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ABSTRACT24

Atmospheric deposition of nitrogen (AD-N) is a significant source of nitrogen25

enrichment to N-limited estuarine and coastal waters downwind of anthropogenic26

emissions.  Along the U.S. East coast and eastern Gulf of Mexico, AD-N currently27

accounts for 10 to over 40% of “new” N loading to estuaries.  Extension of the regional28

acid deposition model (RADM) to coastal shelf waters indicates that 11, 5.6, and 5.6 kg-29

N ha-1 may be deposited on the continental shelf areas of the Northeastern U.S. Coast30

(NE), Southeast U.S. Coast (SE) and Eastern Gulf of Mexico (East Gulf), respectively.31

AD-N approximates or exceeds riverine N inputs in many coastal regions.  From a spatial32

perspective, AD-N is a unique source of N enrichment to estuarine and coastal waters33

because, for a receiving water body, the airshed may exceed the watershed by 10-20 fold34

or greater.  Thus, AD-N may originate far outside the of currently-managed watersheds.35

AD-N impacts waters downstream of the oligo- and mesohaline estuarine “nutrient36

filters” where large amounts of terrestrially-supplied N are assimilated and/or denitrified.37

Therefore, AD-N may increase in importance as a “new” N source downstream of these38

regions and in adjacent coastal waters. Regionally and globally, N deposition associated39

with urbanization (NOx, PAN) and agricultural expansion (NH4
+ and possibly organic N)40

has increased in coastal airsheds.  Recent growth and intensification of animal (poultry,41

swine, cattle) operations in the midwest and Mid-Atlantic regions have led to increasing42

amounts of NH4
+ emission and deposition, according to a 3 decadal analysis of the43

National Acid Deposition Program (NADP) network.  In Western Europe, where44

livestock operations have dominated agricultural production for the better part of this45

century, NH4
+ is the most abundant form of AD-N.  AD-N deposition in the U.S. is still46
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dominated by oxides of N (NOx) emitted from fossil fuel combustion; however, annual47

NH4
+ deposition is increasing, and in some regions is approaching total NO3 deposition.48

In receiving estuarine and coastal waters, phytoplankton community structural and49

functional changes, associated water quality, trophic and biogeochemical alterations (i.e.,50

algal blooms, hypoxia, food web and fisheries habitat disruption) are frequent51

consequences of N-driven eutrophication.  Increases in and changing proportions of52

various new N sources regulate phytoplankton competitive interactions, dominance and53

successional patterns.  These quantitative and qualitative aspects of AD-N and other54

atmospheric nutrient sources (e.g., Fe) may promote major biotic changes now apparent55

in estuarine and coastal waters, including the proliferation of harmful algal blooms, with56

cascading impacts on water quality and fisheries.  Because of its relatively large57

contribution to total new N loading and potential biogeochemical and ecological58

importance, AD-N requires attention from regional air/watershed nutrient budgeting and59

management perspectives.60
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INTRODUCTION61

Human population growth, urban, industrial and agricultural expansion have62

profoundly impacted the quantities and composition of nitrogen (N)-containing pollutants63

released to the environment (Vitousek et al. 1997).  In particular, man’s encroachment on64

the coastal zone has been accompanied by a precipitous rise in land-based N nutrients65

released as either point sources (i.e., wastewater, industrial discharges, stormwater66

overflow discharges) or diffuse non-point  agricultural, urban and rural discharge.  A67

strong and direct relationship between human expansion and accelerating riverine N68

inputs to coastal waters testifies to this impact (Peierls et al. 1991; Howarth et al. 1996).69

Diverse studies in a broad range of estuarine and coastal waters receiving anthropogenic70

N enrichment have shown these waters to be N-limited; namely, N supply controls the71

rate of primary production (Dugdale 1967; Ryther and Dunstan 1971; D’Elia et al. 1986;72

Nixon 1986, 1995).  It follows that N enrichment has been linked to accelerated primary73

production, or eutrophication, in these waters (Nixon 1986, 1995).  N-enhanced74

eutrophication may be manifested as increased frequencies, magnitudes and persistence75

of suspended algal (phytoplankton) blooms (Richardson 1997).  Phytoplankton blooms76

may be toxic and/or accumulate as large masses of ungrazed organic matter in the77

sediments, fueling excessive oxygen consumption in the form of hypoxia (<4 mg L-1 O2)78

and anoxia (no detectable O2), conditions that are stressful or fatal to resident finfish and79

shellfish communities (Winn and Knott 1992; Justic et al. 1993; Diaz et al. 1995; Paerl et80

al. 1998; Rabalais et al. 1999).81

Management of coastal eutrophication has focused on identifying and reducing82

excessive N inputs to these N-sensitive waters (Environmental Protection Agency 1989;83
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1998; National Research Council 2000).  Both point and non-point land-based sources84

have been identified as targets for N input controls and a variety of land-based nutrient85

reduction and/or mitigation strategies have evolved to tackle the problem.  When86

identifying key external or “new” N sources responsible for over-enrichment of N87

sensitive waters, it has become evident that land-based sources are not the only culprits.88

Among anthropogenic sources of “new” N to estuarine and coastal waters, atmospheric89

deposition of N (AD-N) is now recognized as highly significant and increasingly-90

important (Paerl 1985, 1995; Fisher and Oppenheimer 1991, Chesapeake Bay Program91

1994; Valigura et al. 1996; Jaworski et al. 1997; Ecol. Soc. Amer. 1998; EPA 1999) (Fig.92

1).  In the past century alone, anthropogenically-mediated atmospheric N emissions have93

increased by nearly 10-fold (Howarth 1998).  It is estimated that from 10 to over 40% of94

“new” N supplied to these waters is of atmospheric origin (Valigura et al. 1996, 2000). In95

some regions (e.g., mid-Atlantic and Northeast, Tampa Bay), the atmosphere is now the96

single largest source of new N (Valigura et al. 1996). This underscores the need to better97

quantify AD-N inputs on local and regional scales, and to understand ecosystem-level98

biogeochemical, trophic, water quality and habitat responses to this growing N source.99

AD-N is also an emerging “new” N source in developing nations experiencing urban,100

agricultural and industrial expansion in coastal regions.101

Because of its large scale and magnitude, AD-N plays a central role in coastal N102

budgets, biogeochemical, trophodynamic, water quality and habitat changes in downwind103

waters.  Specifically, we must clarify; 1) the spatiotemporal linkage of AD-N emissions,104

transport and fate on local, regional and larger (ocean basins, global) scales, 2) the105

absolute and relative (to land-based sources) roles AD-N plays as a “new” N source, 3)106
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the “sphere of influence” of AD-N as a “new” N source  in N sensitive estuaries and107

coastal regions, 4) the chemical constituents in AD-N,  and 5) the biological availability108

and ecological roles of these AD-N constituents, as they pertain to mechanisms of109

eutrophication, algal and higher plant composition, including harmful algal bloom110

species.111

In this contribution, we examine and synthesize information pertinent to the roles112

of AD-N in coastal nutrient over-enrichment, biogeochemical and trophic change.  We113

will attempt to integrate knowledge of the sources, composition, deposition and114

ecological responses over scales ranging from ecosystem- to regional levels.  Lastly, we115

address requirements and options for managing this growing and evolving source of116

“new” N in coastal waters.117

118

Atmospheric N Composition and Sources119

Atmospherically-deposited N may be either “wet” in origin (if N is dissolved in120

precipitation such as rain or snow), or “dry” (the settling of N-containing particles and121

gases to land and water surfaces).  Atmospherically-derived N deposited in wet or dry122

forms may be deposited directly, or it may take an indirect route if it enters the estuary123

via runoff and groundwater from the surrounding watershed.  The majority of124

atmospheric N exists as inorganic N in two principal forms: oxidized N and reduced N.125

Oxidized N is found in the form of gaseous nitric acid (HNO3), nitrogen dioxide126

(NO2) and aerosol nitrate (NO3). Contributions from NO2 are minimal and will not be127

further considered. Nitric acid is the parent form of oxidized N. It is a termination128

product of the oxidation of nitrogen oxide (NOX = NO + NO2) and volatile organic129
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compounds as part of atmospheric photochemistry (EPA 1996; Seinfeld and Pandis130

1998). Aerosol nitrate exists as ammonium nitrate; it results from the partitioning of a131

fraction of HNO3 into particulate form in the presence of ammonia (NH3). (Seinfeld and132

Pandis 1998). The principal source of nitric acid and aerosol nitrate in North America is133

the combustion of fossil fuels (e.g. by coal and oil-fired powerplants, automobiles and134

other forms of transportation) that produces precursor emissions of NOX, primarily NO.135

Reduced N in the atmosphere exists in the form of gaseous ammonia (NH3) and136

aerosol ammonium (NH4). NH4 results from chemical reactions involving sulfuric acid137

droplets, nitric acid, and ammonia that partitions a fraction of NH3 into fine particulates:138

ammonium sulfate, ammonium bisulfate, ammonium nitrate and other complex aerosol139

mixtures (Seinfeld and Pandis 1998). The majority of NH3 is directly emitted into the140

atmosphere from agricultural sources such as fertilizer application and confined animal141

operations.142

Organic nitrogen (ON) is also an important fraction of AD-N (Correll and Ford143

1982; Timperley et al. 1985; Mopper and Zika 1987). The sources and composition of144

atmospheric ON are not well understood, although rainfall in agricultural areas tends to145

be relatively enriched in dissolved organic nitrogen (DON) (c.f. Timperley et al. 1985).146

DON accounts for ~15 to 30% of wet N deposition in coastal and open ocean waters147

(Correll and Ford 1982; Cornell et al. 1995; Peierls and Paerl 1997; Russell et al. 1998).148

149

Atmospheric N Deposition Processes150

All forms of inorganic N are very water-soluble and not influenced significantly151

by aqueous chemistry; thus all forms wet deposit equally well.  In contrast, dry deposition152
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is significantly influenced by the form of the inorganic N and the physical characteristics153

of the surface to which it is deposited.  Dry deposition flux depends on both the ambient154

concentration and the chemical’s affinity for deposition (deposition velocity).  Gaseous155

HNO3 deposition velocities exceed those of NH3, but at moderate to high concentrations156

of NH3 they are the same order of magnitude (Meyers, et al. 1998; Duyzer et al. 1994;157

Fowler et al. 1998).  At low concentrations of NH3 there is a compensation point and158

plants can become a source of NH3 rather than a sink (Langford and Fehsenfeld 1992;159

Duyzer et al. 1994; Fowler et al. 1998; Wyers and Erisman 1998).  Over land, gaseous160

NH3 and HNO3 are very sticky (high deposition velocity), whereas, the small (<0.5 µm)161

inorganic N particles are much less likely to deposit (low deposition velocity).  The162

gaseous deposition velocity is an order of magnitude higher than the small particulate163

deposition velocity. Also, for both gases and aerosols, the deposition velocity to open,164

fresh water surfaces, is roughly 2 to 5 times lower than to terrestrial surfaces.  In contrast,165

over salt water, sea salt aerosol will preferentially and efficiently partition interstitial166

HNO3 gas to NO3 aerosol associated with supermicron particles (1-5 µm and greater)167

(Keene and Savoie 1998).  This shift in aerosol size from 0.1-0.5 µm over land, a size not168

affected by gravity, to the order of 2-5 µm over salt water, a size significantly affected by169

gravity, will increase the particle NO3 deposition velocity by more than an order of170

magnitude (Slinn 1982; Davidson and Wu 1990; Pryor et al. 1999; Torseth and Semb171

1998). Thus, over open salt water particle NO3 deposition will dominate dry deposition172

and it can be the same order as NO3 wet deposition. On the other hand, the173

thermodynamic and phase partitioning relationships do not favor ammonia partitioning to174

supermicron particles and it tends to be found principally on the fine particles <0.5µm.175
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Due to the large difference in gaseous and fine particulate deposition velocities,176

dry deposition rates of oxidized and reduced N to land are different. These, in turn, affect177

ratios of wet to dry deposition for the two types of inorganic N.  Modeling analysis with178

the Extended Regional Acid Deposition Model (Extended RADM) indicates that the179

partitioning of ambient concentrations of nitric acid and ammonia into the fine particulate180

species of nitrate and ammonium is basically reversed with respect to one another for the181

land areas of coastal states of the eastern U.S. (Mathur and Dennis 2000). The fractions182

of NO3/(NO3 + HNO3) and NH4/(NH4 + NH3) have medians of 0.23 and 0.74,183

respectively, over the eastern and Gulf Coast estuaries. This same pattern is observed in184

Northern Europe (Sorteberg et al. 1998) and in CASTNet data for oxidized N in the185

eastern U.S. (Clark et al. 1997). Hence, the dry deposition of oxidized N will be186

significantly larger than that of reduced N, whereas wet deposition is hardly or not at all187

influenced by the differences in partitioning. Model analyses suggest that wet and dry188

deposition to terrestrial surfaces of oxidized forms of N will be roughly comparable on a189

long-term annual basis.  They suggest that wet and dry deposition of reduced forms of N190

to land surfaces will be unequal, with wet deposition, in general, being roughly a factor of191

2 to 3 larger on an annual basis. Over salt water wet and dry deposition of oxidized forms192

of N are also expected to be comparable on an annual basis. But for reduced forms of N193

wet and dry deposition over salt water will be unequal, with wet deposition being much194

larger. Over estuaries with a fresh-to-salt water gradient at the surface, there will be a195

gradient in the dry deposition of oxidized-N, tracking the increase with increasing salinity196

of nitrate attached to supermicron-sized particles.197
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Because dry deposition velocities for open, fresh water are lower than those for198

land, the delivery of direct AD-N to estuaries is expected to be dominated by wet199

deposition, even on an annual basis. National Acid Deposition Program (NADP) data200

show that while more oxidized-N than reduced nitrogen was being deposited in the201

1980's, the reduced fraction is increasing with time (Fig. 2). Now about the same mass of202

oxidized and reduced nitrogen is being deposited to coastal areas. Wet deposition is an203

acute or episodic form of AD-N, while dry deposition is a chronic, low-level source of204

AD-N. If ammonia emissions sources are large and nearby, as has been shown for hog205

operations in North Carolina (Aneja 2000, Whitall et al in preparation) then the dry206

deposition of reduced N may be much larger than indicated here, possibly comparable to207

the wet deposition. The exact relationship between wet and dry reduced and oxidized N208

needs to be locally established for individual airsheds and watersheds with the help of209

both measurements and modeling. The terrestrial release of atmospherically deposited N210

to the rivers is most likely to be in the form of oxidized N (Stoddard 1993). Thus, the211

major source of atmospherically deposited ammonia is likely to be direct deposition to212

the estuary surface.213

214

The N Airshed for Estuaries215

To address AD-N contributions to the estuaries, it is necessary to establish a sense216

of the sources of the AD-N. From where and from how far away is it coming? This can217

be accomplished through the concept of an airshed.  However, the atmosphere does not218

have a lateral boundary and the flow of atmospheric chemicals to an estuary does not219

have a well-defined beginning as does the flow of surface waters. The boundary can be220
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defined in terms of the relative climatological range of the majority of the deposition221

from a source and in terms of deposition efficiency. The concept of a normalized range of222

influence of a source region has been quantified to produce a prescription for223

constructing principal airsheds for watersheds (Dennis 1997; Dennis and Mathur 2001).224

The distance at which the accumulated deposition from a source region encompasses 1/e225

of its total continental deposition, roughly the 65% contour of accumulation, is taken as226

the source’s normalized range of influence. The RADM (Chang et al. 1987) and the227

Extended RADM (Mathur and Dennis 2000) have been used to define the range of228

influence of over 100 source regions across the Eastern U.S. The normalized range of229

influence of annual oxidized-N deposition from NOX emissions for the Eastern U.S. is230

approximately 400-600 km in the prevailing direction of transport. The distance is shorter231

in a direction that opposes the prevailing wind. The normalized range of influence of232

annual reduced-N deposition from NH3 emissions for the Eastern U.S. is approximately233

75% of the range for oxidized-N or 300-450 km. The modeling approach used to develop234

annual averages (Dennis et al. 1990; Brook et al. 1995a; 1995b) gives a climatological235

average representative of at least 10 years of meteorology, not a single specific year.236

These ranges are consistent with a residence time for N compounds in the lower237

atmosphere, controlled by deposition loss processes, of approximately 1 and ?  days for238

oxidized-N and about 1 day for reduced-N. The atmospheric lifetime measured by239

deposition will be slightly shorter than the typical lifetime of the chemicals in the240

atmosphere, because the lifetimes in the upper troposphere, which are longer, are being241

ignored. Precipitation “scavenging” plays an important role in determining the deposition242

lifetimes for the Eastern U.S.243
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Interpretation of model evaluation results (e.g. Cohn and Dennis 1994) suggests244

that most likely the size of the oxidized-N range of influence is biased short.245

Overprediction of wet deposition by 20% on average for both oxidized-N and reduced-N246

is a defining evaluation result. Evaluation results for reduced-N are mixed.  Errors247

suggest biases in both directions that potentially offset each other. The range of influence248

for reduced-N appears to be a reasonable best estimate. In modeling studies for Northern249

Europe the range for oxidized-N is somewhat longer than for the Eastern U.S. and the250

difference in the transport range between oxidized-N and reduced-N is larger (Hov et al.251

1994; Hov and Hjøllo 1994). The higher ammonia emissions in Europe and the drier252

north, together with the judgments about the effect of biases on oxidized-N ranges, are253

the most likely explanations for the differences. Hence, the differences in transport range254

reflect differences in emissions and climatology between the two continents.  Oxidized-N255

principal airsheds have been defined and characteristics developed for 20 watersheds256

along the U.S. East Coast and Gulf Coast. Oxidized-N airshed characteristics are given in257

Table 1 for all of the watersheds and are summarized in Table 2.258

The airsheds are large compared to watersheds, even though only the area over259

the continent is counted. Example airsheds for the East Coast and Gulf Coast are shown260

in Figures 3 and 4, respectively. Most of the airsheds are from 15 - 200 times larger than261

the drainage area of the watersheds receiving the N-deposition. The variation in size262

representative of the distribution of airsheds, defined by the span between the 20th and263

80th percentiles of the rank-ordered sizes, is about a factor of two, from 475,000 km2 to264

900,000 km2 (Table 2). The size of the airshed is influenced by variations in the265

climatological range across the Eastern U.S. and the size of the watershed, but the266
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variation in airshed size is much smaller than that for watershed area because the267

atmospheric range of influence is large. The airshed for Tampa Bay is unusually small268

because of its location relative to the geography of Florida. The NOX emissions from269

within the airshed boundary explain from 47% to 76% of the oxidized-N deposition to the270

watershed drainage area.  For slightly more than half of the watersheds, the emissions271

from the airshed explain between 60 and 70% of the deposition. When the percent272

explained is 70% or higher, emissions within or close to the watershed are important.273

When the percent explained is ~55% or lower, then long-range transport of the oxidized-274

N from outside the airshed to the watershed is very important.275

Characteristics of reduced-nitrogen airsheds have been developed for three276

watersheds along the East and Gulf Coasts. These are given in Table 3. The airsheds are277

shown in Figure 5. The reduced-N airsheds are smaller than those for the oxidized-N,278

although they are still much larger than the watersheds. The two reduced-N airsheds in279

the mid-Atlantic region are 61% and 64% as large as the oxidized-N airsheds, whereas,280

the Gulf Coast reduced-N airshed is 71% as large as the oxidized-N airshed. In the281

Southeast, where there is more rainfall, the two airsheds appear closer in size.282

Surprisingly, the percent of the reduced-N deposition explained by the NH3 emissions283

from the airshed is smaller than for oxidized-N, even though the range of influence for284

reduced-N is shorter. The percent explained for reduced-N ranges from 49-60%. The fact285

that as much of the reduced-N deposition is accounted for by a much smaller fraction of286

the Eastern North American NH3 emissions compared to the fraction for the NOX287

emissions indicates that local deposition is indeed important. However, transport is three-288

dimensional, and because most of the reduced-N deposition is in the form of wet289
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deposition, very long-range transport of small, diffuse concentrations collectively can290

have an important depositional impact. In addition, emissions in the central part of the291

continent are generally high, adding to the importance and size of a diffuse background292

of reduced-N entering coastal regions.293

The principal airsheds provide perspective regarding the geographic source of the294

majority of the inorganic N-deposition to the estuaries. The emissions from within the295

airsheds explain a clear majority of the oxidized-N deposition and at least half of the296

reduced-N deposition to the watersheds. Long-range transport to the watersheds of297

inorganic N from hundreds of km away is clearly important for both forms of AD-N.298

Long-range transport is especially important for reduced-N, a conclusion somewhat299

contrary to conventional wisdom; but modeling sensitivity studies are consistent with300

observed trends in North Carolina discussed above (Dennis and Mathur 2001).  Hence,301

conclusions based on these modeling results seem reasonable.302

303

Biogeochemical, Trophic and Water Quality Impacts of AD-N on Estuarine and Coastal304

Ecosystems305

Sensitivity and response of a receiving estuary to specific N inputs are dependent306

on interacting hydrologic, morphologic and biogeochemical characteristics.  Surface area,307

volume and depth, combined with hydrologic throughput (flushing) determine water308

residence time; a key factor controlling nutrient concentrations, loading rates and309

biological response to N inputs.  In addition, the estuary’s response varies along its310

longitudinal salinity gradient, which strongly affects plant and animal community311

composition and activity.  In an estuary’s predominantly fresh headwaters, riverine312
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(terrigenous) discharge dominates new N inputs. Further downstream, in mesohaline313

segments of the estuary, significant fractions of the terrigenous N load are assimilated by314

phytoplankton and benthic flora, or microbially denitrified to biologically unreactive N2315

gas (Kennedy 1983; Nixon 1986; Seitzinger 1986; Boynton et al. 1995). Inputs of N that316

result from direct deposition, however, can by-pass this estuarine N “filter” (Kennedy317

1983; Paerl 1995, 1997). As such, AD-N assumes an increasingly important role as a new318

N source in lower estuarine, sound and coastal waters below the biological N filtering319

zone (Fig. 1).  Because of a scarcity of direct measurements, there is a great deal of320

uncertainty as to how the relative importance of AD-N increases beyond this zone.  At321

present, we must rely on modeling efforts based on meteorology and the known behavior322

of AD-N constituents.  Development and evaluation of appropriately scaled coastal323

depositional models and their requirements for field verification are discussed below.324

325

The Role of AD-N in Estuarine and Coastal N Budgets326

There are efforts underway to quantify wet and dry deposition at near-shore and327

offshore locations worldwide (GESAMP 1989; Duce 1986, 1991; ESA 1998).  These328

efforts address estuarine and coastal systems along geographic and trophic gradients.  In329

the U.S., gradients range from the highly impacted Northeast and Mid-Atlantic to less-330

impacted Gulf of Mexico and Pacific coastal regions (Castro et al. 2000).  Included are331

systems varying in size, water residence time and trophic state, enabling researchers and332

managers to make comparisons of the relative importance of AD-N in N budgets, water333

quality and trophodynamics.  The relative importance of AD-N as a “new” N source in334

select estuarine and near-shore coastal systems varies from ∼5% in waters most heavily335
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impacted by terrigenous (relative to atmospheric) N inputs (e.g., Mississippi plume336

region of the northern Gulf of Mexico), to over 30% in waters heavily dominated by AD-337

N inputs (e.g., Baltic, W. Mediterranean, mid-Atlantic and Northeast US/Canadian338

Atlantic coastal regions).  A summary of representative N-sensitive waters for which339

adequate data are available is provided in Table 4.340

The Extended RADM was used to develop estimates of the flux of total (wet +341

dry) oxidized- plus reduced-N from the atmosphere to the coastal ocean over the342

continental shelf. The model does not include sea salt, so its influence was incorporated343

in a post-processing step. Assuming recent estimates of the mean diameter of sea salt344

aerosol of 2-5 µm for the East Coast of the U.S. are correct and apply to the Gulf Coast as345

well, then a reasonable assumption is that wet and dry deposition of oxidized nitrogen346

will be approximately equal. Dry deposition from the Extended RADM was adjusted347

accordingly. The results indicate that sea salt influence is clearly important to the overall348

flux. Deposition rates of 11, 5.6, and 5.6 kg-N ha-1 were calculated for the continental349

shelf areas of the Northeastern U.S. Coast (NE), Southeast U.S. Coast (SE) and Eastern350

Gulf of Mexico (East Gulf), respectively. The average rate was computed for the shelf351

area out to a 200 m depth isopleth. Several known model biases are expected to roughly352

cancel out, but there is uncertainty. These rates are considered best estimates with a likely353

uncertainty of ±30%. They are in the same range, but overall somewhat higher than those354

of Prospero et al. (1996), being 60% higher for the NE, 25% higher for the SE and the355

East Gulf is expected to be higher by the same percentage as for the SE. For the area356

covering the continental shelf from 0-200 m depth, the best estimate for annual total N357

flux from atmospheric deposition of inorganic N to the coastal ocean is 20 x 109 moles of358
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N, 5.5 x 109 moles of N, and 10 x 109 moles of N for the NE, SE and East Gulf,359

respectively.  The uncertainty of ±30% applies to these estimates as well.  These annual360

fluxes are similar to but somewhat larger than those given in Nixon et al. (1996). The flux361

from the atmosphere is comparable to the flux from the land (estuaries) to the continental362

shelf given in Nixon et al. (1996) for the NE and it is about half the flux from the land for363

the SE and East Gulf areas, although it is difficult to extract a precise Nixon et al. (1996)364

estimate for the East Gulf.  Thus, the atmosphere is estimated to contribute a sizable flux365

of new N to the U.S. continental shelf on the Atlantic side.366

367

The Neuse River Estuary/Pamlico Sound, NC:  A Case Study of the Role of AD-N as an368

Estuarine “new” N Source369

The Neuse River Estuary and Pamlico Sound, located in eastern North Carolina,370

USA (Fig. 6) are representative of shallow N-sensitive estuarine and coastal waters under371

the influence of growing N inputs and accelerating eutrophication (Copeland and Gray372

1991; Bricker et al. 1999).  The Pamlico Sound system and its subestuaries are the 2nd373

largest estuarine complex in the US (5,300 km2), and represent a major fisheries nursery374

supporting approximately 80% of the mid-Atlantic coastal commercial and sports375

fisheries (Copeland and Gray 1991). Efforts are under way to examine the role of AD-N376

in the nutrient budgets and eutrophication dynamics of these waters.377

The Neuse and other subestuaries of Pamlico Sound exhibit widespread and378

chronic N-limitation (Hobbie and Smith 1975; Kuenzler et. al. 1979; Copeland and Gray379

1991; Paerl 1983; Rudek et al. 1991). Anthropogenic N enrichment to these estuaries has380

been closely linked to eutrophication, algal blooms, hypoxia/anoxia and associated381
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declines in water quality and fisheries resources (Copeland and Gray 1991; Christian et382

al. 1991; Paerl et al. 1995, 1998). The Neuse Estuary receives N inputs from a mosaic of383

upstream and upwind agricultural, urban and industrial sources. Fossil fuel combustion384

and agricultural and industrial N emissions represent a significant and growing source of385

new N to this system (Paerl and Fogel 1994), reflecting national and worldwide trends386

(Duce 1986; Luke and Dickerson 1987; Asman 1994; Paerl 1995; Holland et al. 1999).387

Depending on the relationship between watershed-estuary surface areas, degree of388

watershed N-retention, and proximity of atmospheric sources, an important fraction of389

atmospherically-derived N is directly deposited on the estuary (Paerl et al. 1995).390

The Neuse River Estuary has been the focus of a 3 year (1996-1999) study391

comparing the terrigenous point and non-point sources with wet AD-N flux392

measurements (NH4
+, NO3

- and organics) from 6 sampling locations in the watershed.393

This AD-N study used a N retention model (Table 5) and an in-stream degradation model394

(Table 6) to estimate the amount of indirect N deposition reaching the estuary.  This395

value, combined with measured direct deposition fluxes allowed for the comparison of396

the total (indirect + direct) AD-N flux to the total “new” N flux to the estuary.  This study397

has shown that wet AD-N contributes between 15 and 32% of the “new” or external N398

flux to the estuary on an annual basis (Table 7), with direct deposition to the estuary399

alone accounting for 5% of the total “new” N flux.  Deposition is fairly evenly distributed400

between NH4
+, NO3

- and organic N.  This AD-N flux varies seasonally with the highest401

fluxes occurring during the summer months, which may be driven by seasonal changes in402

emissions (Whitall 2000; Whitall and Paerl submitted).403
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The Neuse R. Estuary supplies approximately 30% of the Sound’s freshwater404

inflow.  Downstream of the Neuse’s mesohaline N stripping zone, AD-N may represent405

as much as 40% of new N inputs to the open Pamlico Sound (Paerl and Fogel 1994; Paerl406

et al. 1995; Whitall and Paerl submitted).407

In the context of ecosystem function, AD-N inputs must be integrated into the408

overall scheme of N cycling and resultant productivity/eutrophication responses (Fig. 7).409

This means that we must consider impacts of AD-N contemporaneously and contiguously410

with internal N cycling (i.e., sediment-water column exchange and regeneration of N),411

which is known to play a significant role in controlling N availability, productivity and412

resultant trophic state of this and other shallow estuaries (Neilson and Cronin 1981;413

Nixon 1981; Christian et al. 1991; Rizzo et al. 1992).414

415

AD-N and Phytoplankton Production Dynamics416

Atmospheric wet and dry deposition introduce into estuaries a variety of417

biologically-available inorganic compounds (NO3
-, NH4

+; DIN), most of which result418

from human activities (Likens et al. 1974; Galloway et al. 1994). In addition, organic419

nitrogen (ON) comprises an additionally significant fraction (from 15 to over 30%) of420

atmospheric deposition (wet and dry) in coastal watersheds (Correll and Ford 1982;421

Skudlark and Church 1993; Cornell et al. 1995; Peierls and Paerl 1997; Whitall and Paerl422

submitted). Although the sources and composition of atmospheric ON are poorly known,423

recent work (Peierls and Paerl 1997; Seitzinger and Sanders 1999) indicates AD-ON424

constituents are biologically utilized and hence should be included in eutrophication425

assessments.426
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Both phytoplankton productivity and community composition respond to427

chemically diverse AD-N sources. Various bioassay and field surveys show that428

enrichment with the major atmospheric N constituents NH4
+ and NO3

- at natural dilutions429

results in enhanced phytoplankton primary production and increased biomass (Paerl430

1985, 1995; Willey and Paerl 1991; Paerl and Fogel 1994). NO3
- and NH4

+ uptake rates431

vary spatially and seasonally in the Neuse River, suggesting differential community432

responses to varying N sources (Boyer et al. 1994).  Studies on North Sea phytoplankton433

communities demonstrated a differential responses to various N sources; providing a434

mechanism for the structuring of these communities (Stolte et al. 1994).  Differential N435

uptake and growth response to NH4
+ vs. NO3

- have been attributed to contrasting energy436

requirements for the assimilation of these compounds (Eppley et al. 1969; Turpin 1991).437

Under light-limited conditions encountered in turbid estuaries (Cloern 1987), NH4
+ may438

be preferred because the energy requirements for using this reduced N source are less439

than those for NO3
- (Syrett 1981; Dortch 1990).  In light-limited waters, motile440

phytoplankton groups (e.g., dinoflagellates, cryptomonads) are capable of migrating to441

near surface depths, ensuring access to radiant energy needed to reduce NO3
- to NH4

+, a442

critical step for incorporating this oxidized form of N into biosynthetic pathways and443

growth.  In contrast, non-motile taxa must cope with deeper, lower irradiance waters,444

possibly limiting NO3
- uptake and thus NH4

+ uptake.  Intrinsic physiological differences445

in N uptake among different phytoplankton taxa exist (c.f., Eppley et al. 1969; Stolte et446

al. 1994); these may lead to contrasting taxonomic responses to different N sources (Van447

Rijn et al. 1986, Collos 1989; Riegman 1998).  Under conditions of restricted N448
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availability, characteristic of many N-limited estuaries, such differences can lead to449

intense competition for either NH4
+, NO3

- or organic N.450

Bioassay experiments have shown that major estuarine phytoplankton functional451

groups (e.g., diatoms, dinoflagellates, cryptomonads, cyanobacteria, chlorophytes) may452

exhibit different growth responses to varying N sources and mixtures thereof (Harrington453

1999).  Differential responses are not consistent in time and space however.  Other454

complex environmental factors, including light availability, water column mixing depth,455

water residence time and temperature interact with phytoplankton community N uptake456

dynamics and growth rates (Cloern 1987, 1999; Richardson et al. submitted).  Peierls and457

Paerl (1997) and Seitzinger and Sanders (1999) showed that atmospherically-derived458

DON also stimulated bacterial and phytoplankton growth. Atmospherically derived DON459

may selectively stimulate growth of facultative heterotrophic and photoheterotrophic460

phytoplankton taxa (e.g., dinoflagellates and cyanobacteria) (Neilson and Lewin 1978;461

Antia et al. 1991; Paerl 1991).462

Taxa-selective phytoplankton responses to specific N inputs may induce specific463

changes at the zooplankton, herbivorous fish, invertebrate and higher consumer levels464

(i.e., bottom up effect).  Shifts in phytoplankton community composition may also alter465

the flux of C, N, P and other nutrients as well as oxygen in the estuary (top down effect).466

For example, if poorly grazed, bloom-forming phytoplankton species dominate nutrient467

utilization and growth, their biomass is more likely to be deposited in the sediments than468

transferred up the food chain.  This may enhance sediment oxygen consumption, hypoxia469

and anoxia (Fig.  8).  Conversely, readily consumed (grazed) phytoplankton species will470

more effectively support production at higher trophic levels.  This will promote both471
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export (via migratory fish) and respiration of their biomass in the water column, thereby472

reducing sediment oxygen demand.  These differential pathways and fates of primary473

production affect estuarine nutrient cycling, water quality and habitability.  For example,474

inedible, sedimented phytoplankton blooms will, by virtue of exacerbating hypoxia475

potentials, lead to enhanced N (as NH4
+), P (as PO4

3-) and other nutrient releases from the476

sediments (Fig 8).  In addition, denitrification potentials may be affected.   In poorly477

flushed estuaries this feedback loop could support bloom persistence by ensuring478

continuing nutrient regeneration.  This scenario is promoted by warm, vertically479

stratified, long residence time conditions.480

A need exists to characterize and quantify sources, routes and fates of AD-N, and481

their interaction with other essential nutrients, as they impact coastal production,482

eutrophication and water quality dynamics over varying spatial and temporal scales.483

Changing (largely increasing) amounts of the biologically available reduced and oxidized484

forms of N reflect changing land use and human activities, including fossil fuel485

combustion, biomass burning, generation and application of agricultural wastes, use of N-486

based synthetic fertilizers.  Due to changes in emission sources (i.e., agricultural, urban,487

industrial), certain forms of AD-N are increasing relative to others.  One example is488

intensive animal (poultry, swine, cattle) operations in Western Europe and the U.S. mid-489

Atlantic region, which have led to elevated ammonium deposition rates (Holland et al.490

1999).  In the US, depositional changes are reflected in long-term (since the mid to late491

‘70s) data from the network of National Acid Deposition Program (NADP) sites492

including one located in Sampson County, coastal North Carolina (NC-35), a region493

supporting a high density of industrial-style hog farms (Fig. 9).  This location illustrates a494
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precipitous rise in annual NH4
+ deposition.  In addition, NH4

+ deposition has increased495

relative to NO3
+ deposition (Fig 9), reflecting a national trend in agricultural regions496

(e.g., upper Midwest) (Fig. 1).  The increasing ratio of in NH4
+ to NO3

+ deposition497

reflects the rapid growth in intensive animal operations and simultaneous controls on498

NOx emissions (NADP 2000).499

Increases in the ratios of ammonium to nitrate as well as other AD-N sources may500

result in community compositional changes, because as discussed previously, different501

forms of N may be differentially utilized by phytoplankton and other microorganisms.502

Accordingly, we are concerned about both the amounts and composition of AD-N inputs503

because they can impact algal production and community composition, translating into504

differential water quality impacts (e.g. harmful vs. non-harmful algal blooms).505

It might be argued that the form in which “new” N enters an estuary is irrelevant506

because it may be transformed via in-system N cycling before it is utilized by507

phytoplankton.  However, in most N-limited estuarine and coastal systems “new” N508

inputs are very rapidly (within hours in the Neuse R. Estuary) assimilated by resident N-509

starved phytoplankton (Pinckney et al. 1999).  As such, large episodic inputs of “new” N,510

such as those delivered by rainstorms, may be rapidly utilized by resident phytoplankton511

(Pinckney et al. 1999).  Therefore, the chemical form in which this “new” is delivered512

may determine phytoplankton community and ecosystem responses.513

Harrington (1999) experimentally examined phytoplankton community response514

at the group level to different forms of nitrogen (N) under different irradiance levels.515

Bioassays were designed in which water samples from the Neuse R. Estuary were516

amended with equimolar amounts of N in different forms (ammonium-only, nitrate-only,517
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urea-only, and combined ammonium, nitrate, and urea) then either incubated at ambient518

irradiance or shaded to 10% of ambient irradiance.  High performance liquid519

chromatography (HPLC)-based diagnostic photopigment analyses (Millie et al. 1993)520

were used to characterize phytoplankton community responses, including the relative521

abundance of major algal groups (diatoms, dinoflagellates, cryptomonads, cyanobacteria,522

chlorophytes).  Bioassays performed in the spring of 1998 show that different forms of N523

caused community shifts at both 100% and 10% of ambient irradiance, reflecting the524

range of natural light conditions in the estuary. Results indicated that additions of525

different forms of N result in shifts in phytoplankton community composition; these shift526

were also reliant on irradiance regimes (Fig. 10).  The implications of such shifts for food527

web alterations and harmful algal bloom potentials are under further investigation.528

In addition, enrichment of N relative to other essential nutrients alters the529

stoichiometric ratios and availabilities of those nutrients.  In the Chesapeake Bay and its530

tributaries, excessive anthropogenic N loading delivered during spring high runoff531

“freshet” is a chief causative agent for periods of P limitation and co-limitation (Boynton532

et al. 1995).  In the reduced runoff summer months, when N loading decreases and533

denitrification assumes an important N loss term, productivity in this system is more534

exclusively N-limited.  Studies in the Mississippi plume region of the northern Gulf of535

Mexico (Rabalais et al. 1996) demonstrate the impacts of excessive N enrichment from536

the Mississippi River on eutrophication potentials and availability of other growth-537

limiting nutrients.  In particular, the availability of silicon (Si), which is required by538

diatoms, has been strongly affected.  While N enrichment has closely followed human539

expansion in the Mississippi basin, Si concentrations have not increased.  N-driven540
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eutrophication has increased demands of Si, much of which is biogenically sedimented.541

As a result, Si resupply rates have not kept up with productivity demands, causing542

increased Si limitation and decline in diatom dominance.  This impacts grazing and543

higher trophic levels (fisheries), which are dependent on diatom production.544

Atmospheric deposition, being enriched in N relative to Si (or P) would have a tendency545

to exacerbate such specific nutrient limitations and potential phytoplankton community546

shifts.547

Atmospheric deposition may also be enriched with metals, either originating from548

dust, industrial effluents and volcanism (Church et al. 1984; Duce 1986).  Trace metal549

enrichment (especially iron e.g. Fe) in AD and other anthropogenic sources (dust,550

industrial emissions) may synergistically interact with N to stimulate coastal production551

and blooms (Zhuang et al. 1995; Takeda et al.; 1995, Paerl et al. 1999).  This synergistic552

“Geritol” effect may exceed that observed with N alone, making atmospheric deposition553

a particularly potent stimulant of marine primary production (Paerl et al. 1999). This554

finding combined with the fact that atmospheric-deposition of N, Fe and other nutrients is555

a significant source of “new” nutrients extending seaward beyond estuarine nutrient556

stripping zones creates a basis for suspecting this source to play key roles in coastal557

eutrophication and harmful algal bloom dynamics (Zhang 1994; Paerl 1997).558

559

What do we need to know from research and management perspectives?560

AD-N warrants close scrutiny and management from water quality, habitability561

and fisheries resource perspectives.  Furthermore, management of N emissions, transport562

and deposition must be incorporated in air/watershed and larger-scale nutrient563
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management schemes.  The scale of AD-N management to be considered in combination564

with watershed management is geographically quite encompassing.  This is suggested by565

the overlap of the oxidized-N airsheds of widely-spaced estuaries shown in Figures 3 and566

4 and the broad spatial coverage of the reduced-N airsheds shown in Figure 5.  In the case567

of oxidized airsheds for the mid-Atlantic region there is overlap with at least six568

contiguous watersheds (Fig. 11).  A super airshed is defined as the outer envelope of the569

oxidized-N airshed of the first 11 watersheds in Table 1 (New England and Mid-Atlantic570

region).  The percent of oxidized-N deposition explained by this super airshed is greater571

than 80% for a majority of the 11 watersheds.  This super region for the East Coast572

covers 20 States of the Eastern U.S. and overlaps part of the eastern Mississippi drainage573

area.  A similar enhancement of the percent oxidized-N deposition explained occurs for574

the Gulf Coast estuaries with the construction of a super airshed based on the Gulf Coast575

and Southeast airsheds.  It would appear very difficult for a watershed or state to have a576

major effect on AD-N if acting alone.  Thus, efforts to address coastal AD-N577

management need to be as large as the multi-state regional (and national) air pollution578

programs for ozone and fine particulates spawned by the 1990 Clean Air Act579

Amendments to be efficient and effective.580

In the context of the coastal zone, the following research and management questions581

and needs emerge:582

1) Budgetarily, what is the contribution of AD-N relative to other “new” and583

regenerated N sources in specific N sensitive water bodies?  This question should584

be pursued on regional (overlapping air- and watersheds), national (i.e., regional585

comparisons) and international (e.g., Atlantic Seaboard) levels.586
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2) What are the relative biogeochemical and trophic importance and roles of AD-N587

along the gradient spanning estuarine, coastal and open ocean waters?588

3) What are the quantitative and qualitative ramifications of specific AD-N589

constituents (DIN, DON, PON) in terms of biogeochemical and trophic responses590

along this gradient?591

4) There is a need to temporally and spatially couple sources (emission), routes of592

transport, deposition and biological response of atmospheric N.  Development of593

appropriately-scaled process-level models capable of coupling sources to594

transport and fate is needed.595

5) Utilizing a combined experimental and modeling approach, evaluate acute vs.596

chronic AD-N biogeochemical and trophic impacts on estuarine, coastal and597

oceanic waters.598

6) Determine possible spatio-temporal linkages between AD-N and other599

atmospheric nutrient inputs (Fe, P, trace elements) and harmful algal bloom600

dynamics601

7) Incorporate information from 1-6 into regional and global assessments of the roles602

and impacts of AD-N on marine productivity, trophic structure and function and603

nutrient (N, C, P, etc.) cycling.  In addition, AD-N impacts on air-sea exchange of604

N, C and other trace gases should be evaluated and factored into global budgets.605

606

ACKNOWLEDGEMENTS607

We appreciate the technical assistance of M. Go, B. Hendrickson, B. Peierls, L.608

and P. Wyrick.  J. Pinckney kindly provided illustrative materials.  This work was609



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

28

28

supported by the National Science Foundation (DEB 9815495), US Dept. of Agriculture610

NRI Project 9600509, US EPA STAR Project R82-5243-010, NOAA/North Carolina Sea611

Grant Program R/MER-43, The Environmental Defense Fund (Graduate Fellowship to612

D.R.W.), and the North Carolina Dept. of Natural Resources and Community613

Development, Div. of Air Quality and Division of Water Quality/UNC Water Resources614

Research Institute (Neuse River Estuary Monitoring and Modeling Project-ModMon).615

This paper has been reviewed in accordance with the U.S. EPA’s peer review policies616

and approved for publication. Mention of trade names or commercial products does not617

constitute endorsement or recommendation for use.618

619

REFERENCES620

Ambio. 1990.  Marine Eutrophication.  Ambio 19:101-176.621

Aneja, V.P., J.P. Chuahan and J.T. Walker.  2000.  Characteristics of atmospheric ammonia622

emissions from swine waste storage and treatment lagoons.  Journal of Geophysical623

Research 105: 11535-11545.624

Antia N., P. Harrison, and L. Oliveira. 1991.  The role of dissolved organic nitrogen in625

phytoplankton nutrietion, cell biology and ecology.  Phycologia 30:1-89.626

Asman, W.  1994.  Emission and deposition of ammonia and ammonium.  Nova Acta627

Leopoldina 70:263-297.628

Boyer, J., D. Stanley, and R. Christian. 1994. Dynamics of NH4
+ and NO3

- uptake in the629

water column of the Neuse River estuary, North Carolina. Estuaries 17:361-371.630

Boynton, W.R., W.M. Kemp and C.W. Keefe.  1982.  A comparative analysis of nutrients631

and other factors influencing estuarine phytoplankton production, p. 69-90. In:632



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

29

29

V.S. Kennedy, (ed.), Estuarine Comparisons, Academic Press, NY.633

Boynton, W.R., J.H. Garber, R. Summers, and W.M. Kemp. 1995. Inputs,634

transformations and transport of nitrogen and phosphorus in Chesapeake Bay and635

selected tributaries.  Estuaries 18:285-314.636

Bricker, S.B., C.G. Clement, D.E. Pirhalla, S.P. Orlando, and D.G.G. Farrow. 1999.637

National Estuarine Eutrophication Assessment:  Effects of Nutrient Enrichment in638

the Nation’s Estuaries.  Special Projects Office and the National Centers for639

Coastal Ocean Science.  National Ocean Service, National Oceanic and640

Atmospheric Administration, Silver Spring, MD.641

Brook, J.R., P.J. Samson, and S. Sillman, 1995a. Aggregation of selected three-day642

periods to estimate annual and seasonal wet deposition totals for sulfate, nitrate,643

and acidity. Part I: A synoptic and chemical climatology for eastern North644

America.  Journal of Applied Meteorology 34:297-325.645

Brook, J.R., P.J. Samson, and S. Sillman. 1995b. Aggregation of selected three-day646

periods to estimate annual and seasonal wet deposition totals for sulfate, nitrate,647

and acidity. Part II: Selection of events, deposition totals, and source-receptor648

relationships. Journal of Applied Meteorology 34:326-339.649

Castro, M.S., C.T. Driscoll, T.E. Jordan, W.R. Reay, and W.R. Boynton, S.P. Seitzinger,650

R.V. Styles, and J.E. cable.  2000.  Contribution of atmospheric deposition to the651

totla nitrogen loads of thirty-four estuaries on the Atlantic and gulf Coasta of the652

United states.  In, R. Valigura (ed.), Atmospheric Nitrogen deposition in Coastal653

Waters.  AGU Press, Washington, DC. (in press).654

Chang, J., R. Brost, I. Isaksen, S. Madronich, P. Middleton, W. Stockwell, and C.655



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

30

30

Walcek. 1987. A three-dimensional Eulerian acid deposition model: Physical656

concepts and formulation.  Journal of  Geophysical Research 92:14681-14700.657

Chesapeake Bay Program. 1994.  Annual Report #2 on Atmospheric N Deposition:658

1990-1994.  CBP-US EPA.  Annapolis, MD.659

Christian,  R.R.,  J.N. Boyer, and D.W. Stanley. 1991.  Multi-year distribution patterns of660

nutrients within the Neuse River Estuary.  Marine Ecology Progress Series 71:259-274.661

Church, T.M., J.M. Tramontanto, J.R, Scudlark, T.D. Jickells, J. J. Tokos, and A.H. Knapp.662

1984.  The wet deposition of trace metals to the western Atlantic Ocean at the mid-663

Atlantic coast and Bermuda.  Atmospheric Environment  18:2657-2664.664

Clarke, J., E. Edgerton, and B. Martin. 1997. Dry deposition calculations for the Clean Air Status665

and Trends Network. Atmospheric Environment 31:3667-3678.666

Cloern, J.E. 1987.  Turbidity as a control on phytoplankton biomass and productivity in667

estuaries.  Continental Shelf Research  7:1367-1382.668

Cloern, J.E. 1996.  Phytoplankton bloom dynamics in coastal ecosystems:  a review with general669

lessons from sustained investigations of San Francisco Bay, California.  Reviews in670

Geophysics 34:127-168.671

Cloern, J.E. 1999. The relative importance of light and nutrient limitation of phytoplankton672

growth:  a simple index of coastal ecosystems sensitivity to nutrient enrichment.  Aquatic673

Ecology 33:3-16.674

Cohn, R., and R. Dennis. 1994. The evaluation of acid deposition models using Principal675

Component spaces. Atmospheric Environment 28:2531-2543.676

Collos, Y.  1989.  A linear model of external interactions during uptake of different forms of677

inorganic nitrogen by microalgae.  Journal of  Plankton Research 11:521-533.678



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

31

31

Copeland,  B.J., and J. Gray. 1991. Status and Trends Report of the Albemarle-Pamlico679

Estuary (ed. By Steel J), Albemarle-Pamlico Estuarine Study Report 90-01.  NC680

Dept. of Environ. Health & Nat. Resources, Raleigh.681

Cornell, S., A. Rendell, and Jickells. 1995. Atmospheric inputs of dissolved organic682

nitrogen to the oceans.  Nature 376:243-246.683

Correll, D., and D. Ford. 1982. Comparison of precipitation and land runoff as sources of684

estuarine nitrogen. Estuarine and Coastal Shelf Science 15:45-56.685

Davidson, C.L., and L. Wu. 1990. Dry deposition of particle and vapors, pp. 103-209, In686

S.E. Lindberg, A.L. Page, and S.A. Norton (Eds.), Acidic Precipitation, Sources,687

Deposition and Canopy Interaction, Springer, New York.688

D’Elia C.F., J.G. Sanders, and W.R. Boynton. 1986.  Nutrient enrichment studies in a coastal689

plain estuary: phytoplankton growth in large scale, continuous cultures.  Canadian690

Journal of Fisheries and Aquatic Sciences  43:397-406.691

Dennis, R. 1997. Using the Regional Acid Deposition Model to determine the nitrogen692

deposition airshed of the Chesapeake Bay watershed, pp. 393-413, In J.E. Baker  (ed.),693

Atmospheric Deposition of Contaminants to the Great Lakes and Coastal Waters, SETAC694

Press, Pensacola, Florida.695

Dennis, R. L., F. S. Binkowski, T.L. Clark, J.N. McHenry, S.J. Reynolds, and S.K. Seilkop.696

1990.  Selected Applications of the Regional Acid Deposition Model and Engineering697

Model, Appendix 5F (Part 2) of NAPAP SOS/T Report 5, In , P. M. Irving (Ed.),698

National Acid Precipitation Assessment Program: State of Science and Technology, Vol699

1.  National Acid Precipitation Assessment Program, Washington, D.C.700



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

32

32

Dennis, R.L. and R. Mathur, 2001. Airshed domains for modeling atmospheric deposition of701

oxidized and reduced nitrogen to the Neuse/Pamlico system. Hydrological Science and702

Technology Journal, (submitted).703

Diaz, R. and R. Rosenberg.  1995.  Marine benthic hypoxia:  A review of its ecological effects704

and the behavioral responses of benthic macrofauna.  Oceanography and Marine Biology705

Annual Reviews 33:245-303.706

Dortch, Q.  1990.  The interaction between ammonium and nitrate uptake in phytoplankton.707

Marine Ecology Progress Series 61:183-201.708

Duce, R. 1986.. The impact of atmospheric nitrogen, phosphorus, and iron species on709

marine biological productivity, pp. 497-529. In P. Buat-Menard (Ed.), The Role710

of Air-Sea Exchange in Geochemical Cycling, D. Reidel, Norwell, MA.711

Duce, R. 1991. Chemical exchange at the air-coastal sea interface, pp. 91-110. In R.712

Mantoura, J. Martin, & R. Wollast (Eds.), Ocean Margin Processes in Global713

Change, J. Wiley & Sons, Chichester.714

Dugdale, R.C. 1967.  Nitrogen limitation in the seas:  dynamics, identification, and significance.715

Limnology and Oceanography  12:685-695.716

Duyzer, J. 1994. Dry deposition of ammonia and ammonium aerosols over heathland, Journal of717

Geophysical Research 99:18,757-18,763.718

Ecological Society of America. 1998.  The Role of Atmospheric Deposition in Coastal719

Eutrophication.  ESA Publications, Washington, DC.720

Elmgren, R. 1989.  Man’s impact on the ecosystem of the Baltic Sea;  energy flows today721

and at the turn of the century.  Environmental Science and Technology 9:635-638.722

Environmental Protection Agency. 1989.  Saving Bays and Estuaries:  A Primer for723



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

33

33

Establishing and Managing Estuary Programs.  Office of Marine and Estuarine724

Protection, Washington, DC.725

Environmental Protection Agency. 1996. Air Quality Criteria for Ozone and Related726

Photochemical Oxidants, Report EPA/600/P-93/004aF, Volume I of III, Office of727

Research and Development, Washington, D.C.728

Environmental Protection Agency. 1998. Water Quality Criteria and Standards Plan:729

Priorities for the Future.  Office of Water, Washington, DC.730

Environmental Protection Agency. 1999. Deposition of Air Pollutants to the Great731

Waters.  Third Report to Congress.  US Govt. Printing Office, Washington, DC.732

Eppley, R.W., J. N. Rogers, and J.J. McCarthy.  1969.  Half saturation constants for uptake of733

nitrate and ammonia by marine phytoplankton.  Limnology and Oceanography 14:912-734

920.735

Fisher, D., and M. Oppenheimer. 1991. Atmospheric nitrogen deposition and the736

Chesapeake Bay estuary. Ambio 20:102-108.737

Fowler, D., C. Flechard, M. Sutton, and R. Storeton-West. 1998. Long term738

measurements of the land-atmosphere exchange of ammonia over moorland,739

Atmospheric Environment 32:453-459.740

Galloway, J., H. Levy, and P. Kasibhatia. 1994.  Year 2020: Consequences of population741

growth and development on deposition of oxidized nitrogen.  Ambio 23:120-123.742

GESAMP. 1989.  The Atmospheric Input of Trace Species to the World Ocean:  Report743

and Studies No. 38.  World Meteorological Association, Geneva.744

Goolsby, D.A., W.A. Battaglin, G.B. Lowrance, R.S. Artz, B.J. Aulenbach and R.P.745

Hooper. 2000.  Gulf of Mexico Hypoxia Assessment, Topic #3, Flux and Sources746



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

34

34

of Nutrients in the Mississippi-Atchafalaya River Basin. Report to White House747

Office of Science and Technology Policy, Committee on Environment and748

Natural Resources, Hypoxia Work Group, Mississippi River/Gulf of Mexico749

Watershed Nutrient Task Force, 90 pp.750

Harrington, M.B.  1999.  Responses of natural phytoplankton communities from the751

Neuse River Estuary, NC to changes in nitrogen supply and incident irradiance752

MSc. Thesis. University of North Carolina at Chapel Hill.753

Hinga, K.R., A.A. Keller, and C.A. Oviatt. 1991.  Atmospheric deposition and nitrogen754

inputs to coastal waters. Ambio 20:256-260.755

Hobbie, J.E., and N.W. Smith. 1975.  Nutrients in the Neuse River Estuary, NC., Report756

No. UNC-SG-75-21, UNC Sea Grant Program, NC State Univ., 183p.757

Holland, E., F. Dentener, B. Braswell, and  J. Sulzman. 1999. Contemporary and pre-758

industrial global reactive nitrogen budgets.  Biogeochemistry 43: 7-43.759

Hov, Ø., B.A. Hjøllo, and A. Eliassen. 1994. Transport distance of ammonia and760

ammonium in Northern Europe 1. Model description.  Journal of Geophysical761

Research 99:18,735-18,748.762

Hov, Ø., and B.A. Hjøllo. 1994. Transport distance of ammonia and ammonium in763

Northern Europe 1. Its relation to emissions of SO2 and NOX.  Journal of764

Geophysical Research. 99:18,749-18,755.765

Howarth, R. W.  1998.  An assessment of human influences on inputs of nitrogen to the766

estuaries and continental shelves of the North Atlantic Oceans.  Nutrient Cycling767

in Agroecosystems 52:213-223.768

Jaworski, N., R. Howarth, and L. Hetling. 1997. Atmospheric deposition of nitrogen769



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

35

35

oxides onto the landscape contributes to coastal eutrophication in the Northeast770

United States.  Environmental Science and Technology 31:1995-2004.771

Justic, D., N.N. Rabalais, R.E. Turner, and W.J. Wiseman, Jr.  1993.  Seasonal coupling between772

riverborne nutrients, net productivity and hypoxia.  Marine Pollution Bulletin 26: 184-773

189.774

Keene, W.C., and D.L. Savoie. 1998. The pH of deliquesced sea-salt aerosol in polluted marine775

air. Geophysical Research Letters 25(12), 2181-2184.776

Kennedy, V. 1983.  The Estuary as a Filter.  Academic Press, New York.777

Kuenzler, E.J., D.W. Stanley, and  J.P.  Koenings. 1979.  Nutrient kinetics of778

phytoplankton in the Pamlico River, NC.  Univ. of N. C. Water Resources779

Research Institute Report No. 139.  UNC Water Resources Res. Instit., Raleigh,780

NC.781

Langford, A. and F. Fehsenfeld. 1992. Natural vegetation as a source or sink for atmospheric782

ammonia: A case study. Science:255, 581-583.783

Layzell, D. B. 1990. N2 fixation, NO3
- reduction and NH4

+ assimilation. In D. Dennis &784

D. Turpin (eds). Plant Physiology, Biochemistry, and Molecular Biology. John785

Wiley & Sons Inc. New York. pp.389-406.786

Lenihan, H., and C.H.  Peterson. 1998.  How habitat degradation through fishery disturbance787

enhances impacts of hypoxia on oyster reefs.  Ecological Applications  8:128-140.788

Levy, H., and W. Maxim. 1987. Fate of U.S. and Canadian combustion nitrogen789

emissions. Nature 328:414-416.790

Likens, G., F. Borman, and M. Johnson. 1974. Acid rain. Environment 14:33-40.791

Long Island Sound Study:  report on Nitrogen and Organic Carbon Loads to Long Island792



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

36

36

Sound (1996).  Prepared by P. Stacey, Conn. Dept. of Environ. Protection.793

Bureaus of Water Management, Hartford, CT.  23 p.794

Loye-Pilot, M. D., J. M. Martin, and J. Morelli. 1990.  Atmospheric input of inorganic795

nitrogen to the western Mediterranean.  Biogeochemistry  9:117-134.796

Luke, W., and R. Dickerson. 1987. Flux of reactive nitrogen compounds from eastern797

North America to the western Atlantic Ocean. Global Biogeochemical Cycles798

1:329-343.799

Martin, J. M., F. Elbaz-Poulichet, C. Gwue, M. D. Loye-Pilot, and G. Han. 1989. River800

versus atmospheric input of material to the Mediterranean Sea:  an overview.801

Marine Chemistry 28:159-182.802

Mathur, R. and R.L. Dennis, 2000. A regional modeling analysis of reduced nitrogen803

cycling in the Eastern United States.  pp 85-88, in Preprints of the Symposium on804

Atmospheric Chemistry: Issues in the 21st Century, 9-14 January 2000, Long805

Beach California.  American Meteorological Society, Boston, Massachusetts.806

Meyers, T., P. Finkelstein, J. Clarke, T. Ellestad, and P. Sims. 1998. A multilayer model for807

inferring dry deposition using standard meteorological measurements,  Journal of .808

Geophysical Research 103, 22,645-22,661.809

Millie D, H Paerl, and J. Hurley. 1993.  Microalgal pigment assessments using high performance810

liquid chromatography:  A synopsis of organismal and ecological applications.  Canadian811

Journal of  Fisheries and Aquatic Science 50:2513-2527.812

Molloy, C., and P. Syrett. 1988. Interrelationships between uptake of urea and uptake of813

ammonium by microalgae. Journal of Experimental Marine Biology and Ecology 118:85-814

95.815



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

37

37

Monbet, Y. 1992. Control of phytoplankton biomass in estuaries: a comparative analysis816

of microtidal and macrotidal estuaries.  Estuaries 15: 563-571.817

Mopper, K., and R. Zika.  1987. Free amino acids in marine rains: evidence for oxidation818

and potential role in nitrogen cycling. Nature 325:246-249.819

Moser, F. C. 1997. Sources and sinks of nitrogen and trace metals, and benthic820

macrofauna assemblages in Barnegat Bay, New Jersey.  Pp. i-135..  Ph.D.821

Dissertation, Rutgers, The State University of New Jersey.822

National Acid Deposition Program 1999.  1999 Annual Summary of the NADP Program.823

Illinois State Water Survey, Champlaign, IL, 16p.824

National Research Council. 2000. Clean Coastal Waters:  Understanding and Reducing the825

Effects of Nutrient Pollution.  National Academy Press, Washinton, DC.826

Neilson B, and  L. Cronin (Eds.). 1981.  Estuaries and nutrients.  Humana Press, Clifton, NY.827

Nixon, S.W.  1981.  Remineralization and nutrient cycling in coastal marine ecosystems.  Pp.828

111-138, In:  Neilson, B. J. and L. E. Cronin, (eds.), Estuaries and Nutrients, Humana829

Press, Clifton, N.J.830

Nixon S.W. 1986.  Nutrient dynamics and the productivity of marine coastal waters.  p. 91-115,831

In:  Clayton, D., Behbehani M (Eds.)  Coastal Eutrophication.  The Alden Press, Oxford.832

Nixon,  S.W  1995. Coastal marine eutrophication: A definition, social causes, and future833

concerns. Ophelia 41:199-220.834

Nixon, S.W., J.W. Ammerman, L.P. Atkinson, V.M. Berounsky, G. Billen, W.C. Boicourt, W.R.835

Boynton, T.M. Church, D.M. Ditoro, R. Elmgren, J.H Garber, A.E. Giblin, R.A. Jahnke,836

N.J.P. Owens, M.E.Q. Pilson, and S.P. Seitzinger. 1996. The fate of nitrogen and837



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

38

38

phosphorus at the land-sea margin of the North Atlantic Ocean. Biogeochemistry 35:838

141-180.839

O’Halloran, I. 1993.  Ammonia volatilization from liquid hog manure:  Influence of aeration and840

trapping systems.  Soils Science Society of America Journal  57:1300-1303.841

Paerl, H.W. 1983.  Factors regulating nuisance blue-green algal bloom potentials in the lower842

Neuse River. Report No. 177, Univ. of North Carolina Water Resources Research843

Institute, Raleigh, NC. 139p.844

Paerl, H.W. 1987. Dynamics of blue-green algal blooms in the lower Neuse River, NC: causative845

factors and potential controls. Report No. 229. Univ. N.C. Water Resources Research846

Institute, Raleigh, NC. 164 p.847

Paerl, H.W.  1988.  Nuisance phytoplankton blooms in coastal, estuarine, and inland848

waters.  Limnology and Oceanography 33:823-847.849

Paerl, H.W.  1991. Ecophysiological and trophic implications of light-stimulated amino850

acid utilization in marine picoplankton.  Applied and Environmental851

Microbiology 57:473-479.852

Paerl, H.W. 1995. Coastal eutrophication in relation to atmospheric nitrogen deposition: current853

perspectives. Ophelia 41:237-259.854

Paerl, H.W.  1997.  Coastal eutrophication and harmful algal blooms: Importance of atmospheric855

deposition and groundwater as “new” nitrogen and other nutrient sources.  Limnology856

and Oceanography 42:1154-1165.857

Paerl, H.W., and M.L. Fogel. 1994.  Isotopic characterization of atmospheric nitrogen inputs as858

sources of enhanced primary production in coastal Atlantic Ocean waters.  Marine859

Biology  119:635-645.860



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

39

39

Paerl, H.W.,  M.A. Mallin, C. Donahue, M. Go, and B.L. Peierls. 1995.  Nitrogen loading861

sources and eutrophication of the Neuse River Estuary, NC: Direct and indirect roles of862

atmospheric deposition.  Rpt. 291, Univ. of North Carolina Water Resources Res Inst863

Raleigh, NC 119p.864

Paerl H.W. J.L. Pinckney, J. Fear, and B.L. Peierls. 1998. Ecosystem responses to internal and865

watershed organic matter loading:  consequences for hypoxia in the eutrophying Neuse866

River Estuary, NC.  Marine Ecology Progress Series 166:17-25.867

Paerl, H.W., J. D.Willey, M. Go, B. L. Peierls, J. L. Pinckney and M. L. Fogel. 1999.868

Rainfall stimulation of primary production in western Atlantic Ocean waters:869

roles of different nitrogen sources and co-limiting nutrients.  Marine Ecology870

Progress Series 176:205-214.871

Paerl, H. W., and D.R. Whitall.  1999.  Anthropogenically-derived atmospheric nitrogen872

deposition, marine eutrophication and harmful algal bloom expansion:  Is there a873

link?  Ambio 28:307-311.874

Peierls, B.L., N.F. Caraco, M.L. Pace, and J.J. Cole. 1991.  Human influence on river nitrogen.875

Nature 350:386-387.876

Peierls, B.L., and H.W. Paerl. 1997.  The bioavailability of atmospheric organic nitrogen877

deposition to coastal phytoplankton.  Limnology and Oceanography 42:1819-1880.878

Pinckney, J.L., H.W. Paerl, and M.B. Harrington. 1999. Responses of the phytoplankton879

community growth rate to nutrient pulses in variable estuarine environments.  Journal of880

Phycology  35:1455-1463.881

Prado-Fiedler, R. R. 1990.  Atmospheric input of inorganic nitrogen species to the Kiel882

Bight.  Helgolander Meeresuntersuchingen  44:21-30.883



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

40

40

Prospero, J.M., K Barrett, T. Church, F. Dentener, R.A. Duce, J.N. Galloway, H. Levy II,884

J. Moody, and P. Quinn. 1996. Atmosperic deposition of nutrients to the North885

Atlantic Basin. Biogeochemistry 35:27-73.886

Pryor, S.C., R.J. Barthelmie, L.L.S. Geernaert, T. Ellermann, and K.D. Perry. 1999.887

Speciated particle dry deposition to the sea surface: results from ASEPS 97.888

Atmospheric Environment 33:2045-2058.889

Rabalais, N.N., R.E. Turner, D. Justic, Q. Dortch, W.J. Wiseman, Jr. and B. K. Sen890

Gupta.  1996.  Nutrient changes in the Mississippi River and system responses on891

the adjacent continental shelf.  Estuaries 19: 386-407.892

Rabalais, N.N., R.E. Turner, D. Justic, Q. Dortch, and W. J. Wiseman, Jr.  1999.893

Characterization of Hypoxia.  Topic 1 Report for the Integrated Assessment of894

Hypoxia in the Gulf of Mexico.  NOO Coastal Ocean Program Decision Analysis895

Series No. 15.  NOAA Coastal Ocean Program, Silver Spring MD.  167p.896

Richardson, K.  1997. Harmful or exceptional phytoplankton blooms in the marine897

ecosystem.  Advances in Marine Biology  31:302-385.898

Richardson, T.L., J. L. Pinckney & H.W. Paerl. 2000  Responses of estuarine899

phytoplankton communites to nitrogen form and mixing using microcosm900

bioassays.  Estuaries (in review).901

Riegman, R.  1998.  Species composition of harmful algal blooms in relation to902

macronutrient dynamics.  In:  Anderson, D.M., Cembella, A.D., Hallegraeff, G.M.903

(eds.).  Physiological ecology of Harmful Algal Blooms.  NATO Series Vol. G904

41, pp. 475-488.905

Rizzo, W., G. Lackey, and R. Christian. 1992. Significance of euphotic, subtidal906



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

41

41

sediments to oxygen and nutrient cycling in a temperate estuary.  Marine Ecology907

Progress Series 86:51-61.908

Rodhe, H.R., J. Soderlund, and J. Ekstedt. 1980. Deposition of airborne pollutants on the909

Baltic.  Ambio 9:168-173.910

Rowan, K. 1989. Photosynthetic pigments of the algae. Cambridge Univ. Press, N.Y., 334 p.911

Rudek J, H.W. Paerl , M.A. Mallin, and  P.W. Bates. 1991. Seasonal and hydrological control of912

phytoplankton nutrient limitation in the lower Neuse River Estuary, North Carolina.913

Marine Ecology Progress Series 75:133-142.914

Russell, K., J. Galloway, S. Macko, J. Moody, and  J. Skudlark. 1998.  Sources of nitrogen in915

wet deposition to the Chesapeake Bay region.  Atmospheric Environment  32:2453-2465.916

Ryther, J., and W. Dunstan.  1971.  Nitrogen, phosphorus and eutrophication in the coastal917

marine environment.  Science 171:1008-1112.918

Seitzinger, S.P. 1988.  Denitrification in freshwater and coastal marine ecosystems: Ecological919

and geochemical significance.  Limnology and Oceanography 33:702-724.920

Seitzinger, S. P., and R. W. Sanders. 1999. Atmopsheric inputs of organic nitrogen stimulate921

estuarine bacteria and phytoplankton.  Limnology and Oceanography  44:721-730.922

Seinfeld, J., and S. Pandis. 1998. Atmospheric Chemistry and Physics: From Air Pollution to923

Climate Change, John Wiley & Sons, Inc., New York, 1998.924

Skudlark, J., and T. Church. 1993. Atmospheric input of inorganic nitrogen to Delaware Bay.925

Estuaries 16:747-759.926

Slinn, W.G.N. 1982. Predictions for particle deposition to vegetative canopies.  Atmospheric927

Environment 16 (7):1785-1794.928



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

42

42

Smayda, T. J.  1990.  Novel and nuisance phytoplankton blooms in the sea: Evidence for global929

epidemic.  Pages 29-40 in E. Graneli, B. Sundstrom, R. Edler and D. M. Anderson (eds.),930

Toxic Marine Phytoplankton, Elsevier, New York.931

Sorteberg, A., Ø. Hov, S. Solber, K. Tørseth, H. Areskoug, M. Ferm, K. Granby, H. Lättilä, K.932

Persson, and  D. Simpson. 1998. Gaseous and particulate oxidized and reduced nitrogen933

species in the atmospheric boundary layer in Scandinavia in spring, Journal of934

Atmospheric Chemistry 30, 241-271.935

Stoddard, J.L. 1993. Long-term changes in watershed retention of nitrogen: its causes and936

aquatic consequences, in L.A. Baker (editor), Environmental Chemistry of Lakes and937

Reservoirs, Advances in Chemistry Series No. 237, American Chemical Society,938

Washington, D.C.939

Stolte, W., T. McCollin, A. Noordeloos, and R. Riegman. 1994.  Effects of nitrogen source on940

the size distribution within marine phytoplankton populatrions.  Journal of Experimental941

Marine  Biology and Ecology 184:83-97.942

Syrett, P.J. 1981.  Nitrogen metabolism of microalgae.  In:  Platt, T. (ed.), Physiological Bases of943

Phytoplankton Ecology.  Canadian Bulletin of Fisheries and Aquatic Sciences 210:182-944

210.945

Takeda, S., A. Kamatani, and K. Kawanobe. 1995.  Effects of nitrogen and iron enrichments on946

phytoplankton communities in the Northwestern Indian Ocean.  Marine Chemistry947

50:229-241.948

Tampa Bay National Estuary Program. 1996.  Charting the Course for Tampa Bay: Final949

Comprehensive Conservation and Management Plan.  TBNEP, St. Petersburg, FL.950



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

43

43

Timperley, M, R Vigor-Brown, M Kawashima, and M. Ishigami. 1985.  Organic nitrogen951

compounds in atmospheric precipitation:  Their chemistry and availability to952

phytoplankton.  Canadian Journal of Fisheries and Aquatic Sciences 42:1171-1177.953

Torseth, K., and A. Semb. 1998. Deposition of nitrogen and other major inorganic compounds in954

Norway, 1992-1996. Environmental Pollution 102(S1): 299-304.955

Turpin, D.H. 1991.  Effects of inorganic N availability on algal photosynthesis and carbon956

metabolism.  Journal of  Phycology  27:14-20.957

Tyler, M. 1988. Contributions of atmospheric nitrate deposition to nitrate loading in the958

Chesapeake Bay.  VERSAR Inc. Maryland Department of Natural Resources959

Report RP1052.960

Valiela, I., K. Foreman, M. LaMontagne, D. Hersh, J. Costa, P. Peckol, B. DeMeo-961

Anderson, C. D'Avanzo, M. Babione, C-H. Sham, J. Brawley, and K. Lajtha962

1992.  Couplings of watersheds and coastal waters:  Sources and consequences of963

nutrient enrichment in Waquoit Bay, Massachusetts. Estuaries 15:443-457.964

Valigura, R., W. Luke, R.  Artz, and B. Hicks. 1996.  Atmospheric Nutrient Inputs to965

Coastal Areas: Reducing the Uncertainties.  US-NOAA Coastal Ocean Program966

Decision Analysis Series No. 9. Washington DC.967

Valigura, R.A., R.B. Alexander, M.S. Castro, T.P. Meyers, H.W. Paerl, P.E. Stacey, and968

R.E. Turner (eds.). 2000.  Nitrogen Loading in Coastal Water Bodies:  An969

Atmospheric Perspective.  Coastal and Estuarine Studies No. 57.  American970

Geophysical Union, Washington, DC. 254 p.971

Van Rijn, J., M. Shilo, and S. Diab. 1986.  Phytoplankton succession in relation to nitrogen972

regime in shallow, brackish-water fish ponds.  Archives of Hydrobiology 111:183-195.973



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

44

44

Vitousek P.M., H.A. Mooney, J. Lubchenko, and J. M. Mellilo. 1997.  Human974

domination of Earth’s ecosystems.  Science 277:494-499.975

Weisberg RH & LJ Pietrafesa (1983). Kinematics and correlation of the surface wind976

field in the South Atlantic Bight. J. Geophys. Res. 88 (C8): 4593-4610.977

Whitall. D.R. 2000.  Atmospheric Nitrogen Deposition to the Neuse River Watershed:978

Fluxes, Sources and Spatiotemporal Variability. Ph D Dissertation.  University of979

North Carolina at Chapel Hill.980

Willey, J.D., and H.W. Paerl. 1993. Enhancement of chlorophyll a production in Gulf981

Stream surface seawater by synthetic vs. natural rain. Marine Biology 116:329-982

334.983

Winn, R., and D. Knott. 1992.  An evaluation of the survival of experimental populations984

exposed to hypoxia in the Savannah River Estuary.  Marine Ecology Progress Series985

88:161-179.986

Wyers, G., and  J. Erisman. 1998. Ammonia exchange over coniferous forest. Atmospheric987

Environment 32:441-451.988

Zhang, J.  1994.  Atmospheric wet deposition of nutrient elements:  Correlation with harmful989

biological blooms in Northwest Pacific coastal zones.  Ambio 23:464-468.990

Zhuang, G., Z. Yi, and G. T. Wallace. 1995. Iron (II) in rainwater, snow, and surface seawater991

from a coastal environment.  Marine Chemistry  50:41-50.992



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

45

45

Table 1:  The physical-chemical characteristics of major US Atlantic and Gulf Coast Airsheds.993

Characteristics of Oxidized-Nitrogen Airsheds

Watershed Size
(km2)

Size
Factor
Over

Watershed
Area

% Ox-N
Deposition
Explained

Airshed
NOx

Emissions
as % of
E. North
American

Efficiency
of

Deposition
%Dep. per
%Emiss.

Casco Bay 624,000 244 47 10 4.7

Great Bay 547,200 214 60 13 4.6

Narragansett Bay 595,200 138 73 18 4.1

Long Island Sound 905,600 22 70 23 3.0

Hudson/Raritan Bay 912,000 22 62 25 2.5

Barnegat Bay 505,600 361 67 16 4.2

Delaware Bay 729,600 22 75 26 2.9

Delaware Inland Bays 326,400 584 52 12 4.3

Chesapeake Bay 1,081,600 6.5 76 34 2.2

Pamlico Sound 665,600 25 63 18 3.5

Winyah Bay 886,400 19 69 24 2.9

Charleston Harbor 806,400 20 56 18 3.1

St. Helena Sound 588,800 48 59 11 5.4

Altamaha 678,400 18 68 13 5.2

Tampa Bay 256,000 45 76 5 15.2

Apalachee Bay 441,600 31 50 9 5.6

Apalachicola Bay 812,800 16 69 17 4.1

Mobile Bay 992,000 8.7 68 17 4.0

Lake Pontchartrain 659,200 17 63 11 5.7

Barataria-Terrebonne 409,600 55 63 8 7.9
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Table 2.  Summarized Characteristics of Principal Airsheds for Oxidized-Nitrogen994
995

Deposition.996
997

Percentiles
Principal

Ox-N
Airshed

Area
(km2)

Size Factor
Over

Watershed
Area

% Ox-N
Deposition
Explained
by Airshed
Emissions

Airshed
NOX

Emissions
as % of
E. North
American
Emissions

Maximum 1,081,600
Chesapeake Bay

584
Delaware Inland

Bays

76
Chesapeake Bay

Tampa Bay

34
Chesapeake Bay

80th 896,000
Long Island Sound

Winyah Bay

176
Great Bay

Narragansett Bay

71.5
Narragansett Bay

Long Island Sound

 23.5
Winyah Bay

Long Island Sound

50th 662,000
Pamlico Sound

Lake Pontchartrain

23.5
Pamlico Sound

Long Island Sound

65
Barnegat Bay

Pamlico Sound

16.5
Apalachicola Bay

Barnegat Bay

20th 474,000
Barnegat Bay

Apalachee Bay

17.5
Altamaha

Lake Pontchartrain

57.5
St. Helena Sound
Charleston Harbor

10.5
St. Helena Sound

Casco Bay

Minimum 256,000
Tampa Bay

6.5
Chesapeake Bay

47
Casco Bay

5
Tampa Bay

80th/20th 1.9 10.1

?  (80th-20th) Spread
as % of 50th

±32% na ±11% ±39%

998
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Table 3.  Characteristics of Principal Airsheds for Reduced-Nitrogen Deposition.999
1000

Watershed
Principal
Red-N
Airshed

Area
(km2)

Red-N Area
as % of
Ox-N
Area

% Red-N
Deposition
Explained
by Airshed
Emissions

Airshed
NH3

Emissions
as % of
E. North
American
Emissions

Chesapeake Bay 688,000 64% 55% 11%

Pamlico Sound 406,400 61% 60%  6.8%

Apalachee Bay 313,600 71% 49% 4.3%

1001
1002
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Table 4: Estimated contributions of atmospheric deposition of  N (AD-N) to "new" N1003

inputs in diverse estuarine, coastal and open ocean waters.  When identified, the sources1004

(wet;W and/or dry deposition;D) and chemical forms (inorganic;I and/or organic;O) of1005

AD-N are indicated.  Informational sources and references are provided.1006

_____________________________________________________________________________________1007

Receiving Waters       % of "new" N as AD-N References1008

_____________________________________________________________________________________1009

Baltic Sea (Proper)          ~ 30 W+D, I Elmgren 1989, Ambio 19901010

Kiel Bight (Baltic) 40% W, I Prado-Fiedler 19901011

North Sea (Coastal) 20-40% W+D, I  GESAMP 19891012

Western Mediterranean Sea   10-60% W, I Martin et  al. 19891013

Waquoit Bay, MA, USA 29% W, I+O Valiela et al. 19921014

Narragansett Bay, USA            12% W, I+O Nixon 19951015

Long Island Sound, USA 20% W, I+O Long Island Sound Study 19961016

New York Bight, USA          38% W, I+O Valigura et al. 19961017

Barnegat Bay, USA 40% W, I+O Moser 19971018

Chesapeake Bay, USA      27% W, I+O            Chesapeake Bay Program 19941019

Rhode River, MD, USA 40% W, I+O Correll and Ford 19821020

Neuse River Estuary, NC, USA 34% W, I+O Whitall 20001021

Pamlico Sound, NC, USA ~ 40% W+D, I Paerl and Fogel 19941022

Sarasota/Tampa Bay, FL, USA 30% W+D, I Sarasota Bay NEP 19961023

Mississippi River Plume, USA                              2-5%, W+D, I+O               Goolsby et al. 20001024

1025
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Table 5: Nitrogen retention model based on GIS land cover data for the Neuse River1026

Watershed (USGS).  N retention values are from Tyler et al. (1988), Hinga et al. (1991),1027

Fisher and Oppenheimer (1991) and Valigura et al. (1996).  The Best Estimate value is1028

bounded by the Highest and Median reported retention values (lowest reported values1029

produced unrealistically high AD-N fluxes to estuary).1030

1031

Model Percent N

retained by

land

Percent N

retained by

land

Percent N

retained by

land

Percent N

retained by

land

Percent N

retained by

land

Forest Crop Pasture Urban Other

Highest 100 99.97 99.96 95.3 75

Median 90 80 85 60 60

Best

Estimate

99 96 97 70 75

1032
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Table 6: In-stream degradation model.  Model assumes that the degree to which an N1033

parcel is degraded due to denitrification and settling is directly proportional to travel1034

distance in stream.  Model developed by the North Carolina Department of Environment1035

and Natural Resources, Division of Water Quality.  Refer to figure 6 for the locations of1036

zones 1 through 4.1037

1038
Region Percent N reaching estuary

Zone 1 (Above Falls Lake Dam) 10

Zone 2 (Falls Lake Dam to Contentnea Creek) 50

Zone 3 (Contentnea Creek to Streets Ferry) 70

Zone 4 (Below Streets Ferry) 100

1039
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Table 7: The contribution of AD-N to the total “new” nitrogen flux to the Neuse River1040

Estuary.  Columns 1, 5 and 6 are measured values and columns 3 and 7 are derived from1041

model outputs (refer to Tables A and C).  Total “new” flux to the estuary (column 6) is1042

equal to the riverine flux measured at the head of the estuary (which inherently includes1043

indirect AD-N), plus point and non-point sources below the head of the estuary and plus1044

direct AD-N to the estuary.1045

1046
Indirect

Wet AD-

N

Depositio

n (Mg/yr)

Model

Used

Indirect

AD-N

Exported

to Rivers

(Mg/yr)

Indirect

AD-N

Reaching

Estuary

(Mg/yr)

Direct

AD-N to

Estuary

(Mg/yr)

Total

“new” N

Flux to

Estuary

(Mg/yr)

AD-N as

% of total

“new” N

flux

15,026 Highest 863 718 385 7.408 15

15,026 Median 2,722 1,953 385 7.408 32

15,026 Best

Estimate

1,861 1,412 385 7.408 24

1047
1048



ESTUARIES ms3204 - CONFIDENTIAL - FOR REVIEW ONLY

52

52

FIGURE CAPTIONS1049

1050

Figure 1.  Schematic diagram showing the interactions of  airshed N emissions and1051

deposition with estuarine physical, chemical, and biological processes.1052

Figure 2.  Estimated annual wet deposition of nitrate and ammonium for the mainland1053

USA during the intervals 1985-89 and 1995-99.  Annual N deposition is given as1054

millimoles per square meter.  Data are from the National Acid Deposition Program1055

(NADP) network of collection sites.  Figure courtesy of the NADP (2000).1056

Figure 3. Oxidized-Nitrogen Principal Airsheds for the U.S. East Coast: Narragansett1057

Bay, Hudson R./Raritan Bay, Chesapeake Bay, Pamlico Sound, Altamaha Sound.1058

Figure 4. Oxidized-Nitrogen Principal Airsheds for the U.S. Gulf Coast:  Tampa Bay,1059

Apalachee Bay, Mobile Bay, either Lake Pontchartrain or Barataria-Terrebone.1060

Figure 5.  Reduced-Nitrogen Principal Airsheds for Chesapeake Bay, Pamlico Sound,1061

Apalachee Bay.1062

Figure 6.  Location of the Neuse River Estuary and Pamlico Sound, Eastern North1063

Carolina.  The watershed boundaries for both systems are shown, as are the atmospheric1064

deposition collection sites located in watershed zones used to estimate annual1065

atmospheric N deposition inputs to the Neuse R. Estuary (values given in table 6).  Neuse1066

River watershed zones for the in-stream degradation model (Table 6) are also shown.1067

Figure 7.  Conceptual diagram illustrating the role of atmospheric deposition of nitrogen1068

in estuarine N cycling.1069
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1070

Figure 8.  Conceptual diagram illustrating the impacts of changes in phytoplankton1071

composition on estuarine carbon flux, sediment oxygen demand and nutrient cycling in1072

response to eutrophication.   If  an increase in externally-supplied or “new” nutrient1073

inputs lead to selective stimulation of  phytoplankton that are not readily grazed and1074

transeferred up the food web (e.g., nuisance cyanobacteria and dinoflagellates), these1075

phytoplankton will proportionately increase the sediment oxygen demand (SOD) and1076

hypoxia and anoxia burden of the estuary.  By contrast, if readily-consumed1077

phytoplankton are favored, sediment oxygen demand will be reduced.1078

1079

Figure 9.  A 20 year record (1978-1998) of NH4
+ and the ratio of NH4

+  to NOx in wet1080

deposition at NADP site NC 35, Sampson County, NC1081

1082

Figure 10.  Phytoplankton community composition in bioassays performed in April/May1083

1998.  N additions were equimolar, and identical sets of samples were incubated at 100%1084

and 10% of ambient irradiance under natural irradiance and temperature conditions. The1085

pie represents the total amount of chlorophyll a, which is partitioned among the major1086

algal groups (Adapted from Harrington 1999).1087

1088

Figure 11.  Oxidized-Nitrogen Airsheds that Significantly Overlap and Whose Outer1089

Boundary Comprises a Northeast Super-region: Hudson/Raritan Bay, Barnegat Bay,1090

Delaware Bay, Delaware Inland Bays, Chesapeake Bay, Pamlico Sound, Winyah Bay.1091

1092
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