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Eutrophication-Driven
Deoxygenation
in the Coastal Ocean
BY NANC Y N . R ABAL AIS , WEI-JUN CAI , JACOB CAR STENSEN ,
D A N I E L J . C O N L E Y, B R I A N F RY, X I N P I N G H U ,
ZO R A I DA Q U I Ñ O N E S -R IV E R A , RU TG E R ROSEN B E RG ,
C A R O L I N E P. S L O M P, R . E U G E N E T U R N E R , M A R E N V O S S ,
BJÖRN WISSEL, AND JING ZHANG

ABSTR AC T. Human activities, especially increased nutrient loads that set
in motion a cascading chain of events related to eutrophication, accelerate
development of hypoxia (lower oxygen concentration) in many areas of the
world’s coastal ocean. Climate changes and extreme weather events may
modify hypoxia. Organismal and fisheries effects are at the heart of the
coastal hypoxia issue, but more subtle regime shifts and trophic interactions
are also cause for concern. The chemical milieu associated with declining
dissolved oxygen concentrations affects the biogeochemical cycling of oxygen,
carbon, nitrogen, phosphorus, silica, trace metals, and sulfide as observed in
water column processes, shifts in sediment biogeochemistry, and increases
in carbon, nitrogen, and sulfur, as well as shifts in their stable isotopes,
in recently accumulated sediments.

Photos from top to bottom: (1) Diopatra cuprea polychate burrow (middle right) amid Beggiatoa
bacterial mat and organic detritus. Photo credit: Franklin Viola. (2) Fish kill on Grand Isle beach,
Louisiana, as a result of anoxic waters impinging on shoreface. Photo credit: Kerry M. St. Pé.
(3) Mississippi River sediment and dissolved nutrient-laden plume from Southwest Pass entering
the oligotrophic waters of the open Gulf of Mexico. Photo credit: Nancy Rabalais. (4) Dead spider
crab from Gulf of Mexico hypoxic zone. Photo credit: Franklin Viola. (5) Dead polychaete worm
amid Beggiatoa bacterial mat and black anoxic sediments. Photo credit: Franklin Viola.
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INTRODUC TION
Deoxygenation has become a focus of
open ocean research in the last 10 years
(Keeling et al., 2010). However, lowoxygen areas, sometimes called “dead
zones,” have been known for much
longer in the coastal ocean and have
increased in size and number during the last several decades (Díaz and
Rosenberg, 2008). Gilbert et al. (2010)
concluded that the median oxygen
decline rates observed in extensive data
sets are more severe in a 30 km band
near the coast than in the open ocean
(> 100 km from the coast). Also, oxygen
time series with negative oxygen trends
are more prevalent in the coastal ocean
than in the open ocean.
There have always been some hypoxic
(low dissolved oxygen) and anoxic (no
oxygen) aquatic environments. Lowoxygen waters in the world ocean are
normal, or naturally formed, in areas
such as oxygen minimum zones (OMZs),
high productivity areas such as upwelling regions, and restricted basins and
fjords (Helly and Levin, 2004; Rabalais
et al., 2010). Human activities in the
nineteenth, twentieth, and twenty-first
centuries have resulted in many more
areas of hypoxia than have occurred historically, and they have aggravated conditions in areas that were already low in
oxygen (Figure 1; Díaz and Rosenberg,
2008). The exponential growth rate of
coastal sites where hypoxia has been
reported is 5.5% ± 0.23% yr –1 (R2 = 0.86,
P ≤ 0.01) (Vaquer-Sunyer and Duarte,
2008). A close examination of waterquality data (e.g., coastal areas of the
Baltic Sea) reveals additional areas of
low oxygen not formally documented
in the scientific literature (Figure 2).
These changes in oxygen are increasingly
important because of their large impacts
on ecosystems and their biogeochemical

cycles. And, unlike the open ocean,
deoxygenation at the shallow coastal
margins results in changes to sediment
chemistry that accompany the shifts
in biogeochemistry observed in the
overlying water.
Some of the reasons that hypoxia is a
focus of scientific research and applied
science are that it may have undesirable effects on ecosystems, including
loss of suitable and required habitat
for many bottom-dwelling fishes and
benthic fauna; habitat compression for
pelagic fishes; direct mortality; increased
predation; decreased food resources;
and altered trophic energy transfer, bioenergetics (physiological, development,
growth, and reproductive abnormalities),
and migration (Rabalais et al., 2001). The
increased nutrient loads causing hypoxia
may also change the composition of
the phytoplankton community and can
shift trophic interactions (Turner et al.,
1998). Hypoxia also alters or interrupts
ecosystem functions, such as nutrient
cycling and bioturbation (Rabalais, 2004;
Middelburg and Levin, 2009).

DEFINITIONS
Deoxygenation in the coastal ocean
often results in hypoxia or even anoxia,
which are detrimental to aerobic, aquatic
organisms. The behavioral and physiological responses may include reduced
growth, loss of reproductive capacity,
mortality, reduced biodiversity, and
loss of secondary production, including
fisheries. But, there is no simply defined
oxygen concentration at which marine,
coastal, or estuarine waters become
hypoxic to the resident organisms, nor
is there consistency in the units of oxygen used to define hypoxia. Dissolved
oxygen concentration varies depending on temperature (low temperature
increases O2 solubility), pressure (high
pressure increases O2 solubility), and
salinity (higher salinity decreases O2
solubility). Shrimp and fish, for example,
avoid dissolved oxygen levels below
2 mg L–1 (63 μM) in the northern Gulf
of Mexico hypoxic zone, while sharks
and rays emigrate from the area at a dissolved oxygen concentration of 3 mg L–1
(94 μM; Rabalais et al., 2001). There is,

Figure 1. Global coastal hypoxia. Each red dot (n = 480) represents a documented case related to
human activities. The data were compiled using a literature search conducted by Robert Díaz, Virginia
Institute of Marine Science; Rutger Rosenberg, Gothenburg University; and the Water Resources
Institute. Data replotted from http://www.wri.org/our-work/project/eutrophication-and-hypoxia/
interactive-map-eutrophication-hypoxia
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in fact, a broad range in the oxygen sensitivity of marine organisms that complicates the definition of a common stress
threshold (Vaquer-Sunyer and Duarte,
2008). Nevertheless, the Scientific
Committee on Oceanic Research,
Working Group 128, agreed to consider
a general value for hypoxia of 30% oxygen saturation at 25°C and salinity 35
(= 2 mg L–1, 1.4 ml L–1, 63 µM; Rabalais
et al., 2010). This value is most relevant
as a threshold to coastal waters and

organisms that have evolved in normoxic
(oxygenated) waters without severe
hypoxia. Hofmann et al. (2011), however,
make the case for use of pO2, in units
of milli-atmospheres (matm), as the
standard unit for oxygen thresholds to
facilitate a combination of pO2 fields and
pCO2 fields (generally reported in μatm
units) when considering the effects of
ocean acidification and climate change.
The term “dead zone” most often
applies to near-bottom coastal waters

where oxygen depletion occurs in otherwise normoxic waters, with migration
or mortality of charismatic megafauna
(i.e., fishes and large invertebrates). The
regions are not, of course, truly “dead.”
Even in the absence of larger fauna,
smaller meiofaunal taxa (foraminiferans,
nematodes) and microbes persist, and
the upper water column is fully oxygenated and supports diverse metazoan
communities, including fisheries. The
term “dead zone” is probably not appropriate for shelf and slope regions with
permanent oxygen depletion (oxygen
minimum zones or oxygen minimum
layers), where fully developed, diverse
animal communities with megafauna
can occur at O2 concentrations below
2 mg L–1 (63 μM; Levin, 2003).

HYPOXIC ZONE S IN
COASTAL WATER S

Figure 2. Lowest recorded oxygen concentration at all monitoring locations from 1955 to 2009
in the entire Baltic Sea. The insets are the Stockholm Archipelago (upper left) and the Finnish
Archipelago Sea (lower right). Oxygen concentrations in bottom waters are divided into four
categories: < 0 mg L–1, 0 to 2 mg L–1 (0 to 63 μM), 2 to 4 mg L–1 (63 to 125 μM), and > 4 mg L–1
(> 125 μM). Oxygen concentrations of 0 mg L–1 are considered anoxic, 0 to 2 mg L–1 (0 to 63 μM)
are considered hypoxic, and 2 to 4 mg L–1 (63 to 125 μM) are considered oxygen stressed.
Reprinted with permission from Conley et al. (2011), © 2011 American Chemical Society
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There were scattered reports of hypoxia
in North America and northern Europe
before 1970. By the 1990s, coastal
hypoxia was prevalent in North America,
northern Europe, and Japan. By the
2000s, there were increased reports of
hypoxia in South America, southern
Europe, and Australia (Figure 1). These
coastal hypoxic systems include estuaries
and continental shelf waters that extend
from the barrier island shoreface to the
edge of the continental shelf at ~ 100 m
water depth. Often, phytoplankton production in shallower waters is not likely
to be high, despite high nutrient delivery,
because of turbidity caused by sediment
resuspension or sediment delivery from
coastal rivers (Rabalais et al., 2007a).
Also, deeper waters at the edge of the
continental shelf are not as conducive to
eutrophication-induced hypoxia because
nutrients are depleted with distance offshore, less primary production occurs
there, and less organic matter is exported

since the beginning of oxygen data collection—in the 1930s for the Chesapeake
Bay (Cooper and Brush, 1991; Brush,
2009) and the 1970s for the northern
Gulf of Mexico (Rabalais et al., 2002).

CAUSE S AND EFFEC TS
Eutrophication (an increase in the rate
of primary production and carbon accumulation) usually causes decreasing dissolved oxygen in coastal waters, which

leads to microbial oxygen consumption
in the lower portion of a stratified water
column that exceeds the re-aeration rate
(Rabalais, 2004). (This does not apply
to upwelling-driven systems or oxygen
minimum zones.) The development and
global distribution of coastal hypoxia
areas is closely associated with developed watersheds, the coupling between
increased nutrient loads, especially nitrogen and phosphorus, and higher carbon
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from surface waters. Further, stratification is less likely in shallow waters due
to mixing events. Stratification is a key
requirement in the formation of hypoxia
or anoxia (Rabalais et al., 2007a). During
most or part of the year, salinity or
temperature or both change dramatically from the surface to the seabed. The
physical differences in the resulting
density prevent oxygen from diffusing
from surface waters toward the lower
water column. Swift currents that move
materials away from the river discharge
and that do not permit the development
of stratification are not conducive to the
accumulation of biomass or depletion
of oxygen, for example, in the Amazon
and Orinoco plumes. Similar ocean
circulation processes off the Changjiang
(Yantze) River were once thought to be
reasons why hypoxia did not develop in
the coastal waters of the East China Sea.
Yet recently, a significant area of hypoxia
has been documented off the Changjiang
in summer (Chen et al., 2007). There
is increasing likelihood that, where
physical conditions are conducive, more
and more coastal systems will become
eutrophic, especially in developing
countries (Figure 3).
Many currently hypoxic systems were
not always hypoxic. The declines in oxygen concentrations for systems with data
from the first half of the twentieth century started, for example, in the 1950s
and 1960s for the northern Adriatic Sea
(Justić et al., 1987), between the 1940s
and 1960s for the northwest continental
shelf of the Black Sea (Zaitsev, 1992),
and in the 1970s for the Kattegat (Baden
et al., 1990). Declining dissolved oxygen
levels were noted in the Baltic Sea as
early as the 1930s (Fonselius, 1969), but
it wasn’t until the 1950s that hypoxia
became widespread (Karlson et al.,
2002). Other systems have been hypoxic
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Figure 3. Period in which the symptoms of eutrophication and hypoxia/anoxia began in
developed countries and the more recent evolution of these symptoms in developing
countries (Rabalais et al., 2010). Used under Copyright Agreement with Copernicus Press.
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production. The size of the hypoxic zone
adjacent to the Mississippi River, for
example, is closely related to the nitrate
load of the river for the two months
before the mapping, and the same-sized
hypoxic area is now formed with a lower
nitrate load than historically (Turner
et al., 2012; similarly, in Chesapeake
Bay [Hagy et al., 2004]). The industrial
creation of reactive nitrogen, which has
increased by over 20 times since the
Industrial Revolution to a global production of 187 Tg N yr –1 in 2005, drives the
changes in nitrogen loading in the last
100 years (Galloway et al., 2008). Also,
the increased flux of phosphorus from
land runoff and wastewater effluents has
elevated the global flux of phosphorus
to the ocean almost threefold to current
loadings of ~ 22 Tg yr –1 (Bennett et al.,
2001). The dissolved silicon concentration or loads (or both), however, have
remained the same or decreased, so that
the relative proportions of silicon to
nitrogen and silicon to phosphorus in
river effluents have decreased over time
(Justić et al., 1995). The result of these
changes is that phytoplankton biomass
increases where nitrogen or phosphorus or both are limiting (Turner and
Rabalais, 2013), and diatom growth may
be limited or there may be shifts in diatom composition where the relative proportion of silicate to nitrogen approaches
the Redfield ratio of 1:1 (Turner et al.,
1998). The overall result is higher primary production, greater flux of organic
carbon to the bottom later, and more
extensive bottom-water hypoxia where
the necessary physical structure exists
(i.e., prolonged stratification; Turner and
Rabalais, 1994; Parsons et al., 2002).
On a global level, the various physical processes, such as coastal upwelling and slope water intrusion, bring
more dissolved inorganic nitrogen and
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phosphorus fluxes to continental margins than rivers, perhaps by a factor of
six to nine for nitrogen and by two to
three for phosphorus (Liu et al., 2010).
However, a significant fraction of marine
originated nitrate may be transported
back to the ocean unused (Pomeroy
et al., 2000), resulting in an almost balanced N budget for the coastal ocean
(Voss et al., 2013). How much and how
long the newly created hypoxic zones last
depends on the residence time of riversupplied freshwater, nutrient uptake and
regeneration rates, and other changes
observed in the Anthropocene (or yet to
come) because of climate-driven changes
in oceanic nutrient sources.

ALTERED CHEMISTRY OF
WATER AND SEDIMENTS
Oxygen dynamics are closely integrated
with the chemistry of carbon, nitrogen,
phosphorus, silica, trace metals, and
sulfide in the water column and sediments. The chemical milieu associated
with declining dissolved oxygen concentrations depends on the length of
exposure to decreased oxygen content or
the degree of severity (in concentration).
The severity becomes more important
to shifts in redox chemistry at oxygen
concentrations less than 0.5 mg L–1
and at 0.05 mg L–1 (16 μM and 1.6 μM)
when hydrogen sulfide is released from
the sediments into the overlying water
(Rabalais et al., 2007a).
Highly productive surface waters
often result in oxygen saturation levels
greater than 100% on a seasonal basis
(Quiñones-Riviera et al., 2010). Oxygen
supersaturated waters are accompanied
by lower pCO2 and higher pH values
(Guo et al., 2012). However, due to rapid
gas exchange with the atmosphere, the
“excess” O2 in surface waters can be lost
to the atmosphere before being mixed

down into the water column. In bottom or subsurface waters, the amount
of O2 consumed by organic matter
exported from the surface and accumulated in subsurface/bottom waters
cannot be easily resupplied due to the
physical stratification.
Deoxygenation does not affect the
dissolved and particulate organic carbon
(DOC and POC, respectively) sources
in surface waters and sediments, but
they are the ultimate cause of decreasing
oxygen concentrations. The question of
how much carbon is imported from terrestrial sources versus how much carbon
derives from in situ nutrient-enhanced
production, which serves as the substrate for aerobic decomposition, is
often debated with regard to causes and
ultimate mitigation. For example, stable
carbon isotopic (δ13C) compositions of
DOC and POC indicate that terrestrially derived carbon from the Mississippi
River basin is more 13C-depleted than
carbon fixed in offshore waters, and that
marine in situ production dominates
(Wang et al., 2004; Figure 4). In addition,
the δ13C composition of surface sediments indicates that the terrestrial carbon flux is located near the river mouth
and adjacent to the wetlands. Instead,
an in situ source of carbon, not a terrestrial source, dominates the Mississippi
delta region where hypoxia develops
(Turner and Rabalais, 1994). A potential
carbon or nitrogen source from eroding
wetlands appears to be relatively small
compared to the river-derived carbon
or nitrogen loading spread out over the
same continental shelf (Turner et al.,
2007; Figure 4).
“Unused” organic material in the
form of senescent phytoplankton, fecal
pellets, and marine aggregates sinks
to the lower water column and the
seabed where the organic carbon is

surface-produced organic matter is
respired in the lower water column at
the expense of dissolved oxygen. This
respiration gives rise to increased dissolved inorganic carbon and pCO2 levels
and lower pH in the bottom waters. The

bottom water pH decrease, as dissolved
oxygen diminishes, may be aggravated
further by interaction between open
ocean source water acidification and
coastal waters (Cai et al., 2011). Duarte
et al. (2013) support the concept that
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remineralized by aerobic and anaerobic
processes, or it is buried. As aerobic
bacteria decompose the organic matter
that falls into the lower water column
or settles onto the seabed, the dissolved
oxygen concentration in water overlying
the sediments declines and bottom
waters may become hypoxic or approach
anoxia. In this transition, numerous biological and geochemical shifts occur in
the benthic community, many with feedbacks that contribute to further eutrophication and declining oxygen levels
(Middelburg and Levin, 2010).
Quiñones-Rivera et al. (2007) estimated the relative contributions of water
column and benthic respiration in the
hypoxic part of the northern Gulf of
Mexico from oxygen concentrations and
stable oxygen isotope measurements.
Their model indicated that the severe
bottom water oxygen depletion in midsummer 2001 was due predominantly to
benthic respiration (73%). Despite considerable overlap in oxygen saturation
values, the relative contributions of benthic respiration in bottom waters during
the summer season (75%) were noticeably higher and more variable compared
to the winter season (42%) (QuiñonesRivera et al., 2010). There is also midwater respiration, where sinking organic
matter accumulates at the pycnocline.
Eutrophication generally leads to
reduced surface water pCO2 in the
coastal region because of enhanced
surface primary production. This pCO2
reduction is especially conspicuous in
estuaries of nutrient-laden large rivers such as the Mississippi (Cai, 2003).
Meanwhile, the pH in the highly productive surface waters increases as a result
of surface production (Cai, 2003; Guo
et al., 2012). However, a stratified water
column can cause spatial decoupling
of production and respiration, that is,

2,000
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Jan 2002

Jul 2002

Jan 2003

Jul 2003

Figure 4. Sequence of particulate organic δ13C matter (upper panel) and particulate organic δ15N matter (lower panel) in the Mississippi River (M-R, Baton Rouge,
Louisiana) and transect C (station C8 offshore, station C6B mid-distance, and
station C3 inshore, water depths of 30, 20, and 10 m, respectively), 100 km west
of the Mississippi River, from December 2001 to July 2003. Black marks represent
sampling times and locations. Average monthly Mississippi River discharge (m3 s–1)
at Tarbert Landing is shown in the bottom panel. The terrestrial carbon signature
(–27 to –24‰) in coastal surface waters parallels peaks in river discharge, and
organic carbon offshore (–22 to –18‰) represents an atmospheric source. The
N source of particulate organic matter along the C transect is primarily from the
river (–4 to 10‰) and subsequently incorporated into in situ production offshore.
Courtesy of Björn Wissel, University of Regina, and Brian Fry, Griffith University. River
data from US Geological Survey
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ocean acidification due to anthropogenic
CO2 emissions cannot be transposed
to coastal ecosystems directly and that
a regional focus is necessary to predict
future trajectories in the pH of coastal
waters. Lowered pH in coastal waters,
in conjunction with weakening seawater buffering capacity and seawater
saturation state with respect to aragonite (Ωarag) (Cai et al., 2011; Figure 5),
remains a serious concern for living
resources, especially with regard to
shellfishery production. Increasing acidification could drive many coastal and
estuarine waters into carbonate mineral
undersaturation on a seasonal basis,

affecting the stability of the carbonate
skeletons of coastal mollusks (Cai et al.,
2011; Duarte et al., 2013).
With continued accumulation of
organic carbon at the seabed, microbial
biomass and microbial decomposition
potential of substrates and community
oxygen consumption increase. The
redox potential discontinuity layer in
the sediments migrates upward to the
sediment-water interface. Sulfate respiration replaces oxygen respiration,
and hydrogen sulfide is generated from
the sediments. Oxygen penetrates less
deeply into the sediments as the bioturbation potential of the macroinfauna
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decreases during their demise due to
sulfide toxicity or lack of sufficient oxygen. Evidence of sulfide is visible at the
sediment-water interface in the forms of
black spots resulting from iron sulfide
that precipitates from intense microbial
degradation of organic matter, lacey
white colonies and denser, yellowish
colonies of sulfur-oxidizing bacteria
(Beggiatoa and Thiovulum), and reddish
to violet carpets of sulfur-purple bacteria in the Wadden Sea (North Sea),
in shallow water areas of the Baltic, on
the Louisiana continental shelf, and in
many areas of the world ocean where
the oxygen minimum zone intersects

92°W

90°W

Figure 5. Spatial distributions of near-bottom water properties in the northern Gulf of Mexico in August 2007 and predicted conditions when atmospheric CO2 level reaches 800 ppm (as modeled in Cai et al., 2011). (a) Dissolved O2. (b) pH on total scale. (c) Dissolved inorganic carbon (DIC).
(d) Total alkalinity (TA). (e,f) Seawater saturation state with respect to aragonite (Ωarag). (g,h) pCO2. Panels a–f are modified from Cai et al. (2011)
and used with permission from Nature Publishing Group © 2011. Panels g and h are from authors W.-J. Cai and X. Hu
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the seabed (reviewed in Rabalais et al.,
2001). When bottom water is depleted
in oxygen, hydrogen sulfide may build
up there as anaerobic bacteria metabolism reduces sulfate to H2S (Jørgensen,
1980). The sediment becomes almost
uniformly black, and there are no signs
of aerobic life. While instrumentation
may limit accurate detection of anoxia
(± 0.2 mg L–1 precision, 6.2 μM), the
presence of moderate (20 μM) H2S concentrations in bottom water indicate
that the dissolved oxygen concentration is less than 0.2 mg L–1 (6.2 μM)
and probably zero or close to it (Wong
and Brewer, 1977). Hydrogen sulfide
concentrations up to 50 μM have been
measured in bottom-water samples that
emitted a strong odor of H2S (Rabalais
et al., 2007a). Hydrogen sulfide concentrations of 2 to 5 μM have been chemically detected when there was still a faint
H2S odor. Sulfur-oxidizing bacteria at
the sediment-water interface have been
repeatedly observed by divers, through
video surveillance from remotely operated vehicles (Rabalais et al., 2001), and
in microscopically examined surface
sediment samples.
Denitrification proceeds much of the
year in normoxic waters, but it is dependent on the nitrate supplied by nitrification, a process that requires oxygen,
which may be absent for extended periods and over broad areas of the seabed
(Jäntti and Hietanen, 2012). Nitrogen
removal at the oxic/anoxic interface can
be a significant process. In the Baltic Sea,
it accounts for as much nitrate removal
as does sedimentary denitrification
(Dalsgaard et al., 2013). Dissimilatory
nitrate reduction to ammonium
(DNRA), where nitrogen is not removed
but instead recycled in the system, dominates nitrate reduction in low-oxygen
conditions (O2 < 110 μM); this process

has been persistent in the central Gulf
of Finland during the past decade. The
decrease of nitrogen removal rates is
most likely caused by increased bottom
water hypoxia (Jäntti and Hietanen,
2012). Moreover, nitrous oxide production increases under increasing sulfide
concentrations (Dalsgaard et al., 2013).
N can also be removed from the water
column by anaerobic ammonium oxidation (anammox) processes, where nitrate
and nitrite are reduced to dinitrogen gas
under anoxic conditions. Anammox,
despite its periodic occurrence in
Baltic Sea sediments, is not regarded
as a major nitrate-reduction pathway

phytoplankton production in the overlying water with the appropriate mixing
mechanisms. The degree to which these
nutrients diffuse upward through the
water column and across strong pycnoclines depends on hydrographic features.
High waves or strong currents will
likely break down the physical structure
of the water column, re-aerate it, and
resuspend sediments and adsorbed and
dissolved nutrients, with a subsequent,
at least temporary, stimulatory effect for
primary production.

(Jäntti and Hietanen, 2012). With the
shift in redox potential in the sediments
as oxygen concentration decreases,
fluxes of ammonium, silicate, and phosphate into the overlying water increase
(Baustian, 2011). Under normoxic
conditions, nitrate would be removed
by denitrification.
Enhanced recycling of phosphate
from surface sediments upon the onset
of hypoxia and anoxia is a common
phenomenon in coastal areas worldwide (e.g., Algeo and Ingall, 2007). The
amount of dissolved inorganic phosphate
released from sediments during the seasonal expansion of hypoxia in the Baltic
Sea is approximately one order of magnitude greater than the total yearly anthropogenic phosphorus loading (Conley
et al., 2002). This phosphate is released
from reduction of Fe-oxyhydroxides
(Conley et al., 2009). Preferential regeneration of phosphate relative to carbon
and nitrogen from organic matter under
low-oxygen conditions also contributes
to a surplus of bioavailable phosphate in
the Baltic Sea (Jilbert et al., 2011).
The inorganic nutrients fluxed from
the sediments into the overlying water
column become available to fuel further

Evidence from biological paleoindicators (reviewed by Gooday et al., 2009)
illustrates how communities of indicator
benthic organisms (e.g., foraminiferans
and ostracods) shifted or decreased in
abundance and diversity as a result of
severe, long-lasting hypoxic events. The
sediments harbor a suite of chemical
changes that can be used as indicators
of either biological changes or biogeochemical change in the water column.
The increased preservation of organic
matter under anoxic conditions typically leads to elevated organic carbon
content (Hartnett et al., 1998), and
sediments overlain by anoxic waters
are often also enriched in trace metals
(Tribovillard et al., 2006). Sediment
molybdenum (Mo) is a particularly
robust indicator of sediments that are
overlain by anoxic and sulfidic bottom
waters. Records of Mo (commonly
normalized to aluminum) document
the recent human-induced decline in
bottom water oxygen in, for example,
Chesapeake Bay (Adelson et al., 2001)
and the Baltic Sea (Jilbert and Slomp,
2013). Laminated sediments with high
organic carbon (Zillén et al., 2008)
and Mo/Al ratios (Jilbert and Slomp,
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2013) characterize the early Holocene
(~ 8,000–4,000 years ago) and Medieval
(800–1300 CE) periods of low oxygen in the Baltic Sea. Accumulation
of biogenic silica (the remains of diatom frustules) increased in sediments
under the Mississippi River plume as
nutrient-enhanced primary production
in the surface waters increased (Turner
and Rabalais, 1994). Accumulating
sediments influenced by the Mississippi
River and Atchafalaya River plumes
exhibit increases in %N, %C, and %S
(Figure 6) starting in 1940, based on

210Pb-dated

cores. The accompanying
changes in δ13C, δ15N, and δ34S indicate
recent ecosystem eutrophication in the
form of increased marine in situ carbon
formation, incorporation of Mississippi
River nitrogen into marine in situ production, and increasing marine algal
input and sulfide storage, respectively.
Increased plant pigments stored in sediments, which indicate cyanobacterial
or diatom blooms, may be the result
of eutrophication or enhanced preservation due to hypoxic bottom waters
(Rabalais et al., 2007b).

Figure 6. Down-core
changes in C and δ13C,
N and δ15N, and S and
δ34S for six cores taken
within 50 km west of
the Mississippi River
delta (letters D, E,
and F denote increasing distance from the
Mississippi River; numbers indicate depth in
meters) and for one core
(yellow open diamonds,
core I3 in 20 m water
depth) 150 km west of
the Atchafalaya River
delta. 210Pb dating of
the cores indicates that
most changes began
in the 1940s.
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CLIMATE CHANGE WILL
LIKELY WOR SEN LOW OX YGEN
IN COASTAL WATER S
The world’s climate has changed because
of human activities, and it will continue
to change even if greenhouse gas emissions are stabilized because of lagging
impacts that will last for centuries.
The regional outcomes of the various
global climate change (GCC) scenarios
(IPCC, 2007, 2013) will be manifested
in different and synergistic effects on
components of ecosystems (Figure 7).
The major drivers of these changes are
increased temperature, altered hydrological cycles, and shifts in wind patterns that might alter coastal currents
(Rabalais et al., 2010). The average global
temperature is predicted to rise 0.4°C
over the next three decades (IPCC,
2007), and 1.5 to 2°C in June–August
over the coastal waters of the Gulf of
Mexico by 2100 (IPCC, 2013). Increasing
temperatures alone have the potential to
strengthen density differences (pycnoclines) in estuarine and coastal waters,
but lower surface salinity (e.g., from
increased freshwater runoff) would be
more of a factor in stratifying the water
column. A stronger pycnocline should
result in less diffusion of oxygen from
the upper water column to the lower
water column, leading to less dissolved
oxygen in bottom waters.
Increased temperatures may also
affect regional wind patterns, leading
to changes in circulation and mixing. If
wind patterns or intensity change, then
coastal currents and their effects on
coastal waters might also change, either
aggravating a low-oxygen condition or,
possibly, alleviating it. An example of
the former can be found off the Oregon
and Washington coasts, where winddriven shifts in the California current
system in 2001 and subsequent years

altered the long-term pattern of upwelling, resulting in extensive hypoxia along
the inner shelf (Chan et al., 2008). If the
frequency of tropical storms and hurricanes increases as a result of increased
water temperatures in the lower to midlatitudes as predicted in GCC, there may
be, at least, temporary water column
mixing, destratification of the water
column, and re-aeration of the bottom
water (Rabalais et al., 2007a). However,
such a disruption of a hypoxic zone
would be temporary. A debate on the
future severity and frequency of tropical
storms continues.
The rates of biological processes,
including both photosynthesis and
respiration, are expected to increase
with higher water temperatures up to
a point. For instance, primary production may proceed at a faster rate but will
eventually become limited by light (selfshading) or lack of nutrients. The former
will result in greater primary production,
and the latter, less.
Increased precipitation will result in
more water, sediments, and nutrients
reaching the coastal zone where they
are likely to augment eutrophication
through nutrient-enhanced production, increased stratification, or both
(Rabalais et al., 2010). The upper part
of the Mississippi River watershed falls
within the area of North America predicted to experience increased runoff
(higher precipitation) and earlier peak
discharge (increased temperature)
(IPCC, 2007, 2013; Milliman et al.,
2008). Increased precipitation should
result in increased erosion and loss of
phosphorus and increased flux of dissolved inorganic nitrogen, particularly
nitrate, through the soils and artificially
drained agriculture areas. The combination of increased nutrient loads
(from human activities) and increased

freshwater discharge (from GCC) will
aggravate the already high loads of
nutrients from the Mississippi River to
the northern Gulf of Mexico, strengthen
stratification (all other factors remaining the same), and worsen the hypoxia
situation (Rabalais et al., 2010). Reduced
precipitation in other areas of the
world, on the other hand, will lower the
amount of nutrients and water reaching
the coastal zone and, perhaps, lead to
oligotrophication and reduced fisheries
productivity (Nixon, 2004), or perhaps
will alleviate hypoxia. The increase or
decrease in flow (whichever occurs),
flux of nutrients, and increased water
temperature are likely to have important, but as yet not clearly identifiable,
influences on hypoxia.

Anthropogenic
acvies
Reacve N
(mostly +)

Nutrient-enhanced
producvity

Vercal carbon flux

Sedimentary carbon
and nutrient pools

There is no doubt that the global increase
in areas of hypoxia is real and not the
result of expanded observations. Coastal
water quality associated with hypoxia
is currently on the decline and will
surely decline further without a major
reversal in nutrient loading or climate
change. The likelihood of strengthened
stratification alone, from increased
surface water temperature as the global
climate warms, is sufficient to worsen
hypoxia where it currently exists and
facilitate its formation in additional
coastal waters. The interplay of increased
nutrients and stratification may be offset
temporarily by increased storminess,
but tropical storm projections remain
under debate. The consequences of
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Figure 7. Conceptual diagram of the impacts of human and climate interactions on nutrientenhanced productivity, harmful and noxious algal blooms, and hypoxia formation (modified from
Rabalais et al., 2010). Positive (+) interactions designate a worsening of conditions related to algal
blooms and hypoxia, and negative (–) interactions designate fewer algal blooms and lessening of
hypoxia symptoms. Dashed lines indicate negative feedback processes to nutrient-enhanced production and subsequent hypoxia. The dotted line between “Anthropogenic activities” and “Climate
variability/climate change” indicates that humans largely drive current climate change, but that
climate change can certainly affect human activities. Modified from Rabalais et al. (2010), used under
Copyright Agreement with Copernicus Press.
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eutrophication-induced hypoxia can be
reversed if long-term, broad-scale, and
persistent efforts to reduce substantial
nutrient loads are developed and implemented. The need for water and resource
managers to reduce nutrient loads even,
if at a minimum, to maintain the current
status, is critical in view of the significant
effects of globally expanding hypoxia.
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