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ABSTRACT Gulf of Mexico, Texas–Louisiana; Northern Adriatic
Sea, Italy–Croatia; Kattegat, Sweden–Denmark). InNo other environmental variable of such ecological importance to
some, the linkage of human activity to hypoxia is lessestuarine and coastal marine ecosystems around the world has

changed so drastically, in such a short period of time, as dissolved obvious (for example: Chesapeake Bay, Maryland–
oxygen. While hypoxic and anoxic environments have existed through Virginia; Saanich Inlet, British Columbia; Port Hack-
geological time, their occurrence in shallow coastal and estuarine ing, Australia).
areas appears to be increasing, most likely accelerated by human The northern Gulf of Mexico may be typical of these
activities. Several large systems, with historical data, that never re- severely stressed ecosystems that are currently bur-
ported hypoxia at the turn of the 19th century (e.g., Kattegat, the dened with severe seasonal hypoxia. Over the last sev-
sea between Sweden and Denmark) now experience severe seasonal

eral decades hypoxia, popularly know as the dead zone,hypoxia. Synthesis of literature pertaining to benthic hypoxia and
has affected benthic invertebrate communities, butanoxia revealed that the oxygen budgets of many major coastal ecosys-
there is no clear signal of hypoxia in fisheries landingstems have been adversely affected mainly through the process of
statistics (Diaz and Solow, 1999). The shallow northwesteutrophication (the production of excess organic matter). It appears

that many ecosystems that are now severely stressed by hypoxia may continental shelf of the Black Sea (which is not part of
be near or at a threshold of change or collapse (loss of fisheries, loss the deep central basin anoxia) is typical of ecosystems
of biodiversity, alteration of food webs). 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

A review of literature pertaining to ecological ef- highly valued demersal fish species with less desirable
fects of hypoxia and anoxia revealed that the oxy- planktonic omnivores. Of the 26 commercial species

gen budgets for major coastal ecosystems around the fished in the 1960s only six still support a fishery
world have been adversely affected mainly through the (Mee, 1992).
process of eutrophication. Eutrophication produces ex- In this article I will present an overview of the effects
cess organic matter that fuels the development of hyp- of hypoxia on large coastal ecosystems around the world.
oxia and anoxia when combined with water column
stratification. Many ecosystems have reported some HYPOXIA—WHAT IS IT?type of monotonic decline in dissolved oxygen levels
through time with a strong correlation between human Oxygen is necessary to sustain the life of all fishes and
activities and declining dissolved oxygen (for example: invertebrates. In aquatic environments, oxygen from the

atmosphere or from phytoplankton dissolves in the wa-
School of Marine Science, Virginia Institute of Marine Science, Col- ter and helps to meet the respiration needs of all ani-
lege of William and Mary, Gloucester Pt., VA 23062. Received 14 mals, including those that swim or move about the bot-
July 2000. *Corresponding author (diaz@vims.edu).

tom and those that have a sedentary life. Once dissolved
into surface waters, the normal condition is for dissolvedPublished in J. Environ. Qual. 30:275–281 (2001).

275



276 J. ENVIRON. QUAL., VOL. 30, MARCH–APRIL 2001

oxygen to be mixed down into bottom waters. When The linkage of the Mississippi River and northern
the supply of oxygen to the bottom is cut off or the Gulf of Mexico continental shelf has led to a highly
consumption rate exceeds resupply, oxygen concentra- productive system that yields significant landings of fish
tions decline beyond the point that sustains most animal and shellfish to the region. Annual landings have ex-
life. This condition of low dissolved oxygen is known ceeded 1 billion pounds since 1969 (U.S. Department
as hypoxia. The point at which various animals suffocate of Commerce Fishery Statistics; see Holliday and
varies, but generally effects start to appear when oxygen O’Bannon [1997] as an example). In the model of Caddy
drops below 2 mg O2 L21. For sea water, this is only (1993) that relates fishery yield to nutrients supplied,
about 18% of air saturation. As a point of reference, the northern Gulf of Mexico is currently somewhere in
air is about 280 mg O2 L21. Anoxia is the complete the eutrophic category (Fig. 1). To a point, nutrient
absence of oxygen. The two principal factors that lead enrichment may increase fishery yields, but beyond a
to the development of hypoxia, sometimes leading to certain level, it is negative in effect (Caddy, 1993).
anoxia, are water column stratification, which isolates The increasing input of anthropogenic nutrients to
the bottom water from exchange with oxygen-rich sur- many coastal areas over the last several decades has
face water, and decomposition of organic matter in the been suggested as the main contributor to more recently
bottom water, which reduces oxygen levels. Both condi- declining trends in bottom water oxygen concentrations
tions must occur for hypoxia to develop and persist. around the world. Many studies have demonstrated a

correlation through time between population growth,
increased nutrient discharges, increased primary pro-THE LINK BETWEEN HYPOXIA, duction in coastal areas, and increased occurrence ofNUTRIENTS, AND EUTROPHICATION hypoxia and anoxia. The Gulf of Trieste (Northern
Adriatic Sea) is a good example of this connection.Excess nutrient loading leads to eutrophication of
Oxygen measurements from early in this century indi-coastal seas, a widespread problem around the globe in
cated that oxygen concentrations in bottom waters weregeneral (Nixon, 1995; Howarth et al., 1996). The primary
always high. The current state of severe annual hypoxiafactor driving marine coastal eutrophication is an imbal-
in this region has been reached gradually over a periodance in the nitrogen cycle that can be directly linked to
of about 25 years as a direct result of increased sedimen-increased population, whether through urbanization in
tation of organic matter from phytoplankton bloomscoastal river drainage or expanded agricultural activi-
fueled by excess nutrients coming out of the Poties. In many areas hypoxia follows from eutrophication,
River, Italy.which results from the underlying nutrient problem. An

The direct connection between land and sea is bestexamination of the distribution of hypoxic zones around
exemplified by the relationship between estuarine andthe world showed that they were closely associated with
coastal fisheries production and land-derived nutrients.developed watersheds or coastal population centers that
The most productive fisheries zones around the worlddeliver large quantities of nutrients, the most important
are always associated with significant inputs of eitherof which is nitrogen, to coastal seas (Howarth et al.,
land (runoff)- or deep oceanic (upwelling)-derived nu-1996). Agriculture and, to a lesser degree, industry are
trients. The basic nutrients carried by land runoff andregarded as the key generators of nitrogen, but in fact
oceanic upwelling are essential elements that fuel pri-it is the increased population and rising living standards
mary production passed through marine food webs tothat drive the need for industry and agriculture to
species of economic importance. This basic scenario hasproduce.
been played out for aeons around the world, includingThe scenario linking nutrient additions to the forma-
the northern Gulf of Mexico (Rabalais et al., 1996).tion of hypoxia and effects on fisheries via eutrophica-
The importance of the linkage between land and sea istion can be summarized as follows. Excess nutrients lead
clearly seen in the Gulf of Mexico, which in 1996 ac-to increased primary production, which is new organic
counted for 16% of the total commercial landings inmatter added to the ecosystem. Because shallow estua-
the USA with more than one-half of this total harvestedrine and coastal systems tend to be tightly coupled (ben-
from waters surrounding the Mississippi River deltathic–pelagic coupling), much of this organic matter
(Holliday and O’Bannon, 1997).reaches the bottom. This increased primary productivity

Problems begin when the nutrients entering the sys-may also lead to increased fisheries production (Caddy,
tem exceed the capacity of the food chain to assimilate1993). At some point, however, the ecosystem’s ability
them. At first, increased nutrients lead to increased fish-to process organic matter in a balanced manner is ex-
eries production. But as organic matter production in-ceeded. If physical dynamics permit stratification, hyp-
creases, changes occur in the food web that lead tooxic conditions develop. Initially, the increased fisheries
different endpoints. These changes are very predictableproduction may offset any detrimental effects of hyp-
and have followed the same path in many marine ecosys-oxia. But as eutrophication increases and hypoxia ex-
tems (Fig. 1). For example, the relationship betweenpands in duration and area, the fisheries’ production
nutrient loads delivered to the northern Gulf of Mexicobase is affected and declines. This graded reaction to
and basic ecological responses (i.e., increased primarythe combined problems of excess nutrients and hypoxia
productivity in the water column, increased flux of or-has been documented for many systems around the

globe (Table 1). 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 type† level‡ trends§ response¶ recovery# Fisheries response

New York Bight, New Jersey aperiodic severe . mass mort. slow surf clam losses
Shallow Texas Shelf aperiodic severe 1 mass mort. slow stressed
Deep Texas Shelf aperiodic moderate 0? mortality annual stressed
German Bight, North Sea aperiodic mod./severe 1 mass mort. annual .
Sommone Bay, France aperiodic severe 1? mass mort. slow collapse of Cockle fishery
North Sea, W. Denmark aperiodic severe 1 mortality annual stressed
New Zealand aperiodic severe . mass mort. . stressed
York River, Virginia periodic mod./severe 0 none no change stressed
Rappahannock River, Virginia periodic severe 1 mortality annual stressed
Long Island Sound, New York seasonal severe 1 ? ? lobsters displaced
Main Chesapeake Bay, Maryland seasonal severe 1 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 mod./severe 1 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 1†† mass mort. slow .
Oslofjord, Norway seasonal mod./severe 1 mortality annual reduced
Kattegat, Sweden–Denmark seasonal mod./severe 11 mass mort. slow collapse of Norway lobster
German Bight, North Sea seasonal severe 1? 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 11 mass mort. ? reduced
Tome Cove, Japan seasonal severe . mortality annual .
Laholm Bay, Sweden seasonal severe 11 mortality annual stressed
Gullmarsfjord, Sweden seasonal severe 1 mass mort. annual stressed
Swedish west coast fjords seasonal severe 11 mortality some stressed
Limfjord, Denmark seasonal severe 1 mass mort. annual none
Kiel Bay, Germany seasonal severe 1 mass mort. annual stressed
Lough Ine, Scotland seasonal severe 0 mass mort. annual .
Gulf of Trieste, Adriatic seasonal severe 11 mass mort. slow stressed
Elefsis Bay, Aegean Sea seasonal severe . mass mort. annual .
Black Sea NW Shelf seasonal severe 11 mass mort. annual reduced
Århus Bay, Denmark seasonal severe 1 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 1 no benthos no change pelagic only
Idefjord, Sweden–Norway persistent severe 1‡‡ mortality some .
Baltic Sea, Central persistent severe 11 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.

‡ Moderate, oxygen decline to about 0.5 mL L21; severe, decline to near anoxic levels, could also become anoxic.
§ – 5 improving conditions; 1 5 gradually increasing; 11 5 rapidly increasing; 0 5 stable; . 5 no temporal data; ? 5 uncertain.
¶ 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.
†† These systems are currently in a persistent hypoxic state.
‡‡ Recent improvements in oxygen concentrations due to pollution abatement.

tered energy flow, and stressed fisheries) are typical of tonic) decline in dissolved oxygen through time, in most
cases starting from initial oxygen measurements, usuallyother system responses around the world (see reviews

by Brongersma-Sanders, 1957; Caddy, 1993; Diaz and in the 1950s (Rosenberg, 1990). For systems that have
historical data from the turn of the 19th century, theRosenberg, 1995). Basically, a hypoxic zone is a second-
declines in oxygen levels started in the 1950s and 1960s.ary manifestation of the larger problem of excess nutri-
However, for the Baltic Sea, declining dissolved oxygenents, which leads to increased production of organic
levels were noted as early as the 1930s (Fonselius, 1969,matter or eutrophication (Nixon, 1995). When com-
p. 1–97).bined with water column stratification, hypoxia results.

From a historical perspective it is clear that many of
the systems that are currently hypoxic were not whenOXYGEN BUDGETS AROUND they were first studied. The best examples of systemsTHE GLOBE with long-term data come from Europe, where benthic

The dissolved oxygen conditions of many major hypoxia was not reported prior to the 1950s in the Baltic
coastal ecosystems around the world have been ad- Sea (Fonselius, 1969, p. 1–97), 1960s in the northern
versely affected through the process of eutrophication. Adriatic (Justić, 1987), 1970s in the Kattegat (Baden et

al., 1990), and 1980s on the northwest continental shelfMost of these coastal systems recorded a steady (mono-
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of the Black Sea (Mee, 1992). Except in areas of natural nent feature that controlled ecosystem energy flow
(Diaz and Rosenberg, 1995). From the 1980s to theupwelling coastal hypoxia is not a natural condition.

By the 1970s, ecosystems around the world were be- present, the distribution of hypoxia around the world
has not changed appreciably. Only in systems that havecoming saturated with organic matter and many of them

manifested hypoxia for the first time. Once it occurred, experienced intensive regulation of nutrient inputs have
oxygen conditions improved. There are many exampleshypoxia quickly became an annual event and a promi-

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- A historical picture of oxygen conditions for the
northern Gulf of Mexico, derived from reading the geo-provements in treatment of sewage and pulp mill efflu-

ents (Rosenberg, 1972, 1976). chronology of sediment cores, indicates that hypoxia
was probably not a prominent feature of the shallowIn the USA, the improved water quality in Lake Erie

is the best example and evidence that large ecosystems continental shelf prior to the 1920s to 1950s (Rabalais
et al., 1996, 1999; Sen Gupta et al., 1996). A longerdo respond positively to nutrient regulation, even

though the time interval for achieving noticeable im- (2000-year) geochronology done in Chesapeake Bay
pointed to early European settlement of the Bay’s wa-provements many be long (Boyce et al., 1987; Charlton

et al., 1993). The extent of hypoxia in Lake Erie was tershed as a key feature that led to changes in most
paleoenvironmental indicators and set the stage for cur-similar between 1970 and 1990, despite the reduced nu-

trient loads. The delayed improvement in oxygen condi- rent oxygen problems as much as 300 years ago (Cooper
and Brush, 1991).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- TYPE OF HYPOXIA, SEVERITY,
ticed for decades and could be complicated by climatic AND SYSTEM RESPONSE
changes (Di Toro and Blumberg, 1990). The Lake Erie

Annual summertime hypoxia was the most commonexample points to the need to have knowledge of a
form of low dissolved oxygen event recorded aroundsystem’s response to the complex problems associated
the globe (30 of 47 known anthropogenic hypoxic zones;with eutrophication before conclusions can be drawn as
Diaz and Rosenberg, 1995). So, in this respect, theto the effectiveness of management actions.
northern Gulf of Mexico is not unique. Interestingly,
the degree of obvious ecological and economic effectsSYSTEM POTENTIAL FOR HYPOXIA related to the hypoxia varies from system to system.
The most serious ecological and economic effects of theBecause of their geomorphology and circulation pat-

terns, some marine systems have a greater tendency combined problems of eutrophication and hypoxia are
seen in the Black Sea and Baltic Sea, where demersalto develop hypoxic conditions. The basic features of a

system that make it prone to hypoxia are low physical trawl fisheries have either been eliminated or severely
stressed (Mee, 1992; Elmgren, 1984). A comparison ofenergy (tidal, currents, or wind) and large freshwater

input. These features combine to form stratified or sta- effects from four similar coastal hypoxic zones indicates
that, to date, only the Gulf of Mexico has not sufferedble water masses near the bottom that become hypoxic

when they are isolated from reoxygenation with surface documented declines in fishery production due to hyp-
oxia-related mortality (Table 2).waters. The first investigations of bottom water quality

in Chesapeake Bay in the 1930s reported hypoxia in In the Kattegat (the sea between Denmark and Swe-
den), indications of troubled waters were seen by thedeep channel areas of the mainstem (Newcombe and

Horne, 1938). In Mobile Bay, Alabama, there are ac- mid-1970s (increased frequency of algal blooms) with
seasonal summertime hypoxia observed since the earlycounts of “Jubilees” (the herding of fish and shellfish

against a shoreline by hypoxic water) from the 1860s 1980s. Initially, hypoxia caused mass mortality of com-
mercial and noncommercial species. Now, large-scale(J. Pennock, personal communication, 1997). These “Ju-

bilees” were probably hypoxia-related then as they are migrations and/or mortality among demersal fish and
lobster continue, resulting in a changed species composi-now (Schroeder and Wiseman, 1988). Better-mixed or

flushed systems do not have a tendency toward hypoxia. tion and reduced growth and biomass. Hypoxia in this
area is believed to be partly responsible for the overallThe Baltic Sea and the Kattegat exhibit no natural ten-

dency to hypoxia (Pearson et al., 1985; Elmgren, 1989). decline in stock size, recruitment, and landings of com-
mercial fish over the last two decades (Baden et al., 1990;It was not until the 1950s and 1970s, respectively, that

oxygen was found to be a problem even though there L. Pihl, unpublished data, 1990). However, hypoxia is
not the only stress factor. Other factors implicated inwere oxygen measurements in both systems that go back

to the turn of the 19th century (R. Rosenberg, unpub- declining stocks or populations are eutrophication
(Caddy, 1993), bycatch (Andrew and Pepperell, 1992;lished data, 1989). Similarly, the northern Adriatic, with

oxygen data from the 1910s, did not exhibit hypoxia Chesney et al., 2001), trawl disturbance (Currie and
Parry, 1996), fishing pressure (Turkstra et al., 1991),until the 1960s (Justić, 1987).

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

km2

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

Kattegat, Sweden–Denmark 2 000 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 recruitment.
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habitat loss (Chesney et al., 2001), and harmful algal system. Global warming may accelerate these effects
and enlarge the areas that are affected.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 REFERENCES
around the world than the northern Gulf of Mexico.
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Seasonal Hypoxia in the Bottom Water off the Mississippi River Delta

Gilbert T. Rowe*

ABSTRACT hypoxia, as opposed to extrinsic loading from nitrate,
freshwater, dissolved organics, suspended clay particles,Hypoxia (oxygen concentration less than 2 mg L21 or 62.5 mmol
etc., that give rise to these circumstances (Turner andm23) occurs on the Louisiana continental shelf during summer when
Rabalais, 1991; Eadie et al., 1994; Nelsen et al., 1994).the consumption of oxygen by sediment and water column respiration

exceed resupply by photosynthesis and mixing. Biological processes The condition results from an imbalance between bio-
that consume or produce oxygen have been summarized in a budget logical oxygen consumption and production, and physi-
that can be used to quantify the degree to which consumption in deep cal sources and sinks, in any generic nearshore environ-
water and in the sediments exceeds net production and thus the time ment, but this review is based on observations and
it takes to reach hypoxic conditions following the spring onset of experiments made over the last several decades just
stratification. The net consumption rate by the sea floor biota (sedi- west of the Mississippi River (Fig. 1). The most recentment oxygen consumption, SOC) is inversely related to oxygen con-

studies involved a multidisciplinary program supportedcentration and directly related to temperature. Photosynthesis is of
by the U. S. National Oceanic and Atmospheric Admin-potential importance throughout the deep water column and on the
istration’s Nutrient Enhanced Coastal Ocean Productiv-sea floor when light is adequate. A non-steady state, time-dependent
ity project, or NECOP, along with regional universitynumerical simulation model is used to compare biological and physical

processes with shipboard measurements and continuous near-bottom laboratories interested in eutrophication in the northern
records. The simulations illustrate possible variations in oxygen con- Gulf of Mexico. A concomitant investigation has been
centration on time scales of hours to months, and these in general supported by the Minerals Management Services of the
match much of the variability in the direct observations at time scales U.S. Department of the Interior. Called LATEX, this
of days to weeks. The frequently observed unremitting anoxia lasting study extended from 908309 W long. across the Texas
weeks at some locations is not produced in the present simulations. shelf to the Mexican border. Both studies involved ship-A possible explanation is the chemical oxidation in the water column

board experiments and observations, longterm moor-of reduced metabolic end-products produced in the sediments by
ings, remote sensing, and mathematical modeling. Be-anaerobic metabolism. Direct measurements of biological processes
cause similar problems of low oxygen have beencould lead to better understanding of how extrinsic forcing functions
observed elsewhere in coastal waters (Chesapeake Baycan best be managed to improve water quality.
[Officer et al., 1984], Waquoit Bay, MA [D’Avanzo and
Kremer, 1994], Offatts Bayou [Texas], New York Bight
[Falkowski et al., 1981], etc.), this paper will include aIt has been observed often that the bottom waters of
generic, somewhat pedagogical explanation of the pro-the inner continental shelf of the northwest Gulf of
cesses involved within the ecosystem.Mexico become hypoxic on an annual basis during the

The area and intensity of the hypoxia off Louisianasummer months (Gaston, 1985; Rabalais et al., 1994).
have been described in a series of publications resultingThis phenomenon can have disastrous effects on the
from NECOP and LATEX studies. The reader is re-fishes and bottom invertebrates (Pavela et al., 1983;
ferred to a dedicated issue of the journal Estuaries (1994,Renard, 1986) as far west as Texas (Harper et al., 1981).
Vol. 17, No. 4) in which a variety of aspects of the prob-This paper attempts to explain the various intrinsic pro-
lem are addressed. In addition, Wiseman et al. (1997)cesses in the bottom water that are presumed to cause
dealt with physical conditions on the shelf, in particular
the density stratification. Several attempts have been
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