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ABSTRACT

No other environmental variable of such ecological importance to
estuarine and coastal marine ecosystems around the world has
changed so drastically, in such a short period of time, as dissolved
oxygen. While hypoxic and anoxic environments have existed through
geological time, their occurrence in shallow coastal and estuarine
areas appears to be increasing, most likely accelerated by human
activities. Several large systems, with historical data, that never re-
ported hypoxia at the turn of the 19th century (e.g., Kattegat, the
sea between Sweden and Denmark) now experience severe seasonal
hypoxia. Synthesis of literature pertaining to benthic hypoxia and
anoxia revealed that the oxygen budgets of many major coastal ecosys-
tems have been adversely affected mainly through the process of
eutrophication (the production of excess organic matter). It appears
that many ecosystems that are now severely stressed by hypoxia may
be near or at a threshold of change or collapse (loss of fisheries, loss
of biodiversity, alteration of food webs).

AfREVIEW of literature pertaining to ecological ef-
ects of hypoxia and anoxia revealed that the oxy-
gen budgets for major coastal ecosystems around the
world have been adversely affected mainly through the
process of eutrophication. Eutrophication produces ex-
cess organic matter that fuels the development of hyp-
oxia and anoxia when combined with water column
stratification. Many ecosystems have reported some
type of monotonic decline in dissolved oxygen levels
through time with a strong correlation between human
activities and declining dissolved oxygen (for example:
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Gulf of Mexico, Texas-Louisiana; Northern Adriatic
Sea, Italy—Croatia; Kattegat, Sweden-Denmark). In
some, the linkage of human activity to hypoxia is less
obvious (for example: Chesapeake Bay, Maryland-
Virginia; Saanich Inlet, British Columbia; Port Hack-
ing, Australia).

The northern Gulf of Mexico may be typical of these
severely stressed ecosystems that are currently bur-
dened with severe seasonal hypoxia. Over the last sev-
eral decades hypoxia, popularly know as the dead zone,
has affected benthic invertebrate communities, but
there is no clear signal of hypoxia in fisheries landings
statistics (Diaz and Solow, 1999). The shallow northwest
continental shelf of the Black Sea (which is not part of
the deep central basin anoxia) is typical of ecosystems
that have experienced drastic reductions in bottom fish-
eries due to hypoxia. Since the 1960s, increasing hypoxia
and anoxia have been blamed for the replacement of the
highly valued demersal fish species with less desirable
planktonic omnivores. Of the 26 commercial species
fished in the 1960s only six still support a fishery
(Mee, 1992).

In this article I will present an overview of the effects
of hypoxia on large coastal ecosystems around the world.

HYPOXIA—WHAT IS IT?

Oxygen is necessary to sustain the life of all fishes and
invertebrates. In aquatic environments, oxygen from the
atmosphere or from phytoplankton dissolves in the wa-
ter and helps to meet the respiration needs of all ani-
mals, including those that swim or move about the bot-
tom and those that have a sedentary life. Once dissolved
into surface waters, the normal condition is for dissolved
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oxygen to be mixed down into bottom waters. When
the supply of oxygen to the bottom is cut off or the
consumption rate exceeds resupply, oxygen concentra-
tions decline beyond the point that sustains most animal
life. This condition of low dissolved oxygen is known
as hypoxia. The point at which various animals suffocate
varies, but generally effects start to appear when oxygen
drops below 2 mg O, L™% For sea water, this is only
about 18% of air saturation. As a point of reference,
air is about 280 mg O, L™". Anoxia is the complete
absence of oxygen. The two principal factors that lead
to the development of hypoxia, sometimes leading to
anoxia, are water column stratification, which isolates
the bottom water from exchange with oxygen-rich sur-
face water, and decomposition of organic matter in the
bottom water, which reduces oxygen levels. Both condi-
tions must occur for hypoxia to develop and persist.

THE LINK BETWEEN HYPOXIA,
NUTRIENTS, AND EUTROPHICATION

Excess nutrient loading leads to eutrophication of
coastal seas, a widespread problem around the globe in
general (Nixon, 1995; Howarth et al., 1996). The primary
factor driving marine coastal eutrophication is an imbal-
ance in the nitrogen cycle that can be directly linked to
increased population, whether through urbanization in
coastal river drainage or expanded agricultural activi-
ties. In many areas hypoxia follows from eutrophication,
which results from the underlying nutrient problem. An
examination of the distribution of hypoxic zones around
the world showed that they were closely associated with
developed watersheds or coastal population centers that
deliver large quantities of nutrients, the most important
of which is nitrogen, to coastal seas (Howarth et al.,
1996). Agriculture and, to a lesser degree, industry are
regarded as the key generators of nitrogen, but in fact
it is the increased population and rising living standards
that drive the need for industry and agriculture to
produce.

The scenario linking nutrient additions to the forma-
tion of hypoxia and effects on fisheries via eutrophica-
tion can be summarized as follows. Excess nutrients lead
to increased primary production, which is new organic
matter added to the ecosystem. Because shallow estua-
rine and coastal systems tend to be tightly coupled (ben-
thic—pelagic coupling), much of this organic matter
reaches the bottom. This increased primary productivity
may also lead to increased fisheries production (Caddy,
1993). At some point, however, the ecosystem’s ability
to process organic matter in a balanced manner is ex-
ceeded. If physical dynamics permit stratification, hyp-
oxic conditions develop. Initially, the increased fisheries
production may offset any detrimental effects of hyp-
oxia. But as eutrophication increases and hypoxia ex-
pands in duration and area, the fisheries’ production
base is affected and declines. This graded reaction to
the combined problems of excess nutrients and hypoxia
has been documented for many systems around the
globe (Table 1).

The linkage of the Mississippi River and northern
Gulf of Mexico continental shelf has led to a highly
productive system that yields significant landings of fish
and shellfish to the region. Annual landings have ex-
ceeded 1 billion pounds since 1969 (U.S. Department
of Commerce Fishery Statistics; see Holliday and
O’Bannon [1997] as an example). In the model of Caddy
(1993) that relates fishery yield to nutrients supplied,
the northern Gulf of Mexico is currently somewhere in
the eutrophic category (Fig. 1). To a point, nutrient
enrichment may increase fishery yields, but beyond a
certain level, it is negative in effect (Caddy, 1993).

The increasing input of anthropogenic nutrients to
many coastal areas over the last several decades has
been suggested as the main contributor to more recently
declining trends in bottom water oxygen concentrations
around the world. Many studies have demonstrated a
correlation through time between population growth,
increased nutrient discharges, increased primary pro-
duction in coastal areas, and increased occurrence of
hypoxia and anoxia. The Gulf of Trieste (Northern
Adriatic Sea) is a good example of this connection.
Oxygen measurements from early in this century indi-
cated that oxygen concentrations in bottom waters were
always high. The current state of severe annual hypoxia
in this region has been reached gradually over a period
of about 25 years as a direct result of increased sedimen-
tation of organic matter from phytoplankton blooms
fueled by excess nutrients coming out of the Po
River, Italy.

The direct connection between land and sea is best
exemplified by the relationship between estuarine and
coastal fisheries production and land-derived nutrients.
The most productive fisheries zones around the world
are always associated with significant inputs of either
land (runoff)- or deep oceanic (upwelling)-derived nu-
trients. The basic nutrients carried by land runoff and
oceanic upwelling are essential elements that fuel pri-
mary production passed through marine food webs to
species of economic importance. This basic scenario has
been played out for aeons around the world, including
the northern Gulf of Mexico (Rabalais et al., 1996).
The importance of the linkage between land and sea is
clearly seen in the Gulf of Mexico, which in 1996 ac-
counted for 16% of the total commercial landings in
the USA with more than one-half of this total harvested
from waters surrounding the Mississippi River delta
(Holliday and O’Bannon, 1997).

Problems begin when the nutrients entering the sys-
tem exceed the capacity of the food chain to assimilate
them. At first, increased nutrients lead to increased fish-
eries production. But as organic matter production in-
creases, changes occur in the food web that lead to
different endpoints. These changes are very predictable
and have followed the same path in many marine ecosys-
tems (Fig. 1). For example, the relationship between
nutrient loads delivered to the northern Gulf of Mexico
and basic ecological responses (i.e., increased primary
productivity in the water column, increased flux of or-
ganic matter to the bottom, bottom water hypoxia, al-
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Table 1. Summary of benthic effects for hypoxic systems around the world. Several of these systems also experience anoxia. In the case
of many fjords there is an anoxic zone within which no macrofauna occur. The absence of fauna from these anoxic zones is not
considered a community response but a consequence of stable anoxia.

Hypoxia - Hypoxia Time Fauna Fauna
System typet leveli trends$ responsef| recovery# Fisheries response
New York Bight, New Jersey aperiodic severe . mass mort. slow surf clam losses
Shallow Texas Shelf aperiodic severe + mass mort. slow stressed
Deep Texas Shelf aperiodic moderate 0? mortality annual stressed
German Bight, North Sea aperiodic mod./severe + mass mort. annual .
Sommone Bay, France aperiodic severe +? mass mort, slow collapse of Cockle fishery
North Sea, W. Denmark aperiodic severe + mortality annual stressed
New Zealand aperiodic severe . mass mort. . stressed
York River, Virginia periodic modJsevere 0 none no change stressed
Rappahannock River, Virginia periodic severe + mortality annual stressed
Long Island Sound, New York seasonal severe + ? ? lohsters displaced
Main Chesapeake Bay, Maryland seasonal severe + mortality annual stressed
Pamlico River, North Carolina seasonal severe . mass mort. annual .
Mobile Bay, Alabama seasonal severe 0 mass mort. ? stressed
Hillsborough Bay, Florida seasonal severe . mass mort. annual .
Louisiana Shelf seasonal modJsevere + mortality annual stressed
Seto Inland Sea, Japan seasonal moderate . mortality annual
Saanich Inlet, British Columbia seasonal mod./severe 0 mortality annual
Bornholm Basin, S. Baltic seasonal mod./severe +¥t mass mort. slow .
Oslofjord, Norway seasonal mod./severe + mortality annual reduced
Kattegat, Sweden-Denmark seasonal mod.J/severe ++ mass mort, slow collapse of Norway lobster
German Bight, North Sea seasonal severe +? mortality annual stressed
Port Hacking, Australia seasonal severe . mortality annual
Tolo Harbor, Hong Kong seasonal severe . mass mort. annual .
Japan, all major harbors seasonal severe ++ mass mort. ? reduced
Tome Cove, Japan seasonal severe . mortality annual .
Laholm Bay, Sweden seasonal severe ++ mortality annual stressed
Gullmarsfjord, Sweden seasonal severe + mass mort. annual stressed
Swedish west coast fjords seasonal severe ++ mortality some stressed
Limfjord, Denmark seasonal severe + mass mort. annual none
Kiel Bay, Germany seasonal severe + mass mort, annual stressed
Lough Ine, Scotland seasonal severe 0 mass mort. annual .
Gulf of Trieste, Adriatic seasonal severe ++ mass mort. slow stressed
Elefsis Bay, Aegean Sea seasonal severe . mass mort. annual .
Black Sea NW Shelf seasonal severe ++ mass mort. annual reduced
Arhus Bay, Denmark seasonal severe + mass mort. slow
Loch Creran, Scotland persistent severe 0 mass mort. no change
Byfjord, Sweden persistent severe 0 mortality some pelagic only
Black Sea (except NW shelf) persistent severe + no benthos no change pelagic only
Idefjord, Sweden-Norway persistent severe +ii mortality some .
Baltic Sea, Central persistent severe ++ mortality some stressed
Fosa de Cariaco, Venezuela persistent severe . reduced no change
Caspian Sea persistent mod./severe 0 mortality some? .
Gulf of Finland, Deep persistent mod./severe - reduced slow

+ Aperiodic, events that are known to occur at irregular intervals greater than a year; periodic, events occurring at regular intervals shorter than a year;
seasonal, yearly events related to summer or autumnal stratification; persistent, year-round hypoxia.
i Moderate, oxygen decline to about 0.5 mL L~'; severe, decline to near anoxic levels, could also become anoxic.

§ — = improving conditions; + = gradually increasing; ++ = rapidly increasing;

= stable; . = no temporal data; ? = uncertain.

1l None, communities appear similar before and after hypoxic event; mortality, moderate reductions of populations, many species survive; mass mort.,

drastic reduction or elimination of the benthos.

# No change, dynamics appear unrelated to hypoxia; some, recolonization occurs but community does not return to prehypoxic structure; slow, gradual
return of community structure taking more than a year; annual, recolonization and return of community structure within a year.

Tt These systems are currently in a persistent hypoxic state.

11 Recent improvements in oxygen concentrations due to pollution abatement.

tered energy flow, and stressed fisheries) are typical of
other system responses around the world (see reviews
by Brongersma-Sanders, 1957; Caddy, 1993; Diaz and
Rosenberg, 1995). Basically, a hypoxic zone is a second-
ary manifestation of the larger problem of excess nutri-
ents, which leads to increased production of organic
matter or eutrophication (Nixon, 1995). When com-
bined with water column stratification, hypoxia results.

OXYGEN BUDGETS AROUND
THE GLOBE

The dissolved oxygen conditions of many major
coastal ecosystems around the world have been ad-
versely affected through the process of eutrophication.
Most of these coastal systems recorded a steady (mono-

tonic) decline in dissolved oxygen through time, in most
cases starting from initial oxygen measurements, usually
in the 1950s (Rosenberg, 1990). For systems that have
historical data from the turn of the 19th century, the
declines in oxygen levels started in the 1950s and 1960s.
However, for the Baltic Sea, declining dissolved oxygen
levels were noted as early as the 1930s (Fonselius, 1969,
p. 1-97).

From a historical perspective it is clear that many of
the systems that are currently hypoxic were not when
they were first studied. The best examples of systems
with long-term data come from Europe, where benthic
hypoxia was not reported prior to the 1950s in the Baltic
Sea (Fonselius, 1969, p. 1-97), 1960s in the northern
Adriatic (Justié, 1987), 1970s in the Kattegat (Baden et
al., 1990), and 1980s on the northwest continental shelf
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of the Black Sea (Mee, 1992). Except in areas of natural
upwelling coastal hypoxia is not a natural condition.
By the 1970s, ecosystems around the world were be-
coming saturated with organic matter and many of them
manifested hypoxia for the first time. Once it occurred,
hypoxia quickly became an annual event and a promi-

nent feature that controlled ecosystem energy flow
(Diaz and Rosenberg, 1995). From the 1980s to the
present, the distribution of hypoxia around the world
has not changed appreciably. Only in systems that have
experienced intensive regulation of nutrient inputs have
oxygen conditions improved. There are many examples

COMPARATIVE EVALUATION OF FISHERY ECOSYSTEMS
RESPONSE TO INCREASING NUTRIENT LOADING
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Fig. 1. Comparative evaluation of fishery response to nutrients based on data from around the world (modified and redrawn from Caddy, 1993).
Each curve represents a general guild of species and their reaction to increasing nutrient supplies. The top part of the figure lists recent
trends for various systems around the world. Vertical dashed lines separate general categories of organic production that result from different

levels of nutrients.
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of small-scale hypoxia reversals associated with im-
provements in treatment of sewage and pulp mill efflu-
ents (Rosenberg, 1972, 1976).

In the USA, the improved water quality in Lake Erie
is the best example and evidence that large ecosystems
do respond positively to nutrient regulation, even
though the time interval for achieving noticeable im-
provements many be long (Boyce et al., 1987; Charlton
et al., 1993). The extent of hypoxia in Lake Erie was
similar between 1970 and 1990, despite the reduced nu-
trient loads. The delayed improvement in oxygen condi-
tions may be consistent with mechanisms and processes
that contribute to the ecosystem’s resilience (Charlton
et al., 1993). Improvements in oxygen may not be no-
ticed for decades and could be complicated by climatic
changes (Di Toro and Blumberg, 1990). The Lake Erie
example points to the need to have knowledge of a
system’s response to the complex problems associated
with eutrophication before conclusions can be drawn as
to the effectiveness of management actions.

SYSTEM POTENTIAL FOR HYPOXIA

Because of their geomorphology and circulation pat-
terns, some marine systems have a greater tendency
to develop hypoxic conditions. The basic features of a
system that make it prone to hypoxia are low physical
energy (tidal, currents, or wind) and large freshwater
input. These features combine to form stratified or sta-
ble water masses near the bottom that become hypoxic
when they are isolated from reoxygenation with surface
waters. The first investigations of bottom water quality
in Chesapeake Bay in the 1930s reported hypoxia in
deep channel areas of the mainstem (Newcombe and
Horne, 1938). In Mobile Bay, Alabama, there are ac-
counts of “Jubilees” (the herding of fish and shellfish
against a shoreline by hypoxic water) from the 1860s
(J. Pennock, personal communication, 1997). These “Ju-
bilees” were probably hypoxia-related then as they are
now (Schroeder and Wiseman, 1988). Better-mixed or
flushed systems do not have a tendency toward hypoxia.
The Baltic Sea and the Kattegat exhibit no natural ten-
dency to hypoxia (Pearson et al., 1985; Elmgren, 1989).
It was not until the 1950s and 1970s, respectively, that
oxygen was found to be a problem even though there
were oxygen measurements in both systems that go back
to the turn of the 19th century (R. Rosenberg, unpub-
lished data, 1989). Similarly, the northern Adriatic, with
oxygen data from the 1910s, did not exhibit hypoxia
until the 1960s (Justi¢, 1987).

A Thistorical picture of oxygen conditions for the
northern Gulf of Mexico, derived from reading the geo-
chronology of sediment cores, indicates that hypoxia
was probably not a prominent feature of the shallow
continental shelf prior to the 1920s to 1950s (Rabalais
et al.,, 1996, 1999; Sen Gupta et al., 1996). A longer
(2000-year) geochronology done in Chesapeake Bay
pointed to early European settlement of the Bay’s wa-
tershed as a key feature that led to changes in most
paleoenvironmental indicators and set the stage for cur-
rent oxygen problems as much as 300 years ago (Cooper
and Brush, 1991).

TYPE OF HYPOXIA, SEVERITY,
AND SYSTEM RESPONSE

Annual summertime hypoxia was the most common
form of low dissolved oxygen event recorded around
the globe (30 of 47 known anthropogenic hypoxic zones;
Diaz and Rosenberg, 1995). So, in this respect, the
northern Gulf of Mexico is not unique. Interestingly,
the degree of obvious ecological and economic effects
related to the hypoxia varies from system to system.
The most serious ecological and economic effects of the
combined problems of eutrophication and hypoxia are
seen in the Black Sea and Baltic Sea, where demersal
trawl fisheries have either been eliminated or severely
stressed (Mee, 1992; Elmgren, 1984). A comparison of
effects from four similar coastal hypoxic zones indicates
that, to date, only the Gulf of Mexico has not suffered
documented declines in fishery production due to hyp-
oxia-related mortality (Table 2).

In the Kattegat (the sea between Denmark and Swe-
den), indications of troubled waters were seen by the
mid-1970s (increased frequency of algal blooms) with
seasonal summertime hypoxia observed since the early
1980s. Initially, hypoxia caused mass mortality of com-
mercial and noncommercial species. Now, large-scale
migrations and/or mortality among demersal fish and
lobster continue, resulting in a changed species composi-
tion and reduced growth and biomass. Hypoxia in this
area is believed to be partly responsible for the overall
decline in stock size, recruitment, and landings of com-
mercial fish over the last two decades (Baden et al., 1990;
L. Pihl, unpublished data, 1990). However, hypoxia is
not the only stress factor. Other factors implicated in
declining stocks or populations are eutrophication
(Caddy, 1993), bycatch (Andrew and Pepperell, 1992;
Chesney et al., 2001), trawl disturbance (Currie and
Parry, 1996), fishing pressure (Turkstra et al., 1991),

Table 2. Comparison of ecological and economic effects of anthropogenic hypoxic zones from coastal seas around the globe that are
similar to the northern Gulf of Mexico hypoxic zone. Data from various sources cited in text.

System Area affected Benthic response Benthic recovery Response fisheries
km?

Louisiana Shelf 15 000 mortality annual Stressed but still highly productive. Mortality reported
in shallow water related to “Jubilees”.

Kattegat, Sweden-Denmark 2000 mass mort. slow Collapse of Norway lobster, reduction of demersal fish.
Hypoxia prevents recruitment of lobsters.

Black Sea Northwest Shelf 20 000 mass mort. annual Loss of demersal fisheries, shift to planktonic species.

Baltic Sea 100 000 eliminated none Loss of demersal fisheries, shift to planktonic species.

Hypoxia is bottle-neck for cod recrnitment.
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habitat loss (Chesney et al., 2001), and harmful algal
blooms (Rosenberg et al., 1988). Given the complexity
and potential synergism of stressors, the effects of hyp-
oxia are more clearly expressed in other coastal systems
around the world than the northern Gulf of Mexico.
Like the Gulf of Mexico, many systems around the world
have gradually become eutrophic and hypoxic, but other
systems have reached a point were fisheries are clearly
negatively affected.

If hypoxia in the Gulf of Mexico gradually increased
in size and duration from its inception, probably in the
1950s (Sen Gupta et al., 1996), then the ecosystem’s
response may also have been gradual and to date not
catastrophic. In this scenario, the northern Gulf of Mex-
ico ecosystem adjusted to hypoxia and other stressors,
and for at least the last few decades has maintained
fishery production (Chesney et al., 2001). Any scenario
that had hypoxia appearing suddenly would have precip-
itated an ecosystem response similar to the 1976 hypoxic
event off the coast of New York-New Jersey, which
caused mass mortality of many commercial and non-
commercial species (Azarovitz et al., 1979; Boesch and
Rabalais, 1991). While mass mortality events have been
reported in the northern Gulf of Mexico (McEachron
et al., 1994), current ecological conditions and lack of
any recorded hypoxia-related mass mortality of fishery
species, other than “Jubilees”, tend to support the sce-
nario of hypoxia developing gradually through time.

CONCLUSIONS

Itis clear that no other environmental variable of such
ecological importance to estuarine and coastal marine
ecosystems around the world has changed so drastically,
in such a short period of time, as dissolved oxygen.
While hypoxic and anoxic environments have existed
through geological time, their occurrence in estuarine
and coastal areas clearly is rapidly increasing, most
likely accelerated by human activities. The importance
of oxygen as an ecological factor for maintaining popula-
tions of fisheries-related species cannot be overempha-
sized. The seriousness of hypoxia and anoxia as environ-
mental issues that must be effectively dealt with now is
best expressed by the motto of the American Lung
Association: “If you can not breath, nothing else
matters.”

Up to the 1950s, reports of mass mortality of marine
animals caused by lack of oxygen were limited to sys-
tems that already had histories of oxygen stress, such
as Mobile Bay, AL. Starting in the 1960s, the number of
systems reporting hypoxia-related problems increased.
See Table 1 for a summary of coastal bays and seas that
are experiencing excess nutrient-related hypoxia.

Oxygen deficiency (hypoxia and anoxia) may very
well be the most widespread anthropogenically induced
deleterious effect in estuarine and marine environments
around the world. Over the last 15 to 20 years the num-
ber of coastal areas with seasonal hypoxia in the bottom
water is spreading rapidly and the main cause for this
is suggested to be delivery of excess nutrients to the

system. Global warming may accelerate these effects
and enlarge the areas that are affected.
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