Coastal Eutrophication and Agriculture:

Contributions and Solutions
DF. BOESCH', RB. BRINSFIELD?

Many coastal waters of developed nations have experienced widespread and rapid
eutrophication (the increase in supply of organic matter) during the last half of the
20% century. This has resulted in increased phytoplankton production, decreased
water clarity, often-severe depietion of dissoived oxygen in bottom watets, loss of
scagrasses and, in some cases. declines or changes in the quality of fisheries produc-
tion. Large-scale changes resulting from eutrophication have been documented for
continental shelf waters in the Gulf of Mexico, Mediterranean, Black and North
Seas, relatively confined scas such as the Baltic and Seto Inland Sea, large bays such
as the Chesapeake Bay and Long Island Sound and numerous smaller estuaries and
lagoons. These wends are closely tied to the increased use of chemicai fertilizers in
agriculture, human population growth, and increasing atmospheric deposition of
nitrogen resulting from fossil fuel combusuon. Although atmospheric and human
waste sources are significant in some heavily populated areas, agricultural inputs of
phosphorus and nitrogen are the largest source of nutrients driving the increased
production of organic matter in most extensively affected areas, including coastal
waters receiving drainage from large river basins with extensive agriculture (e.g.,
Mississippi, Po, and Danube Rivers).

Agricultural inputs of nutrients are driven not only by applications of chemical
fertilizers. but also by animal wastes, irrigation, drainage, and the conversion of wet-
lands and riparian zones (important sinks for nutrients) for agricultural land uses.
More efficient agronomic practices, use of crop rotation and cover crops. and avoid-
ing the over-application of manure can result in reductions in nutnent josses by 20
10 30%. Reconfiguration of agricuitural landscapes through reconstruction of stra-
tegically placed wetlands, riparian forests and flood plains can trap a similar fraction
of the remaining nutrient iosses. such that total reductions of 50% may be feasibie
without devastating economic impacts and with numerous local benefits to environ-
mental quality, Efforts to restore iarge coastal ecosystems such as the Baltic Sea,
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northern Gulf of Mexico, and Chesapeake Bay through commitments to reduce
nutrient loading have been underway or are beginning. They represent substantial
chalienges in working across political jurisdictions and across scientific disciplines
and internalizing the external environmental costs of food production.

Introduction

Eutrophication — the increasing supply of organic matter (Nixon 1985) — is one of
the most serious threats to coastal marine ecosystems around the worid (GESAMP
1990; NRC 1994). However, the most substantial and widespread eutrophication
has resuited from increased delivery of plant nutrients, not organic wastes, to
coastal waters as a result of human activities. This differs from the typical lay per-
son’s notion of pollution, namely the direct discharge of a toxic chemical. Cn one
hand, inputs of nitrogen, phosphorus, and other nutrients are essential to their high
productivity. On the other hand, oversupply by nutrients may cause excessive algal
growth. Such over enrichment results in diminished light penetration and shading
of botiom-dwelling plants, harmful or noxious blooms of aigae, altered food
chains, and depletion of the dissolved oxygen as the organic matter decomposes.

Agriculture has played an important role in the delivery of nutrients to coastal
waters since the land was first cleared and cultivated. Virtually any land-use activity
adds nutrient; changes the capacity of the native plants. microbes, and soils to retain
nutrients; and increases water and sediment runoff. However, the increased use of
chemical fertilizers and nitrogen-fixing crops, the expansion of areas in cultivation,
higher yields, and intensification of animal production have greatly increased nutri-
ent loss from agricultural activities into streams, rivers, and eventually the sea.

Coastal eutrophication has grown to such proportions and severity that coastal
constituencies and governments are demanding control on the sources of nutrient
inputs, not only within the coastal zone but far upstream. Various national and
international agencies are aggressively promoting voluntary practices for reduction
of nonpoint sources, including those in agriculture, and, in some cases, implement-
ing mandatory requirements. At the same time, agriculture is facing the challenge of
feeding a growing world population, the economic pressures of new global markets,
and competition with growing cities for productive land.

This chapter provides an overview perspective of the current state of knowledge
regarding the causes and consequences of coastal eutrophication, the role of agricuiture,
and the new approaches that could be taken to reduce nutrient losses from agriculture.
We also discuss efforts underway to control nutrient inputs from large, multijurisdic-
tional watersheds and the institutional and scientific challenges they present.

Coastal Eutrophication: A Late 20t Century Phenomenon

Cultural Eutrophication

The environmental effects on coastal ecosystems of the addition of large guantities
of organic matter from sewage or industrial discharges such as pulp plants have
been recognized and studied for some time. Such concentrated inputs of organic
matter can result in depletion of dissolved oxygen due to the biochemical oxygen
demand of the wastes and often cause a buildup of organic matter in sediments.
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dramatically affecting bottom-dwelling (benthic) organisms (Pearson and
Rosenberg 1978). While these effects may be severe and require long-term recovery,
they are generally of limited spatial extent.

while the effects of inorganic nutrients on eutrophication of lakes have been
recognized and studied for some time, recognition of the extent of coastal eutroph-
ication from land-based nutrient inputs and research on the subject is relatively
recent, with rapid growth in the numbers of papers published only since 1985
(Nixon 1995). There are three explanations for this. First, the confined nature of
lakes and low turnover of their water volume makes them particularly susceptible to
nutrient eutrophication (Smith 1998). Second, the loading of nutrients to the coastal
zone has dramatically increased since the 1950s and 1960s {Howarth et al. 1996).
Finally, scientists have only recently developed the tools to distinguish the effects of
eutrophication in highly variable coastal ecosystems and to reconstruct historical
changes.

The effects of overenrichment by nutrients are more insidious than those due to
organic discharges. They are not concentrated at the point of input, but are spread
over broader areas as nutrients stimulate the production of particulate organic
material that is subsequently transported and mineralized. Moreover, an atom of
carbon contained in organic matter is practically lost from the system once it is oxi-
dized, while an atom of nitrogen or phosphorus may be recycled several times
during residence in the coastal ecosystem, each time facilitating the production of
more organic carbon (Ryther and Dunstan 1971).

The delivery of nitrogen and phosphorus to coastal waters has increased mului-
fold due to human activities during the 20" century. In creating N and P budgets for
the North Atlantic Ocean, Howarth et al. (1996) estimated that nitrogen fluxes from
the continents had increased from 2 to 20 times from the preindustrial period. The
increase in N and P delivery to coastal waters can be attributed to the growth, con-
centration, and consumption of human populations and the dramatic increase in
the use of chemical fertilizers and combustion of fossil fuels during the last half of
the century. Fossil fuel combustion resuits in the release of oxides of nitrogen to the
atmosphere, which return to the Earth’s surface in acidic wet deposition or adsorbed
onto particles. Agricultural and atmospheric deposition sources vary among regions
of the North Atlantic basin as a result of differences in population density, fuei con-
sumption, and agricultural activity.

The extent and consequences of eutrophication in the deveioping world are less
well understood. Coastal ecosystems in these regions have been as extensively stud-
ied as those in developed regions. Nutrient limitation and the effects of entrophica-
tion in tropical waters are, in particular, poorly known. Nutrient inputs per capita
are lower in the developing world because of the lower consumption of fertilizers
and fuels. However, as population growth takes place primarily in the developing
world. urbanization intensiiies. and consumption of fertihzers and fuels grows to
support demands of development, serious risks are posed for the worsening
eutrophication outside of North America, Europe, and Japan (Nixon 1995].

Although phosphorus and other micronutrients mav stimulate algal production
in coastal waters, particularly in brackish waters, nitrogen is the limiting nutrient for
most coastal marine ecosystems. Algal production in marine ecosystems has been
shown 1o be nitrogen-limited because nitrogen is continuously lost to the atmos-
phere due to denitrification, while phosphorus is relatively conserved. Moreover.
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cases cover thousands of square kilometers, with the most extensive hypoxia
found in the Baltic, Black and Adriatic Seas and the northern Gulf of Mexico
(Diaz and Rosenberg 1995). These regions receive runoff from large rivers drain-
ing the continents and have modest tides for mixing waters. As 2 result, the water
masses are often seasonally stratified, restricting the resuppiy of oxygen to cooler
and saltier bottom waters sufficient to meet the demands of decomposition of
organic matter from the nutrient-enriched surface waters, causing depletion or
elimination of dissolved oxygen in bottom waters.

Evidence is aiso building up in many affected areas that eutrophication has
increased dramatically in the 20 century. The best records are for European waters
such as the Baltic Sea (Larsson et al. 1985; Jansson 1997; Jansson and
Dahlberg 1999), the Kattegat (Jorgensen and Richardson 1996), and the Adriatic Sea
(Malone et al. 1999), where there is a long history of scientific observation to docu-
ment the changes taking place. For example, in the northern Adriatic Sca analysis of
oxygen data beginning in 1911 shows there was a significant shift toward supersatu-
rated oxygen conditions in surface waters (reflecting high rates of photosynthesis)
and hypoxic bottom waters between 1966 and 1972 (Justi¢ etal. 1987; Justié 1991).
This was coincident with more than doubling of the average concentration of N and
P in the discharge of the Po River, the largest source of land-based inputs (Justi€ et
al. 1994). In the Baltic Sea declining oxygen concentrations in the deep basins (for
which records began in the 1930s) were observed beginning in the 1960s and con-
tinued to the present (Diaz and Rosenberg 1995), while in the Kauegat (for which
observations began in 1912) worsening hypoxia and progressive mortalities of
benthic organisms began in 1980 (Jergensen and Richardson 1996).

in other parts of the world, including North America, the history of careful sci-
entific observation is not as long. However, the use of biological and biogeochemical
paleoindicators in sediments allows the reconstruction of the history of eutrophica-
tion. In the Chesapeake Bay — the largest estuary in the United States (4400 km") into
which drains a 166 000 km? watershed — records of sedimentation, diatoms and
polien chronicle the first signs of eutrophication associated with land clearing by
European colonists, which brought increased loads of sediments and nutrients to the
estuary beginning in the late 18" century (Cooper and Brush 1991; Cooper 1995).
Based on geochemical indicators, periodic hypoxia began to occur in the deep waters
of the bay; however, scasonal anoxia intensified during the 1950 to 1970 time period.
On the continental shelf off the mouth of the Mississippi and Atchafalaya Rivers, the
first systematic observations of hypoxia in bottom waters began in 1985 and contin-
ued to document the occurrence of hypoxia over approximately half of the year and
over an area from 9000 to 18000 km? in mid-summer. Although there is some sug-
gestion in the paicoindicators of a signal of land clearing in the Mississippi basin in
the 19*® century, the most dramatic changes in planktonic preduction and hypoxic
stress on benthos were observed during the late 1950s and 1960s (Rabalais et al.
1996).

Anoxia and hypoxia are extreme modifications resuiting from eutrophication.
Other effects may precede serious hypoxia. Moreover, increased algal biomass,
decreased light penetration and altered benthic habitats may result in smaller coastal
bays and estuaries not susceptible to hypoxia because of the lack of water mass strai-
ification. While the tming of changes noted in these different parts of the world
varies somewhat, it is clear that significantly accelerated eutrophication took place
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during the 1960s and 1970s. Fo: . ample, algal blooms and hypoxia on the north-
western shelf of the Black Sea expanded dramatically (Tolmazin 1985), while nitrate
and phosphate concentrations in the Danube River increased by up to tenfold (van
Bennekom ans Salomons 1981) and nutrient concentrations in the Denstr River
doubled (Balkas et al. 1990). Increases in nutrient loading were coincident with the
rapid increase in fertilizer use and crop production in North America 2nd Europe.
in fact, Turner and Rabalais (1991) demonstrated the close coherence between the
concentration of nitrate in the Mississippi River discharge, which nearly tripled
(Goolsby et al. 1999}, and the use of chemical fertilizers in the United States. How-
ever, the role of agricultural activities in coastal eutrophication is compiex and will
be explored later.

Effects of Eutrophication

While the processes resulting in oxygen depletion of bottom waters from eutrophi-
cation are now reasonably well understood, the consequences of the these and other
ecosystem changes induced to fisheries production and overall health of coastal
ecosystems are poorly known.

Nutrient inputs to coastal ecosystems, whether from runoff or upwelling from
the deep ocean, are essential to maintaining these highly productive ecosystems. Pri-
mary production in marine ecosystems is directly proportional to the supply of
nutrients (Nixon et al. 1986): consequently, increase in the nutrient supply invaria-
bly leads to increase in plant production somewhere in the recetving system, partic-
ularly by phytoplankton. For example, Richardson and Heilmann (1995) calculated
that annual primary production in the southern Kattegat had increased by at least a
factor of two between the periods 1954-1960 (when 14C methods of measuring pro-
duction were first used) and 1984-1993. While some of this increased production is
consumed by zooplankton grazers and may thus support higher trophic level pro-
duction, under eutrophic conditions a larger proportion of the organic production
typically sinks {passively or through biodeposition) to bottom waters and the sea-
bed. where its decomposition consumes oxygen.

In addition to affecting the rate of plant production, nutrient enrichment also
affects the standing crop biomass (and thus light penetration) and the qualitative
composition of the phytoplankton. The sediment record in the Chesapeake Bay
shows an increase in small planktonic diatoms and decrease in benthic diatoms as
the Bay transitioned from a clear water system with extensive benthic primary pro-
duction to a more turbid svstem dominated by smaller phytopiankton
{Cooper 1995). Such shifts to smaller, fast-growing phytoplankters (particularly
flagellates and nannophytoplankton) under eutrophic conditions are thought to
aiter planktonic food webs in favor of small protist consumers and microbial recy-
clers — the so-called microbial loop. This not only shunts production from the food
chains supporting fish larvae and other higher consumers. but results in more rapid
recvcling of nutrients, which can then sumulate more production.

Some of the phytoplankters favored by eutrophication bloom to nuisance propor-
tions or produce toxins that kill other organisms and may even affect human health. For
example, in the Neuse Riverestuary.apartofthe extensive, shaliow Albernarle-Pamlico
svsten in North Carolina. USA -rge agricultural and other inputs of nutrients stimu-
late blooms of cvanobacteria ai:u dinoflageliates that cause water discoloration and
nuisance conditions as well as depletion of oxygen {Pinckney et al. 1998). Nutrient
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enrichment has also been suggested to contribute to outbreaks of the mainly het-
erotrophic dinofiageliate Pfiesteria piscicida (Burkholder and Glasgow 1997), an
organism that produces toxins that can kill fish and result in impairment of short-term
memory and other cognitive functions in humans (Grattan et al. 1998). Because of
risks to human health, these and other outbreaks of toxic Pfiesteria aiong the US east
coast have raised public fear and stimulated regulatory and legislative action to control
nutrient inputs to estuarine waters. There is international concern about the apparent
increased frequency of a variety of harmful aiga! blooms around the world
(Anderson 1995). While itisnot ciear that eutrophication is responsible for this general
increase in harmful algal blooms — and certain that it is not for some rypes of algae -
some toxic blooms in European and Japanese waters have been linked with nutrient
overenrichment {Smayda and Shimizu 1991). Much yet needs to be learned regarding
the relationships between harmful algae and nutrient enrichment. For example, the
form of nutrients {e.g., organic N versus nitrate) may be important. Already, though,
concern about risks to human health is a new driving force shaping policies for the con-
trol of nutrient poliution both in North America and Europe. :

Organisms living at the seabed may be affected by eutrophication in several |
ways. Increased nutrient availability may favor certain epibenthic algae over others.
in the Baltic, for example, annual filamentous algae are favored over coarse peren-
nial algal species (Jansson 1997). Shading by dense phytopiankton and epiphytic
growth mav keep sufficient light from reaching seagrasses (Duarte 1995) or corals
causing their demise. increased organic matter deposited on the seabed provides an
enriched food resource for some deposit feeders living in the sediments, while
increasing physiological stress (due to low oxygen or high sulfide levels) in others.
As a result, the densiry. biomass, and composition of benthic communities are fre-
quently greatly altered (Diaz and Rosenberg 1995). Finally, hypoxia or anoxia may
extend into the water column, stressing or killing animals living on or swimming
near the bottom. In addition to influencing the abundance and composition of the
benthic biota. eutrophication may affect rates of sedimentation, decomposition of
detrital material, bioturbation of sediments, nutrient regeneration and material
exchange across the sediment-water interface (Heip 1995).

Experience from several regions of the world indicates that modest eutrophica-
tion can increase fishery harvests, particularly of pelagic species, as a result of food
chain stimulation (Caddy 1993; Houde and Rutherford 1993). On the other hand.
when seasonal or permanent hypoxia begins to occur, catches of benthic feeding fish
decline rapidiv. 1f oxygen deficiencies and other manifestations of hypereutrophy
continue. even pelagic populations may be adversely affected. Perhaps the most
extreme case of devastation of fisheries by eutrophication is the northwestern Black
Sea. where numerous stocks of benthic and pelagic species have collapsed
(Mee 1992; Caddy 1993). Of the 26 commercial species fished in the 1960s, only ¢
still support a fishery.

The interactions between fishing pressures and eutrophication make the rela-
tionship of enrichment to fishery yields difficult to interpret. Fishing effort and, con-
sequently, catches have in some cases increased along with eutrophication, perhaps
giving the false impression that fish populations have increased or at least not been
affected by nutrient enrichment. On the other hand, in some areas, overfishing has
reduced stocks while eutrophication proceeded, potentially lending the false impres-
sion that nutrient over-enrichment was responsible.
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Finally, eutrophication may have manifold effects on the overall “health” of a
coastal ecosystem in the sense of its wvigor, organization, and resilience
{Costanza 1992). Vigor embodies the throughput or productivity of an ecosystem.
Organization represents not only its species diversity, but also the degree of connect-
edness of the constituent species. Resilience refers to an ecosystem’s ability to main-
tain structure and patterns of behavior in the face of disturbance. A healthy
ecosystem, then, is one that is active, maintains its biologicai organization over time
and is resilient to stress. The gross productivity of the Chesapeake Bay, for example,
has increased as a resuit of two centuries of cultural eutrophication {Boesch, et
al. 1999), but this increase results from rapidly growing, small organisms at the
expense of larger, more iong-lived organisms that are more valuable to humans.
From this perspective, the health of the Chesapeake Bay has deteriorated as a result
of nutrient overenrichment, concomitant reduction of light availability, and loss of
habitats that produce compiexity. This has resuited in an ecosystem that is a less vig-
orous producer of valuable fish and shellfish, less diverse and well organized, and
more susceptible to and slower to recover from disturbance (Ulanowicz, 1997).

Contributions from Agriculture

Nutrient delivery to coastal waters is affected by agncultural acuvities through a
number of interacting activities. Most attention has been given to the expanded use
of inorganic fertilizers in agricuiture, for indeed it is this form of anthrogenically
fixed nitrogen that has grown most dramatically since the 1960s (Vitousek et
al. 1997). While the use of industrially fixed nitrogen is a key driving force for agri-
cultural inputs of nitrogen to coastal waters, the sources and pathways are diverse
and interacting and, thus, must be considered in control strategies.

Chemical fertilizer use in Europe and North America grew rapidly after the 1950s,
but has leveied off since the 1980s. Worldwide, however, fertilizer use has continued
to grow in meet increased demand in deveioping countries (Nixon 1995). Nitrogen
and phosphorus in chemical fertilizers applied to fields may be transported to coastal
waters in a number of ways, including movement of unassimilated matenals into
groundwater or surface waters, transport in the air of volatilized (NH,) or dust-asso-
ciated materials, and the mineralization of plant restdues. Nitrogen and phosphorus
behave differently in these regards, with nitrogen as nitrate being highly soluble and
prone to groundwater intrusion, and phosphorus being less solubie and highly parti-
cle-reactive. The proportion of the N or P applied to fields that is lost to aquatic sys-
tems depends on the degree to which the application rate meets or exceeds the crop’s
requirements ( overapplication results in proportionately greater iosses), tillage prac-
tices. soil type and underlying geology, drainage, and climate conditions.

Although excluded from some budgets of new nitrogen inputs and agricultural
source controls, nitrogen-fixing crops contribute nitrogen to terrestrial ecosystems
far beyond the rate of nitrogen fixation in forests and grasslands. jordan and Weller
(1996) estimated that new N inputs by nitrogen-fixing crops such as soybeans and
alfalfa are more than two-thirds of that due to inorganic fenilizers for the entire
United States. The decomposition of the unharvested plants releases nitrogen, which
may be lost to surface or groundwaters (Angle 1990), although Goolsby et al. (1999)
concluded that the extensive soybean cuitivation in the Mississippi River basin con-
tributed little of the nitrogen exported by the river. '
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Considerable losses of N and P to coastal waters may result from the handiing,
storage and application of animal wastes to agricultural land. The trend of intensifi-
cation of poultry and livestock production concentrates animal wastes, thus increas-
ing the likelihood of these losses. Nutrients may be lost due to volatilization of
wastes, discharge from waste holding facilities, and the application of manure as a
soil fertilizer.

Atmospheric return of NH; volatilized from fertilizers or animal wastes is an
important route for N input into coastal waters in some regions. For example, auno-
sphetic deposition has been shown to account for over 30% of the nitrogen supplied
1o North Carolina estuarine waters (Pacr 1995) and is similarly imporant in
regions of the Baltic and North sea, including The Netherlands, Belgium, and Den-
mark (Asman and Larsen 1996). Monitoring of waste streams and receiving waters
may underestimate the importance of atmospheric transport routes of N delivery.

Artificial drainage of agricuitural lands and alterations of the hydrology and
plant communities of field-edge and downstream riparian zones may also greatly
increase the delivery of nutrients to the coast. Soils in many highly fertile farmlands,
<uch as the corn belt of the upper Mississippi River valley or low coastal lands or
flood plains of the are naturally hydric and are able to grow crops only because they
are artificially drained. This has three major effects on nitrogen export: (a) large res-
ervoirs of organic matter in the soil are oxidized, releasing nutrients through miner-
alization; (b) soluble nitrate is more readily leached into drainage tiles or ditches;
and (c) denitrification, which occurs in anoxic, wet soils, is reduced. In fields in the
upper Mississippi basin that have intense tile drainage loss of nitrogen from miner-
alizing soil organics may be greater than that from chemical fertilizers (Cambardela
et al. 1999).

The complex sources, sinks, and transport and transformation processes oper-
ating on nutrients make it difficult to account for the origins and causes of coastal
eutrophication downstream. Through a variety of mass balance and statistical mod-
eling approaches, Goolsby et al. (1999) have developed a nitrogen mass balance for
the Mississippi River Basin. Fertilizer accounts for 54% of the new nitrogen inputs,
N fixation 34%, and atmospheric deposition of nitrate (from fossil fuel combustion)
the remainder. Recycled nitrogen (from people, animals, the atmosphere, and min-
eralized soil) is estimated to equal nearly 85% of the new nitrogen inputs, with
inputs of N from soil mineralization about equal to that from fertilizer. Discharge
from the river into the Gulf of Mexico accounts for only 7% of the total nutnent
budget (or 13% of the new nutrients), slightly less than the amount of nitrogen lost
to the atmosphere due 1o denitrification. In aggregate, though, agricuitural sources
account for an overwhelming proportion of the nitrogen budget of the Mississippi
basin (Figure 2).

The relative contributions of agricultural sources to nutrient delivery to coastal
waters vary widely, however, among the regions experiencing eutrophicauon
(Fig. 2). The Mississippi River basin is heavily dominated by agricultural sources.
Municipal and industrial point sources contribute only a very small percent of the N
or P that reaches the Gulf of Mexico. Although agricultural sources are significant
both for the Chesapeake Bay (with its grain fields and meadows supplying intense
animal production), the northern Adriatic (which receives the effluent from the
agricultural Po River valley) and Denmark, their more concentrated human popu-
lations contribute relatively more wastes via point sources and combustion bv-prod-
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ucts. Moreover, some eutrophied coastal waters, such as Long Island Sound (New
York) and the Seto inland Sea (Japan), receive little input of nutrients from agricul-
ture but large inputs from outfalls and the atmosphere from nearby major popula-
tion centers.

Sewage/ ., ; Atmospharic
ind : mospheric D ' y

Northem Adriatic Sea Danish Coastal Waters

Fig. 2: The relative contribution of agricultural sources in comparison to other anthropogenic
nitrogen loads varies among eutrophic coastal regions (Boesch et al., 1999; Gooisby et al. 1999;
Seagle et al. 1999; Kronvang et al. 1993)

Approaches to Reduce Nutrient Losses

Introduction

Mitigating the environmental impacts of food and fiber production on our nartural
resources represents one of the greatest challenges facing agriculture as we enter the
next millennium. Finding solutions that are environmentaily sound and economi-
cally feasible heighten the challenge. Presently, these challenges are particularly
acute for the livestock and poultry industries. The general trend from smaii-scale,
diverse family farms to large integrated containment facilities located on limited
land area further exacerbates these problems and makes economically viable solu-
tions ever more challenging. Also challenging is the management of nitrogen losses
from extensive grain production resuiting from artificial drainage or seepage into
groundwaters. Control of these iosses requires not only more efficient application



Coastal Eutrophication and Agricuiture: Contributions and Solutions 103

of fertilizers, but also the large-scale restoration of wet landscapes that act as sinks
for nutrients.

Due to differing mobility in the soil, groundwater, and surface waters,
approaches to the reduction of nitrogen and phosphorus losses are considered sep-
arately below. N controls focus on the movement of nitrate (NO;) through the soil
profile to groundwater, while P generally moves as either soluble or particulate P in
surface water runoff.

Nitrogen

Nitrate contamination of groundwater has been documented in most regions of the
United States and Europe, where N fertilizers, including sewage sludge and animal
manure, are applied. Elevated N in groundwater not only poses a human health
concern due to contaminated drinking water, but also contaminates surface waters
due to lateral transport of groundwater into streams.

Most of the regions that have experienced increasing delivery of nitrogen to
coastal waters are associated with shallow aquifers, coarse-textured soils, excessive
manure-N application rates, dense animal populations, overapplication of fertilizer,
highly mineralizing soils, or hydrologic conditions conducive to leaching, ¢.g.,
excess tainfail, heavy irrigation, artificial drainage, limited crop uptake, and limited
denitrification losses (Sharpley et al. 1997).

With increasing attention to protection of groundwater, future attempts to
improve water quality should focus first on source control; specifically on prevent-
ing nitrate from entering subsurface flow paths. Developing strategies to reduce
nitrate loss to groundwater requires information about the temporal and spatial pat-
terns of nitrate leaching in agricultural systems. Rates of N leaching have been cor-
related with N fertilization rates in various systems ( Baker and Johnson 1981;
Mitsch et al. 1999; Sharpiey et al. 1997). N leaching rates where animal manure or
sewage sludge is applied based on crop N requirements are consistently higher than
where crop N needs are met with inorganic N sources. In all the above scenarios, N
leaching to groundwater occurs as a result of elevated concentrations of NO; in the
soil profile during groundwater recharge. Therefore, strategies that minimize pore
water NO; concentrations at the onset of groundwater recharge are keys to reducing
rates of NO, losses from agricultural systems. For most regions of the US and
Europe, evapotranspiration rates exceed average rates of precipitation during the
growing season (May through September). Therefore, the pnmary factor dictating
N leaching rates is the availability of NOs in the soil profile following fall crop har-
vest.

A multistate commitment for the reduction of eutrophication in the Chesa-
peake Bay made in 1987 called for a 40% reduction of controliable N and P inputs
by the year 2000 (Boesch et al. 1999). Each state has implemented a variety of pro-
grams to reduce apricuitural nutrient sources. Maryland’s program consisted of a
volunteer N-based nutrient pian that relied on matching N inputs to crop demand
by fertilizing for realistic vields, sphtung N appiications and using a pre-sidedress
nitrogen test (PSNT) to determine additional mid-season N requirements. As of
1999, N-based nutrient management plans had been written and impiemented for
approximately 400000 hectares. Unfortunately, N concentrations in groundwater,
streams, and rivers in areas dominated by agricuitural inputs have not decreased.
Uncertainty in weather. droughts, disease, insect pressure, and fall mineralization of



104 Biological resource management

the organic pool following crop harvest limit the long-term potential for significant
reductions in N losses based on matching N inputs with crop demands. Further-
more, research suggests that N losses to groundwater following soybean harvest (for
which there is no N application) can be as great as following crops for which N is

applied.

Reducing fertilizer a0~ iication rates, optimum timing of fertilizer application,
~op rotation, and the -« -7 winter czreal cover crops (Figure 3A) could resuit in
approximately a 20% - ... ion in the cischarge of N to groundwater, streams and

rivers {Staver and Brins:ic. 4 1994; Miter. etal. 1999). If further reductionsin N inputs
to crops are required, crop yields would very likely be reduced below the economic
optimum. N losses from fields increase substantially as the crop requirements are
approached and exceeded. Consequently, agronomic prescriptions that closely match
the amount and timing of crop requirements provide significant environmental ben-
efits, but with modest cost savings in terms of reduced fertilizer use and increased costs
of testing. 1t is often cheaper to avoid risks of iowered yields and somewhat overapply
fertilizers. Precision agricultural practices (Schepers, this volume) offers benefits, in
addition to fertilizer savings, of increased yields. In addition, in the United States there
is active consideration of other steps that would reduce application of nutrients in
excess of crop requirements, such as insurance coverage that would comnpensate farm-
ers if adherence 1o a rigid prescription reduced crop yields.

In addition to reductions from on-farm practices, other techniques, including
the creation and restoration of wetlands and riparian ecosystems between farmiand
and streams and rivers and downstream, offer real opportunities for additional sig-
nificant N reductions from agriculture. For example, research by several investiga-
tors (Jergensen 1994; Lowrance et al. 1997) has shown significant N reductions
using combinations of grass and tree buffer zones between farm fields and streams.
Although significant N reductions are possible, optimum position of the riparian
buffer or wetland in the landscape is critical (Staver and Brinsfield 1996; Mitsch et
al. 1999). Mitch et al. estimate that creating or restoring 21,000 to 52,000 km? of wet-
lands in the Mississippi River basin (0.7 to 1.8% of the basin) would result in a 20 to
50% reduction in N loading to the Guif of Mexico. While ecosystem restoration
strategies have tremendous potential, adequately compensated volunteer programs.
including permanent easements, must be available to the landowner.

Similar struggles to balance food production and water guality are occurring in
Europe. In Germany, where rising NO, concentrations in groundwater are the most
immediate concern, use of commercial N fertilizer grew about four fold from 1951
to 1990, while the estimated N content of farm produce increased just over two fold
(van der Ploeg et al. 1997). Thus, N-use efficiency decreased and the surplus availa-
ble to contaminate goundwater and surface waters increased greatly. The European
Union nations are required by the Union’s 1991 Nitrate Directive to have a volun-
tary code of good agricultural practices (Council of European Communities 19911.
They are aiso required to identifv vulnerable zones where additional action must be
taken to reduce N losses to acceptable levels. More recently, a team of six European
research institutions began evaluating economic alternatives for reducing N losses
from agriculture. The so-calied Nitrotax study is coordinated by the Centre for Agr:-
culture and Environment in The Netherlands. Researchers are using a combination
of farm models, literature reviews and expert judgment to better understand the
implications of economic systems for N control. One ot the goals is to form a “Euro-
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pean Community” which seeks to merge individual countrie's agricultural programs
into a unified effort to develop fair N policies that stabilize farm incomes and simul-
taneously meet regional water quality goals.

Phosphorus

While N losses to the environment from agriculture are widespread in most devel-
oped countries, most P losses occur in areas where livestock and pouitry are highly
concentrated, sewage sludge is applied or where there are high rates of soil erosion.
Unlike N, which is highly dependent on dynamic soil microbial processes, P levels
in soils as well as in manure and sewage sludge are easier to quantify and track. Fur-
thermore, soil P levels change slowly, allowing for development of mass balances
within fields, farms, and watersheds.

In the context of ecosystem protection, strategies for P reductions have focused
mainly on educational and incentive programs to encourage implementation of
practices designed primarily for reducing the movement of sediment from cropland
(reduced tillage, grassed waterways, retention ponds, terraces, and contours). This
strategy has been successful for reducing sediment and sediment-bound P losses on
cropland where erosion rates are high. However, research suggests that these strate-
gies for soils with high P levels not predisposed to high erosion rates may be less
effective.

Soil P levels are. in general, increasing throughout Europe and the U.5., partic-
ularly where livestock and poultry manure or sewage sludge is applied to cropland.
Crop nutritional requirements and grain removal rates indicate a N:P supply ratio
of approximately 6:1 on a weight basis, which 1s twice the ratio of plant-available N:P
in manure or sewage sludge. Consequently, repeated applications of animal manure
or sewage sludge to cropland, based on N crop requirements, results in unused P and
increasing soil P levels. For example, in the states of Maryland and Delaware, many
soils have soil P leveis sufficient to meet crop P requirements for several years with-
out additional P fertilization (Sims 1987, 1993). Problems associated with high soil
P levels are exacerbated because they are often located near sensitive freshwater
bodies in which P enrichment causes excessive algal growth.

On the Delmarva Peninsula, an intensive poultry producing region lying
between the Atiantic Ocean and the Chesapeake Bay, repeated application of poultry
litter has been increasing topsoil P inventories by an average of 10 kgha'! annually
bevond P removal rates required for the optimum production of crops (Kenneth
Staver, pers comm). From the perspective of the total regional P budget, approxi-
mately one-half of the total P imported to the Maryland portion of the peninsula in
the form of fertilizer. sewage sludge, grain, and dietary supplements for poultry
remains as a residual in the soils, Similar studies in Denmark, Norway, Finland and
Sweden suggests that the main reason for high P losses from cropland is the netinput
of approximately 20 kg-ha! annually for the past several decades {Svendsen and
Kronvang 1991). Iserman (1990) reported even higher P surpluses for Germany and
the Netherlands.

The potential for P loss from these soils is worsened by high water tables, tilc

_drainage, and soils with low water-holding capacity. Breeuwsma et al. (1989) esti-
mated that for a watershed where over 80% of the soils were P-saturated. leaching
losses of 2.5 ke-ha'} and runoff losses of 0.3 kg-ha™ of total P were observed annu-
allv. For soil rvpes not predisposed to high erosion rates. reductions in surface runoff
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of P will require better management of P levels in the uppermost soil horizon. How-
ever, one of the most effective best management practices for erosion control (no-
till) actually increases P levels in the top soil horizons and under certain conditions
can increase dissolved P losses. In a study by Staver and Brinsfield (1994), total P
josses from fields under no-till for many years was twice as high on an annual basis
compared to conventional til} (Figure 3B). When toxic Pfiesteria piscicida outbreaks
occurred in subestuaries of the Chesapeake Bay along the Delmarva Peninsula in
1997, the combination of highly P-enriched soils in the region, emerging evidence
regarding loss of dissolved P from enriched soils, and high levels of P in the estuarine
waters provided the impetus for legislation in Maryland mandating management of
manure applications based both on N and P crop requircments.
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Fig. 3A: Expenimental field plots on the coastal plain near the Chesapeake Bay have demons-
trated unanticipated losses of nutrients under conventional nutrient management: A. Fall
cereal cover crops reduced the losses of nitrate to groundwater in a field under conventional
nutrient management (Staver and Brinsfield, 1996, 1998)
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Fig. 3B: No-tili field management resulted in increased phosphorus concentrations in surface
soils, with increased losses of dissolved P in runoff compared to tilled fields {Staver and Brins-
field, 1994, updated)

While strategies which reduce sediment-bound P transport are important in the
iong term, better management of P inputs on a watershed basis will be required. This
is especiallv true for managing manure in regions with concentrated animal produc-
tion. A more holistic svstems approach is needed. Efforts should include alternative
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uses for manure including burning, pelletizing, and composting and further
research on feed, nutrition, and manure handling and storage. Nutrient composi-
tion of manure can be altered by changing diet composition to provide a better bal-
ance in nutrient output. Greater feed efficiency is generally economically desirable
and can reduce the quantity of manure. Recent poultry diet research by Sims et al.
(1999) has shown that the combination of the enzyme phytate and low phytic acid
corn reduced total P in poultry manure by 50% and soluble P by 84% when com-
pared to traditional diets. If the P 1n manure could be reduced by 50% below current
levels, then the N:P ratio of the manure would be closely balanced with crop N:P
requirements, thereby reducing the buildup of soil P following repeated applica-
tions, based on crop N requirements.

Integrated Strategies

Managing nutrients (both N and P) in farm fields, feedlots and the environment to
achieve significant reductions in nutrient inputs from agriculture requires inte-
grated strategies. The problems related to phosphorus accumulation in soils man-
aged solely for nitrogen and the recognition of distant eutrophication driven by
nitrogen losses from fields under P-based management demonstrate the need to
manage both nutrients in an integrated manner. Furthermore, some nutrient losses
from agricultural activities, whether they originate from fertilizers, mineralization
of soil organic matter, or animal wastes are inevitable. More efficient agronomic
practices, moderation of excessive soil draining, and improved animal waste han-
dling and disposal could result in reductions of nutrient loadings to coastal waters
of 20 to 30%. Also, nutrient traps or sinks could be restored and enhanced in water-
sheds under intense agricuitural production in order to capture some of the nutri-
ents inevitably lost downstream. Expanded restoration and creation of wetlands
and riparian forests and reopening flood plains could trap another 20-30% of the
nutrients. Thus, reduction of nutrient inputs from agricultural activities at the
present level of intensity of 50% or more is potentially feasible. However, this will
require substantial technical and financial assistance and greatly increased govern-
mental and private efforts to restore and manage critical nutrient-trap habitats
(Keeney and DeLuca 1993; Mitsch et al. 1999). In the process, the esthetics, wildlife,
and fisheries production, and biodiversity of “overdeveloped” agriculwral land-
scapes could be enhanced.

in an economic assessment of the costs of agricultural nutrient controls in the
Mississippi River Basin, Doering et al. {1999) concluded that N losses could be
reduced by 20% through a combination of fertilizer restrictions and wetland resto-
ration with minimal net economic impact and no loss of production. Based on this
model, reductions in production would only become significant when N loss restric-
tions reach 30% and higher, but the effects on aggregated producer net returns
wouid be partially offset by increased commodity prices. In practice, though. it is the
returns to individual producers rather than the aggregate that determine the eco-
nomic viability of agriculture. The inequities are further compounded because it 15
more effective for reducing downstream nutrient loads in downstream nutrient
loads to target nutrient use restrictions and transformation of agricuitural lands to
wetlands geographically rather than to apply these efforts uniformly throughout the
catchment basin. These conditions challenge society to find ways to internalize the
heretofore ignored external environmental costs within agricultural commodity
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prices and to r-ovide targeted technical assistance, suusidies and incentives to
achieve environmental benefits while mitigating inequities.

Large Watershed Management

The mounting pressures to control nutrient inputs to coastal waters, including
those from inputs from agriculture, will only grow in the future. Although major
gains in environmental quality have been realized by reducing organic and toxic
loading from municipal and industrial waste discharge, advanced wastewater treat-
ment to remove nutrients {especially N) has been accomplished in only a few
regions. However, reduction of sources of P (elimination of phosphate-based deter-
gents) and chemical and biological treatment to reduce both P and N are being
shown to be feasible and successful. While significant reductions in N and P from
wastewater treatment plants have occurred, the application of sludge generated by
these processes may result in losses of these nutrients from croplands on which the
sludge is applied. There is even promise that atmospheric inputs of N will be
reduced due to air quality regulations requiring greater reduction of nitrous oxide
emissions from both stationary sources and motor vehicles.

Major challenges still confront the reduction of agricultural nonpoint sources of
nutrients. These sources are numerous and diffuse. Agricuiture is economically and
socially important but is undergoing serious conflicts between traditional operations
and giobal economic forces. Consequently, production agriculture is generally mar-
ginally profitable, at best, and can ill afford increased costs for environmental con-
trols. The market place does not easily allow the transfer of these external
environmental costs 1o the consumers, who desire cheap food prices and have many
choices. The impacts of agricultural nutrient poliution are often far removed {thou-
sands of kilometers in some cases) from their sources, so that the usual forces of
piace-based concerns and community equity are not effective in motivating pollu-
tion abatement. The causes and effects transcend multiple political boundaries.
across nation states and subnational governments — and so does the need for
common solutions.

For all of these reasons, beginning in the late 1980s and the 1990s, abatement of
large-scale coastal eutrophication has been addressed by a variety of ecosystem man-
agement efforts, inciuding regional seas programs and national or watershed-scale
assessments, management and regulation. Although eutrophication is often a major
concern and a driving issue in these efforts, multiple issues are usually dealt with,
including poliution by toxins, oil spills, fisheries management, habitat protection
and restoration, and even social and livability 1ssues.

The oldest of these muitijurisdictional management endeavors focuses on the
Baltic and North Seas. The North Sea Ministerial Conferences operating under the
Paris Convention has set goals for a 50% reduction of contaminants discharged into
the sea. The Baliic Marine Environmental Protecion Commission, or Helsinki
Commission {HELCOM) has nine nations plus the European Union as members.
Although much of its effort has focused on activities in the Baltic itself and around
its coasts, increasing attention is being paid to watersheds draining into the Baitic.
HELCOM has issued recommendations tor agricultural nutrient management that
the member nauons are expected to adop:. The Black Sea Environmental Pro-
gramme has six hittoral member nations, but tne catchment area for the Flack Sea
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includes some 17 nations and more than 160 million inhabitants. The Danube River
Programme reaches upstream 1o involve 11 nations in improving the environmental
quality of the river, its delta, and its effects on the nearshore Black Sea. In Japan, the
five prefectures bordering the Seto inland Sea have a similar multiparty compact for
common commitments and shared resources.

In the United States, the National Estuary Program has engaged state and local
governments and the public in the development of comprehensive conservation and
management plans for 28 bays and estuaries around the coasts. Eutrophication is 2
major issue being addressed in most of them. The oldest and largest regional coastal
ecosystem restoration is that of the Chesapeake Bay Program, which engages three
states, the District of Columbsia, and the federal government. Reversing eutrophica-
tion is the highest priority, with a commitment made in 1987 to reduce controliable
sources of inputs of both nitrogen and phosphorus by 40% by 2000 (Boesch et
al. 1999). A substantial element of the program seeks to provide technical assistance
to farmers to reduce nutrient losses to the Bay. As the 2000 milestone approaches,
models are being run and monitoring data analyzed 10 determine whether the goal
would be met. it now appears that the phosphorus target will be met or exceeded and
that - although N loadings have been reduced — progress will fall short of the goal
for N (Boesch et al. 1999). Most documented gains have been made through reduc-
tion of point sources.

Even more aggressive commitments for nutrient reduction have been made in
Denmark, where in 1987 the Parliament enacted the Action Plan on the Aquatic
Environment, the main objectives of which were to reduce total nitrogen discharge
to the aquatic environment by 50% and the total discharge of phosphorus by 80%
by 1994 (Kronvang et al. 1993). While the goal for reductions of phosphorus, most
of which were from point sources, has been met, it is estimated that the nitrogen load
has been reduced by only about 15% (Conley and Josefson, 1999). These nitrogen
reductions were mainly due to improved sewage treatment; little progress has been
made on reductions of agricultural sources, which dominate the nitrogen loads. The
second phase of the Action Plan was begun in 1998 and will include requirements
for maximun livestock concentrations, manure storage facilities, mandatory fertili-
zer plans and budgets, cover crops, and set asides of agricuitural lands.

Another large-scale ecosystem restoration focuses on the lower Florida penin-
sula and involves efforts to restore freshwater flows and improve water quality in the
Everglades. Protection and restoration of Florida Bay. a shallow tropical ecosystem
that has experienced discoloring algal blooms in recent years {Boesch 1996), is also
an objective. Nutrient inputs from sugarcane production and other agricultoral
activities to the north are receiving particular attention and may be related to the
problems seen in Florida Bay. Undoubtedly. the geographically largest challenge for
the control of agricultural nutrient inputs concerns the eutrophication of the north-
ern Gulf of Mexico. Ongoing assessments are evaluating the causes, CONsequEnces,
sources, control options, and economics of agricultural nutrient reductions. It 1s
clear that the majority of the nutrients discharged by the Mississippi and Atchafalaya
rivers emanate from intensely farmed regions in the upper basin, over 1000 km
upstream (Goolsby et al. 1999).

Some of these programs have demonstrated progress in arresting. if not revers-
ing, coastal eutrophication. Most are just starting. and many face daunting chai-
lenges as a result of scaie of the problems. fragmented responsibilities, and modest
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economic ability to address the needed controls. Most of the reductions in nutrient
loading, even in the more advanced efforts such as the Chesapeake Bay Program,
have come as a resuit of point source reductions. Pressures will intensify to redouble
our efforts to control agricuitural sources of nutrients — a major issue for agriculture
during the first half of the 21* century.
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