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ABSTRACT

The purpose of this chapter is to summarize selected research and monitoring
conclusions developed in the last decade regarding the sources, fate, and effects of
nutrientsin Chesapeake Bay. Compared to other estuarine systems, loading ratesto
Chesapeake Bay are moderateto high for nitrogen and low to modeérate for phos-
phorus. While the effects of nutrient additions vary among estuaries, current loads
in Chesapeake Bay are sufficient to cause severe seasonal hypoxia and large
declines in seagrass communities. Diffuse sources of nitrogen and phosphorus are
the dominant inputs, but point and atmospheric sources are also important in
tributary systems. On an annual basis, nitrogen has been exported to the coastal
ocean while phosphorus is imported. Estuarine sediments are capable of large
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releases of phosphorus, especially when dissolved oxygen concentrations near sedi-
mentsarelow (<2 mg L™). However, |aboratory and field measurementsindicatethat
sediment reserves of |abile nitrogen and phosphorus are sufficient to support high
sediment nutrient releasesfor months to a year or so but not for decades. Mesocosm
and bioassay experimentsindicatethat, during warm periodsd theyear, phytoplank-
ton communitiesarelimited by nitrogen while phosphoruslimits production in tidal
freshwater regions. Field, mesocosm, and [aboratory studies al suggest that Chesa
peake Bay and tributary systemsare responsiveto changesin nutrient loading rates
on relatively short time scales.

INTRODUCTION

During the past few decades it has become clear that coastal marine and estuarine
systems subject to intense human activities have shown signs of stress or have
become degraded to some extent (Nixon, 1990). Thislossor impairment of coastal
and estuarine resources has spurred research to determine the causes and conse-
quences of impairments and unprecedented monitoring activities to establish the
current health of these systems and their responsesto management actions. In many
cases, the primary cause of ecosystem degradationis related to excessive inputs of
nutrientsfrom the land and atmosphere to these systems. The ChesapeakeBay is no
exception.

The purpose of this chapter is to summarizesomedf theimportant research and
monitoring conclusionsdevel opedin the last decade regarding the sources, fate, and
effectsof nutrientsin Chesapeake Bay, particularly those related to phosphorus. A
variety of referencesare also provided so thoseinterested in details, techniques, and
more completeinterpretationscan access these primary information sources. Discus-
sion of both phosphorus and nitrogen are included because the dynamics and man-
agement of these nutrients are often linked.

IMPORTANT ESTUARINE
ECOSYSTEM CHARACTERISTICS

Duringthelast severa decades, agreat deal has beenlearned about estuariesand their
role as transition zones between the land and the sea. Much of the information
gathered from Chesapeake Bay has increased our understanding of the mechanisms
and processesthat govern the behavior of estuarineecosystemsworldwide. Whilethe
Chesapeake Bay is the largest and one of the most studied estuarine ecosystemsin
the U.S. (Figurel), there are many other estuarineecosystems differing in size and
geomorphology that have similar characteristicsand problems. Onefeaturecommon
to many estuariesis that they are experiencing some degree of eutrophication (an
increase in therate of organic matter production due to nutrient additions), as well
as the consequences of this process. The National Oceanographic and Atmospheric




Impact d Nutrient inflowson Chesgpeske Bay 25

FIGURE 1 The Chesgpeske Bay ad badn, showing the Sates encompasssd and mgor
pationsd the tributary nework. Theratio of drainage besin Surfece area to estuarinesurfece
aeais 28:1, indicating the potentidly large impadt o the land an this system.

Adminigration (NOAA) is currently assessng the ecological hedth and trends in
agpproximately 140 estuariesin the U.S. (S. Bricker, NOAA, persond communication).
Most often, thesource of thisenrichmentisrelated to land-use activitiesin their basins.
A second important estuarinefeatureconcernsthecircul ation patternof thewater
(Boicourt, 1992). A generdized schematic of Chesgpeake Bay circulation is shown
in Figure2. Freshwater from thedrainage basin(shown on theleft) movgs toward the
ocean asa surface water flow. To counter this seaward flow of freshwater, seawater
moves into the bay as a near-bottom flow. This gravitational circulation is the net
result of differences in pressure gradients caused by the lower density of fresh
compared to sdtwater. This bi-directiona flow is characteristic of average condi-
tions, but somedegree of mixing occurs between thelayers and is more pronounced
in some zones of the estuary than in others. While there are many biological
consequences related to this circulation pattern, two are of particular importance
here. The first is that the vertical differences in densty result in water-column
dratification, which in turn inhibitsmixing of deep and surface waters. Despite the
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FIGURE 2 A generdized schematic diagram showing the main fegtures of a two-layered
eduarinecirculation pattern. (Adapted from Boicourt, W.C. 1992, In D.E. Smith, M. Leffler,

and G. Mackiernan, Eds., Oxygen Dynamics in the Chesapeake Bay — ASynthesisd Recent
Results, A Maryiand Sea Grant Book, College Park, MD.)

shallow natureof the bay (mean depth of approximately 10 m), stratificationisa very
effective barrier, particularly from spring through early autumn of most years. Asa
result, deeper watersare not exposed to the atmospherefor weeksto months and can
become very depleted in dissolved oxygen (DO) (Kemp and Boynton, 1992). An
important second feature is that two-layer circulation leadsto relatively long reten-
tion times — in effect, materialsthat get into the bay tend to stay in the bay. The
freshwater fill timesare on the order of ayear, and thisfactor, coupled with the two-
layer circulation pattern and relatively weak tides (<1 m), results in a generaly

, nutrient-retentivesystem. As will be shown later, nutrient input rates to the bay are

moderate compared to many other estuarine systems, but rates of plant and animal
production are very high, in part because essential nutrients which support this
production areretained in the bay rather than rapidly transported to the coastal ocean.

Finaly, the bay ecosystem is characterized by very substantia temporal and
spatial variability. Important inputsto the bay such as freshwater, sediments, nutri-
ents, and terrestrial organic matter vary strongly throughout the year (~10x greater
inspring vs. autumn) and between years (>2x). These pulsing inputsand interannual
variations influence both plant and animal production and spatial distributions of
these creatures. Asaresult of these variabilities, it isdifficult to clearly separate the
influence of normal climatic variability from human-induced changes to these eco-
systems resulting from pollutant inputs.

CHARACTERISTICS OF
ESTUARINE EUTROPHICATION

Many estuarine processes are linked, either directly or indirectly, to the inputs of
nutrients and other materials from the land. A simplified explanation of these
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processes and mechanisms is shown in Figure 3, in which inputs of nutrients are
linked to plant and fish production. Nitrogen and phosphorus enter the estuarine
system, causing an increase in phytoplankton production and a decrease in light
penetrationdueto shading by unicellular algae suspended in the water column. After
nutrient supplies are exhausted by phytoplanktonic growth, the resultant bloomsdie
and sink to the bottom, and DO is consumed in the decomposition of the bloom
material. Hypoxic (low DO) or anoxic (no DO) conditions result, killing sessile
organisms, such as clams and worms, and removing the cooler deep waters as a
habitat for fish and shellfish communities.

Another important consequence of this nutrient enrichment isthe stressit places
on submersed aquatic vegetation (SAV) by reducing the available light reaching
SAV leaves. Light reduction occurs because of increased turbidity in the water
column as well asfrom growth of attached algae (epiphytes) on the leaves of SAV.
Light reduction has been determined to be the prime factor responsible for very
substantial SAV lossesin recent decades. Thedemiseof SAV representsanother 0ss
of productive habitat in terms of a nursery and spawning area. Both of the habitat .
lossesindicated in Figure 3 impactfisheries, but the quantitativerel ationshipsare not
yet clearly established.

EXAMPLES OF EUTROPHICATION
EFFECTS IN CHESAPEAKE BAY

There is now strong evidenceof the effects of increased nutrient (phosphorusand
nitrogen) input to the Chesapeake Bay. In fact, during the last decade the cause-and-
effect debate has been refocused more on how to achieve nutrient load reductions
(Malone et d., 1993).

One of the prime estuarine responses to increased nutrient input is increased
growth of phytoplankton, the unicellular plants that comprise the base of the food
web. To an extent, enhanced phytoplankton growthis analogousto the response of
agricultural crops to fertilization. The most comprehensive(coveringfour decades)
evaluation of phytoplanktonabundancein the bay wasconducted by Harding (1994),
who used both historical records of algal abundance and current aerial remote-
sensing data. In both the fresher and sdtier regions of the bay, increasesin phy-
toplankton abundance paralleled increases in nutrient loading rates. Similar re-
sponses have been observed by the Chesapeake Bay Monitoring Program and in
other estuarine ecosystems (Boynton et a., 1996; Hagy, 1996; Nixon, 1988).

Theecological effectsof el evated phytoplankton abundanceareamajor concern.
In the agricultural model, increased fertilization typically leads to greater crop
production whichisa positiveeffect. However, in estuarine waters, excessive nutri-
entinputinitiatesaseriesof negativeimpacts, theresultsof which are propagatedto
varying degrees throughout the ecosystem. One of the initial effects occurs when
abundant phytoplankton communities die and begin to decompose, primarily in
deeper vete's. Decomposition consumesDO in largequantities, causing hypoxic or
anoxic conditions which are inhibitory or lethal to resident animal communities.
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Cooper and Brush (1991) and Boicourt (1992) have concluded that the extent and
duration of hypoxic conditionsin the bay have increased since the 1950s.

Submersed aguatic vegetation communities play an important role in shallow
water portionsof estuaries. Accordingto recent studies, SAV communitiesmaintain
water clarity in shalow areas by binding sediments and baffling near-shore wave
turbulence, modulate nutrient,regimes by taking up nutrients in spring and storing
these nutrients until autumn, and enhancefood-web production by supplyingorganic
matter and habitat conducivefor rapid growthand surviva of juvenile organisms. In
much of Chesapeske Bay, SAV communities, including some 13 to 15 species,
started to undergo a mgor declineduring the 1960sin the upper bay andin theearly
1970s in the mid bay (Kemp et d., 1983). In the late 1970s, a series of studies
investigated potential causes. Theseincluded field observations, small (50to 700L)
and large (400 m®) microcosm exposure tests, and simulation modeling and were
conducted usingseverad different SAV species. Resultsindicated that thedecline wes
primarily theresult of nutrientenrichment. It appeared that epiphytica gae (a norma
part of the SAV community) were over-stimul atedby enhanced nutrient availability,
which led to increased shading of SAV leaves. Photosynthetic rates of SAV were
depressed below those needed for hedlthy plant growth, and increased water-column
turbidity and adheson of suspended sediments to SAV leaves further reduced
availablelight. In thesestudies, herbicideswerefound to be arelatively smdl factor
in the SAV decline (Kemp et d., 1983). This situation isillustrated in Figure 4 for
the Patuxent River estuary, which at one time supported large SAV communities.
Since themid-1980s. nutrient inputsto the Patuxent have been reduced but withlittle
subsequentimprovement in SAV, possibly becauseSAV has been absent solong that
local seed sources have been depleted. However, when nutrient loading rates were
reduced, SAV communities re-established themsalves in other areas of the bay
(Stevenson et al., 1993).

COMPARISONS OF NUTRIENT
INPUTS AMONG COASTAL SYSTEMS

During the past few yesars, nutrientloading ratesfor adiversemixture of ecosystems
have appeared in the literature (e.g., NOAA/EPA, 1989). Based on nutrient loading
data for both aguatic and terrestrial systems, others have concluded that coastal
systems have become among the most heavily fertilized of ecosystem?s because. of
increas ng anthropogenic additionsof nitrogen and phiosphorus (Nixon et al., 1986a).

Estuarine systems respond to increasing nutrient loads with modest increases in
primary production rates and incressed rates of nutrient recycling, but only dight
enhancementin higher food web production. Most additional production appears to
be rapidly consumed by bact eri a and other microheterotrophs (Nixon €t al,, 1986b;
Norwicki and Oviaft, 1990). Recent investigations in Chesapeake Bay have adso
reported similar attenuated responsesto loading rates (Boynton e at., 1995). How-
ever, comparable nutrient loading rates in different ecosystems do not necessarily
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FIGURE4 Decadal-scaletrendsin nutrient 1oads, algal biomass, water clarity, and seagrass
coveragein the Patuxent River etuary. a tributary system of ChesapeakeBay. (Adapted from
Kemp, W M and Boynton, WR 1998. In Fankenmark, M, Ed., Proc. Stockholm Water
Symposium, Stockholm, Sweden.)

produce the same responses as those observed in the Bay. For example, even though
nitrogen loading ratesto the Potomac River and Narragansett Bay are very similar,
water-quality conditionsin the mesohdine portion of the Potomac are poor but quite
good in mesohalineportionsof Narragansett Bay (Magnien et al., 1990; Nixon et d.,
1986a). On the other hand, loading rates to the Baltic Sea are lower than those to
Chesapeake systems, but hypoxic and anoxi ¢ conditions are now characteristic of
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FIGURE5 Smplified anud total nitrogen and tota phogphorus budgets for entire Chesa-
peake Bay system, Exchangesd TN ad TP with the coastd ooeen were cdculated as the

difference between landside plus amospheric inputs ad internd losses (Adapted from
Boynton, W.R. et d., 1995. Estugries, 18(18):285-314.)

both (Jansson, 1978). Estuarine morphology, circulation, and regional slimate con-
ditionsstrongly influence the relative impact of loading rates (Wulff et d., 1990).

NUTRIENT BUDGETS FOR THE BAY

Onedf thethemesaf this conferenceconcerned sourcesand transport of phosphorus
from various land uses to receiving water bodies. In this section, a summary is
provided which estimatesthe magnitude of both phosphorusand nitrogensourcesto
the bay and their eventual fate (Figure 5).
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Diffuse sources of nitrogen and phosphorus are the dominant inputs to the
Chesapeake system, but both point and atmospheric sources are also important in
some of the tributary systems. Overal, nitrogen was exported seaward, and the
magnitude of the export was proportiond to nitrogen loading rates from terrestria
and atmosphericsources; however, phosphorusvas imported from the coastal ocean
tothebay. Whatever thedirectionof exchange, al of thesesystemsrapidly converted
inorganic nutrient inputs to particulate and dissolved organic forms, clearly indicat-
ing that these estuaries are not passive nutrient trangport systems. Other coastal
systemsappear to export larger percentages of nutrientinputs than Chesapeake Bay,
but also as organic compounds(Degobbiset d., 1986; Nixon et d., 1986a; Nowicki
and Oviatt, 1990). The mechanisms that cause high retention rates and importation
of phosphorusin Chesapeake Bay are probably related to estuarinemorphology and
circulation patterns. Phosphorus imports across the seaward boundary represent a
relatively small percentageof terrestria plus aimospheric sources in the tributary
rivers (9 to 31%) and only dightly more for the Maryland mainstem bay (34%).
Much of the phosphorus stock in sedimentsand waters of the bay is not in a form -
directly available to phytoplankton and might not have much of an influence on
water-quality conditions (Keefe, 1994; Magnien et d., 1990). More understanding
concerningthe biological availability of phosphoruswould clarify the importance of
imports.

Calculationsbased on literature vaues indicate that current nitrogen and phos-
phorusloading rates are about 5 to 8 and 13 to 24 timeshigher, respectively, than in
the pre-colonia period (Boynton et al., 1995). Since the base years on which these
budgets were calculated (1985 to 1986), phosphorus loads have been substantialy
reduced in severa tributary rivers (e.g., Potomac, Patuxent, Back Rivers), and
nitrogen loads have been substantially reduced in at least one system (Patuxent
River). The differencesin loading rates between pristine and current conditionsare
not so large asto preclude the possibility of reducing cutrent loads to a point where
the more damaging effectsof eutrophication are diminished (Boynton et d., 1995).

PHOSPHORUS DYNAMICS IN CHESAPEAKE BAY

During the last decade, a great deal has been learned about nutrient dynamicsin
aguatic ecosystems. The dynamics of phosphorus are no exception. The linkage
between DO conditionsin deep waters and the releaseof phosphorusfrom estuarine
sediments in ChesapeakeBay is a good example.

One impact of estuarine bottom sedimentson water quality is exhibited during
warmer periods of the year when phosphoruscan be released from sediments. This .
phosphorus can then be used by phytoplankton to support additional production of
algal materia which eventually sinksand again exerts DO deimand when decompo-
stion occursat or near thesediment surface. |n Chesgpeske Bay, sediment phospho-
rus releases are often on the order of 5 to 15 umol P m2 het, which is an amount
sufficient to support 20 to 30% o typica daily algd production (Magnien €t d.,
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FIGURE6 Sediment phogohorusflux vs DO concentrationin bottomweatersin themesohaline
portion o the Potomac River estuary between 1986 and 1995. (Adapted from Boynton, W.R.
€t al., 1996. Ecosystem Processes Component, Level |, | nterpretive Report No. 12, CBL Ref.
No. 95-039, Chesgpeske Biologicd Laboratory. Universty o Maryland, Solomons)

1990). Theseratesof sediment phosphorusreleaseare typical of lessimpacted areas
of the bay, particularly those where DO conditions in bottom waters remain above
2mg L-, If alga growth reaches bloom proportions, enough organic matter can be
created to exhaust DO in deep waters because of the oxygen demand associated with
bloom decomposition. When DO concentrations near the sediments becomelow (<2
mg L-1), phosphorus can be released from sedimentsat very high rates.

An exampleof thisisshownin Figure6, wheremany separate measurements of
sediment phosphorus flux were plotted against the bottom-water DO conditions at
the time of measurement. Phosphorus fluxes are almost dways below 15 pmol P m2
hr~' when DO conditions in deep water are above 2 mg L~ but are often very high
(>40 pmol Pm2 hr') when DO concentrationsare low. Another view of sediment
phosphorus processes, based on laboratory experiment., issummarizedin Figure 7
whereestuari nesediments were exposed to hypoxic and oxygenated watersfor about
three weeks and sediment phosphorus exchanges monitored (Jasinski, 1996). Phos-
phorusrel easesin theoxicexperiment remained low throughtheentire20-day period
and were similar in magnitude or lower than those shown in Figure 6 when DO
concentrations were greater than 2 mg L. In the hypoxic experiment, sediment
phosphorus exchanges increased very rapidly after DO concentrationsin overlying
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FIGURE7 Timesgiesplotsd sediment phogphorusfluxesabtained fromintact ssciment cores
collected from the mesohdineregion of Chesgoeeke Bay. (Adapted from Jasinski, D.A. 1996.
Phosphorus Dynamicsd Sedimentsin the MesohdineRegion o Chesgpeske Bay, Madas
thes's MEES Program, Universty d Maryland. College Park.)

waters were reduced. However, the vary high sediment phosphorus rel eases measured
4to 5 days after the onset of hypoxic conditions were nat maintained for long. In fact,
after 20days, fluxeshad decreased by afactor of four, and if the observed ratedf decline
is projected ahead in time, fluxes would have returned to normd after 30 days. The
results of observations and experimentssuch as these suggest that one important thing
we can do regarding phosphorus dynamics within the estuary is to meke sure thet
estuarine sediments are exposed to oxygenated water. Also, estuarinesediment phos-
phorus processesappear to be responsiveto alterationsin input conditions; if inputs
of phosphorus to sediments decrease so will the rates of phosphorus recycling.
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LIMITING NUTRIENT CONTROVERSY
IN CHESAPEAKE BAY

There was along debate concerning nutrient issues in the ChesapeakeBay area. As
ealy as thelate 1950s, evidence was availablesuggesting that nutrient enrichment
was having adverse effectson DO conditionsin deep watersdf the bay and tributar-
ies. By themid-1970s, theredlity of enrichment was more accepted, and plans were
made to begin removing phosphorusfrom various point-sourcedischarges, dthough
progress was dow. The generd postion of state and federa management agencies
a that time was that phosphorus controls at point sources would solve the nutrient
enrichment problem. In addition, there was a strong bias against nitrogen control,
despite a growing body of evidence suggesting that both nitrogen and phosphorus
were important in controllingaga growth in estuarinesystems. Nutrient manage-
ment in the Chesapeakeduring this period, and into the 1980s, wasdominated by the
evidence from freshwater environments that phosphorus control would reduce or
eliminateenrichment problems. Both nitrogen control and the importanceof diffuse
and atmospheric sources of nutrients had been documented by this time but did not
make much of an impression on nutrient control programs.

During theearly 1980s, somedirect evaluationsof the influenceof nitrogen and
phosphorusadditionson algal growth and biomassaccumulationin Chesapeake Bay
were conducted using a mesocosm approach (D’Elia et al., 1986) and later using
nutrient bioassays(Fisher et d., 1992). The mesocosm studies, conductedfor 2 years
in the mesohalineregion of the Patuxent River, indicated strong nitrogen limitation
during summer and autumn, with weaker but important phosphoruslimitationduring
late winter and early spring and light limitation during the winter. Because the
mesocosm study was conducted at a single site in one tributary river, there was
concern about gpplying these results to regionsd the bay having lower or higher
sdinity regimes, different algal communities, and so on. However, the bioassay
approach, whichinvolved short-term measurements(days) using small bottle micro-
cosms (300 mly sampled from many sitesin the bay, provided resultsconsistent with
the earlier mesocosm experiments (Figure 8). Results such as these were used in
formulatingpolicy, and the ChesapeakeBay Program adopted aduel nutrient reduc-

tion strategy which cdled for a 40% reduction in inputs of both phosphorus and
nitrogen.

"NUTRIENT MEMORY"™ IN ESTUARINE SYSTEMS

One of theconcernsassociated with the nutrientreduction program currently under-
way isthat the Bay will respond very dowly to load reductions because high rates
o nutrient inputs during the last 50 years have induced in the Bay a huge'* nutrient
memory." [ n other words, the Bay isso nutrient saturated that water quality improve-
ments wilt take decades, even when nutrient inputs have been curtailed, If so, we
must be prepared to devote great effortsfor years beforethe fruits of theselaborsare
redized — adifficult social and political task, to say theleast.
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InFigure9, sediment fluxesof ammonium measured at alocation in the mesohaline
mainstem bay are plotted against temperatureat thetimeof measurement. Sediment
releases of ammonium reached a peak in July, prior to the annual temperature
maximum, and decreased substantially in August and September. It appears that
lower fluxes were observed, even at higher temperatures, because labile organic
matter derived mainly from deposition o the spring bloom had been exhausted.
Fluxes in August and September werelower, but still substantial, and it seemslikely
that they were supported by materia derived from summer algal blooms. Alterna
tive explanationsfor this pattern do not seem reasonable under current circum-
stances. For example, nitrogen is not being temporarily sequestered in benthic
biomass, thus reducing the amount of nitrogen availablefor release as ammonium,
because infaunal biomasslevels are very low during thistime of year (Holland et
al., 1989). Nor doesit agppear that nitrogen is being routed through the nitrification
pathway, because hypoxic conditions in sediments inhibit nitrification. Finaly,
particulate nitrogen concentrations in the top 2 to 3 mm of sediment began to
decreaseafter deposition of thespring bloomin latespring (May or June), indicating
rapid use of this material.

Laboratory experiments also indicate a close tempord coupling between sedi-
ment respirationand availability of labileorganic matter (Figure9, middleand lower
panels). Both sediment oxygen consumption (SOC), anindex of aerobic metabolism,
and sulfate reduction rates, an index of anaerobic metabolism, decreased sharply in
sediment microcosms held under laboratory conditions of constant temperature
(18°C) with no additionsof labile particulate organic matter to the water overlying
thecores. Similar responses based on microcosmstudieshave been reported by Kely
and Nixon (1984) and Boynton et d. (1991). These data suggest that at least in the
middle reaches of the mainstem bay, sediment resupply of new nutrients would
rapidly decrease with decreased nutrient loads.

CONCLUSIONS

Coasta and estuarineeutrophicationisaproblem of globa proportionsarising from
diverseeffectsof human activities. In estuariessuch as the Chesapeake Bay, diffuse
watershed and atmosphericsourcesd nutrients dominate(exceptin urban areas),and
these diffuse sources have increased substantially during the last century. A key
consequence of eutrophication is loss of anima habitat in shalow and, deep regions
through declines in seagrasses and bottom water DO, respectivdly. Mesocosm and
bioassay experiments suggest that during warm portionsof the year mesohdine phy-
toplankton communitiesarel i nt ed by nitrogen, while phosphoruslimits production in
tidal freshwater regions. L ow light availability and short water resdencetimesasolimit
production in some areas, particularly during winter months Many regions of Chesa-
peake Bay now appear to be in a eutrophic condition reative to nutrient loading with
consequent nuisanceagd blooms lossaf SAV, hypoxia, and reduced benthic produc-
tion. Both field measurementsand resultsof 1aboratory experiments suggest that weter
quality conditionsin the Bay should respond quickly to reduced nutrient inputs.
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