooked, stressor on reefs (Altieri et al.,
2017). Not only are coral tissues and surrounding
boundary layers routinely hypoxic in some locations at
night (Kinsey & Kinsey, 1967; Niggl et al., 2010; Ohde
& van Woesik, 1999; Orr & Moorhouse, 1933), due to
the depletion of oxygen by polyp and zooxanthellae
respiration (Gardella & Edmunds ,1999; Kuhl et al.,
1995; Shashar et al., 1993) (Figure 8.8.7), but entire

Ocean deoxygenation: Everyone’s problem
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Figure 8.8.7 False colour image of oxygen depletion at the interface of
algae (filamentous mat) and coral (polygons with green trim) during both
day (A) and night (B). The oxygen depletion contributes to the competitive
dominance of algae over coral. From Haas et al. (2013).

reefs can undergo prolonged periods of hypoxia due to
natural oceanographic and meteorological processes or
the anthropogenic formation of dead zones (Altieri et al.,
2017) (Figure 8.8.8). Hypoxia has been implicated in the
mass mortality of coral reef organisms in over 20 events
around the world (Nelson & Altieri, 2019) (Figure 8.8.1),
with the majority of these events occurring within the
last two decades (Altieri et al., 2017).

Like other ecosystems, coral reef dead zones occur
when processes that increase oxygen demand occur
in tandem with processes that prevent the restoration
of oxygen in the system (i.e. reoxygenation). Increases
in oxygen demand and deoxygenation in reef
environments have been attributed to coral spawn
slicks (Hobbs & Macrae, 2012; Simpson et al., 1993)
(Figure 8.8.9), algal blooms (Dupont et al., 2010;
Genin et al., 1995; Guzman et al., 1990; Smith, 1975),
higher seawater temperatures due to the seasonal
conditions (Andrefouet et al., 2015) or climate change
(Altieri & Gedan, 2015), and excess organic matter due
to sewage pollution (Jokiel et al., 1993; Pastorok &
Bilyard, 1985; Smith et al., 1981), mariculture effluent
(Loya, 2004; Villanueva et al., 2005), or the presence of
benthic algae (Brown & Carpenter, 2013; Gregg et al.,
2013; Haas et al., 2010, 2011). In contrast to the mostly

Ocean deoxygenation: Everyone’s problem
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Figure 8.8.8 Map of hypoxia within Bahia Aimirante on the Caribbean coast
of Panama. Hypoxia (orange and red false colour) developed near human
settlements, and led to declines in coral cover and diversity. From Altieri et
al. (2017).

biological processes that increase oxygen demand on
reefs, the factors that prevent reoxygenation on reefs
are predominately physical. Coral reef dead zones occur
more frequently in semi-enclosed or closed basins that
exhibit water-column stratification and poor flushing
(e.g. Altieri et al., 2017; Andrefouet et al., 2015) and
during periods of calm seas with unusually light winds
and low swell (e.g. Andrefouet et al., 2015; Hobbs &
McDonald, 2010; Hobbs & Macrae, 2012).

In general, the response of organisms to hypoxia is
dependent on both the magnitude and duration of
deoxygenation (Best et al., 2007). The effects of hypoxia
on corals range from reduced photosynthesis (Gardella
& Edmunds, 1999) and calcification (Al-Horani et al.,
2007; Colombo-Pallotta et al., 2010; Wijgerde et al.,
2012, 2014), to bleaching (Altieri et al., 2017; Yonge
et al., 1932), and in extreme cases, mortality (Altieri et
al., 2017; Yonge et al., 1932). The ability of corals to
withstand hypoxia varies among species; corals have
been shown to survive severe hypoxic conditions
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Figure 8.8.9 Coral spawn slick on surface of water. © Suzanne Long /
Alamy stock photo.

(< 5% air saturation) in the laboratory for periods ranging
from several hours to at least a week, depending on the
species (Altieri et al., 2017; Dodds et al., 2007; Haas et
al.,, 2014; Mayer, 1917; Sassaman & Mangum, 1973;
Weber et al.,, 2012; Yonge et al., 1932). Generally,
branching and solitary species typically suffer the
highest mortality during severe hypoxic events (Figure
8.8.10), whereas massive, submassive, and encrusting
corals are usually less affected (Adjeroud et al., 2001;
Genin et al., 1995; Guzman et al., 1990; Laboy-Nieves
et al., 2001; Simpson et al., 1993). The response of
organisms to hypoxia also depends on the presence
of other stressors. There is evidence that some coral
communities might be relatively robust to the combination
of low pH and deoxygenated waters (Camp et al., 2017),
and that the endosymbiotic dinoflagellates belonging
to the genus Symbiodinium may mitigate some of the
impacts of hypoxia and concurrent respiration-driven
acidification in cnidarians (Klein et al., 2017). However,
additional research is needed to better understand the
physiological responses of coral to hypoxia (and co-
occurring stressors including acidification and excess
nutrients) and to develop a mechanistic explanation
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of this variation in tolerance among species. Such
findings would allow for predicting shifts in community
composition with increasing hypoxia and establish the
scope for adaptation within species.

8.8.3.2 Seagrass beds

Seagrasses (Figure 8.8.11) are declining globally at
an accelerating rate (current loss at 1.5% per year)
comparable to loss rates for mangroves, coral reefs,
and tropical rainforests (Orth et al.,, 2006; Waycott
et al.,, 2009). In the tropical Atlantic and Indo-Pacific
regions, conservative estimates are that 21% of the 72
known seagrass species exhibit decreasing population
trends and 11% of species have been designated as
threatened on the IUCN Red List (Short et al., 2011).
Several tropical seagrass mass mortality events have
been reported in recent decades (Carlson et al., 1994;
Hall et al., 1999; Plus et al., 2003; Robblee et al., 1991;
Seddon et al., 2000; Zieman et al., 1999). Although
causality is rarely established in these events (Ralph et al.,
2007), correlative evidence and work from experimental
studies suggests that hypoxia is one of the main factors
underlying these die-offs (Borum et al., 2005; Carlson et
al., 1994; Durako & Kuss, 1994).

One of the primary drivers of repeated, sustained hypoxia
in seagrass ecosystems is eutrophication (Burkholder
et al., 2007). While some level of nutrient enrichment
can result in increased seagrass productivity (Ferdie &
Fourqurean, 2004; Short et al., 1985; Short & Wyllie-
Echeverria, 1996; Terrados et al., 1999), chronic nutrient
enrichment in seagrass meadows causes excessive
growth of macroalgae, epiphytes, and phytoplankton,
resulting in the development of hypoxic conditions (Bjork
et al., 2008). Nutrients and organic matter from both
terrestrial watershed inputs and coastal development
(e.g. sewage) contribute to chronic nutrient enrichment
in seagrass ecosystems (Burkholder et al., 2007).
Eutrophication-induced hypoxia in seagrass meadows
occurs most often during the warm summer months,
especially in calm, poorly flushed bodies of water
where nutrient loads are concentrated and frequent
(Burkholder et al., 2007; Lapointe & Clark, 1992).

Seagrasses are both a source and sink for oxygen in the
surrounding water column and sediments (Figure 8.8.5).
During the day, when seagrass is photosynthesizing,
oxygen partial pressures within seagrass are primarily
dependent on changes in surface irradiance (Borum et
al., 2005, 2007; Greve et al., 2003). In contrast, at night,
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Figure 8.8.10 A thicket of the endangered staghorn coral Acroora eicornis that suumbed to an‘acute' hypoxia event in Bocas del Toro, P-anam'é.lThe

RGN N

coral was one of the few remaining stands of live A.cervicornis inside the Bay of Aimirante prior to the 2017 hypoxia event. © Dr Maggie D. Johnson.

internal seagrass oxygen partial pressures are linearly
related to the oxygen concentration in the water column,
SO low water column oxygen concentrations often
results in hypoxic seagrass tissues (Borum et al., 2005,
2007; Greve et al., 2003). At the same time as tissue
and water column concentrations of CO, are elevated
by night-time respiration. Seagrasses face hypoxic
conditions not only in the water column, but also in their
sediments (Borum et al., 2007; Pedersen et al., 1998).

27 /,:..

Figure 8.8.11 Seagrass bed © Rich Carey / Shutterstock.com.

\ IR
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In general, coastal marine sediments are mostly anoxic
and highly reduced below their surface layer because
of the slow oxygen diffusion from the water column
and degradation of organic matter within the sediment
(Borum et al., 2007). Consequently, seagrass sediments
represents a large oxygen sink and seagrasses must
supply oxygen to their below-ground tissues through
either photosynthesis or by diffusing oxygen from the
water column through leaves to rhizomes and roots
(Pedersen et al.,, 1998). Environmental factors that
disrupt seagrass oxygen balances, for example by
increasing seagrass respiration or increasing the oxygen
demand within the sediment, can result in hypoxic
seagrass tissues (Borum et al., 2005). Environmental
factors that disturb seagrass oxygen balances include
hypersalinity, higher water temperatures, and infections
by pathogens (Durako & Kuss, 1994; Koch & Erskine,
2001; Zieman et al., 1999).

The tolerance of seagrass to hypoxia differs among

species (Koch et al.,, 2007a; Pedersen et al.,, 2016),
but hypoxia generally has negative effects on seagrass

409

<
L
Z
o
'—
(6]
re}
)




8.8 The significance of ocean deoxygenation for tropical ecosystems —corals, seagrasses and mangroves

e —

Figure 8.8.12 (A) Red mangrove Rhizophora mangle seedlings, (B) black
mangrove Avicennia germinans seedlings. (A) © Mark Conlin / Alamy stock
photo, (B) © FLPA / Alamy stock photo.

growth, metabolism, and survival (Holmer & Bondgaard,
2001; Pedersen et al., 2016). Seagrasses exposed
to hypoxic water column conditions show increased
respiration, reduced rates of photosynthesis, smaller
leaves, and reduced number of leaves per shoot (Holmer
& Bondgaard, 2001). When the supply of oxygen to
belowground tissues is insufficient for aerobic respiration,
seagrasses must rely on less-efficient anaerobic
respiration (Borum et al., 2005, 2007; Pregnall et al.,
1984). Poor energy availability and the accumulation
of toxic plant metabolites during anaerobiosis can
eventually result in seagrass morality (Perez et al., 2008).
Seagrass die-offs create a positive feedback cycle where
mortality begets further mortality as higher ecosystem
oxygen demands are created when dead plant material
is decomposed (Bjork et al., 2008).

Aside from the direct effects of hypoxia on seagrass
tissues, hypoxia also negatively affects seagrass by
indirectly mediating the invasion of sulphides in seagrass
tissues. Sulphide is a potent phytotoxin, which negatively
affects seagrass photosynthesis, metabolism, and growth
(Holmer & Bondgaard, 2001). Tropical marine seagrass
beds have especially high sulphide concentrations
because high temperatures stimulate microbial sulphate
reduction rates within sediments and the low availability
of iron in the carbonate sediments of tropical seagrass
beds reduces their sulphide binding capacity (Chambers
et al., 2001; Koch et al., 2007a). Seagrasses are able to
prevent sulphide from invading their tissues by supplying
sufficient oxygen to below-ground tissues to maintain
an oxic microsphere around their roots and rhizomes
(Koch et al., 2007b; Pedersen et al., 1998, 2004). When
seagrasses are unable to maintain this supply of oxygen
to below-ground tissues, sulphides are able to enter and
accumulate within the plant tissues, frequently resulting
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in plant mortality (Borum et al., 2005; Carlson et al.,
1994). This process has been implicated as the most
likely mechanism responsible for mass die-offs of the
tropical seagrass Thalassia testudinum in the Florida Bay
(Borum et al., 2005) (Figure 8.8.3B).

8.8.3.3 Mangrove forests

Compared to coral reefs and seagrass beds, hypoxia
is naturally a more common occurrence in mangrove
ecosystems (Figure 8.8.3C), though it is also being
exacerbated by anthropogenic nutrient inputs and
land use modification. Mangroves themselves are
generally tolerant of hypoxic conditions because most
of their structure is exposed to the atmosphere, and
the roots that encounter hypoxic conditions in the
water and sediments are supplied with oxygen from
above (McKee, 1993). Like seagrasses, mangrove trees
are able to transport oxygen to roots and rhizomes, a
process that can locally oxygenate the rhizosphere,
reduce sulphide concentrations, and alter microbial
communities at the scale of centimetres (McKee, 1993;
McKee et al., 1988). However, oxygen can be limiting for
mangrove performance, and the effects of hypoxia on
mangrove trees varies by species. For example, young

Ocean deoxygenation: Everyone’s problem
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Figure 8.8.13 Diel cycling of oxygen in ponds that are isolated by mangroves. Diel cycling is evidence of biological oxygen demand where a system turns from
a net producer of oxygen to a net consumer of oxygen under light limiting conditions. Coloured lines represent a sequence of monitoring periods in several
mangrove ponds, and the black line represents conditions in a nearby seagrass bed. From Gedan et al. (2017).

seedlings of the red mangrove Rhizophora mangle
(Figure 8.8.12A), which lives at frequently inundated
depths, can tolerate hypoxia, but seedlings of the black
mangrove Avicennia germinans (Figure 8.8.12B) and
white mangrove Laguncularia racemosa, which tend to
predominate at higher elevation and more inland areas
of neotropical mangrove forests, are less tolerant of
hypoxic stress (McKee, 1993, 1996).

Short-duration hypoxia or anoxia naturally occurs in
many mangrove subhabitats, as demonstrated by
studies of dissolved oxygen patterns in mangrove forests
in remote locations and undisturbed watersheds. Diel-
cycling hypoxia is common in shallow, aquatic mangrove
ponds (Figure 8.8.13) (Gedan et al., 2017) and pools in
the mangrove forest interior (Mattone & Sheaves, 2017).
The diel-cycling pattern in dissolved oxygenis areflection
of daytime photosynthesis and nighttime respiration that
depletes dissolved oxygen concentrations (Baumann et
al., 2015; Nixon & Qviatt, 1973). Short duration hypoxia
also occurs in high intertidal areas that are submerged
for only a portion of the day on flood tides. Tide pools
form in these basin interior areas during ebb tides, when
most of the dissolved oxygen delivered with the tide
is consumed by microbial and benthic communities
(Knight et al., 2013; Mattone & Sheaves, 2017).

On monthly time scales, spring flood tides bring more

oxygenated water to the hypoxic areas of the mangrove
interior than neap tides (Mattone & Sheaves, 2017),
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although the opposite pattern has also been observed in
a Malaysian mangrove estuary, when spring tides were
high enough to liberate hypoxic water trapped in tidal
creeks and resuspend sulphide-laden sediments that
consume dissolved oxygen (Figure 8.8.14) (Okamura
et al., 2010). In either case, dissolved oxygen is most
readily consumed in the interior of the mangrove forest
and hypoxic water is exported towards the mouth of the
estuary where it mixes with more oxygenated water. This
phenomenon creates a down-estuary dissolved oxygen
gradient in many mangrove forests (Figure 8.8.14)
(Mattone & Sheaves, 2017; Okamura et al., 2010).
As with many coastal and estuarine environments,
inundation, connectivity, and tidal flushing alleviate
hypoxic conditions towards the edge of mangrove
stands, whereas isolation in pools and reduced tidal
influence exacerbate hypoxic conditions in the interior
of mangrove forests (Figure 8.8.14) (Knight et al., 2013;
Mattone & Sheaves, 2017).

This spatial pattern sets up a gradient of environmental
stress and can structure the distribution of species
living in mangrove ecosystems at various scales. Many
more aquatic species can tolerate the dissolved oxygen
conditions at the mangrove fringe and mouth of tidal
creeks than conditions in the basin interior or heads of
tidal creeks, thus establishing gradients in the diversity of
macrofauna at the scale of metres or kilometres (Knight
et al., 2013; Okamura et al., 2010). The aquatic species
that live in the mangrove interior must be extremely
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Figure 8.8.14 (A) Spatial gradient of hypoxia in a mangrove forest. Isolation of water in the interior of a mangrove stand inhibits flushing and reoxygenation
by surrounding waters. (B) The role of limited water exchange in contributing to hypoxic conditions is evident from the establishment of hypoxic conditions at
only at the most interior sites during the neap tides (when the tidal volume is relatively low). During spring tides, hypoxic water was liberated from isolated
creek sheds to result in widespread hypoxia in this system. From Okamura et al. (2010).

tolerant of hypoxic conditions. Notable examples
include the well-studied amphibious mangrove killifish,
Kryptolebias marmoratus, which leaves the water to
escape episodic hypoxia (Figure 8.8.15), and fish that
surface-breathe which are common in mangrove forests
(Dunson & Dunson, 1999). Some common mangrove
fishes, such as the sailfin molly and sheepshead
minnow, can tolerate more than a day at low oxygen
saturation (Peterson, 1990). There has been little
research into the movement of species in response to
hypoxia in mangrove ecosystems, but mobile species
likely migrate between various subhabitats to reduce
hypoxia exposure as in other ecosystems (Breitburg et
al., 2009).

Overlain on these natural dynamics and spatial patterns
inmangrove ecosystems, anthropogenic eutrophication
and shoreline development can exacerbate hypoxia

Figure 8.8.15 The mangrove killifish, Kryptolebias marmoratus, leaves
water to escape hypoxic conditions that frequently occur in mangrove
habitats. Image reprinted with permission from Turko & Wright (2015).
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in mangrove ecosystems. Anthropogenic inputs may
exceed the limits of macrofaunal survival in many
mangrove microhabitats. For example, sewage
effluent in a formerly oligotrophic tidal creek in Darwin,
Australia amplified the diel-cycle of hypoxia and
reduced dissolved oxygen saturation to half that of a
reference creek (Smith et al., 2012). Similarly, Krebs et
al. (2014) found a higher frequency of hypoxia in urban
mangrove tidal creeks than in non-urban watersheds in
Tampa Bay, Florida, USA. Untreated sewage disposal
in Brazilian mangrove streams elevated nutrient levels
and caused severe hypoxia and regular anoxia with
mean DO concentrations below 1 mg L' (Aguiar et al.,
2011).

Shrimp ponds (Figure 8.8.16) constructed in mangrove
forest are viewed as the greatest anthropogenic threat
to mangrove ecosystems (Alongi, 2002; MclLeod &
Salm, 2006). The tremendous expansion of shrimp
aquaculture in the 1980s and 1990s converted an
estimated 50% of the mangroves in Thailand and
China (Spalding et al., 2010) and 17% in Peru (Mialhe
et al., 2013) to ponds. Shrimp ponds reduce estuarine
circulation and water quality, and thereby also promote
diel-cycling hypoxia within mangroves (Johnston et al.,
2002; Stram et al., 2005). The vast majority of these
ponds are quickly abandoned when water quality
degrades (Ewel et al., 1998; MclLeod & Salm, 2006).
Moreover, the effluent from shrimp farming, estimated
to be 43 billion tons of wastewater in China alone (Biao
& Kaijin, 2007), represents a major source of pollution
that can promote hypoxia in adjacent habitats (Dierberg
& Kiattisimkul, 1996; Paul & Vogl, 2011).
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8.8.4 Ecosystem consequences
8.8.4.1 Coral reefs

Aside from the direct impacts of hypoxia on coral reef
organisms, hypoxia also has indirect effects, such
as through the abundance of algae and spread of
coral diseases in coral reef ecosystems. While corals
in some locations, especially at low flows, routinely
experience hypoxia at night (Gardella & Edmunds,
1999; Goldshmid et al., 2004; Kuhl et al., 1995; Nilsson
et al., 2004; Ohde & van Woesik, 1999; Shashar et al.,
1993; Wild et al., 2008), hypoxic conditions are also
present in the interaction zone between corals and
algae during the day (Barott et al., 2009; Haas et al.,
2013; Smith et al., 2006) (Figure 8.8.7). The hypoxia
that develops in coral-algal interfaces can have severe
negative consequences for corals, including bleaching
(Barott et al.,, 2009) and death (Smith et al., 2006).
Algae, in contrast, are significantly more tolerant to
extremely low oxygen conditions (Haas et al., 2014).
Therefore, natural or anthropogenic stressors that
increase algal biomass or productivity could result in
feedbacks that promote further coral mortality and the
spread of algae.

This feedback is reinforced by coral diseases, such as

black band disease (BDD) (Figure 8.8.17), which Kkills
underlying coral tissue through the high concentrations

Ocean deoxygenation: Everyone’s problem

Figure 8.8.16 Shrimp farms in Phang Nga bay, Thailand. © Stephane Bidouze.

of sulphide and hypoxic conditions produced by the
BBD mat (Carlton & Richardson, 1995; Glas et al.,
2012). The rate at which BBD mats spread is correlated
with oxygen depletion (Glas et al., 2012). Not only does
BBD create localized zones of hypoxia that kill corals,
but also BBD is more common at reefs repeatedly
stressed by larger-scale hypoxic events (Onton et al.,
2011). Thus, reefs that undergo frequent hypoxic events
are more likely to have a higher incidence of disease.

Interactions between coral, algae, and disease are
integrated within the Dissolved Organic Carbon (DOC),
Disease, Algae and Microbes (DDAM) model, which
explains how hypoxia, algae, and disease are linked in a
positive feedback loop that results in coral degradation
(Barott & Rohwer, 2012; Dinsdale & Rohwer, 2011;
Gregg et al., 2013). Algae release DOC, which simulates
rapid microbial growth, creating localized hypoxic
zones, which results in increased coral disease and
mortality, leading to bare space for the recruitment of
even more algae, thus perpetuating the loop (Barott &
Rohwer, 2012; Dinsdale & Rohwer, 2011; Gregg et al.,
2013) (Figures 8.8.7 and 8.8.18).

The fish and invertebrates that inhabit coral reefs exhibit a
wide variety ofbehaviouraland physiological responsesto
hypoxia. Mobile reef organisms often respond to hypoxia
by moving upward to find more oxygenated water. For
example, moray eels and other bottom-dwelling reef
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Figure 8.8.17 Progression of black band disease (BBD) sweeping over a coral colony. BBD depletes oxygen at its leading edge which contributes to coral

J[l-"- e

death. BBD is also more prevalent in areas that experience reef-scale hypoxia. Image reprinted with permission from Rogers et al. (2008).

fishes have been observed swimming at the surface
of the water during a hypoxic event (Simpson et al.,
1993). In response to severe hypoxia, some reef fish
enter a phase of metabolic and ventilatory depression
(Routley et al., 2002). Mobile reef invertebrates have
been observed migrating out of crevices and burrows
to the surface of the substratum (Figure 8.8.19) (Altieri
et al., 2017; Laboy-Nieves et al., 2001; Simpson et al.,
1993) or moving to the tips of arborescent coral colonies
(Johnson et al., 2018; Simpson et al., 1993) in severely
hypoxic conditions. Relatively little is known about the
metabolic adaptations of reef invertebrates to hypoxia,
but generally invertebrates demonstrate depression of
activity (Diehl et al., 1979), reduced feeding (Bell et al.,
2003; Llanso & Diaz, 1994; Tamai, 1993), metabolic
depression (Rutherford & Thuesen, 2005), and/or
altered heart rates (Harper & Reiber, 1999) in response
to low oxygen levels.

Reef fishes that form obligatory associations with living

corals and inhabit the nocturnally hypoxic spaces within
branching coral colonies (e.g. Gobiodon histrio) (Figure
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8.8.20) and generally exhibit a greater hypoxia tolerance
than other reef fish (Nilsson et al., 2004, 2007). Among
coral reef invertebrates, there are limited data on the
differences in hypoxic tolerances among species, but
there is considerable variation in susceptibility, with
some species undergoing mass mortalities during
severe hypoxic events while others appeared unaffected
(e.g. Adjeroud et al., 2001; Laboy-Nieves et al., 2001). In
general, predicting the response of coral reef organisms
to hypoxia is challenging given the large variability of
lethal and sublethal thresholds among benthic taxa
(Vaquer-Sunyer & Duarte, 2008). Under-reporting of
hypoxic events in the tropics (Altieri et al., 2017) and
the difficulty of sampling reef diversity (Plaisance et al.,
2011), suggests the impacts of hypoxia on most coral
reefs organisms remains largely undetected or poorly
understood.

8.8.4.2 Seagrass beds

Deoxygenation both directly and indirectly affects
the biodiversity of seagrass ecosystems. Directly,
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Figure 8.8.18 The ‘DDAM loop’, in which oxygen depletion plays a critical link in a feedback loop that includes anthropogenic factors such as climate change,
overfishing, and eutrophication that leads to coral mortality through algal overgrowth through microbial proliferation. From Dinsdale and Rower (2010).

deoxygenation can reduce the diversity of organisms
inhabiting seagrass beds by eliminating species that
cannot tolerate low oxygen conditions. For example,
experimental anoxia in a Posidonia oceanica meadow
in north-west Spain resulted in an immediate reduction
of metazoan meiofauna richness (Gambi et al., 2009).
Indirectly, the loss and degradation of seagrass due to
deoxygenation threatens the numerous species that rely
on seagrass habitat for shelter or food. Overall, about
one third of seagrass-associated species are listed as
threatened on the IUCN Red List, in many cases related
to a decline in seagrass habitat (Short et al., 2011).

The loss of seagrass affects not only the biological
communities that inhabit seagrass ecosystems, but also
the physical characteristics and resilience of seagrass
ecosystems. For example, die-offs of the dominant
seagrass 7. testudinum in Florida Bay has resulted in
elevated nutrient levels and increased turbidity due to
available nutrients and suspended sediment that were
previously taken up or trapped by seagrass beds
(Durako, 1994). Increased turbidity decreases the light
available for seagrass photosynthesis (Hemminga &
Duarte, 2000), which affects the ability of seagrass to
recolonize areas where mass mortality events have
occurred.

8.8.4.3 Mangroves forests

Some studies have attributed a low density of aquatic
organisms in mangrove forests to hypoxia, and
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recognized the harsh hypoxic conditions as a barrier
to fish moving upstream (Mattone & Sheaves, 2017;
Okamura et al., 2010). By comparing mangrove
ponds on the Caribbean coast of Panama that varied
in magnitude of diel-cycling hypoxia, Gedan et al.
(2017) found reduced fish diversity in ponds with higher
magnitude diel swings, and noted that echinoderms
were largely absent from all ponds. However, they
observed a rich community of benthic invertebrates and
macroalgae that apparently tolerate regular exposure to
short-duration hypoxia (Gedan et al., 2017).

Spatial gradients in hypoxia in mangroves (Figure
8.8.14) shape the landscape of secondary production.
Due to the frequent hypoxic conditions, the mangrove
forest interior does not provide the fish habitat or
fishery benefits of fringe or riverine mangroves (Ewel et
al., 1998). When the ecosystem is perturbed to more
extreme hypoxia, ecosystem function can collapse. In
Australia, eutrophication and hypoxia were associated
with higher phytoplankton productivity, accumulation of
a dense algal mat, and fish kills (Smith et al., 2012).

Despite the established links between eutrophication
and hypoxia, it can be difficult to assess the overall
effects of these processes on the fauna associated with
mangroves, in part due to the contradictory effects of
nutrient enrichment and hypoxia (Breitburg et al., 2009).
For example, in the mangrove tidal creeks of Tampa
Bay, the body condition and abundance of grass shrimp
were higher in developed, relative to undeveloped,
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Figure 8.8.19 Brittlestars and gastropods, normally hidden in cryptic spaces on a coral reef, attempting to flee low-oxygen conditions during a hypoxia event

e

that affected coral reefs on the Caribbean coast of Panama in 2017. Hypoxia resulted in the mass mortality of brittlestars, gastropods, and other motile

invertebrates. © Dr Maggie D. Johnson.

watersheds, whereas Killifish and sheepshead minnows
showed the opposite pattern (Krebs et al., 2014).

Overall, mangrove fauna is much more tolerant of
environmental stresses including hypoxia than coral
reef- and seagrass-associated fauna. In an illustrative
example, a stressful upwelling event in a Venezuelan
estuary that reduced DO, water temperatures,
and salinity annihilated up to 98% of the corals at
locations within the estuary, but mangrove prop root
communities were unaffected (Laboy-Nieves et al.,
2001). This may be a result of the foundation species
in mangrove forests, the mangroves themselves, being
more resistant to aquatic hypoxic conditions because
they are partially exposed to air.

8.8.5 Societal consequences
8.8.5.1 Coral reefs

Around six million people, the majority of whom live in
developing countries, depend on coral reef fisheries
which can account for 51-94% of the total animal
protein consumed (Bell et al., 2009; Teh et al., 2013).
Mass die-offs due to extreme hypoxic events can have
severe impacts on reef fish populations. For example,
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a hypoxic event on Ningaloo Reef (western Australia)
in 1989 resulted in over one million dead fish washed
ashore (Simpson et al., 1993), and over 200,000 dead
fish within a couple days in 2012 in the hypoxic lagoon
surrounded by the South Keeling Islands (Hobbs &
Macrae, 2012). These massive hypoxic fish kills can
result in local extirpation of some fishes, as observed
on the west Florida shelf where five species of demersal
fish failed to recolonize artificial reefs within the two
years following a red tide that resulted in massive fish
kills (Dupont et al., 2010). In remote settings, such as
islands in the Pacific where there is a limited range of
crops and animal protein available locally or through
import (Bell et al., 2009), the loss of fish due to hypoxic
dead zones events presents a serious threat to food
security and nutrition.

Aside from providing seafood products, corals reef
ecosystems provide a variety of essential ecosystem
services, including shoreline protection, nitrogen
fixation, waste assimilation, and tourism opportunities
(Moberg & Folke, 1999). Given the dependence of
such ecosystem goods and services on biodiversity
and biomass, the mortality and loss of coral diversity
due to hypoxia will likely have a variety of cascading
social conseguences.
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8.8.5.2 Seagrass beds

Seagrasses also provide nursery grounds and habitat
for many harvested commercial, recreational, and
subsistence fish and shellfish (Beck et al., 2001; de
la Torre-Castro & Ronnback, 2004; Heck et al., 2003;
Unsworth & Cullen, 2010; Watson et al.,, 1993). In
many tropical regions, such as East Africa and the
Indo-Pacific, local people are dependent on seagrass-
associated fisheries for their livelihoods and as a source
of animal protein (de la Torre-Castro & Ronnback, 2004;
Samonte-Tan et al., 2007; Unsworth & Cullen, 2010).
The loss and deterioration of seagrass meadows due
to stressors, such as hypoxia, could threaten the food
security and income of these communities (Unsworth
& Cullen, 2010).

In addition to furnishing food, habitat, and nursery
grounds for many seagrass-associated species valued
by humans, seagrass meadows provide a plethora
of ecosystems services including water purification,
coastal protection and erosion control via sediment
stabilization, nutrient and carbon sequestration, and
delivery of trophic subsidies to adjacent marine and
terrestrial habitats (Barbier et al., 2011; Heck et al.,
2008; Orth et al.,, 2006). The decline of seagrass
habitats due to hypoxia threatens the ability of these
ecosystems to provide essential goods and services.

8.8.5.3 Mangrove forests

Given that mangroves themselves are tolerant of low
oxygen conditions, ocean deoxygenation will have
minimal direct societal impacts through changes in
mangrove distributions and abundances. However,
hypoxia is likely to affect the organisms that inhabit
mangroves, including fish, which can be an important

i i e 3.~
Figure 8.8.20 Gobiodon histrio a species that exhibits greater hypoxia
tolerance than other reef fish © Roberto Nistri / Alamy stock photo.
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source of food and livelhood for local human
populations  (Ronnback, 1999). Since mangrove
nurseries can supply half or more of the fish on nearby
coral reefs (Mumby et al., 2004), deoxygenation of
mangrove habitats is likely to affect the ecosystem
services of adjacent habitats as well. Moreover, the
factors that promote deoxygenation in mangrove
ecosystems such as eutrophication, removal of
mangroves and associated filtration capacity, and
creation of shrimp farms have a number of well-
recognized negative effects on human well-being
(MEA, 2005b). Even with the apparent localized
benefits of some activities such as shrimp farming,
which offers substantial employment opportunity (e.g.
10,000 jobs in coastal Peru; Mialhe et al., 2013), the
environmental costs grossly outweigh the economic
benefits in any comprehensive economic analysis
(Gunawardena & Rowan, 2005).

8.8.6 Implications of continuing ocean
deoxygenation

8.8.6.1 Coral reefs

The continued decline of oxygen in the ocean is
worrying because the recovery of reefs following
hypoxic mass mortality events can take years
(Dupont et al., 2010) to decades (Smith, 1975) due
to the slow-growing nature of corals. Compared
to many other types of disturbances on coral reefs
(e.g. overfishing, crown-of-thorns starfish outbreaks,
disease epidemics), the long-term effects of hypoxia
on reefs are likely to be more severe because hypoxia
simultaneously affects a broad range of taxa including
consumers, habitat formers, and microbes (Altieri et
al., 2017). Recolonization of some taxa (e.g. benthic
algae, polychaetes, fishes) on coral reefs can be
relatively rapid, while others (e.g. corals, echinoderms,
molluscs) are slower to recover and may take decades
(Banner, 1968; Dupont et al., 2010; Smith, 1975).
Regardless of the rate of recovery, the community
that establishes during recovery from a severe hypoxia
event is unlikely to be identical to the community that
preceded the deoxygenation due to hysteresis (Diaz &
Rosenberg, 2008; Nelson et al., 2016). Whether a reef
will shift from a coral-dominated to an algal-dominated
state following a hypoxia-driven mass mortality of
coral depends, in part, on whether sufficient grazing
pressure is present (Kuempel & Altieri, 2017).
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Figure 8.8.21 Mangroves converted to shrimp ponds contribute to hypoxic conditions in surrounding waterways and create ideal conditions for oxygen
depletion within the ponds themselves. Image credit: llka Feller made possible by LightHawk.

8.8.6.2 Seagrass beds

Continued ocean deoxygenation is concerning because
the effects of hypoxia will be compounded by climate
change, which could accelerate rates of seagrass
decline. There is some evidence that seagrass species
can recover following prolonged deoxygenation and
short-term, extreme anoxia events. For example,
increases in seagrass coverage have been linked to
significant reductions in anthropogenic nitrogen loads
in subtropical Southwest Florida estuaries (Tomasko
et al., 2005). Following an anoxic crisis that caused
widespread seagrass mortality in Thau Lagoon in the
French Mediterranean Sea in 1999, seagrass recovered
to previous biomass levels within nine months through
colonization by surviving seedlings (Plus et al., 2003).
However, consecutive anoxic events are expected to
deplete seed banks and limit recovery potential (Plus
et al., 2003), particularly in long-lived meadow forming
genera such as Thalassia that may take decades to
recover following disturbance (Walker et al., 2007).

8.8.6.3 Mangrove forests

Global attention to the problem of mangrove destruction
for shrimp aquaculture (Figure 8.8.21) has highlighted
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abandoned ponds as an opportunity for mangrove
restoration (McLeod & Salm, 2006). Cessation of shrimp
production and restoration of tidal hydrology can alleviate
eutrophication and anthropogenic hypoxia from these
areas. However, in many areas of the world, mangrove
forest destruction for shrimp aquaculture and other land
uses continues unimpeded (Lee, 2016). Where shrimp
aquaculture is unregulated or poorly regulated, ponds
will continue to become anoxic and unsustainable,
contributing to hypoxia in mangrove ecosystems and
eutrophication in adjacent estuaries (Lee, 2016).

8.8.7 Conclusions / Recommendations

While this review reveals an alarming number of
mechanisms and examples by which hypoxia has a
negative impact on coral, seagrass, and mangrove
habitats, the greater message is that deoxygenation
in tropical ecosystems is poorly documented and
so many impacts are likely as of yet unrecognized.
The actual number of tropical hypoxic ecosystems
is likely underestimated by an order of magnitude,
and a notable proportion (13%) of coral reefs and
associated tropical habitats globally are at risk of being
or becoming hypoxic (Altieri et al., 2017) (Figure 8.8.22).
Trends in shoreline development, habitat loss, and
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Figure 8.8.22 Percentage of coral reef ecosystems by ecoregions, and worldwide, at risk for hypoxia based on established databases of anthropogenic factors
that contribute to hypoxia, including eutrophication and temperature, and coastal geomorphology that promotes stratification and limit exchange with the

open ocean. From Altieri et al. (2017).

eutrophication in the tropics, combined with lessons
learned from decades of hypoxia development in
temperate ecosystems, suggests that the tropics are
on a trajectory of increasing deoxygenation impacts but
also that the effects are reversible if management efforts
can be properly directed (Kemp et al., 2009). There are
also some important distinctions regarding hypoxia in
the tropics related to temperature, climate dynamics,
and the dominant ecological role of biogenic habitats.
The deficit of hypoxia research in the tropics and recent
documentation of hypoxic events should motivate
increased monitoring and research on the topic and
its clear links to the well-being of human populations
in tropical coastal areas. Below are several important
themes to guide future research and management of
ocean deoxygenation in tropical ecosystems.

8.8.7.1 Habitat interactions

The focus of this section has been on coral reefs,
seagrass beds, and mangrove forests because of
their critical role in tropical coastal ecosystems and
their importance in mediating the effects of ocean
deoxygenation. For simplicity corals, seagrasses,
and mangroves are addressed separately in many
of the subsections above. However, it is important to
recognize that these three habitats often occur in close
spatial association and are tightly linked through the
exchange of energy, materials, and organisms (Gillis et
al., 2014; van de Koppel et al., 2015) (Figure 8.8.23).
As a consequence, the spatial configuration of these
habitats can influence oxygen dynamics through the
import/export of materials and the movement of water.

Ocean deoxygenation: Everyone's problem

By reviewing these habitats in concert, there are also
commonalities that become apparent owing to the
structure and function of their foundation species: they
areliving organisms susceptible to ocean deoxygenation,
they have the potential to modify oxygen conditions in
and around their structures through their own metabolic
gas exchange and modification of flow, and they play
host to diverse communities and symbioses that are
vulnerable to hypoxia. The generality and fundamental
nature of these functions across habitat types suggests
tropical ecosystems demand increased management
and research to confront the ocean deoxygenation
crisis. They also suggest that lessons learned in one
habitat may apply to the others which should accelerate
further development of a general understanding to
govern management and direct future research.

8.8.7.2 Multiple-stressors

A multiple-stressor perspective (Breitburg & Riedel,
2005; Crain et al., 2008) should be applied to ocean
deoxygenation in the tropics since hypoxia commonly
co-occurs with other stressors. Two co-stressors
that are particularly relevant are temperature and
acidification because of their interactive physiological
effects and their association with the origins of hypoxia,
as evident in coral reefs (Nelson & Altieri, 2019).
Increased temperatures often drive hypoxic conditions
through a variety of mechanisms including decreased
oxygen solubility in water and enhanced sediment
and macrophyte respiration that consumes oxygen
as observed in seagrass beds (Marsh et al., 1986;
Zimmerman et al., 1989). The respiration that depletes

419

SECTION 8.8



8.8 The significance of ocean deoxygenation for tropical ecosystems —corals, seagrasses and mangroves

[ ‘” Nursery
functlons

Figure 8.8.23 Various resource exchange and habitat modifications that connects coral reef, seagrass, and mangrove ecosystems. Inputs of nutrients and
organic material, as well as the limited exchange from wave attenuation, contribute to oxygen dynamics in each. From van de Koppel et al. (2015).

oxygen also produces carbon dioxide which will locally
drive down pH such that oxygen and pH often cycle
together, as observed in mangroves (Gedan et al.,
2017). The progression of climate change and ocean
acidification, and increased vulnerability of organisms
to hypoxia under elevated temperatures and increased
acidity, suggests that the effects of continuing ocean
deoxygenation on tropical marine organisms  will
become more severe with time.

The synergistic effects of temperature and hypoxic stress
have been well documented in temperate organisms
as higher temperatures lead to lower tolerance for
hypoxia (Vaquer-Sunyer & Duarte, 2011) due in part
to increased metabolic demands for oxygen and the
oxygen limitation of thermal tolerance (Pértner, 2010).
A first step in developing a broader understanding of
the synergisms between temperature and hypoxia
tolerance in tropical ecosystems will be establishment
of a basic quantitative assessment of their combined
effect on mortality as has been done primarily for
temperate species (Vaquer-Sunyer & Duarte, 2011).
This would determine if the taxa that dominate tropical
ecosystems differ in some consistent way, perhaps
because of differing evolutionary histories and/or prior
exposures to hypoxic environments. Over 90% of
documented hypoxic marine ecosystems are in areas
predicted to experience over 2 °C warming by the end
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of this century due to climate change (Altieri & Gedan,
2015). Many tropical species already exist near the edge
of their tolerance to oxygen and temperature extremes
with narrower tolerances for fluctuations than their
temperate counterparts (Johannes & Betzer, 1975). As
a conseqguence, estimates suggest that groups such
as tropical seagrasses are at significant risk of local
extinction due to combined thermal and low oxygen
stress in areas that experience warming (Pedersen et
al., 2016).

Ocean acidification (OA) is of particular concern in
tropical ecosystems because of the dependence of
coral reef construction on calcification that is negatively
affected by declines in pH. While a large and growing
body of research has considered the synergistic impacts
of OA and climate change (Hoegh-Guldberg et al., 2017;
Koch et al., 2013; Kroeker et al., 2013), far less has
considered the interactions of OA and deoxygenation
for coral reefs or other tropical ecosystems. Where they
have been examined together experimentally, it was
found that hypoxia and low pH acted synergistically
to decrease photosynthesis and survivorship of corals
(Weber et al., 2012). Dissolved oxygen and pH often
co-vary where local respiration rates deplete oxygen
and supply carbon dioxide, often reaching or exceeding
values not expected in the open ocean for decades or
centuries to come (Figure 8.8.24). This local production
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Figure 8.8.24 Correlation between oxygen depletion and pH depression in mangrove ponds. The relationship illustrates the common mechanism (i.e. aerobic
respiration) that consumes oxygen and produces carbon dioxide and leads to co-occurring hypoxia and acidification stress. From Gedan et al. (2017).

of carbon dioxide and resultant respiration-driven
acidification has the potential to exacerbate the ocean
acidification driven by global process, and also offers an
opportunity for comparative studies of variation in pH
over relatively small spatial and temporal scales. On the
other hand, consumption of dissolved carbon dioxide
and production of oxygen through photosynthesis by
tropical foundation species has the potential to locally
counteract the effects of an acidified and hypoxic
environment. For example, it has been hypothesized
that seagrass beds might provide a local refuge for
calcifying organisms such as corals by drawing down
carbon dioxide within their canopies, and they may do
the same for hypoxic stress if their super-saturation of

oxygen in the water column during the day provides at
least temporary relief from hypoxic stress (Hendriks et
al., 2014). Further research is needed to understand
how the physiological effects of oxygen, temperature,
and pH (along with salinity and other potential stressors)
interact with one another and are modified by foundation
species in the tropics.

8.8.7.3 Feedbacks and hysteresis

Mortality and shifts in community composition due
to hypoxic conditions at the ecosystem scale can
initiate further changes in biogeochemical processes
and oxygen depletion. Known examples from tropical
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Figure 8.8.25 Diagram of hysteresis in hypoxic ecosystems. Due to feedbacks between oxygen concentration and changes in microbial processes, the return
pathway (blue) can differ from the initial impact (red) such that the response to given level of driver can differ and be dependent on prior state. From Conley et

al. (2009).
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ecosystems include the production of organic material
following hypoxia-induced seagrass mortality that
fuels further oxygen depletion (Bjork et al., 2008),
or the increase in coral death and algal production
associated with anaerobic pathogens that further starve
environments of oxygen (Dinsdale & Rohwer, 2011)
(Figure 8.8.18). These feedbacks can lead to hysteresis
in which achieving the threshold value for eutrophication
needed to reverse hypoxic conditions may be lower and
more difficult to achieve than values that initiated hypoxic
conditions (Conley et al., 2009) (Figure 8.8.25). Studies
of temperate soft sediment habitats have revealed
other feedbacks between sediment oxygen conditions,
microbial communities, nutrient cycling and availability,
production of organic matter, and development of
hypoxic conditions (Middelburg & Levin, 2009). Little is
known about such shifts in biogeochemical process in
tropical hypoxic ecosystems, and additional research on
species tolerances and interactions (for both microbial
and metazoan communities) will be necessary for
elucidating the full suite of such feedbacks that further
modify hypoxic conditions at the local scale.

8.8.7.4 Conclusion

Ocean deoxygenation is affecting tropical coastal
ecosystems. Many identified hypoxic ecosystems are in
countries at an early stage of economic development
where lessons learned about links between agricultural
intensification, water treatment, and hypoxia in advanced
economies in temperate countries might inform

Deoxygenation in tropics, by the numbers:

e 75%: Percentage decline in coral diversity in a
Panamanian hypoxic dead zone.

e 1,000,000: The number of dead coral reef fish
following a single hypoxic event in Australia.

e 13%: Percentage of coral ecosystems
worldwide at elevated risk from deoxygenation.

e 866 mg O, L™ Swing in dissolved oxygen
concentration recorded in a mangrove pond
over a 24- hour period from a low of 0.46 to a
high of 9.12mg O, L.

e USD$127 million: Value of ecosystem services
loss from a single event of seagrass die-off
associated with hypoxia in Florida.

e 370: Estimated number of undiscovered
hypoxic ecosystems in the tropics.
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management strategies to avoid future deoxygenation
events (Kemp et al., 2009). The dependence of many
tropical coastal societies on healthy coral reef, seagrass
bed, and mangrove forest ecosystems for services
including food provision, storm buffering, and tourism
should be motivation for the international community
to support the exchange of scientific capacity,
management lessons, and intellectual capital. Given
the apparent discovery deficit of hypoxic ecosystems in
the tropics, it is urgent to document the extent of the
problem and the consequences for ecological structure
and function. Otherwise there is a risk that hypoxia will
alter ecosystems before changes can be quantified,
thus leading to “shifting baselines” (sensu Dayton et al.,
1998) in which our understanding and management
of some tropical ecosystems will be distorted by first
observations in a degraded state.
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