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EXECUTIVE SUMMARY

Over the last 20-30 years aquaculture has become a major source of food and livelihood. Globally as
production from capture fisheries remains constant or declines, aquaculture production continues to show
strong growth. As aquaculture production expands there are emerging threats from land-based activities,
primarily agriculture but also from expanding populations in the coastal zone. This report summarizes and
assesses the environmental externalities of nutrient enrichment, eutrophication, and hypoxia associated
with the expanding agriculture on the aquaculture sector.
Globally, it was not obvious that dissolved oxygen would become critical in brackish and shallow
coastal systems until the 1970s and 1980s when large areas of low dissolved oxygen started to appear with
associated mass mortalities of invertebrate and fishes. From the middle of the 20th century to today, there
have been drastic changes in dissolved oxygen concentrations and dynamics in many marine coastal areas.
No other environmental variable of such ecological importance to balanced ecosystem function as
dissolved oxygen has changed so drastically, in such a short period of time. Currently there are over
500 hypoxic systems covering over 240 000 km2 around the globe related to human activities.
The great challenge for the future will be to integrate agriculture and other land based activities, and
aquaculture management in a manner that addresses the multiple needs of humans but also protects
ecosystem services and functions that humans depend on. Institutions capable of integrating these different
sectors with shared goals to feed people will have to be developed. If nutrient and organic loading can be
controlled and reduced, systems will recover from hypoxia and become more suitable for aquaculture.
A central premise for management of externalities from agriculture into the future must include an
ecosystem approach that centres on the sustainability to address the multiple needs of humans with
adequate protection of ecosystem services and functions that humans also depend on. Intensification and
technological improvement within agriculture need to be done in the framework of total ecosystem
management, which considers impacts on aquaculture and other ecosystem services. Strides have been
made recently in mitigating nutrient and organic loadings, but as agricultural production expands even
lower nutrient loading levels will become a problem given the absolute levels of concentration.
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AGRICULTURE’S IMPACT ON AQUACULTURE:
HYPOXIA AND EUTROPHICATION IN MARINE WATERS

by
Robert J. Díaz1, Nancy N. Rabalais,2 Denise L. Breitburg3
1.

Introduction: Background, scope objectives

While aquaculture has ancient roots in Asia, it was in the 1970s that aquaculture started to increase
the ecosystem service4 of food provisioning worldwide. This growth has led aquaculture to become a
significant source of food and income to much of the world population. By 2050 the world will need 70 to
100% more food (Godfray et al., 2010) and aquaculture in coastal waters will be an important component
of this expansion. Total global capture production averaged about 90.5 million tonnes per year from 1997
to 2007 and many stocks are currently over exploited. In contrast, aquaculture production has continued to
show strong growth, increasing from about 37 million tonnes in 2002 to 50 million tonnes in 2007.
Aquaculture systems now account for roughly 35% of total fish production (FAO, 2009). Finfishes account
for about half of aquaculture production followed by mollusks and plants each 20% to 23%.
As aquaculture production expands there are emerging threats from land-based activities, primarily
agriculture but also from industrial activities and expanding populations in the coastal zone. Human
population expansion has lead to an exponential modification of landscapes and seascapes at the expense
of ecosystem function and services including pervasive effects from fueling coastal primary production
with excess nutrients to fishing down the food web (Foley et al., 2005; Lotze et al., 2006; MA, 2005,
Vitousek et al., 1997; Pauly et al., 1998, Jackson et al., 2001). Crop and rangelands now cover over 25%
of the Earth's land area, and are currently expanding (Swinton et al. 2007). Long-term records of nutrient
discharges provide compelling evidence of a rapid increase in the fertility of many temperate coastal
ecosystems starting about 50 years ago (Galloway et al., 2004). On a global basis, by 2050, coastal marine
systems are expected to experience, from today's levels, a 2.4-fold increase in nitrogen and 2.7-fold
increase in phosphorus loading from this population expansion (Tilman et al., 2001), with serious
consequences to ecosystem structure and function.
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2.
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3.
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4.

Ecosystem services are simply defined as „„the benefits people obtain from ecosystems‟‟ (MA, 2005) and
are summarized in Table 1.
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To ignore environmental degradation of water quality will jeopardize future production of both
aquaculture and capture fisheries. Land-based activities are recognized as a major problem to the
sustainability of coastal ecosystems. Also, as aquaculture expands, care must be taken to keep aquaculture
from degrading the water quality it depends on (Dasgupta, 2010). This report summarizes and assesses the
environmental externalities associated with the expanding agriculture pollution on aquaculture and marine
ecosystems.
2.

Key environmental issues

Along with the large increase in food provisioning service that agriculture provides come a series of
negative environmental issues. The primary externalities and issues discussed in this report will be those
that affect regulating services of water quality and trophic structure, and the supporting services of nutrient
cycling, biodiversity, and habitat. The Millennium Ecosystem Assessment (MA, 2005) provides a
framework for describing the key environmental issues in terms of ecosystem services (Table 1). One of
the most difficult areas in the ecosystem service chain relates to trade-offs among services. Often,
optimizing delivery of a given service may reduce or impair another (Mooney, 2010). Agriculture provides
a primary example. The enhanced provisioning of food can result in loss of clean water and stress to
biodiversity that supports other services (MA, 2005).
Globally, human activities have lead to large-scale modification of landscapes and seascapes at the
expense of ecosystem function and services (Foley et al., 2005, Lotze et al. 2006, Halpern et al., 2008).
Alterations to nutrient cycles, primarily nitrogen and phosphorus used in agricultural industries, have
fueled primary production and caused widespread eutrophication of inland and coastal waters. This
eutrophication has driven changes in trophic structure and formation of low dissolved oxygen or hypoxia in
bottom waters at global scales (Díaz and Rosenberg, 2008). But these are only part of a complex of
multiple stressors that interact to shape and direct ecosystem level processes (Cloern, 2001; Breitburg and
Riedel, 2005).
Table 1. Global status of provisioning, regulating, and cultural ecosystem services
Service

Sub-category

Status

Notes

Provisioning Services
Food

Fiber

Crops

+

Substantial production increase

Livestock

+

Substantial production increase

Capture fisheries

–

declining production due to degraded habitat quality and overharvest

Aquaculture

+

substantial production increase

Wild foods

–

declining production

Timber

+/–

forest loss in some regions, growth in others

Cotton, hemp, silk

+/–

declining production of some fibers, growth in others

–

declining production

Genetic resources

–

lost through extinction and crop genetic resource loss

Biochemicals, natural medicines

–

lost through extinction, overharvest

Freshwater

–

unsustainable use for drinking, industry, and irrigation

Wood fuel

Regulating Services
–

decline in ability of atmosphere to cleanse itself

Global

–

net source of carbon sequestration since mid-century

Regional and local

–

preponderance of negative impacts

Air quality regulation
Climate regulation
Water regulation

Erosion regulation

+/–

–

varies depending on ecosystem change and location

increased soil degradation
(continued)
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Table 1. Global status of provisioning, regulating, and cultural ecosystem services (cont.)
Service

Sub-category

Water purification
and waste treatment

Status
–

Disease regulation

declining water quality

+/–
–

Pest regulation
Biological control,
trophic structure

Notes

varies depending on ecosystem change
natural control degraded through pesticide use

+/–

trophic-dynamic regulations of populations

Pollination

–

apparent global decline in abundance of pollinators

Natural hazard regulation

–

loss of natural buffers (wetlands, mangroves)

Soil formation

+

Weathering of rock and erosion

Photosynthesis

+

Primary production

+

net primary production has increased

Biodiversity

–

loss of species

Nitrogen

–

large-scale changes from general eutrophication

Phosphorus

–

Supporting Services

Nutrient cycling

Water cycling

–

major changes from structural changes in rivers, water withdrawal,
and climate change

Habitat, refugia

–

habitat for resident and transient populations

Spiritual and religious values

–

rapid decline in sacred groves and species

Aesthetic values

–

decline in quantity and quality of natural lands

Cultural Services

Recreation and ecotourism

+/–

more areas accessible but many degraded

Status indicates whether the condition of the service globally has been enhanced (+) or degraded (-) in the recent past. Ecosystem services directly
linked to aquaculture are in bold.

2.1

What is Eutrophication?

Eutrophication is the leading cause of water quality impairment around the world. It is the overenrichment of water with nutrients such as nitrogen and phosphorus as a result of human activity.
Eutrophication can be defined simply as the increase in the rate of production and accumulation of organic
carbon in excess of what an ecosystem is normally adapted to processing (Nixon, 1995; Rabalais, 2004).
Eutrophication can be harmful to both freshwater and marine ecosystems, and leads to a progression of
symptoms that include (Selman et al., 2008):


Excessive phytoplankton and macroalgal growth that is the source of organic carbon for
accumulation. This can also reduce light penetration and lead to a loss of submerged aquatic
vegetation (SAV).



An imbalance of nutrient ratios that can lead to a shift in phytoplankton species composition and
creating conditions that are favorable to nuisance and toxic algal blooms. Harmful algal blooms
(HABS) can cause kills of living marine resources and shellfish poisoning in humans.



Changes in species composition and biomass of the benthic (bottom-dwelling) community;
eventually leading to reduced species diversity and increased dominance of gelatinous organisms
such as jellyfish.
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Low dissolved oxygen and formation of hypoxic or dead zones (oxygen-depleted waters). These
oxygen-starved areas stress aquatic ecosystems, often leading to kills of living marine resources,
altered ecosystem energy flows, and in severe cases ecosystem collapse.

Sources of nutrients to coastal waters are diverse and vary from system to system. Nutrients enter
coastal ecosystems through atmospheric deposition, surface water runoff, and groundwater (Table 2).
Within the United States, municipal wastewater is the primary driver of eutrophication in Narragansett
Bay, in the northern Gulf of Mexico it is agriculture, and in Chesapeake Bay atmospheric, urban/suburban,
and agricultural sources are all co-equal (Figure 1). Broad scale regional differences also exist in the
relative importance of nutrient sources. For example, in the US and the EU, agricultural sources are
generally the primary contributors to eutrophication, while in Asia and Africa nutrient pollution is
primarily attributed to municipal wastewater.
Table 2. Sources and pathways of nutrients entering coastal systems
Sources

Pathways
Air

Fossil fuel combustion

Surface water

Groundwater

X
X

Septic systems
Urban stormwater runoff

X

Industry

X

Urban wastewater/sewage

X

Agricultural fertilisers

X

X

X

Livestock operations

X

X

X

X

Aquaculture
Source: Selman et al. (2008).

Figure 1. Comparison of the relative contribution of major sources of nitrogen pollution in three US coastal
ecosystems experiencing hypoxia

Urban/suburban includes both point (industrial and sewage effluent) and nonpoint sources (residential run off)
Source: Jewett et al. (2009).
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2.2

What is Hypoxia?

Oxygen is necessary to sustain the life of fishes and virtually all higher invertebrates. When the
supply of oxygen is cut off or consumption exceeds resupply, oxygen concentrations can decline below
levels that will sustain animal life. This condition of low oxygen is known as hypoxia. Water devoid of
oxygen is referred to as anoxic. Ecologists have borrowed the term hypoxia from the medical community
but the meaning and processes for the environment are the same. The medical condition is a deficiency in
the amount of oxygen reaching tissues. Similarly, a water body can be deprived of adequate oxygen for
proper ecosystem functioning. Hypoxic and anoxic waters differ qualitatively as well as in the quantity of
oxygen they contain; anoxic waters typically contain concentrations of hydrogen sulfides (H2S) that are
lethal to most macrofauna.
Hypoxia in bottom waters of estuaries, coastal seas and other similar systems is typically caused when
algae die, sink to the bottom, and are decomposed by bacteria, which use up the available dissolved
oxygen. When this process is coupled with stratification of the water column, which limits mixing of more
oxygen rich waters from the surface to the bottom, oxygen depletion can occur (Rabalais and Turner, 2001;
Rabalais and Gilbert, 2008). Hypoxia is typically seasonal, forming in the spring and summer months in
North America and in summer and autumn months in Europe. Some systems, such as the Baltic and
Caspian Seas, experience year-round hypoxia due to the severity of eutrophication (Dumont, 1998; Karlson
et al., 2004).
Hypoxic areas are sometimes referred to as dead zones. The term was first applied to the northern
Gulf of Mexico hypoxic area (Rabalais et al., 2002, 2010) and refers to the fact that fish and shrimp avoid
and migrate out of hypoxic areas. When fishermen trawl in bottom waters of these zones little to nothing is
caught. The link between hypoxia and dead zones is best applied to inshore and coastal waters where
oxygen depletion occurs in otherwise normoxic (well oxygenated) waters, with evident migration or
mortality of fishes and large invertebrates. In the absence of larger fauna, smaller organisms
(i.e. foraminiferans, nematodes) and microbes persist, such that the regions are not truly dead. And, the
fully oxygenated upper water column supports diverse communities, including productive fisheries.
Two other forms of hypoxia are important to consider and can affect aquaculture. The first is dielcycling hypoxia, which, like the hypoxic bottom waters described above, is often caused or exacerbated by
anthropogenic nutrient enrichment. In shallow waters with diel (or day-night) cycling hypoxia mid-day
oxygen concentrations can be very high due to oxygen generated by photosynthesizing algae and
macrophytes. When light levels drop too low for photosynthesis, however, algae and macrophytes (along
with other organisms present) continue to respire and consume oxygen, but do not generate oxygen. As a
result, oxygen concentrations can drop substantially during night and early morning hours (Tyler et al.,
2009). Like the bottom layer hypoxia described above, diel cycling hypoxia is most prevalent during warm
months when both biomass and respiration rates are high. The second intermittent form of hypoxia is
upwelling of deep oxygen minimum zone waters into nearshore areas. Although increasing oceanic
temperatures and land-based nutrients can have some affect on the depth and characteristics of oxygen
minimum zones, upwelling into nearshore habitats is largely a natural process caused by winds that advect
surface waters offshore (Levin et al., 2009).
Because of its low solubility in water small changes in the absolute amount of oxygen dissolved in
water lead to large differences in percent air saturation. Depending on temperature and salinity, water
contains 20–40 times less oxygen by volume and diffuses about ten thousand times more slowly through
water than air (Graham, 1990). Thus what appear to be small changes in oxygen can have major
consequences to animals living in an oxygen-limited milieu.
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While many authors and water quality regulations focus on concentrations of dissolved oxygen below
2–3 mg O2/L as a threshold value for hypoxia in marine and brackish water environments, such arbitrary
limits may be unsuitable when examining potential impacts of hypoxia on any one given species (VaquerSonyer and Duarte, 2008). Hypoxia becomes detrimental when behavioral and physiological responses
result in altered behavior or negative impacts, such as reduced growth, loss of reproductive capacity,
mortality, reduced biodiversity, and loss of secondary production, including fisheries (Figure 2). For
example, Atlantic cod (Gadus morhua) growth in the St. Laurence is reduced below about 7 mg O2/L or
70% air saturation (Chabot and Dutil, 1999). Shrimp and fish avoid dissolved oxygen below 2 mg O2/L
(approximately 30% air saturation) in the northern Gulf of Mexico hypoxic zone, while sharks and rays
emigrate from the area at a oxygen concentrations below 3 mg O2/L (Rabalais et al., 2001a).
Figure 2. Cone of faunal response to declining oxygen concentration

Source: Based on data from Díaz and Rosenberg (1995) and Rabalais et al. (2001a).

2.3

Increase in Eutrophication and Hypoxia

Hypoxia is the most severe symptom of eutrophication and is becoming more prevalent (Figure 3).
The number of hypoxic zones in coastal waters has increased dramatically over the past 50 years, rising
from about ten documented cases in 1960 to nearly 500 in 2010 (Rabalais et al., 2010). Eutrophication and
associated hypoxia in freshwater systems was also widespread in the 20th century and related to industrial
and municipal discharges high in both nutrients and organic matter. In tidal portions of rivers and other
water bodies near dense population centers, these point discharges have caused severe hypoxia and anoxia.
Effective nutrient management of point discharges has reversed this trend where it has been rigorously
implemented (Jeppesen et al., 2005; Smith et al., 1987). In some systems, for example, the Mersey (Jones,
14

2006) and Delaware (Weisberg et al., 1996) River estuaries, areas devoid of fishes were reported as early
as the 1800s. These conditions persisted until improvements in sewage treatment were implemented and
water quality improved. But by the 1980s it became clear that nutrients in runoff from agricultural lands
had increased, replacing nutrients removed by sewage treatment and that water quality declined in many
coastal areas (Smith et al. 1987; OSPAR, 2000; Díaz and Rosenberg, 2008). One of the greatest challenges
facing managers and stakeholders in improving water quality is regulation of nonpoint runoff from
agricultural land. The majority of hypoxic zones that have developed over the last 30 years are directly
linked to agricultural nonpoint runoff. In addition to the development of hypoxia, eutrophication driven by
nonpoint runoff is also responsible for development of harmful algal blooms (HAB), and degradation of
submerged aquatic vegetation beds and other valuable shallow water habitats (Lotze et al., 2006; Bricker et
al., 2007).
Many coastal systems that are currently hypoxic were not so when first studied. For systems with
historical data from the first half of the 20th century, declines in oxygen concentrations started 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 (see case studies), 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 was in the 1950s that hypoxia became widespread (Karlson et al., 2002). Other systems have
experienced hypoxia since the beginning of oxygen data collection, for example, in the 1900s for Kamak
Bay, Korea (Lim et al., 2006), 1910s for Oslofjord, Norway (Mirza and Gray, 1981), 1920s for Thames
Estuary, England (Andrews and Rickard, 1980), 1930s for Chesapeake Bay (Newcombe and Horne, 1938),
and 1970s for the northern Gulf of Mexico (Turner and Rabalais, 2008).
Annual hypoxia does not appear to be a natural condition for most coastal waters, except some fjords
and some upwelling areas. Even in Chesapeake Bay, which had hypoxia when DO measurements were
first made in the 1910s in the Potomac River (Sale and Skinner, 1917) and 1930s in the mainstem channel
(Officer et al., 1984), the geological record suggests that hypoxia was not an annual, seasonally persistent
feature of the system prior to European colonization (Zimmerman and Canuel, 2000). Similarly,
geochronologies from the hypoxic area on the continental shelf of the northern Gulf of Mexico also
indicate that the current seasonal hypoxia, which can cover over 20 000 km2, did not form annually prior to
the 1950s (Sen Gupta et al., 1996). Hypoxia was recorded with the first oxygen measurement made in the
area in the summer of 1973 on the central Louisiana continental shelf (Rabalais et al., 2002) and has been
an annual event ever since.
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Figure 3. Global distribution of documented case of hypoxia related to human activities*

* Each hypoxia case related to a human activity is represented by a dot.
The number of hypoxic areas is cumulative for the successive time periods.
Source: Rabalais et al. (2010).
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3.

Importance of integrating impacts from multiple drivers

The effects of nitrogen enrichment and hypoxia on food webs and fisheries are strongly influenced by
the extent to which these two factors co-occur. The perceived effects of nutrient enrichment and hypoxia
also depend on the spatial scales of interest, which range from local, sometimes severely affected water
masses to entire fisheries ecosystems (Breitburg et al., 2009). To a degree, increased nutrients will increase
biological production, whereas hypoxia reduces biomass and habitat quality and quantity (Caddy, 1993;
Rabalais and Turner, 2001; Nixon and Buckley, 2002).
Aquaculture in coastal waters illustrates the problems of considering one stressor at a time. Culture of
fish and shellfish requires good water quality, which is a function of many physical, chemical, and
biological processes. In general, nutrient enrichment should lead to improved culture situations,
particularly for plants and filter-feeding mollusks, if other environmental drivers are not degraded.
Degradation in oxygen is one of the most serious threats to aquaculture. This usually unseen decrease in
oxygen in bottom and shallow waters can lead to reduced growth and mortality. The emphasis on dissolved
oxygen is warranted given the importance of oxygen for sustaining life for all fishes and invertebrates.
Metaphorically speaking, the American Lung Association motto could be adopted for this situation. “When
you can‟t breathe, nothing else matters.”
Use of an ecosystem-based management approach that addresses cumulative effects to ensure the
protection and maintenance of all ecosystem components, while promoting multiple sustainable uses is
needed. For example, environmental management dictates that effects from nitrogen and phosphorus
loading need to be considered in setting limits for total nutrient loading. To gain better understanding of
how the stressors discussed above will interact in the context of both aquaculture and coastal
eutrophication will require new research directions on responses to these multiple stressors. How the
effects of nutrient enrichment resulting from agriculture interacts with other ecosystem stressors, such as
toxic contaminants, capture fisheries, habitat loss, and climate change, will determine the future direction
for aquaculture in any given area. In addition, systems vary tremendously in the amount of nutrient loading
that will cause hypoxia because of variation in physical characteristics of systems (Breitburg et al., 2009).
4.

Trends in aquaculture to mitigate effects of agricultural pollution

4.1

Multiculture

A major development in the sustainability of aquaculture has been the culture of combinations of
offsetting species. Offsetting species are those that can reduce negative impacts of eutrophication drivers
from both agriculture and other aquaculture species. For example, filter-feeding bivalves can be used to
take up organic matter resulting from nutrient discharges from land-based nutrient activities or intensive
fish culture. In particular, oysters (Crassostrea gigas) have been found to grow up to three times faster and
have better condition factors when grown near Chinook salmon cages compared to control sites. This is a
consequence of the greater availability of particulate organic matter (Jones and Iwama, 1991). Not all filter
feeding bivalves can benefit from co-location with finfish aquaculture, however. Mussels, Mytilus edulis,
grow well on a diet of phytoplankton organic matter but their growth does not increase in response to
organic matter from fish farms (Taylor et al., 1992). This difference in response between bivalve species is
related to fine details in life-histories, primarily diet preferences and feeding mechanisms (Dame, 1996).
As the characteristics of each species are different, there are some combinations of species that will
work better than others at optimizing production and reducing environmental stress from agricultural
related eutrophication. For example, macroalgae can be very efficient at directly taking up nutrients, and
bivalves are most efficient at converting consumed organic matter into biomass. An added benefit to these
species groups is that plants and filter feeders do not require additional input of feed to grow well, and
17

therefore do not contribute to water quality problems. In contrast, most fishes and crustaceans are higher
up the food chain and require higher protein content food to sustain higher growth rates, which can add to
agricultural eutrophication stresses. Costa-Pierce (2008) in a review of ecosystem approaches to
aquaculture in marine water found that combinations of species could lessen environmental impacts and at
the same time maximize economic and social profit.
It has even been proposed that in systems that have lost historic populations of filter-feeding bivalves,
restoration of these populations would reduce hypoxia by sequestering nutrients and organic matter in
bivalve biomass (Newell et al., 2005). For example, in Chesapeake Bay intense mortality associated with
fisheries and disease caused a dramatic decline in eastern oyster stocks and associated Bay water filtration,
which may have exacerbated the effects of eutrophication driven by excess nutrient loading (Kemp et al.,
2005).
4.2

Movement into offshore waters

Multiple uses of estuarine and marine habitats have increased in recent years from many different
economic sectors (such as aquaculture, capture fisheries, recreation, marine transportation, mineral mining,
oil and gas development, and recently, renewable energy; Halpern et al., 2008, Godfray et al., 2010). The
growing awareness of the cumulative negative environmental impacts in inshore water from multiple
sources makes the expansion of aquaculture into offshore or open coastal waters an important option.
Movement to the offshore provides needed area and also eliminates or greatly lessens concerns over
impacts from land-based eutrophication. The move of aquaculture into offshore waters may be especially
important for fishes that require feeding and have high oxygen demands. However, it should be noted that
for offshore aquaculture amount of feed and fish density need to be managed appropriately. Open coastal
areas tend to have sufficient physical drivers (wind, current, and tides) to disperse wastes and excess food,
and maintain good water quality, particularly for oxygen. These same dynamic forces will require offshore
aquaculture to employ higher levels of technology and engineering to build facilities that can withstand
strong currents, high waves, and extreme weather events. While there is a general long-term trend of
declining oxygen in coastal waters, the decline is greatest within 30 km of the coastline (Gilbert et al.,
2009). For filter feeders and plants, the move to offshore waters could reduce growth as nutrients and
primary production decline with distance offshore.
To accommodate competing uses in both inshore and offshore waters, spatial planning needs to be
undertaken to manage estuarine and marine habitats in a manner that reduces conflict, and enhances
compatibility among uses, and sustains ecosystem functions and services (Turnipseed et al., 2010).
Aquaculture should be a big part of any coastal and marine spatial planning.
5.

Principle externalities

The principle externalities effecting aquaculture can be divided into market or economic drivers and
environmental or ecosystem health drivers. Controlling and accounting for environmental quality
externalities will be a major concern for expansion and sustainability of aquaculture. There is a very tight
coupling of aquaculture to ecosystem health. Both capture fisheries and aquaculture are vulnerable to
external factors that shock ecosystems and reduce water or habitat quality (Smith et al., 2010). Here we
consider environmental drivers.
5.1

Damage to aquaculture and coastal ocean fisheries

Damage to both aquaculture and capture fisheries is likely to occur through intensification of
eutrophication and hypoxia in both the inshore and offshore waters. Effects on mobile wild finfish and
crustaceans, however, will be fundamentally different from sessile or captive aquaculture stocks. Wild
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stocks of many mobile species at least have some ability to behaviorally avoid habitats negatively impacted
by eutrophication (Breitburg et al., 2009). In contrast, mobility is constrained by aquaculture making
organisms particularly susceptible to mortality resulting from negative effects of eutrophication as
behavioral avoidance will be limited. Both hypoxia and HABS are of particular concern. For example,
mass mortality of cultured fish (yellowtail Seriola quinqueradiata and red sea bream Pagrus major) in the
eastern Seto Island Sea due to HABs is a frequent occurrence (Bruslé, 1995). In the eutrophic Prevost
Lagoon hypoxia and H2S can result in reduced bivalve production (Guyoneaud et al., 1998).
Hypoxia fundamentally affects the use of space and movement through the system by altering
migration pathways and transport. For example, a hypoxic event in 1976 that affected an area of about
1 000 km2 along the coast of New York and New Jersey displaced demersal fishes and also blocked the
migration of pelagic bluefish (Pomatomus saltatrix). Northward migrating bluefish that encountered the
hypoxic zone did not pass through or around it, but stayed to the south waiting for it to dissipate and then
continued their migration north (Azarovitz et al., 1979). Hypoxia also alters spatial patterns of human use
by influencing the spatial distribution of fisheries resources (Selberg et al., 2001; Craig and Crowder,
2005). Most negative effects tend to occur locally, within the region of the water body in which oxygen
concentrations are reduced, but much wider ranging consequences can be mediated through the indirect
effects of altered distributions and abundances (Breitburg et al., 2009). A key consideration in marine
spatial planning then becomes designation of backup areas to which aquaculture facilities could be moved
in the event of hypoxic and HAB events.
Fish kills are the most dramatic manifestation of both HABs and hypoxia and result from a
combination of severe physical conditions and the failure of mobile animals to avoid or escape lethal
conditions. The frequency and magnitude of fish kills have increased as nutrient-related hypoxia has
worsened. Hypoxia-related kills that involve thousands to millions of finfish and crustaceans have been
reported from systems as diverse as Mariager Fjord in Norway, Neuse River Estuary in North Carolina,
along the Texas coast, and subtropical Richmond River Estuary in New South Wales (Fallesen et al., 2000;
NCDWQ, 2006; Walsh et al., 2004; Thronson and Quigg, 2008). In US waters, menhaden (Brevoortia
tyrannus and B. patronus) kills feature prominently in records (Thronson and Quigg, 2008). These fish
possess swim bladders, float where they are readily seen, and travel in large schools, so kills are often
highly visible and affect large numbers of individuals.
It is important to consider that habitats avoided are functionally lost to species (Breitburg 2002;
Rabalais and Turner, 2001). As a result, habitat loss due to hypoxia is far greater than would be estimated
by calculations based on species recruitment or survival tolerances. Because species vary in their oxygen
requirements, sensitive predators can lose access to prey. Crowding in more highly oxygenated refuges can
result in density-dependent growth reductions (Eby and Crowder, 2002) or increased cannibalism (Aumann
et al., 2006). Because hypoxia can make deeper, cooler waters unavailable in the summer, or overlaps with
nursery habitat, the combined effects of temperature and oxygen can result in habitat compression or
squeeze that affects both pelagic and demersal species (Coutant, 1985; Niklitschek and Secor, 2005; Pearce
and Balcom, 2005).
Some of the clearest examples of hypoxia-related population and fisheries declines involve systems in
which discharges of raw sewage have caused severe oxygen depletion in tidal river portions of rivers and
estuaries. The location and seasonal persistence of hypoxia appears to be particularly damaging to
anadromous and catadromous species that require use of, and transit through, both saline and freshwater
portions of systems to complete life cycles (Breitburg et al., 2009). Large stretches of river estuaries such
as the Mersey, Thames, Elbe, and Delaware have been described as devoid of fish prior to implementation
of primary sewage treatment (Thiel et al., 1995, Weisberg et al., 1996; Tinsley, 1998; Jones, 2006). These
hypoxic zones have blocked upriver spawning migrations or downriver outmigrations of species such as
American shad (Alosa sapidissima) in the Delaware (Weisberg et al., 1996); sea trout (Salmo trutta) in the
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Mersey (Jones, 2006); and sturgeon (Acipenser sturio), Atlantic salmon (Salmo salar), allis shad (Alsoa
alosa), twait shad (Alosa fallaxx fallax) sea lamprey (Petromyzon marinus), and European eel (Anguilla
anguilla) in the Scheldt (Maes et al., 2007), resulting in population declines or local extirpations.
There is also persuasive evidence of system-wide declines in fisheries landings and abundances of
sensitive species in systems with very high percentages of bottom hypoxia (Breitburg et al., 2009). For
example, abundances of demersal fish and crustaceans, including mantis shrimp (Oratosquilla oratoria),
have declined in Tokyo Bay, where up to two-thirds of the bottom becomes hypoxic during summer
(Kodama et al., 2002, 2006). Hypoxia also appears to contribute to system-wide fisheries declines in
combination with pathogens (e.g., American lobster, Homarus americanus, in Long Island Sound; Pearce
and Balcom, 2005) and other effects of eutrophication (e.g., reduced plaice recruitment in the Kattegat;
Pihl et al., 2005), particularly where the co-occurring or interacting stressors affect organisms in highly
oxygenated areas that would otherwise serve as refuges from hypoxia.
Degradation of particularly critical or essential habitat can affect recruitment or fisheries landings.
One of the better-known examples is the interannual variation in egg mortality and fisheries landings of
Baltic cod in the Baltic. Spawning success of cod in the central Baltic is hindered by hypoxic and anoxic
water below the halocline (70–80 m) where salinity is high enough to provide buoyancy for cod eggs
(Nissling and Vallin 1996; Cardinale and Modin, 1999; Köster et al., 2005). In the Western Atlantic,
hypoxia appears to contribute to low per capita productivity and slow recovery of cod stocks in the Gulf of
St. Lawrence (Dutil et al., 2007). Along the Texas and Louisiana shelf of the Gulf of Mexico, interannual
variation in landings of brown shrimp (Farfantepenaeus aztecus) is negatively correlated with size of the
hypoxic zone (O‟Connor and Whitall, 2007). However, Texas fisheries regulations may contribute to the
apparent strength of this correlation as fishing is prohibited on the inner shelf that serves as a refuge from
hypoxia during much of the summer when northern Gulf of Mexico hypoxia is most extensive.
The continued expansion and development of hypoxia related to eutrophication may be the biggest
externality that will damage both aquaculture and coastal ocean fisheries. Hypoxia already forces
movement of wild stock from large areas both inshore and offshore and at times can cause extensive
mortality. It is also a major reason for the practice of fallowing of aquaculture facilities (O‟Connor et al.,
1989). As aquaculture moves into offshore and deeper waters, oxygen will be a limiting factor in many
areas around the globe that seasonally develop severe bottom water hypoxia. Offshore areas that may be
risky places for aquaculture include the northern Gulf of Mexico off the coasts of Mississippi, Louisiana,
and Texas, much of the Danish straits, the northern Adriatic Sea, the northwest Black Sea, the East China
Sea off the Changjiang River (Rabalais et al., 2010). If upwelling and OMZ move into shallower coastal
water, as predicted with global climate change (Keeling et al., 2010) and has occurred off the coast of
Washington and Oregon (Chan et al., 2008), then these areas will also be risky for aquaculture.
5.2

Water and sediment quality

Sedimentary processes are very important in development of hypoxia because this is where excess
organic material in the form of senescent phytoplankton, fecal pellets, marine aggregates, and excess waste
from finfish aquaculture is deposited. It then is either decomposed by aerobic and anaerobic processes or
buried. As aerobic bacteria decompose the organic matter, the oxygen concentration overlying the
sediments is consumed, and hypoxic/anoxic conditions can develop. In this transition from oxic to anoxic
conditions, numerous biological and geochemical shifts occur. Bioturbation by benthic organisms declines,
mortality increases, and bacteria thrive, which impacts elemental cycling (Middleburg and Levin, 2009).
In the Baltic Sea interannual changes in dissolved inorganic phosphate (DIP) pools below the
pycnocline were positively correlated to changes in sediment area covered by hypoxic water (Conley et al.,
2002a). The changes in DIP were attributed to the release of phosphorus during hypoxic conditions with it
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returning to the sediments during non-hypoxic periods. Similarly, the flux of nitrogen in the form of
ammonium from microbial respiration increases. The nitrification/denitrification cycle within sediments,
which returns N2 to the atmosphere, is the main mechanism for removal of reactive nitrogen. This cycle is
disrupted by the limited availability of oxygen in sediments during hypoxia and the greenhouse gas N 2O is
produced (Paulmier and Ruiz-Pino, 2009).
With continued accumulation of organic carbon at the seabed, microbial decomposition and oxygen
consumption increase, but not in simple linear relationships (Meyer-Reil and Köster, 2000). The redox
potential discontinuity layer migrates upward to the sediment-water interface, sulfate respiration replaces
oxygen respiration, H2S is generated from the sediments and oxygen penetrates less deeply into the
sediments as the bioturbation potential of the infauna decreases during their demise due to sulfide toxicity
or lack of sufficient oxygen (Figure 4) (Rumohr et al., 1996, Gutiérrez et al., 2000). Some shifts in the
benthic microbial community are visible at the sediment-water interface in the form of bacterial mats
(Jørgensen, 1980; Rosenberg and Díaz, 1993). These bacterial mats are indicators of near anoxic
conditions and are commonly observed in both eutrophication driven hypoxia and where naturally
occurring oxygen minimum zones intersect the seabed (Graco et al., 2001; Levin et al., 2009). When
oxygen is severely depleted, or anoxic, H2S builds up in the bottom waters as anaerobic bacteria
metabolism reduces sulfate to H2S (Jørgensen, 1980), the sediment becomes almost uniformly black, and
there are no signs of aerobic life. Hydrogen sulfide is toxic to most metazoans and contributes to the
overall mortality of benthic organisms.
Water quality can be either degraded or improved by aquaculture depending on the species and
environmental conditions. Certain groups of species, primarily mollusks and plants, can reduce organic and
nutrient loading to the water column (Table 3). But physical drivers play a large role in determining the
degree of impact to the water column. Suspension-feeders serve to couple pelagic and benthic processes
because they filter suspended particles from the water column and the undigested remains, ejected as
mucus-bound feces and pseudofeces, sink to the sediment surface. This biodeposition can be extremely
important in regulating water column processes (Newell, 2004). Nitrogen excreted by the bivalves and
regenerated from their biodeposits is recycled back to the water column to support further phytoplankton
production. Where biodeposits are incorporated into surficial aerobic sediments that overlay deeper
anaerobic sediments, microbially mediated, coupled nitrification-denitrification can permanently remove
nitrogen from the system as N2 gas. Consequently, aquaculture of bivalves may provide a supplement to
water quality management and offset negative effects of agricultural nutrient loading. For example,
modeled effect of mussel culture on nitrogen cycling at the mouth of the Gullmar Fjord, Swedish west
coast, was to reduce the net transport of nitrogen by 20% (Lindahl et al., 2005).
Currents may be the most significant driver of water quality around aquaculture facilities.
Development of hypoxia and anoxia under aquaculture facilities, for example, is directly correlated to
currents. Aquaculture sites well flushed by tidal currents, as in the Rias Baixas, northwest Spain, do not
allow accumulation of organic matter (Tenore et al., 1982). High flow rate bring a continuous supply of
oxygen to the sediment water interface, which permits the survival of modified benthic communities even
when sedimentary processes become anaerobic (Godbold and Solan, 2009). Low rates of water renewal
can lead to deoxygenation in the overlying water column as sedimentary BOD increases (Pearson and
Black, 2001). For example, fish culture in enclosed brackish waters of the Finnish archipelago, in the
northern Baltic Sea, increased the level of eutrophication and enhanced algal mat growth, which at times
has lead to anoxia and reductions in local fish and benthic populations (Bonsdorff et al., 1997). When
currents can keep surface sediments from becoming anaerobic impacts tend to be localized and not extend
far from the culture facility.
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Figure 4. Model stages of Baltic Sea benthos along a south/north transect (Danish straits to Bothnian Sea)

I. Climax community dominated by deep-burrowing species and a deep RPD layer.
II. First signs of low oxygen stress, strong fluctuations, decreasing species richness, increased biomass/production, and shallower
RPD layer.
III. Periods of hypoxia, dominated by small worms, and RPD-layer close to the sediment/water interface.
IV. long periods of hypoxia and formation of bacterial mats (Beggiatoa spp.) at the sediment surface, no macrofauna.
V. complete break-down of benthic communities due to long-term anoxia, lamination of sediments, and RPD layer in the water
column. OS is aerobic sediments, RS anaerobic sediments.
Source: Rumohr et al. (1996), redrawn by Martin Solan.
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Table 3. Examples of multiculture or polyculture that have improved production and environmental quality
Species
Combinations

Aquaculture/
Ecosystem Response

Reference
(in Costa-Pierce 2008)

Shrimp and Bay Scallop

Scallops grew quickly in shrimp pond water at
intermediate densities.

Walker et al., 1991

Shrimp, Mullet, and Oysters

4 ha modular shrimp system produced 40 t shrimp,
7 t mullet, 500 000 oysters per year

Sandifer and Hopkins, 1996

Shrimp and Mangroves

Devoting 30-50% of shrimp pond to mangroves
gave highest annual economic return.

Binh et al., 1997

Salmon and Macroalgae

Improved water quality and increased economic
return.

Buschmann et al., 1996

Seabream, Bivalves, and
Macroalgae

Improvements in whole system productivity and
economics, but higher capital and marketing costs.

Shpigel and Neori, 1996

Seabream and Mullet

Mullet under seabream reduced organic matter
accumulations and improved sediment quality

Angle et al., 1992

Salmon and Mussels

Mussels grew well on organic matter waste from
salmon, good economic potential

Troell et al., 1999

Salmon and Bivalves

Higher economic potentials with integration of
scallops, oysters, and salmon

Cross, 2004

Salmon and Seaweed

Improved water quality and economics, but
increased management and marketing needed

Chopin et al., 1999

Source: Costa-Pierce (2008).

6.

Ecosystem impacts from eutrophication

6.1

Habitat

The process of eutrophication has occurred over long time periods during which basic characteristics
of the ecosystem have changed, such as composition of the phytoplankton community, sequential demise
of components of the benthic community, shifts in sedimentary structure and composition, and
biogeochemical processes. Eutrophication from excess nutrients from land runoff and the subsequent
development of hypoxia do not occur in a vacuum. Other stressors such as overfishing, habitat destruction,
invasive species, and global climate change also contribute to degradation of habitat (Galloway et al.,
2008; Oguz, 2005; Cloern, 2001; Rabalais et al., 2008).
The effect of hypoxia on sustainable yields of capture fisheries and aquaculture will depend on both
the severity of eutrophication and whether critical or essential habitat is negatively affected. In the majority
of highly nutrient-enriched systems, eutrophication creates a spatial and temporal mosaic of habitats that
vary in physiological suitability. Eutrophication can simultaneously stimulate prey production and create
areas of less favorable or completely unsuitable habitat by causing hypoxia, increasing macroalgal growth,
and leading to the decline or disappearance of SAV. A result of this mosaic of prey-enhanced and degraded
habitats, eutrophication, in general, and hypoxia, in particular, fundamentally alter the way mobile
organisms utilize space and move through systems (Breitburg et al., 2009).
Opportunistic and adaptive behaviors of mobile stocks can reduce the potential negative effects of
eutrophication-degraded habitat patches (Pihl et al., 1992; Brandt and Mason, 1994). However, this is not
an option for captive aquaculture stocks. Avoidance of low dissolved oxygen concentrations and crowding
of organisms into favorable habitat patches comes at a cost to predator or prey or both. In the northern Gulf
of Mexico large-scale hypoxia (up to 22 000 km2) on the Louisiana shelf occurs in regions that typically
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support high-density brown shrimp and results in substantial habitat loss (up to ~25% of the Louisiana
shelf from May to September), with shifts in distribution and associated high densities both inshore and
offshore of the hypoxic region. These shifts in spatial distribution during hypoxia have implications for
organism energy budgets, trophic interactions, and fishery pressure (Craig and Crowder, 2005; Craig et al.,
2005).
Effects of fisheries on eutrophication, and of eutrophication on fish yields, may be strongest in
systems with extensive aquaculture production. Excess feed and feces associated with intensive cage
culture of fish can cause localized hypoxia and HABs, resulting in losses of both cultured and wild fish
production (Rosenthal, 1985; Naylor et al., 2000). Bivalve aquaculture, in contrast, removes phytoplankton
and can sometimes reduce negative effects of nutrient enrichment. Removal of farmed suspension-feeder
biomass may have a greater potential than fisheries exploitation of wild populations to reduce
eutrophication because of high rates of aquaculture removals. Aquaculture may, however, be particularly
susceptible to mortality resulting from negative effects of eutrophication.
6.2

Function

In marine ecosystems, oxygen depletion has become a major structuring force for communities and
energy flows. The elimination of fauna and compression of habitat by hypoxia not only alters population
dynamics but also have profound effects of ecosystem energetics and functions. If oxygen concentrations
decline below tolerance levels, organisms die and are decomposed by microbes. Ecosystem models for the
Neuse River estuary (Baird et al., 2004), Chesapeake Bay (Baird and Ulanowicz, 1989), and Kattegat
(Pearson and Rosenberg, 1992) all show a hypoxia-enhanced diversion of energy flows into microbial
pathways to the detriment of higher trophic levels.
Specific ecological effects will depend on the duration and severity of hypoxia. Short-lived and mild
hypoxia may not have severe costs to energy flows as communities have been pre-conditioned to other
eutrophication stresses and have developed resilience to hypoxia. Within a narrow range of conditions
hypoxia facilitates upward trophic transfer as physiologically stressed fauna being forced to the sediment
surface during hypoxia may be exploited by epibenthic predators (Pihl et al., 1992). Under mild hypoxia,
prey may also experience a relief from predation, as hypoxia is typically more stressful to the predators
than the prey. In the Kattegat, for example, seasonal hypoxia led to an estimated 23% reduction in
predation by crabs (Pearson and Rosenberg, 1992). Upward energy transfer is not enabled in areas where
hypoxia is severe as either the benthos is killed directly and/or predators would be too stressed to enter the
area. In all cases, the increase in the proportion of production transferred to predators is temporary and as
mortality occurs, microbial pathways quickly dominate energy flows (Figure 5).
This energy diversion tends to occur in ecologically important places (nursery and recruitment areas)
and at the most inopportune time (summer) for predator energy demands, and causes an overall reduction
in an ecosystem‟s functional ability to transfer energy to higher trophic levels and renders the ecosystem
potentially less resilient to other stressors. Reduction of the primary prey base for demersal predators from
dead zones has consequences for ecosystem functioning and services other than biomass production for
food webs. Key geochemical cycles are controlled by a complex interaction of oxygen, bioturbation, and
sediment properties, for example, the balance between nitrification and denitrification.
Systems exposed to extensive periods of hypoxia and anoxia have low annual benthic secondary
production with the amount of productivity a function of how quickly benthos can recruit and grow during
periods of normoxia. Marine benthic systems suffering from hypoxia and anoxia at present once had
benthic life. In some systems it is possible to make crude estimates of the biomass from prehypoxic times,
e.g. estimate the “missing biomass” of today. For areas of the Baltic that are now persistently hypoxic and
anoxic (70 000 km2, Karlson et al., 2002) missing biomass amounts to about 1.7 million metric tonnes wet
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weight, which represents about 30% of total Baltic secondary production (Elmgren, 1989). Similarly,
estimates for Chesapeake Bay indicate that about 67 000 million tonnes wet weight is lost because of
hypoxia each year, about 5% of total Bay secondary production (Díaz and Schaffner, 1990). If we assume
about 40% of the benthic biomass is passed up the food chain in the Baltic (Möller et al., 1985) and 60% in
Chesapeake Bay (Díaz and Schaffner, 1990), then a total of 700 000 million tonnes wet weight of potential
fish food energy is lost in the Baltic and 27 000 million tonnes wet weight in Chesapeake Bay. In the
northern Gulf of Mexico that experience severe seasonal hypoxia, benthic biomass is reduced by as much
as 9.3 million tonnes wet weight/km2 (Rabalais et al., 2001b), which is approximately a 113 000 million
tonnes wet weight lost from the fisheries forage base when the size of the dead zone is 20 000 km2,
assuming a 60% transfer efficiency.
Figure 5. Conceptual view of how hypoxia alters ecosystem energy flow

For normoxia, area indicates the range of energy transferred from the benthos to higher-level predators,
typically 25 to 75% of macrobenthic production. As a system experiences mild or periodic hypoxia, there can
be a pulse of benthic energy to predators. This “windfall” is typically short-lived and does not always occur.
With declining oxygen, higher-level predation is suspended, benthic predation may continue, and the
proportion of benthic energy transferred to microbes rapidly increases. Under persistent hypoxia, some
energy is still processed by tolerant benthos. Microbes process all benthic energy as H 2S, and anoxia
develops
Source: Díaz and Rosenberg (2008).

These losses in biomass from hypoxia deprive higher trophic levels of significant amounts of forage
base. Because of the physiological dependence of productivity on temperature, hypoxia develops at times
when production and benthic recruitment generally peak for non-opportunistic species; thus the longer
hypoxia lasts the less time a system has to regain the lost biomass through production. The duration of
seasonal hypoxia then becomes the primary factor affecting ecosystem energy flows. Within most systems
that have strong seasonal cycles, increases in populations are related to recruitment events timed to take
advantage of the input of new organic matter and populations decline from a combination of resource
depletion and predation. The shorter the time between arrival of the new organic matter and the onset of
hypoxia the greater the effect on energy flows up the food chain as during hypoxia energy is shunted to
microbial pathways (Díaz and Rosenberg, 2008).
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7.

Economic consequences for fisheries and ecosystem services

Some aspects of agriculture can contribute to enhanced ecosystem services in terrestrial ecosystems
(Swinton et al., 2007), but in marine ecosystems agriculture impacts are usually negative and rarely
positive (Tilman et al., 2001; Galloway et al., 2008). This is due to the transformative nature of excess
nutrients in fueling eutrophication, altering productivity pathways and species composition. For example,
the primary negative drivers on biodiversity appear to be displacement of long-lived sensitive species by
short-lived opportunistic spices adapted to rapidly respond to the influx of organic matter and alteration or
loss of habitat quality.
The growing demand for the ecosystem service of food provisioning has resulted in stress and change
to regulating and supporting ecosystem services (Table 1). This expanding need for food provisioning has
lead to over half of all ecosystem services being degraded or used unsustainably (MA, 2005). The
increasing production of food services, such as crops, livestock, and aquaculture, has led to a consumption
of an increasing fraction of other service (for example, diverting more water for irrigation or capturing
more fish from the sea) and has put downward pressure on others (for example, habitat quality and
biodiversity). Much of this downward pressure can be traced to agricultural waste products (nutrient, toxic
chemical, organic runoff). There are many examples of mortality and stress on fisheries species from
eutrophication driven hypoxia (Table 4).
Unless stress on nonprovisioning ecosystem services can be lessened, for example through ecosystem
based management, there will likely be declines in food provisioning services from aquaculture with
negative economic consequences. The effects of eutrophication vary from system to system, and there are
accounts of loss of aquaculture production, and presumably loss of economic value, related to failure of
supporting ecosystem services. For example, general eutrophication of coastal lagoons on the French
Mediterranean coast has deteriorated water quality and at times led to the develop hypoxia. This in turn has
reduced the lagoon systems supporting ecosystem services and lowered the production potential for
aquaculture, in, for example, Thau Lagoon (Mazouni et al., 1996). Combinations of stressors from
agriculture, and municipal and industrial wastewater put greater pressure on ecosystem services but
provisioning by aquaculture may not be negatively affected, as in Lake Saroma, Japan and Saldanha Bay,
South Africa, where there are accounts of ecosystem degeneration but aquaculture production does not
appear affected (Table 4). Even at sub-optimal levels of dissolved oxygen that are not near hypoxic, there
can be reductions in growth of cultured salmon (Page et al., 2005). From the beginning of fish aquaculture
dissolved oxygen was recognized as a limiting factor and many cultured species were selected because of
their tolerance to low dissolved oxygen. For example, carp (Carassius spp.) can survive months of hypoxia
and is possibly the most anoxia-tolerant vertebrate (Nilson and Renshaw, 2004).
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Table 4. Examples of fisheries mortality or losses related to eutrophication driven hypoxia

System

Country

Fisheries

Comment

References
(in Díaz and
Rosenberg,
2008)

Beauford
Inlet

Australia

Massive fish kills reported as early
as 1936

Eutrophic inlet with high
nutrients and at times HABs

Brearley, 2005

Scheldt
Estuary

Belgium

Flatfish stressed by low oxygen,
Low oxygen tolerant eels declined
with improved oxygen and
diadromous fish returned.

Improved from nutrient
management from 1970s to
1980s

Maes et al. 2004,
Buysse et al.
2008

Ebrie lagoon

Cote
d'Ivoire

Fish kills, loss of biodiversity,
altered trophic structure

Domestic waste and industrial
waste from coastal population

Ukwe et al., 2006

Limfjord/Løg
stør Bredn.

Denmark

Demersal fisheries gone.

Heavily polluted with anoxic
conditions.

Jorgensen, 1980,
Hylleberg, 1993

Humber
estuary

England

Adverse effects on fish migrations.

Related to industrial discharge.
Lowest oxygen in turbidity
maximum from bacterial
respiration.

Uncles et al.,
1998, 2000

Mersey
Estuary

England

With recovery fish returned,
Salmon runs from 1990's

Improved from nutrient
management.

Jones, 2006

Prevost
Lagoon

France

Reduced aquaculture production

1976 bacterial blooms with
H2S production and Purple
Sulfur bacteria present,
Increased macroalgae

Guyoneaud et al.
1998, Reijs et al.
1999

Sommone
Bay

France

Collapse of cockle fishery

Eutrophication first became
apparent in 1982-85

Desprez et al.
1992

Thau Lagoon

France

Mortality/Reduced shellfish
production

Runoff and coastal population
contribute to eutrophication.

Mazouni et al.,
1996, Chapelle et
al., 2000

Rhine River

Germany

River described as almost lifeless
in 1960s

Heavily polluted with anoxic
conditions, improved from
management.

Anonymous,
2006

Ise Bay

Japan

Shellfish and fisheries in shallow
areas and tidal flats reduced

low oxygen water upwells into
shallower areas and causes
damage.

Nakata et al.,
1997

Tokyo Bay

Japan

Avoidance and reduced
abundance, failure of spring
cohort of whipfin Dragon, reduced
stomatopod fishery

High fisheries production in
early 1930s from moderate
eutrophication, by mid 1930s
industrial development lead to
decline of fisheries and high
eutrophication, 1940s Bay
quickly recovered and fisheries
restored, peak yield in 1960.
By 1970s Bay bad again and
fisheries declined. Hypoxia
and anoxia in inner Bay June
to October.

Kodama et al.,
2002, 2006

Chinhae Bay

Korea

Reduced

Lim et al., 2006

Chonsu Bay

Korea

Reduced

Lim et al., 2006
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Table 4. Examples of fisheries mortality or losses related to eutrophication driven hypoxia (cont.)

System

Country

Fisheries

Comment

Jinhae Bay

Korea

Oyster mortality related to oxygen
and red tide

Kamak Bay

Korea

Reduced

Lim et al., 2006

Youngsan
Estuary

Korea

Reduced

Lim et al., 2006

Clyde
Estuary

Scotland

Salmon runs returned in 1983 with
improved oxygen, had been
absent for >120 years.

Inner part anoxic in 1970s,
now hypoxic, outer part not
hypoxic since 1980s.

SEPA, 2008

Gotland
Basin

Sweden

Low oxygen hampers the
development of cod eggs; cod
prey has also been reduced: large
isopod and snake blenny have
disappeared from deep waters

Due to long-term
eutrophication of Baltic, areas
are reconlonized after renewal
of bottom water

Nissling and
Vallin, 1996

Kattegat
(SE)

Sweden,
Denmark

Reduced demersal fish
abundance, Norway Lobster
fishery effected

Related to general
eutrophication, oxygen lowest
in Sept-Oct

Baden et al.
1990, Josefson
and Jensen 1992

Black Sea
NW Shelf

Ukraine,
Romania,
Bulgaria

Reduced demersal fisheries, now
recovering

First reported in the 1960's,
Improved from nutrient
reductions in the 1990's, by
1993 hypoxic was eliminated.
Hypoxic even in 2001 caused
mass fish kill.

Mee, 2006

Mobile Bay

USAlabama

Occasional shoreward migration
of hypoxia stressed fish and
crustaceans (Jubilees), Mortality
of oyster

May have been hypoxic in
1800s. Has winter hypoxia.
Some improvement in oxygen
between 1900s and 2000s.

Loesch 1960,
May, 1973

Connecticut
River

US-

Fish kill of Alosa up river related to
low oxygen in 1966-1971

Episodic events in tidal
freshwater zone

Moss et al., 1976

Bald Eagle
Creek

USDelaware

Fish kills

Eutrophication and limited tidal
exchange with adjacent body
of water

Luther et al.,
2004

Delaware
River

USDelaware

Recovering American shad and
striped bass fishery

low oxygen first recorded in
1915, Improved from nutrient
management

Patrick 1988,
Weisberg et al.
1996

Pepper
Creek

USDelaware

Fish migrate in and out of creek
depending on oxygen

Daily cycle of oxygen from
supersaturated to hypoxic

Tyler et al. 2009,
Tyler and Targett
2007

Inner
Continental
Shelf

US-Florida

Mortality of fishes from combined
effects of HAB and low oxygen.

low oxygen from HAB (toxic
dinoflagellate Karenia brevis)
bloom in August 2005. Multiple
stressors involved in
mortalities.

FWRI, 2005

Pensacola
Bay

US-Florida

Loss of fisheries species, Fish kills

Primarily related to industrial
discharges. Some
improvement in oxygen
between 1980s and 2000s.

Hagy et al., 2006,
Hagy and Murrell,
2007

Connecticut

28

Related to summer algal
blooms, annual from 1980s

References
(in Díaz and
Rosenberg,
2008)
Lee and Kim,
2008

Table 4. Examples of fisheries mortality or losses related to eutrophication driven hypoxia (cont.)

System

Country

Fisheries

Comment

References
(in Díaz and
Rosenberg,
2008)

Inner & Mid
Continental
Shelf

USLouisiana

Avoidance, Area coincides with
historic white and brown shrimp
fishing grounds

Annual hypoxia developed in
1970s, is now the largest
hypoxic area in US. Related to
discharge and nutrient loads
from Mississippi/Atchafalaya
River Plumes.

Rabalais and
Turner 2001,
Craig and
Crowder, 2005

Chesapeake
Bay
Mainstem

USMaryland

Crabs killed in pots

Seasonal anoxia detected in
sediment record as far back as
1934-1948. Low oxygen area
has increased from 1980 to
2000, anoxia has also
increased.

Officer et al.,
1984, Kemp et al.
2005

Patuxent
River

USMaryland

Avoidance, low egg
hatching/larval mortality, bay
anchovy eggs killed by hypoxia

Duration and spatial extent of
low oxygen increased from
1930-79. Hypoxia may have
occurred in 1700s from
watershed modifications and
wet periods. Rise in anoxia in
1970s linked to nutrient runoff
and wet weather.

Keister et al.,
2000 ; Breitburg
et al., 1992

Long Island
Sound

US-New
York

Avoidance, some mortality.

Hypoxic June to September;
duration, frequency, spatial
extend all increased since
1987. Oxygen declined from
1990s to 2000s

Howell and
Simpson 1994,
Schimmel et al.,
1999

New York
Bight

US-New
York

Surf clam/finfish mortality,
Avoidance, northward migration of
bluefish blocked

Clam weather lead to
stratification and bloom of
Ceratium tripos, one time
event. May have involved
upwelling on nutrient rich
water

Boesch and
Rabalais, 1991

Albemarle
Sound

US-North
Carolina

Mortality

Hurricane increased
freshwater and nutrient input.
Hypoxia has worsened in
2000s

Paerl et al., 2000

Neuse River
Estuary

US-North
Carolina

Fish kills, mortality of oyster.
Reduced prey abundance and
habitat quality for fish.

Improvement in oxygen from
1990s to 2000s.

Lenihan and
Perterson, 1998;
Baird et al., 2004

Inner
Continental
Shelf

US-Oregon

Mass Mortality

Hypoxia developed on inner
shelf in 2000s. Related to
upwelling and phytoplankton
bloom associated with
California Current System.
Shifting wind patterns lead to
extensive shallow shelf
hypoxia, may be related to
global climate change.

Grantham et al.,
2004 ; Chan et
al., 2008

Source: Based on Díaz and Rosenberg (2008)
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7.1

Cost of lost ecosystem services

The Millennium Ecosystem Assessment (MA, 2005) documented the importance of ecosystem
services to humans and how losses and degradation of these services was occurring, primarily through
unsustainable human activity. The valuation of these services is difficult in terms of either monetary costs
or nonmarket ecological costs. Costanza et al. (1997) estimated ecosystems to provide at least USD 33
trillion (in 1994 USD) worth of provisioning and supporting services annually. The majority of this value
is outside the market system, in services such as gas regulation (USD 1.3 trillion/yr), disturbance
regulation (USD 1.8 trillion/yr), waste treatment (USD 2.3 trillion/yr) and nutrient cycling
(USD 17 trillion/yr). About 63% of the estimated value is contributed by marine systems (USD 20.9
trillion/yr). Most of this comes from coastal systems (USD 10.6 trillion/yr). About 38% of the estimated
value comes from terrestrial systems, mainly from forests (USD 4.7 trillion/yr) and wetlands
(USD 4.9 trillion/yr) (Costanza et al., 1997). Sustainability of food provisioning services require that
supporting services be maintained as a sort of natural capital. In this sense ecosystem services are
complementary rather than substitutable (Costanza and Daly, 1992).
Aquaculture production will be particularly sensitive to loss of ecosystem services from
eutrophication. The primary ecosystem services needed by aquaculture are:
Regulating Services:


Water purification and waste treatment



Biological control, trophic structure

Supporting Services:


Nutrient cycling



Habitat

These are also the ecosystem services most affected by eutrophication and the development of
hypoxia. Significant reductions in any of these four services will reduce or eliminate aquaculture
productivity, and other ecosystem services and functions. To investigate the cost of lost ecosystem services
to aquaculture productivity will require data on the number, size, and area of aquaculture facilities. The
area of ecosystems affected by other stressors that reduce services will also need to be accounted for. The
values assigned to ecosystem services by Costanza et al. (1997) are a first approximation of their relative
magnitude (Table 5). As such, the valuation should be interpreted with caution, but these estimates do
show that there are significant externalities associated with environmental stressors.
Current estimates are that hypoxia related to eutrophication annually affects at least 240 000 km2
globally (Díaz and Rosenberg, 2008). About 70 000 km2 are inshore (estuarine/brackish waters and
embayments), and about 170 000 km2 are coastal offshore waters. There is also another 1.1 million km2 of
outer continental shelf bottom area affected by natural oxygen minimum zones (Helly and Levin, 2004). In
total, about 4% of estuarine/brackish water and about 5% of shelf area are affected globally by hypoxia of
some type. This translates to losses in ecosystem services in the billions of USD (Table 5).
The value lost highlights the importance of developing sustainability in agriculture through an
ecosystem-based management approach that considers land-sea interactions. Integration of aquaculture into
management plans, especially multiculture of species that can lessen impacts of land based activities offers
the possibility of offsetting declines or even increasing the value of nutrient cycling services by removal of
nutrients and organic matter as cultured species biomass.
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Table 5. Valuation of ecosystem services lost to hypoxia
2

Value in USD/Km /yr
Habitat
Ocean

Nutrient
cycling

Biodiversity

Biological
control

Total area
2
(Km )%

Habitat

Total
area

15 500

500

500

0

332 000 000

91.5

143 100

4 000

3 900

0

26 600 000

7.3

Estuaries

2 110 000

21 000

7 800

13 100

1 800 000

0.5

Seagrass/Algal Beds

1 900 200

0

0

0

2 000 000

0.6

5 800

1 000

500

700

620 000

0.2

Shelf

Coral

2

Total value in millions USD (Value in USD/Km /yr x Total Area)
Nutrient cycling

Biodiversity

Biological control

Habitat

Ocean

5 146 000

166 000

166 000

0

Shelf

3 806 550

106 400

103 700

0

Estuaries

3 798 000

37 800

14 000

23 600

Seagrass

3 800 400

0

0

0

3600

600

300

400

Coral

Lost
hypoxic

Nutrient
cycling

Biodiversity

Biological
control

Habitat

Hypoxic
area

%

Shelf natural

164 600

4 600

4 500

0

115 000

4.3

Shelf human

24 300

700

700

0

170 000

0.6

147 700

1 500

600

900

70 000

3.9

Estuaries

Assumptions are that hypoxia completely eliminates the ecosystem service for the entire year, which may not be the case for
seasonal hypoxia, and that value lost is a relative.
Sources: Value of services based on Costanza et al. (1997). Estimates of hypoxic area based on Díaz and Rosenberg (2008).

8.

Future issues and projected trends for agriculture and aquaculture

As both agriculture and aquaculture expand to provide more food for a growing human population,
the greatest challenge faced is sustainability (Godfray et al., 2010). The 1992 Rio Declaration on
Environment and Development (UNCED, 1992) laid the groundwork for future sustainable development
around the world. This early attempt at integrated coastal management can still be used as a means of
bringing agriculture and aquaculture to environmental and social sustainability. Goals towards sustainable
forms of aquaculture or other coastal development should be stated as (Olsen, 2003):


Specific improvements in ecosystem services (for example, aerial extent of mangroves or
improved water quality).



Specific improvements in the quality of life of the human population in the area of concern (for
example, greater equity in how coastal resources are allocated, improved livelihoods, reduced
conflicts among user groups).
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Olsen (2003) proposed four orders of outcomes that group sequences of institutional, behavioral and
social/environmental changes that can lead to more sustainable forms of coastal development.
One problem with making adjustments to optimize sustainability is that generally, the institutions that
should be involved in discussions are often separate entities with separate mandates, such as ministries of
agriculture and the environment. This is a central impediment to rational decision-making in the ecosystem
service context that must be overcome (Mooney, 2010). A much tighter coupling of science, policy, and
management will be required to control and reverse the negative effects of agriculture on ecosystem
services.
Lack of management of nonpoint nutrient loadings is the main factor fueling the expanding number of
dead zones. The challenge will be to reduce nutrient loads reaching our coastal systems by increasing the
efficiency of agriculture and restoring landscapes. As with climate change and increasing atmospheric
CO2, the time to act to reduce excess nitrogen and phosphorus is now. More people require more
provisioning services of food, fuel, and fiber. So problems with oxygen in our coastal seas will not solve
themselves. There is growing evidence that delays in reducing nutrient loads to marine systems will be
increasingly costly to both humans and ecosystems. Over the years, the accumulation of organic matter and
nutrients within ecosystems has set the stage for shifts that led to more hypoxia for a given input of
additional nutrients. Once past this tipping point, greater reductions in nutrients will be required to control
dead zone formation and reduce their size (Turner et al., 2008). In addition, systems may not recover along
the same trajectory as they degrade and may take many years to recover altered ecosystem services and
functions (Duarte and Conley 2009, Kemp et al., 2010).
8.1

Projected impact of climate change

Superimposed on the immediate environmental issues related to eutrophication from export of
agricultural nutrients to coastal waters is global climate change. The world‟s climate has changed and
human activities will continue to contribute to the acceleration of greenhouse gases and temperature rise.
The regional outcomes of the various global climate change scenarios (IPCC, 2007) will be manifested in
many different and synergistic effects on various components of ecosystems. Policy decisions, such as
incentives to use food crops for production of biofuels, will contribute to the expansion of agriculture and
eutrophication of marine waters (Costello et al., 2009; UNEP, 2009). Climate change effects will be
difficult to detect in the near-term because they currently exist within the „background‟ variability inherent
in estuarine and marine systems as a result of both natural and anthropogenic forces (Díaz and Breitburg,
2009; Rabalais et al., 2009, 2010).
Generally perceived as having mostly negative impacts, climate change provides an additional reason
for agriculture and aquaculture to move towards sustainability. The positive side of climate change appears
to be limited to expanding suitable habitat area for tropical and temperate species as temperatures increase,
and possibly higher metabolism and growth. But for cold-water boreal species, higher temperatures will
lead to habitat squeeze and contraction of range to higher and higher latitudes.
The primary negative impacts for aquaculture will be from the combined effects of climate change
and expanding agriculture (Figure 6) because increased temperatures increase both hypoxia and oxygen
requirements of many organisms. Increased water temperatures decrease oxygen solubility and increase
microbial respiration that consumes dissolved oxygen. Oxygen concentrations in the Danish straits
declined 0.238 (±0.084) mg O2/l/oC from 1965 to 2003 as temperatures rose (about 2oC rise over the
period) (Conley et al. 2007). This decline in oxygen was very close to the predicted effect of temperature
on the solubility of oxygen (approximately -0.26 mg O2/l/oC). By the end of this century, a 4oC rise in
temperature would reduce oxygen by another 0.952 mg O2/l (Conley et al., 2009) and would severely
impact aquaculture and capture fisheries in the Danish straits. In addition to lower concentrations of
32

oxygen, hypoxia would expand in area and duration (Díaz and Rosenberg, 2008; Rabalais et al., 2009,
2010). For the Danish straits the area of hypoxia would approximately double with a 4oC rise in
temperature and in the most severe years would cover most of the region (Conley et al., 2009).
Figure 6. Potential physical and hydrological changes resulting from climate change and their interaction with
current and future human activities

The dashed lines represent negative feedback to the system.
Source: Rabalais et al. (2009).

9.

Current management and policy practices

Management of aquaculture cannot be successful without coordinated management of other stressors,
principally nutrient runoff from agriculture, in a broader management strategy. Recent scientific and ocean
policy assessments within the US determined that a fundamental change in our current management system
is required to assure long-term health of coastal and ocean areas in order to sustain the ecosystem services
and benefits they provide to society (IOP, 2009). The IOP task force concluded that present management
strategies for these areas cannot properly account for cumulative effects, sustain multiple ecosystem
services, and holistically and explicitly evaluate the tradeoffs associated with proposed alternative human
uses. The task force proposed development of a new planning approach called coastal and marine spatial
planning (CMSP) to facilitate maintenance of essential ecosystem services, encourage compatible uses,
minimize conflicts, evaluate tradeoffs in an open and transparent manner, and include significant and
meaningful stakeholder involvement.
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Ideally, any management strategy would also be adaptive and offer a way to address the pressing need
to take steps to manage for factors affecting hypoxia. The National Research Council (2004) identified six
elements of adaptive management that are directly relevant to goal setting and research needs:


Resources of concern are clearly defined.



Conceptual models are developed during planning and assessment.



Management questions are formulated as testable hypotheses.



Management actions are treated like experiments that test hypotheses to answer questions and
provide future management guidance.



Ongoing monitoring and evaluation is necessary to improve accuracy and completeness of
knowledge.



Management actions are revised with new cycles of learning.

Adaptive management is designed to support action in the face of the limitations of scientific knowledge
and the complexities of large ecosystems (Holling, 1978).
Management efforts to reduce the size of seasonal hypoxia in the northern Gulf of Mexico provide a
good case study. This hypoxic zone is the largest in US coastal waters and is driven by freshwater and
nutrients derived from the Mississippi and Atchafalaya River Basins (MARB) that cover 41% of the
contiguous United States. Additional details on development and causes can be found in Rabalais et al.
(2007) and Turner et al. (2007).
In 1998, the US EPA established the Mississippi River/Gulf of Mexico Watershed Nutrient Task
Force (MTF) to bring together stakeholders and consider options for reducing, mitigating, and controlling
hypoxia. An integrated science assessment, requested by the MTF, was published in 1999 and 2000
(CENR 2000, http://oceanservice.noaa.gov/products/pubs_hypox.html). Using this science assessment, the
Task Force developed its first Action Plan (MTF, 2001), which was endorsed by Federal agencies, states,
and tribal governments. The goal was to reduce the five-year running average size of the hypoxic zone to
5 000 km2 by 2015. It estimated that an overall reduction in nitrogen load of 30–45% would be required. In
2007, EPA Science Advisory Board updated the science assessment (US EPA, 2007) that was used by the
Task Force to update the Action Plan (MTF, 2008). The Action Plan retained the goal of reducing the
hypoxic zone to less than 5 000 km2 by 2015 but this time acknowledged the difficulty of meeting this
goal. The 2008 plan also identified the requirement that phosphorus as well as nitrogen loads be reduced
and increased the required nitrogen reduction to at least 45%. Implementation of the Action Plan was based
on a series of voluntary and incentive-based activities that address both reducing nutrient inputs and
increasing assimilation in aquatic ecosystems, including proper timing and amount of fertilizer
applications, best management practices on agricultural lands, restoration and creation of wetlands, river
hydrology restoration, riparian buffer strips, nutrient removal from storm- and wastewater, and coastal
diversions.
Although overall total annual nutrient loads to the northern Gulf from 2001–05 for nitrogen declined
relative to the previous 24-year average, reductions in nitrate during the critical spring period have not
occurred (MTF, 2008). Further, the five-year running average (2004–08) of the hypoxic area at 17 100 km2
is more then three times the Action Plan goal of 5 000 km2. The adaptive management approach put forth
commits to a reliance on sound science and continual feedback between the interpretation of new
information and improved management actions as the key to targeting actions within watersheds where
they will be most effective.
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Great strides have been made in mitigating nutrient and organic loadings from point source
discharges. Similar effort will need to be applied to non-point agricultural runoff. As agricultural
production expands even lower nutrient loading levels will become a problem. Recent studies have shown
that after years of eutrophication, it may not be as simple as reducing nutrients to reverse water quality
problems, especially associated with hypoxia (Turner et al., 2008; Rabalais et al., 2010; Kemp et al.,
2010). If in the next 50 years humans continue to modify and degrade coastal systems as in previous years
(Halpern et al., 2008), human population pressure will likely continue to be the main driving factor in the
persistence and spreading of coastal dead zones (Figure 7). Expanding agriculture for production of crops
to be used for food and biofuels will result in increased nutrient loading and expand eutrophication effects.
Climate change, however, may make systems more susceptible to development of hypoxia through direct
effects on stratification, solubility of oxygen, metabolism, and mineralization rates. This will likely occur
primarily though warming, which will lead to increased water temperatures, decreased oxygen solubility,
increased organism metabolism and remineralization rates, and enhanced stratification.
Figure 7. Relative contribution of global climate change and land use to future hypoxia

The thickness of the arrows indicates relative magnitude of effect.
Source: Díaz and Breitburg (2009).
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