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ABSTRACT 

A multi-year (1990-1993) field survey and in situ bioassay study was undertaken to 
examine trophic and biogeochemical impacts of nutrient loading events at 3 
representative oligohaline and mesohaline locations in the Neuse River Estuary, 
North Carolina. Additional data were evaluated from an earlier study (1987-1990) at 
a mesohaline location Previous studies showed the estuary as being 
nitrogen-limited throughout much of the year. In addition there is evidence and 
concern that recent increases in nitrogen loading have led to spatial and temporal 
expansion of phytoplankton blooms, indicating accelerating eutrophication. 
Accordingly, we examined the roles of significant nitrogen (N) inputs on the 
eutrophication process. Emphasis was placed on external or "new" N loading sources 
such as riverine discharge and direct atmospheric deposition (rainfall), as well as 
internal or regenerated N. 

The amounts and timing of N loading events, coupled to water residence time, 
salinity, and advection proved to be overriding "forcing features" controlling 
phytoplankton productivity, biomass, species composition and bloom formation. In 
addition, bottom water oxygen depletion and release of internal N (as ammonium) 
and P (as orthophosphate) supplies were indirectly controlled by hydrological events. 
Large contrasts in phytoplankton production dynarnics were observed between low 
discharge and high discharge years. Irradiance (light intensity and flux) and water 
temperature fluctuations played additional roles in determining seasonal production 
and bloom patterns. 

Field and biossay studies strongly implicated N loading as an overriding determinant 
of primary production. Phosphorus played a co-limiting role only during high N 
discharge and loading events in late-winter and spring, when estuarine N:P ratios 
exceeded 151. Rainfall-based N proved to be an important "new" N source, both 
budgetarily and as a direct stimulant of primary production. This was most evident 
between late spring and fall, when ambient dissolved inorganic nitrogen 
concentrations were low. Internal N loading events, such as sediment ammonium 
(NHJ release during N-limited summer and fall months, were of considerable 
importance in sustaining primary production. 

The maintenance of acceptable phytoplankton production and bloom conditions in 
the Neuse River Estuary should focus on controlling (reducing) N loading. A 
reduction to approximately 70 % of current levels is recommended. This 
recommendation is based on both nutrient addition bioassay results and documented 
increases in N loading over the past 2 decades. Both the amounts and timing of 
terrigenous and atmospheric sources of nitrogen loading should be targeted when 
considering cutbacks. More than half the annual dissolved inorganic nitrogen (DIN) 
loading can occur during the winter-spring (January-April) high rainfall / runoff 
periods. Recommended actions are timely and prudent applications of N-based 



fertilizers, construction of vegetation "buffer zones", no-till farming practices, close 
scrutiny and control of N waste discharge from poultry, hog and cattle operations 
and adherence to wastewater treatment plant effluent standards will be economically 
attainable and environmentally effective. Reduction of atmospheric N inputs must 
rely on statewide and national efforts aimed at controlling N emissions (NO,-) from 
fossil fuel combustion and agricultural emissions. Relatively high ambient P 
concentrations and occasional P co-limitation indicate that inputs of this nutrient 
should likewise be reduced. 
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SUMMARY, CONCLUSIONS AND MANAGEMENT RECOMMENDATIONS 

The Neuse River Estuary is characterized as moderately-productive (370 gC m-2 JW'), 
and nitrogen-limited throughout much of the year. It periodically exhibits a 
eutrophic conditions, which are at least partially controlled by meteorological and 
hydrological variables (i.e. high rainfall and water discharge periods) (Paerl et al. 
1990; Mallin et al. 1993). In recent decades, agricultural and urban expansion in the 
Neuse River basin have been responsible for considerable and increasing nitrogen 
loading (Tedder et al. 1980; Stanley 1988; Copeland and Gray 1989). Current 
symptoms of eutrophication indude periodic freshwater blue-green algal 
(cyanobacterial) and estuarine (oligo- to mesohaline) dinoflagellate blooms (Tedder et 
al. 1980; Paerl 1983; 1987; Paerl et al. 1990a). In the estuary, dominant winter-spring 
bloom species, including the non-toxic dinoflagellates Heterocavsa triuuetra, 
Gvmnodinium spp., Prorocentrum minimum and cryptomonads Cmtomonas spp., 
are considered "desirable" from trophic (food utilization) and water quality (adverse 
taste and odor problems) perspectives. There is evidence, however, that 
recently-documented large and long-lasting blooms are associated with bottom water 
oxygen "sags" approaching, but seldom reaching, anoxia. Field sampling indicated 
that these hypoxic bottom water conditions occurred approximately 40% of the time 
near New Bern and about 20% of the time downstream near Adams Creek, with 
incidences occufiing in winter as well as summer. Further stimulation of 
bloom-forming phytoplankton biomass and persistence of blooms during periods of 
increasing water residence time are likely to increase the probability of localized 
hypoxia and anoxia. During mid- to latesummer, estuarine blue-green algal genera 
(Phonnidium spp., Oscillatoria spp.) are present in the mid and lower reaches of the 
estuary, possibly serving as an additional indicator of accelerating eutrophication. 

We examined the impacts of various nutrient (N and P) loading sources on 
phytoplankton primary production, biomass (as chlorophyll aJ and bloom dynamics 
at 3 locations spanning the range of salinities encountered in the estuary. We 
combined a 3 year (1990-1993) multi-parameter field nutrient-production study with 
in situ nutrient addition bioassays. In addition, a longer-term data set, started in 
1987 at one of the mesohaline locations (M6), was included for comparative purposes. 
Specific emphasis was put on nitrogen-production interactions. In particular, we 
evaluated the relative importance of nitrogen-enriched atmospheric deposition 
(rainfall) as an external "new" nitrogen source enhancing production and 
eutrophication. 

Phytoplankton blooms were closely-coupled to a distinct sequence of hydrological 
events, including periods of enhanced moff and nutrient (specifically N) loading. 
Strong synergism was evident between the amounts and timings of nutrient loading, 
water flushing and residence times in the estuary. Of additional importance were 
irradiance (intensity and length of day), salinity, vertical mixing and temperature 



regimes; these factors closely controlled the types and distributions of phytoplankton 
populations. 

During the course of this study, there were no clear-cut, overall, long-term, 
inter-annual trends in annual primary productivity and phytoplankton biomass. 
Seasonally, phytoplankton productivity and biomass closely "tracked" the interplay 
between hydrology and associated nutrient loading. There were large production 
differences between "dry" and "wettt years, which were attributable to amounts and 
timing of N loading. With regard to N loading dynamics, loads solely derived from 
riverine (Neuse and Trent Rivers) sources could not account for total annual 
production. Direct atmospheric deposition of DIN, and possibly DON, were essential 
additional sources of "new" N required to support production, especially in summer 
months. Also, periodic "internalt N loading, in the form of NHC regeneration, 
provided an important source of N that maintained high rates of production. 
Denitrification may have been a quantitatively significant N loss mechanism in the 
estuary. If so, direct atmospheric N deposition and regeneration would have been 
even more important in mediating N availability and balancing N budgets. These 
two N input sources and possibly groundwater, were especially critical during 
summer-fall months, when riverine N loading was minimal. 

A budgetary comparison between seasonal riverine and direct atmospheric DIN 
inputs (as rainfall) indicated that atmospherically derived N (ADN) was a highly 
sigruficant, and at times (summer-fall), dominant "new" N source in the estuary, 
accounting from 2 to over 200% of the biologically available external N input 
Bioassays indicated that when N was limiting, small ADN additions mimicking 
naturally occurring dilutions of rainwater in the estuary water led to significant 
enhancement of primary production and phytoplankton biomass (chlorophyll aJ. 

Overall, external "new" N loading in the Neuse Basin is increasing, especially when 
considering atmospheric deposition. Groundwater N sources, although not 
quansed in this study, may also be increasing. Unless these growing N inputs are 
controlled, long-term (i.e. years to decades) eutrophication and associated 
phytoplankton blooms are likely to increase. This means a growing potential for 
nuisance blooms, bottom water hypoxia and anoxia, toxicity, habitat degradation and 
negative impacts on recreational and commercial fisheries. 

A management strategy for the Neuse River Estuary should be focused on 
controlling, and ultimately reducing, nitrogen loading, in both dissolved and 
particulate forms. Based on nutrient addition bioassays and recent (past several 
decades) increases in N loading, a reasonable strategy for reduction is to restrid N 
inputs to no more than 70 % of current levels. This recommendation is similar in 
magnitude and scope to one made for controlling cyanobaderial bloom potentials in 
the freshwater segment of the Neuse River (Paerl 1987). Terrigenous and atmospheric 
sources of nitrogen loading should be targeted. A critical facet of N input controls is 



timing. As much as 70% of the annual dissolved inorganic nitrogen (DIN) loading 
can occur during the winter-spring January- April high raid all/ runoff periods. 
Prudent applications of N-based fertilizers, construction of vegetation "buffer zones", 
no-till farming practices, close scrutiny and control of N waste discharge from 
poultry, hog and cattle operations and compliance with point-source discharge 
standards will help attain recommended N input reductions. Constraints on ADN 
inputs will need to focus on reducing atmospheric N emissions (NO,-) from fossil fuel 
combustion and restricting agricultural emissions of NH4+. ADN cutbacks wiJl need 
to be undertaken on national and state levels, since emission sources are often distant 
and diffuse. Jointly, these cutbacks will facilitate maintenance of desirable trophic 
status of both the river and estuary. 

Occasional "worst case scenarios" occurred, where very high levels of winter-spring 
runoff (and hence N loading) were followed by extensive (several months) drought, 
leading to upstream cyanobacterial blooms and large winter-spring 
dinoflagellate/cryptomonad blooms. These blooms may be minimized but not 
altogether eliminated by the recommended management strategy. Such scenarios 
occur with a frequency of once every 5 to 10 years in the Neuse River Basin. A 
long-term N reduction management strategy will, however, help "leachtt the 
sediments of extensive and long term buildups of both N and P, so that when the 
"worst case scenario" takes place, within-system nutrient supplies will be most 
rapidly exhausted, thereby spatially and temporally reducing blooms of 
potentially-noxious phytoplankton. 

Phosphorus only infrequently played a role as a co-limiting factor for phytoplankton 
production. Phosphorus co-limitation occurred during late-winter / early-spring, 
when maximum freshwater runoff led to high levels of N loading. At this time, 
molar DINDIP ratios periodically exceeded 16. Throughout the rest of the year, 
DIN:DIP ratios remained well below 10:1, with N limitation (alone) being a consistent 
feature. 

While P limitation was rare, it is important to exercise parallel controls on the input 
of this nutrient Ambient P concentrations are already high in the Neuse, especially in 
the summer. If P inputs are allowed to increase above current levels, the potential 
for N, fixing cyanobacterial blooms will be enhanced in the freshwater portion of the 
estuary. It is unknown whether in the face of increased P loading this potential will 
also apply to more saline portions of the estuary. However, oligohaline and 
mesohaline N,-fixing cyanobacterial nuisance bloom taxa (e.g. Nodularia spp., - - 
~m~hanizomenon spp.) have been reported in some P-enriched estuarine 
environments, including regions of the Baltic Sea, and the Peel-Harvey Estuary, 
Australia (Paerl1988). The potential for these events in the Neuse Estuary should be 
minimized by achieving parallel reductions in P inputs along with proposed N 
reduction. The atmosphere is not a significant source of P; therefore, proposed 
constraints on ADN inputs are not likely to impact estuarine P loading. If proposed 
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terrigenous N input cutbacks are enacted, si@cant P input constraints will be 
achieved. This is particularly true if agricultural best management practices, such as 
no till farming, development and maintenance of vegetation buffer zones and controls 
on animal (poultry, hog and livestock) operations discharge, are implemented. Point 
sources are additionally-significant contributors to P input To this end, a positive 
and potentially effective step would be to ensure that all wastewater effluents 
currently discharged into the Neuse and its tributaries meet North Carolina P and N 
standards. 



INTRODUCTION: NUTRIENT-ENHANCED EUTROPHICATION OF THE NEUSE 
RIVER ESTUARY 

Among water quality issues facing North Carolina and the Nation, perhaps none is as 
evident and of public and water management concern as anthropogenicdy driven, 
nutrient-enhanced eutrophication. The functional linkages between anthropogenic 
nutrient loading and the consequences of eutrophication have been clearly established 
in freshwater ecosystems, particularly phosphorus and nitrogen-enriched lakes and 
reservoirs (Vollenweider 1982). These consequences include nuisance algal blooms, 
excessive oxygen consumption leading to hypoxia (dissolved oxygen < 5.0 mg L-l) 
and anoxia (no detectable dissolved oxygen), associated toxicity and habitat 
loss/alteration. While we have been aware of water quality deterioration associated 
with freshwater eutrophication for some time (at least 50 years in industrially and 
agriculturally developed regions of the world), symptoms are now becoming more 
evident in major estuarine and coastal environments (Nixon 1986; Riegman 1990; 
Smetacek et aL 1991). 

Our understanding of the eutrophication process in estuaries is far less complete than 
that for freshwater environments. In part, this informational gap exists because we 
have only recently become aware of the threat that nutrient-enhanced eutrophication 
poses for water quality, trophic state and overall environmental health of our 
estuaries. In addition, estuaries are large, highly dynamic and logistically difficult to 
sample, assess and evaluate (i.e. model). Furthermore, limited long-term nutrient, 
productivity, and related water quality data (i.e. chlorophyll a dissolved 0, biomass 
and biodiversity) have restricted the making of comprehensive and broadly 
applicable evaluations of anthropogenic impacts on estuarine water quality. 

In addition to the limited environmental data in estuaries, relatively little information 
exists concerning the functional relationship between specific nutrient inputs and 
primary production, i.e. the photosynthetic conversion of CO, into organic matter. 
Primary production (PP) exerts a strong control on ecosystem fertility, nutrient 
(carbon, nitrogen, phosphorus, silica, sulfur, iron and a variety of micronutrients) 
assimilative capaaty and fertility. As such, PP is a key determinant of the 
accumulation of plant and animal biomass, species composition and the resultant 
balance between photosynthetic 0, production and respiratory/ decompositional0, 
consumption. 

In order to appropriately assess estuarine PP responses to nutrient inputs, we must 
first determine which nutrient(s) control or "limit" PP. Accurate assessments of 
specific nutrient loadings, over time and space, are additionally needed for 
understanding the seasonal linkage between nutrient inputs, production and 
eutrophication processes. These informational requirements call for multi-parameter 
sampling coupled with an experimental approach. Nutrient limitation is determined 



experimentally (i.e. nutrient addition bioassays) or inductively, by stoichiometrically 
comparing nutrient inputs (and their ratios) to ecosystem assimilatory demands 
(Redfield et al. 1963). In addition, nutrient inputs must be accurately identified and 
quantified, and PP must be determined, preferably under naturally occurring 
physical-chemical (i.e. irradiance-water column transparency, temperature, salinity, 
dissolved 0;) conditions. Lastly, seasonal sampling, capable of distinguishing, over 
time and space, the linkages between nutrient inputs and PP responses, is essential. 
We have adopted this approach in order to "put the pieces of the eutrophication 
puzzle in place" in the Neuse River Estuary. 

All of North Carolina's major rivers and receiving estuaries are at varying degrees 
influenced by anthropogenically accelerated nutrient loading. Recent recurrent toxic 
and noxious algal blooms, associated hypoxia/anoxia and fish kills in several Coastal 
Plain riverine-estuarine systems, including the Chowan, Pamlico and Neuse, have 
illustrated the eutrophication problem. Concern over this troubling trend has 
stemmed not only from the noticeable loss of recreational and commercial fisheries 
and water quality of affected rivers, but also fiom the fact that these rivers are among 
the main tributaries supplying freshwater to Albemarle-Pamlico Sound. This system 
is the second laxgest estuarine complex on the mainland U.S. and the most important 
water and associated fisheries resource in North Carolina. 

Among affected Coastal Plain rivers, the Neuse River and its estuary are of particular 
concern, because freshwater segments of the lower river, between Kinston and New 
Bern, NC, have exhibited symptoms of advanced eutrophication in the form of 
surface-dwelling blooms of the nuisance blue-green alga (cyanobacterium) 
Microcvstis aerujzinosa and minor blooms of other cyanobacteria, Oscillatoria spp., 
Anabaena sm.. a - Blooms have been most intense and long-lasting in years when high 
spring runoff was followed by periods of extensive summer drought (1981, 1983, 
1988). Prior studies (Paerl1983,1987; Stanley 1983; Christian et al. 1986) have linked 
the bloom problem to excessive spring nutrient, specifically nitrogen, loading, fol- 
lowed by increased summertime water residence time and periodic water column 
(vertical) stratification, and stagnation. Showers et al. (1990) demonstrated a strong 
functional linkage of spring N loading to nuisance blooms. Based on the use of 
stable N isotope "signatures" of N sources and sinks, they showed that N discharged 
into the river during springtime (i.e. nonpoint source loading) remained in the lower 
river long enough to act as a nutrient source supporting late spring and summertime 
blooms. Throughout much of the bloom-prone period, the lower Neuse River and 
adjacent estuary revealed nitrogen limited PP (Paerl 1987). More recent seasonal 
studies (Rudek et al. 1991; Paerl et aL 1990a; 1990b; Mallin et al. 1993) have 
demonstrated sensitivity of PP to N enrichment (i.e. N limitation) throughout much 
of the year, with phosphorus playing a secondary role as co-limiting nutrient during 
spring runoff, when maximum N loading took place (Paerl et al. 1990a; Rudek et al. 
1991). 



These studies have provided the informational backdrop for concluding that (1) N 
sensitivity, and hence N limitation, characterizes the lower Neuse River and Estuary 
throughout much of the year (most importantly, throughout the algal bloom periods), 
(2) IT and algal bloom potentials in the lower Neuse River/Estuary are closely 
controlled by hydrological events, including excessive runoff and associated nutrient 
(N) loading, drought, and the resultant changes in water flushing and/or residence 
times, and (3) that appropriate identification, quantification and timing of N inputs 
are essential informational needs for elucidating the functional links between N 
loading, PP and bloom potentials. 

Responding to needs for clarifying links between nutrient loading and eutrophication 
and to more thoroughly document the potential for eutrophication in downstream 
estuarine segments of the Neuse, the UNC Water Resources Research Institute, the 
EPA-supported Albemarle Pamlico Estuarine Study and the North Carolina Sea Grant 
Program have, over the past 6 years, supported our research to address the 
above-mentioned informational needs. This report in part represents an  integration 
of these studies aimed at putting pieces of the eutrophication puzzle in place. 

One specific aim has been to identify and characterize (in terms of biogeochemical 
and trophic impacts) sources of externally loaded, allochthonous or "new" N 
supporting PP and eutrophication in downstream oligohaline and mesohaline regions 
of the lower Neuse River Estuary. In particular, we have investigated the potential 
budgetary and trophic roles of atmospheric sources of N, deposited as wet- and 
dryfall. This hitherto-unrecognized source of "new" N has recently been shown to be 
a strong stimulant of PP in N-depleted estuarine and coastal waters (Paerl 1985, 1993; 
Paerl et al. 1990b; Willey and Paerl1993), including the Neuse River Estuary and 
adjacent AIbemarle Pamlico Sound (see next section). Seasonal studies have revealed 
a strong linkage between runoff-related pulse N loading and periods of enhanced PP 
and dinoflagellate (Heterocavsa triuuetra, Gvmnodinium svv., Prorocentrum 
minimum), and cryptomonad (Cmtomonas svv.) blooms (Mallin et al. 1991; 1993). 
The magnitudes and duration of these blooms appear to be increasing. During the 
years of high winter-spring rainfall and resultant runoff (1989-1990, 1991-1992, early 
1993 and 1993-1994), extensive dinoflagellate and cryptomonad blooms were observed 
in the oligo- to mesohaline waters of the Neuse River estuary. An exceptionally large 
bloom of the red cryptomonad Cmtomonas svv. and the dinoflagellate Heterocavsa 
triquetra occurred from mid-January through late-April, 1994, and turned a 15-20 km 
oligo-mesohaline segment between New Bern and Cherry Point "blood red". 
According to many long-term residents and R Dove, the Neuse River Keeper (Neuse 
River Foundation), this bloom was "the largest in recent memorv". 

While the organism(s) responsible were neither toxic nor 
quality perspectives, the apparent increasing magnitudes 
of such blooms poses a potential water quality problem. 
anoxia will result if large accumulations of algae rapidly 

problematic from water 
and spatial-temporal extent 
Bottom water hypoxia and 
die and decay in confined 



and/or stagnant (non-mixed) regions of the river. Some oxygen depletion was 
observed in bottom waters underlying blooms during spring 1994. Despite this, no 
anoxia (fully anaerobic conditions) or associated fish kills were documented during 
the spring 1994 bloom. 

To investigate whether increased magnitudes and spatial coverage of blooms are 
indeed indicative of accelerating eutrophication in the Neuse Estuary, we examined 
nutrient, primary productivity and chlorophyll a data sets collected between 1989 and 
1994. Results of this examination and its implications for water quality trends are 
discussed here. 

THE POTENTIAL IMPORTANCE OF ATMOSPHERIC NUTRIENT DEPOSITION IN 
ESTUARINE EUTROPHICATION: THE NEUSE RIVER ESTUARY 

As recipients of accelerating nutrient loading, estuaries such as the Neuse River 
typify the "new frontier" of eutrophication. Thus far, the major estuarine research and 
management focus has been on those systems exhibiting the most obvious symptoms 
of advanced eutrophication, including harmful algal blooms, anoxia, toxicity, and a 
variety of undesirable food web alterations. Estuaries are experiencing a wide range 
of eutrophication-related biogeochemical (material flux) and trophic (food web) 
changes in response to enhanced nutrient input These range from cryptic changes in 
phytoplankton community composition accompanied by incipient stages of 
accelerating primary production, to full-blown nuisance and harmful phytoplankton 
bloom events, accompanied by anoxia, toxicity and rapidly declining water quality 
(as well as fisheries resources). Human population growth around estuaries (and 
their catchments) and adjacent coastal regions, accompanied by agricultural, 
industrial and urban development, have led to an unprecedented acceleration of 
nutrient inputs into these regions (Nixon 1986; Brockman et al. 1988; Peierls et al. 
1991). More and more, impacted estuaries and coastal waters are experiencing 
moderate to advanced stages of eutrophication, initially as a gradual "greening" of the 
waters, followed by recurring and intensxEying phytoplankton blooms. To our best 
knowledge, the Neuse River Estuary can now be placed in the "moderate" category 
but periodically exhibiting advanced stages of eutrophication. 

Recognition of the broad problem of estuarine eutrophication has brought with it a 
growing awareness of the magnitudes and complexities of anthropogenic nutrient 
loadings affecting the eutrophication process. Among major nutrient, and specifically 
N, inputs, those we are most familiar with and hence best quantified are land-based, 
or teGgenous allochthonous inputs, including: (1) urban and industrial point sources 
such as wastewater treatment inputs, and (2) a variety of non-point inputs, such as 
urban runoff from impermeable surfaces, agricultural and rural runoff originating 
from forests, fertilized grazing and cropland, groundwater inputs and sediment 
losses (by erosion). Increased sediment loss and the accelerating use (and loss by 



runoff) of fertilizers alone have contributed to a steep rise in nutrient loading in 
estuarine and coastal waters (Correll and Ford 1982; Fleischer et al. 1987; Smetacek et 
al. 1991; Billen et aL 1991). Another, less quantifiable, but nevertheless important 
source of "new" N input into these waters is groundwater discharge (Correll and 
Ford 1982; Nixon and Pilson 1983; Nixon 1986; Smetacek et al. 1991). 

Efforts at quantifymg nutrient inputs, evaluating impads and developing 
management strategies are largely aimed at controlling the above-mentioned 
terrigenous sources. However, as we are developing and implementing nutrient 
input management strategies, the sources and routes of nutrient input and 
assimilation are changing. Atmospheric emissions, largely originating from fossil fuel 
combustion and agricultural and industrial activities, constitute a quantitatively 
important, growing, yet poorly recognized, and (currently) largely ignored source of 
N-containing compounds. Resultant atmospheric deposition of N (ADN) has 
proliferated in an uncontrolled manner since World War 11 in industrialized as well 
as developing countries (Stensland 1980; Briblecombe and Stedman 1982; Galloway 
and Likens 1981; Altshuler 1984; Placet et al. 1986; GESAMP 1989; Duce 1986,1991). 
Current estimates of the contribution of ADN (as wet and dry deposition) to 
estuarine and coastal anthropogenic N loading in Europe and North America range 
from 10 to over 50% (Prado-Fiedler 1990; Loye-Pilot et al. 1990; Duce 1991; Fisher and 
Oppenheimer 1991; Table 1). 

Enhanced atmospheric nitrogen deposition, as direct and indirect (i.e. runoff) forms, 
is a potentidy important factor impacting coastal primary production because 
receiving waters are generally N-limited and hence sensitive to N enrichment 
(Dugdale 1967; Ryther and Dunstan 1971; Boynton et al. 1982; Nixon 1986,1988; 
D'Elia et al. 1986). Rainfall events are capable of stimulating primary produdion in 
N-limited coastal and offshore waters (Paerl 1985: Paerl et al. 1990b; Willey and Paerl 
1993). Furthermore, stable N isotope 615N "signatures" of atmospheric N sources and 
phytoplankton in western Atlantic coastal waters indicate that atmospheric N inputs 
are an important component of the allochthonous N pool supporting 
externally-driven "new" primary production (Paerl and Fogel 1994). In light of a pur- 
ported "epidemic" of toxic estuarine cyanobacterial and coastal phytoflagellate as well 
as toxic "red tide" dinoflagellate blooms in waters receiving enhanced N deposition 
(Brockman et al. 1988; Smayda 1989; 1990; Smetacek et aL 1991), ADN may play a 
critical role in the mediation of "new" primary production (Legendre and Gosselin 
1989; Paerl et al. 1990b; Fisher and Oppenheimer 1991; Owens et al. 1992), associated 
CO, flux (Paerl 1993), and trophic alterations in these waters (Paerl 1985; 1988; Paerl 
et al. 1990b). 

With respect to the Neuse River Estuary, recent analyses of hydrological, nutrient 
loading and phytoplankton production data, coupled with in situ nutrient addition 
bioassays, indicate a strong and statistically significant (correlative) relationship 
between periods of extensive rainfall in the Neuse River watershed and 



Table 1. + Flux from Atmospheric Deposition in Representative Coastal and Oceanic 
Regions. from GESAMP (1989) and Duce (1991). 

Locat ion Date mgN . m-2 . yr-l 
NO3- Flux N H ~ +  Flux Total 

Western Atlantic (Coastal) 
Newfoundland 4g0NI 55Ow 
Nova Scotia 45O~, 64Ow 
New Brunswick 46ON, 65Ow 
Massachusetts 42O~, 7 low 
New York 41°N, 73Ow 
Delaware 39O~, 75Ow 
North Carolina 37ON, 7 7 O ~  
Georgia 33O~, 82Ow 
Florida 24ON, 80°w 

Eastern North Atlantic (Coastal) 
Ireland 52ON, loow 
United Kingdom 50°N,  OW 
Portugal 3Y0N,  OW 
Norway 63ON, gOE 

North Sea (Coastal) 
United Kingdom 5S0N, 0.5O~ 
Netherlands 53ON, 7OE 
Germany 55ON, ~ O E  
Denmark 56ON, lo0E 
Norway 5g0N, 7OE 

Baltic Sea (Coastal) 
Denmark 55ON, llO~ 
Sweden 57ON, 18OE 
Finland 60°N, 21°E 
USSR 58*N, 22OE 

Oceanic Locations 
Amsterdam Isl. 38O~, 78OE 
Reunion Is1 . 21°s, 56OE 
~awaii Isl. 19O~, 1 . 5 5 ~ ~  
Samoa ISL I~OS, 17low 
New Zealand 35O~, 173OE 
Chile 



phytoplankton production (Paerl et al 1990a; Mallin et al. 1991, 1993). This 
relationship has been attributed to enhanced N loading during periods of high 
rainfall and resultant enhanced runoff (Paerl et al. 1990a, 1990b; Rudek et al. 1991; 
Mallin et al. 1991, 1993). Most recently, rainwater addition bioassays on N limited 
Neuse River Estuary and adjacent Atlantic coastal and off-shore (Gulf Stream) waters 
have shown rainwater, at natural dilutions, to signifmntly stimulate phytoplankton 
primary production and chlorophyll concentrations (Paerl et al. 1990b, Paerl1993; 
Willey and Cahoon 1991; Willey and Paerl1993). These bioassays have shown N to 
be the most important sthulatory nutrient 

A key objective of this study was to examine the seasonal impacts of atmospheric 
deposition, in the form of representative rainfall events collected at the UNC-CH 
Institute of Marine Sciences, Morehead City, NC, on primary production and 
chlorophyll 2 concentrations at three locations in the Neuse River Estuary, using 
situ bioassays. The locations, described in the Methods section, represented - 
oligohaline and mesohaline segments of the estuary. In parallel we examined 
relevant hydrological, chemical (nutrient) and biotic (primary productivity, 
chlorophyll a phytoplankton community composition) features of the oligo- to 
meso-haline portion of the estuary on a seasonal basis. 

An additional objective of this study was to merge field and experimental data 
collected during 1990-1993 with more "historic" (1987-1990) environmental data 
obtained at similar locations during the course of previously supported (EPA/APES, 
NOAA/UNC Sea Grant) work by H. Paerl and colleagues in the lower Neuse Estu- 
ary. The objective of this component of the study was to compile a relatively 
longterm data set, for the purpose of evaluating temporal and spatial changes in 
nusent  and productivity characteristics of the estuary. 



METHODS AND MATERIALS 

Sampling Locations 

Physical, chemical (nutrient) and biological sampling were conducted bimonthly from 
1990-1993 and monthly in 1994 at 3 locations representative of oligohaline (0.5-5 ppt) 
and mesohaline (518 ppt) salinities. Previous work (1987-1992) has provided the 
foundation for choosing locations characterized by these salinity regimes (see 
previous work by Paerl1983,1987 for hydrological, chemical and biological 
documentation). The oligohaline location is near New Bern, NC (designated "NB"), 
the mesohaline location is just downstream of Cherry Point near the confluence of 
Adams Creek and the Neuse River (designated "AC"), and the meso-euhaline location 
is at channel marker 6 (designated "M6") close to where the Neuse River Estuary 
discharges into the Pamlico Sound (Figs. 1 and 2). Depths at these stations were 
approximately 2.5m at NB, 5m at AC, and 3.3m at M6. 

Phvsical, Chemical and Biolo9;ical - Sampling - and Analvses 

Physical, chemical (nutrient) and biological sampling took place at monthly to 
bimonthly intervals. At each sampling interval large volumes of water from 
respective sampling locations were collected for in situ bioassays. During all rainfall 
events buJk rainwater samples were collected on the UNC-CH Institute of Marine 
Sciences (IMS) roof for nutrient analyses and bioassays. 

Physical measurements included daily photosynthetically active radiation 
(PAR=400-700 nm) flux measurements. A Li-Cor 550B continually recording 
radiometer coupled to a 2n incident radiation sensor (Li-Cor 190)is located o n  the 
IMS roof for thk purpose. Vertical underwater PAR profiles were measured to - - 

determine transparency and turbidity of respective water columns; a Li-Cor 188B 
digital radiometer or LI-1000 data logger coupled to a 4n spherical sensor (Li-Cor 
192s) was used. Temperature-salinity profiles were made with a YSI model 33 
salinometer. Dissolved 02/ temperature profiles were monitored with a YSI 54 ARC 
dissolved 0, meter having a high-sensitivity Clark style probe. Starting in 1994, a 
Hydrolab Surveyor 3 multiple parameter (dissolved 0, temperature, pH, salinity) 
sensor and data logger system was used to determine physid-chemical conditions, 
over depth, at the sampling locations. 

Nutrient Samling and Analvses 

Nutrients of concern included biologically available nitrogen and phosphorus. These 
nutrients have consistently been implicated as growth-limiting factors in a variety of 
estuaries (Copeland and Hobbie 1972; Hobbie et al. 1972; Neilson and Cronin 1981; 
Mann 1982), including nearby sampling sites (Williams 1972; Thayer 1974; Paerl and 
Bowles 1987). Among other potentially limiting nutrients, silicon, iron and a variety 







of trace metals (including Mo, Mn, Zn, Co, Cu, B) did not appear to be limiting in 
these waters (Paerl et al. 1990a; 1990b). Of specific interest are inorganic forms of 
nitrogen (NO, NO, and NHJNH,) and phosphorus (~0,~);  these forms are readily 
assimilated by microalgae and constitute major point and non-point input sources in 
North Carolina estuaries (Copeland and Hobbie 1972; Hobbie et al. 1972; Paerl 1987; 
Stanley 1983; 1988). 

Accordingly, we monitored the three sampling sites and rainfall plus dry deposition 
for dissolved inorganic nitrogen (DIN; NO; + NO; and NHJ concentrations using 
the sensitive (sub-PM levels of detection) "spongy" cadmium reduction technique as 
outlined by Jones (1984) for NO; + NO, and the phenol-hypochlorite t e M q u e  
(Solorzano 1969) for IN&. Dissolved inorganic phosphorus (DIP) as PO4$ was 
quantified using the molybdate-blue method corrected for silica and arsenic 
interference (Murphy and Riley 1962; Strickland and Parsons 1972). Vertical profile 
samples were collected with a precleaned PVC Van Dom sampler, dispensed in 
precleaned 1-1 polypropylene bottles and transported in coolers to IMS. They were 
then filtered through pre-combusted (500°C for 16 h) Whatman 934 AH glass-fiber 
filters. These filters retain particles > 1.5 pm, which includes all major 
phytoplankton size classes encountered in the Neuse River (Mallin et al . 1991). In 
seasonal comparisons of chlorophyll a (Chl aJ and 14C retention by filtered Neuse 
River Estuary phytoplankton, there was no significant difference between these filters 
and the finer, but far more expensive, GFF filters (Paerl and Bates unpublished). 
Accordingly, 934 AH filters were chosen for this study. Filtered samples were 
retained for Chl a analyses, while the filtrate was analyzed for soluble nutrients. 

We collected seasonal data on dissolved and particulate inorganic and organic 
nitrogen and phosphorus inputs originating from both wet and dry deposition in the 
research area by (1) an Aerochem Metrics 301 wet-dry collector installed on the IMS 
rooftop, and (2) polypropylene 0.5 m2 surface area funnel, coupled to a precleaned 
polypropylene "bulkf1 collection reservoir for collecting large volume deposition 
samples for nutrient concentration determinations and bioassay purposes. Since we 
were interested in the overall impacts of both wet and dry deposition on primary 
production and phytoplankton species composition, we collected and analyzed wet 
and dry deposition samples (as b u k  samples) without physically separating these 
respective inputs for this purpose. The P.I. and collaborators followed the collection, 
instrumentation and analytical protocols in the NADP/NTN Site Operation Manual 
(NAPAP 1989). pH was measured on wet deposition. Standardization and calibration 
was according NADP /NTN procedures (NAPAP 1989). Atmospheric inputs of 
dissolved inorganic nitrogen (DIN) and phosphorus (DIP) are reported on rainfall 
collected from late 1989 through mid 1994. IMS is located approximately 30 k m  south 
of the Neuse River Estuary, and was assumed representative of deposition in Eastern 
North Carolina and the Neuse River Estuary proper. Deposition was calculated by 
multiplying the rainfall amount (an) by the concentration of the dominant DIN 



constituents nitrate (NOi) + nitrite (NO;) = (NO,-) and ammonium (NHJ and the 
chief DIP constituent orthophosphate 

The relative importance of terrigenous vs. atmospheric inputs (i.e. loading) of 
nutrients was examined. Nutrient loading estimates for atmospheric deposition and 
riverine inputs were calculated in the following manner. Atmospheric deposition of 
nutrients (mg m-') was the product of amount of rainfall (cm) and nutrient 
concentration (pg L-') for each rain event collected. The rainfall data considered were 
those collected at IMS, which was the closest location to the estuary. The deposition 
rate was then multiplied by the surface area of the estuary (384 Matson et al. 
1983) to give an event-based loading in kg of each element. The atmospheric 
loading estimate did not include nutrients that were deposited on the watershed and 
entered the estuary via direct runoff or advection from upstream. Riverine loading 
was calculated by multiplying river nutrient concentrations by monthly average 
discharge (m3 s-') at the USGS gauging station located in Kinston, NC. The loading 
rates were transformed to monthly loading (kg month-') using average discharge and 
measured nutrient concentration values as constants for the whole month and by 
assuming that discharge was similar at each sampling station. In reality, discharge 
should increase downstream, therefore calculated riverine loading likely respresents 
an underestimate. Additional information on seasonal terrigenous (surface runoff, 
groundwater) nutrient inputs was obtained from Dr. W. Kirby-Smith, Duke 
University Marine Laboratory, the N. C. Dept of Environment, Health and Natural 
Resources (Div. of Env. Management), Dodd et al. 1993, and the U. S. Geological 
Survey (discharge and nutrient data on the Neuse River and Pamlico Sound drainage 
basin). 

Phvtoplankton Biomass and Species Comvosition 

In conjunction with nutrient collection/ analyses, phytoplankton biomass was 
determined at each sampling site. Biomass was estimated as chlorophyll 
concentration in vertical profiles (1/2 m depth intervals). Samples were kept in 
darkness and on ice while transported to the laboratory, where 300-500 ml were 
filtered on 4.7 cm diameter 934 AH filters. Pigments were subsequently extracted 
with MgC0,-buffered 90% acetone and determined either spectrophotometrically or 
fluorometrically (Strickland and Parsons 1972). 

Parallel samples were collected for microscopic phytoplankton species identification 
and enumeration. Particular attention was paid to potential bloom dinoflagellate and 
blue-green algal tam. Samples were collected in 125 ml amber polyethylene bottles, 
and preserved with M-3 fixative (formalin/Lugol's iodide). Preserved phytoplankton 
were examined with a Zeiss phase contrast (model-B) microscope. Permanent slides 
were prepared for photographic documentation (using still and video cameras). 



Parallel zooplankton samples were also collected during 1989-1992. The results of 
zooplankton analyses and their implications for trophic structure of the lower Neuse 
River are discussed elsewhere (Mallin 1991; Mallin and Paerl1994a). Analyses of 
variance (a = 0.05) were used to detect differences in nutrient and phytoplankton 
parameters among stations. 

Primarv Production Measurements 

During sampling trips, near-surface water was collected from all stations in 20 L 
polypropylene carboys and transported to the Institute of Marine Sciences for 
phytoplankton primary productivity measurements. A in situ incubation system, 
termed the field light simulator, or FLS (Mallin and Paerl 1992), was used to estimate 
productivity. The FLS allowed us to incorporate continual and rapid changes in 
Irradiance which phytoplankton experience in this shallow, well-mixed estuary. The 
FLS is a 2.5 m diameter, horizontally rotating wheel consisting of sequentially 
increasing and decreasing layers of neutral density screening. The FLS can be rotated 
at varying speeds, reflecting the vertical mixing rate. It provides a variable natural 
sunlight regime ranging from 100% to approximately 5% of surface irradiance (Io). 
The FLS is positioned in a 1.0 m deep flow-through outdoor concrete seawater pond 
supplied with Bogue Sound water having approximately the same temperature 
regime as the lower Neuse River Estuary. The design and operation of the FLS has 
been described in Mallin and Paerl (1992). 

In the mom@ (-10:OO) following sample collection, triplicate light and a single dark 
125 ml Pyrex ground glass stoppered bottles of water from each station were injected 
with 0.8 to 1 ml of 14C-NaHCO, (5-7 pCi ml-I activity, depending on batches used) 
and allowed to incubate while hung on racks just beneath the water surface under 
the FLS. Prioir work (Mallin and Paerl1992) showed that overnight storage of 
phytoplankton samples in large (2OL) carboys did not significantly affect 
productivity determinations the following morning. Incubations of 3-4 h were 
centered around noon. Upon termination of the incubations, 50 ml to 125mls were 
filtered (25 mm 934 AH filters). Filters were air dried, and fumed with HCl vapors 
for at least 30 min to remove non-biologically precipitated I4C. Filters were then 
placed in vials containing 5 ml Ecolume (ICN Inc.) scintillation cocktail, and counted 
in a Beckman LS 5000TD liquid scintillation counter. Dissolved inorganic carbon 
(DIC) of the water samples was determined by infrared analysis, using a Beckman ' 

model 864 infrared analyzer (Paerl 1987). The data were used to determine primary 
productivity following the formulae in Wetzel and Likens (1979). Primary 
productivity during the incubations was divided by a daylight factor (irradiance per 
incubation/ daily irradiance) to convert to daily productivity. 



Application of Bioassavs for Examining: Nutrient Limitation 

The P.I. and colleagues have, during the past two decades, developed and applied an 
array of in situ bioassays for assessing the relative impacts of nutrients, toxins, and 
other environmental inputs/ discharges (sediments, salts, oil, etc.) on aquatic primary 
and secondary production (Paerl1983, 1984,1985,1987,1988; Paerl and Bowles 1987; 
Paerl et aL 1990a; 1990b). A relevant product of our experience in bioassay 
technology is the development of rapid and sensitive assays for examining the 
impacts of atmospheric deposition on photosynthetic production and growth of 
marine and freshwater phytoplankton (Paerl 1985). We applied such assays here to 
selectively discriminate impacts of atmospheric-based nutrients (relative to other 
nutrient sources) on phytoplankton primary production and growth. The technique 
described below is applicable to both benthic and planktonic habitats, although 
planktonic production is specifically addressed here. 

Rainwater was collected during specific storm events using predeaned, 
polypropylene containers. Rainfall pH and quantities were recorded after each 
sigmficant rainfall event. A 60 ml subsample was analyzed for NO; + NO, 
NHC-NH, and and particulate nutrients as desaibed previously. The 
remaining samples were quick-frozen in precleaned polypropylene bottles; the 
contents were subsequently used in bioassay experiments. Nutrient concentrations 
were determined again on thawed samples just prior to their use in bioassays. 

Cubitainer Bioassavs 

Short-term bioassays were performed in triplicate for each treatment, in 4-L 
precleaned polyethylene Cubitainers These flexible, unbreakable, inexpensive 
containers are 85% transparent to photosynthetically-active radiation, making them 
ideal for field incubations of microalgal communities. The general bioassay 
procedure is described by Paerl(1983,1985,1987). Freshly collected (in 20 L 
polypropylene carboys) water from each site was dispensed in Cubitainers. A range 
of volumes of rainwater was added to the Cubitainers. The rainwater addition 
volumes included 1% and 3% of the cubitainer volume so as to realistically mimic 
actual dilutions following rainfall events. Previous calculations based on surface 
water salinity changes (decreases) following 1-3 cm day-' rainfall events in Neuse 
River Estuary waters indicated that a 1-1096 salinity dilution takes place immediately 
after such events in these shallow (3-5 m) waters (Paerl 1985). 

Parallel N-NO; (100 ppb N), P-P0,3 (50 ppb P), trace metal (Fe, Mn, Cu, Zn, Co, Mo, 
all at 2 ppb) and combined NOJP0,3 plus trace metal additions were also made. A 
10 pCi aliquot of 14C-NaHCO, (58 pCi pmol-'; ICN Corp.) was added to each 
Cubitainer in order to monitor photosynthetic 14C0, assimilation as a measure of 



microalgal growth. The other growth parameter was Chl a. Cubitainers were dosed, 
shaken, resuspended in the IMS pond under a single layer of neutral density 
screening (to avoid photoinhibition) and left to incubate for a 5 day period (Paerl 
1983). At 1-2 day intervals (depending on growth rates) the bioassays were collected 
and subsamples (50-150 ml) were filtered for both 14C0, assimilation and Chl a 
concentration to measure growth response. 

Filters containing 14C labeled organisms were air-dried and fumed in an HCl 
atmosphere for at least 30 min to remove abiotically precipitated I4C. Samples were 
then dried and assayed for 14C incorporation using liquid scintillation counting (Paerl 
1983). Chl a (and other pigments) content were analyzed as described previously. 

Bioassay growth responses were compared to control (no additions) conditions. 
Routinely, estuarine water used in bioassays was analyzed for the dissolved nutrients 
NO; + NO, NHJNH, and P04a, Chl a content and microalgal species composition. 



RESULTS AND DISCUSSION 

Phvsical-Chemical Characteristics 

Temperature Regime 

Water temperatures over the course of the study averaged 18.8OC (range 4.0-30.0) at 
M6 (Fig. 3). Temperature conditions were similar at AC (range 6.0-31.0) (Fig. 4). 
Temperatures averaged 2-3 degrees cooler at NB (range 4.5-26.5) (Fig. 5), most likely 
due to the influence of lower residence time. Water temperatures harmful to aquatic 
life (>35OC) were not found in our mainstream stations; however, it is possible that 
such temperatures may occur at times in quiet backwaters and tidal creeks. 

Salinity 

Both M6 and AC can be considered mesohaline stations (Figs. 3 and 4). During the 
entire study, mean surface salinity at M6 was 15.0 ppt (range 5.&22.2), while the 
mean at AC was 13.1 ppt (range 2.0-21.1). Station NB was representative of 
oligohaline conditions (Fig. 5), with mean surface salinity 4.1 ppt (range 1.0-11.1). At 
all locations, salinity reached its annual low during spring. 

Irradiance and Optical Properties 

The transmission of solar irradiance through the water column is of critical 
importance in determining photosynthetic performance. The light attenuation 
coefficient (k) is the principal measure of water clarity in aquatic research (Wetzel and 
Likens 1991). The attenuation of light is caused both by absorption by 
phytoplankton, dissolved (colored) materials and the scattering of light by particulate 
matter (turbidity). Low values of k indicate clear water, whereas high values are 
indicative of turbid waters. For example, Bogue Sound is a relatively turbid water 
body with an average k value of about 1.5 m-' (Thayer 1974). Coastal Atlantic Ocean 
waters generally exhibit k values of ~ 0 . 5  m-l, while in the ultraoligotrophic Sargasso 
Sea k is ~ 0 . 1  (Paerl et al. unpublished data). The open waters of Pamlico Sound 
have mean k values of approximately 0.8 m-'. During a blue-green algal (Microcvstis 
aerueinosa) bloom in 1983 attenuation coefficients >4.0 were encountered in 
freshwater segments of the Neuse River (Paerl 1987). 

Overall mean k values for M6 (6 years of data) were 1.1 m-' (range 0.341.68) (Fig. 6). 
The mean for AC (3 years) was 1.3 m-' (range 0.36-2.08). There are only a few data 
points available for NB (Fig. 6) and the mean was 1.8 m-' (range 0.6-2.7). The 
downstream decrease can be explained by three factors. First, inorganic turbidity is 
higher upstream due to the proximity to terrestrial sources and also higher flow rates, 
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which would tend to maintain partides in suspension. Additionally, clay turbidity 
will precipitate out of (fresh) riverwater upon entering higher salinities (Day et al. 
1989). Secondly, phytoplankton biomass will contribute to light attenuation through 
absorption, and the upstream stations contain higher average phytoplankton biomass 
than downstream (discussed in subsequent sections). Finally, the Neuse River 
Estuary receives organic color from tributary streams draining riverine swamps, and 
this color (caused by humics) may also contribute to light attenuation. 

Temporally, there is a pattern of increasing k values (at AC and NB) during years or 
months of high phytoplankton production (1989, 1990,1993) (Fig. 6 and see Primary 
Productivity Section). Not enough data are available to determine temporal 
dynafnics of the irradiance field at NB. Overall, the water near NB can be classified 
as turbid, with AC and M6 being only moderately turbid. 

Dissolved Oxygen Conditions 

Dissolved oxygen (DO) conditions are important for the survival of fish, shellfish, 
and benthic organisms, and for their effect on abiotic chemical reactions. Throughout 
the study all stations maintained well-oxygenated surface waters (Figs. 7,8 and 9). 
However, bottom waters occasionally displayed incidences of low dissolved oxygen. 
The North Carolina ambient state DO standard (i.e. hypoxia) is 5.0 mg L-'. Bottom 
waters at NB fell below this standard 42% of the time sampled, AC was below the 
standard 21% of the time, but M6 only 8% of the time. Anoxia, or no detedible DO, 
was found only once at NB and once at AC (Figs. 7 and 8). Hypoxia was 
encountered only in summer at M6 (Fig. 9), twice in winter at AC (Fig. 8) and 
frequently at NB (Fig. 7). Hypoxic conditions usually result from substantial bacterial 
respiration of organic matter. The organic matter substrate can be decaying 
phytoplankton blooms, vascular plant matter, detritus, dead fish, or industrial, 
municipal, or agricultural waste. Such events have likewise been documented in a 
USGS study of the lower Neuse River Estuary (Garrett 1994). Hypoxic conditions are 
exacerbated by warm temperatures and stratified water conditions. 

Hvdroloaical Conditions 

Precipitation Patterns and Amounts in the Neuse River Basin: 

Monthly precipitation records for 1989-1994 at the Raleigh-Durham International 
Airport (RDU) were provided by the North Carolina Climatology Office. This 
location is representative of the upper segment of the Neuse River drainage basin 
(see Mallin et aL 1993). Annually, RDU receives approximately 20-3096 more rainfall 
than the coastal location (IMS) in Morehead City, with rainfall maxima concentrated 
in late-winter/early spring and late summer months (Fig. 10). There are numerous 
exceptions to these patterns. Most obvious are differences between relatively dry and 
wet years, as exemplified by 1990 vs. 1989 and 1992 (Fig. 10). There is a noticeable 
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absence of large rainfall events in fall, in contrast to the IMS location, where coastal 
tropical storms and hurricanes strongly impacted monthly precipitation (Fig. 13). 

Morehead City, NC (IMS) 

Precipitation records have been maintained at IMS on an unintempted basis since 
late 1989. Individual events were quantified as an of rainfall. When observing the 
record between 1989 and early 1994, it is apparent that there are large variations in 
inter-annual and intra-annual amounts and patterns of rainfall (Figs. 11 and 12). 
Certain years (1990) are characterized by both relatively few rainfall events and low 
amounts of rainfall per event (Figs. 11 and 12). Not surprisingly, these turned out to 
be low discharge years (Fig. 14). Other years (1992, 1993) were intermediate in terms 
of frequencies and amounts of rainfall, while 1991 had numerous relatively small 
rainfall events (Figs. 11 and 12). It should be noted that there are substantial 
variations in rainfall amounts, frequencies and patterns between the Raleigh-Durham 
and Morehead City (IMS) location (Figs. 10-12). Caution should therefore be 
exercised when extrapolating rainfall at either location to general runoff and 
discharge into the Neuse River Estuary. 

A monthly summary of rainfall at I .  yields a somewhat clearer pidure of "wet" vs. 
"dry" years in this region of Eastern North Carolina (Fig. 13). Here we see that 1990 
was indeed a relatively low rainfall year, while 1991, 1992 and 1993 were relatively 
wet years. Neuse River discharge data (Fig. 14) generally support this conclusion. 
The monthly summary also clarifies another feature of rainfall, namely, seasonality. 
As pointed out previously (Willey et al. 1988; Mallin et al. 1993), there is a seasonal 
aspect to rainfall in Eastern North Carolina, with maximum total amounts occurring 
between April and September. This is largely attributable to local summer 
thunderstorm activity along the coast There are numerous exceptions to this pattern 
however. While evident in 1991 and 1993, this pattern was not obvious in either 1990 
or 1992, years when the frequencies and intensities of summer thunderstorm activity 
were relatively low. 

The largest single sources of rainfall at IMS were late summer and fall tropical storms 
and hurricanes, which frequented the area during 1991,1992 and 1993. The 
individual impacts of hurricanes Bob and Emily passing by the Morehead City area 
during September of 1992 and 1993 are notable events (Fig. 12). Because they were 
coastal events, they had far less impad on seasonal and annual patterns of rainfall in 
the Raleigh-Durham area. 

Individual IMS rainfall events shown above were analyzed for DIN (NO; and Nl&+) 
and DIP in order to determine nutrient content and deposition rates. Results 
were utilized to estimate direct atmospheric deposition over the Neuse River Estuary 
(see Nutrient Dynamics Section). 
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Freshwater Discharge at Kinston, NC 

Freshwater discharge into the Neuse River Estuary was estimated from data obtained 
at the U.S. Geological Survey gauging station at Kinston, NC. This station is located 
approximately 40 km upstream from New Bern (Figs. 1 and 2). We note that flow in 
the headwaters of the Neuse River may be partially mediated by releases from the 
Falls of the Neuse Reservoir dam. Therefore, there may have been periods when 
regimes observed at Kinston may have differed from those expected solely from 
rainfall in the basin. This appears to play a relatively minor role in hydrological 
patterns observed here, since a comparative analysis of rainfall at Raleigh-Durham 
Airport vs. river flow at Kinston indicated a generally strong direct temporal 
relationship (Mallin et al. 1993). Daily discharge data were converted to monthly 
means in order to complement the frequency of field nutrient monitoring efforts. 
Discharge data are presented from 1988 through 1993, the period for which nutrient 
data are available at station M6. 

Discharge revealed distinct seasonal patterns as well as inter-annual variations. 
Maximum flow and discharge (200-300 m3 sec-l) were generally observed between 
January and April (Fig. 14). The period of minimum discharge (25-50 m3 sec-I) 
generally occurred between June and October (Fig. 14). There were numerous 
exceptions to these patterns. In certain years (1988, 1992) winter-spring rainfall was 
well below the average; corresponding runoff and discharge proved to be very low 
for these years (Fig. 14). Conversely, while low discharge was a general feature of 
summer months, there were significant rainfall events (persistent thunderstorm 
activity, tropical storms and one hurricane) which led to periods (on the order of a 
few weeks to 2 months) of elevated summer and fall discharge during several years. 
Examples included the summer-fall periods of 1989,1990,1991 and 1992. 

The winter-spring of 19921993 proved to be an exceptionally high runoff and loading 
period (Fig. 14). In contrast, winter-spring 1989-1990 was distinguished as a high 
water discharge period. As observed in 1989-1990, contemporaneous declines in 
salinity during this period were associated, in time and space, with high nutrient 
(DIN) loading, enhanced primary productivity and phytoplankton biomass (Chl aJ 
(Mallin et al. 1991, Fig. 2; Mallin et al. 1993). As will be discussed later, seasonal 
hydrological loading and flushing patterns (and changes therein) are strong 
determinants of the estuary's nutritive and productive status. 

With respect to inter-annual differences in hydrological discharge patterns, it is noted 
that 198%-a year exhibiting persistent summer drought, low flow and discharge 
conditions-was also the most recent year in which blooms of the cyanobacterial 
(blue-green algal) nuisance species Microcvstis aeru-osa appeared in the river just 
upstream from New Bern. It has been noted by Paerl(1983,1987) and Christian et aL 
(1986) that low flow conditions favored bloom development by this cyanobaderium. 



Maximum bloom development and persistence were predicted for years having high 
winter-spring discharge followed by persistent summer drought and low discharge 
(which last occurred in 1983 and 1985) (Paerl1987). These prerequisites were only 
partially met in 1988, when summer drought was preceded by moderate to low 
winter-spring runoff conditions. As a result of this sub-optimal (for bloom 
development) sequence of events, summer Microcvstis blooms were not as large and 
persistent as in 1983 or 1985. No bloom development is expected in years when flow 
and discharge are maintained above drought conditions (Paerl 1987). This proved to 
be the case for 1989 through 1993. 

The biotic impacts of contrasting hydrological discharge conditions on estuarine 
nutrient loading, phytoplankton production, biomass and bloom dynamics are 
discussed in other sections of this report (Nutrient Dynamics, Productivity and 
Biomass sections). It is also noted that while contrasting hydrological loading 
scenarios yielded different impacts on estuarine nutrient (specifically NOx-) loading 
and resultant nutrient-productivity interactions, there were additional important 
impacts on salinity regimes and advective (horizontal and vertical) transport of 
freshwater and estuarine phytoplankton tam, which led to striking inter-annual 
differences in community composition, distributions, production and bloom potentials 
in the estuary. 

In addition to closely mediating NOx- concentrations and loadings, it will be 
demonstrated that large hydrological changes altered DIN and DIP concentrations 
and loading ratios. These changes, in turn, closely controlled the nature and extent of 
nutrient limitation of phytoplankton production, the ramifications of which are 
discussed in the Nutrient Limitation section. 

Because primary productivity and water residence time were simultaneously altered 
during years showing contrasting hydrological regimes, the synthesis, buildup, 
accumulation and fate of organic matter produced at various locations varied 
accordingly. One obvious result of these contrasting conditions was large differences 
in dissolved oxygen, especially in bottom waters. These inter-seasonal and 
inter-annual differences were most pronounced at the NB and AC locations (Figs. 7 
and 8); however, they were also detectable as far downstream as M6 (Fig. 9). A 
prime example of this biogeochemical "feedback" phenomenon was the winter-spring 
19921993 high water discharge period. During the course of this event, associated 
elevated DIN (largely NO,-) loading led to enhanced spring-summer primary 
productivity and Chl a which in turn led to increased bottom water 0, consumption, 
and in the case of AC, a short period of bottom-water anoxia during the July, 1993 
sampling trip (Fig. 8). 



Atmospheric Nutrient Sources: Dissolved Inor~ranic - Nieo~en and Phosvhorus A 

Deposition 

Atmospheric deposition of the dominant DIN constituents nitrate (NOi) + nitrite 
(NO;) = (NOx-) and ammonium m), and the chief DIP constituent orthophosphate 
(PO,$) is shown in figures 15-18. Nitratelnitrite generally dominated DIN in rainfall, 
although there were periods when ammonium contributed at least half or more of the 
DIN (Figs. 19-21). Substantial variations in proportions of these DIN fractions were 
observed between individual rainfall events (Figs. 19-21). The total DIN deposition 
associated with rainfall also varied over time, although deposition rates were 
generally higher in summer than winter, a finding shared with earlier rainfall-DIN 
studies in Eastern North Carolina (Willey et al. 1988; Paerl et al. 1993a; Paerl and 
Fogel 1994). 

In large part, relatively high rates of DIN deposition during summer can be 
attributed to maximum total rainfall at that time, much of it associated local 
thunderstorms and fronts originating in the Gulf of Mexico (Figs. 15-17, 19-21). 
Average DIN concentrations of individual storm events were also highest during 
summer (Figs. 22 and 23). Small summer storm events (c1 an of rain) proved to 
have the highest DIN concentrations. High DIN concentrations in these stom events 
are presumably due to the fact that much of the DIN associated with rainfall is 
deposited during the initial phase of the storm (Likens et aL 1974; Galloway and 
Likens 1981; Willey et al. 1988). Small storm events would therefore lead to minimal 
dilution of DIN, and accordingly, maximum DIN concentrations. Overall, there was 
a negative correlation (Kendall's Tau = -0.24, pc 0.01) between amount of rainfall at 
IMS and DIN concentration. 

Of the two main DIN deposition species, NOx- revealed a greater degree of 
seasonality (maximum concentrations and amounts of deposition during summer) 
than NH4+. In general, concentrations and amounts were more randomly 
distributed throughout the year (Figs. 15-17,19-23). These temporal differences may 
be due to several factors, linked to natural and anthropogenic activities. Fossil fuel 
combustion products, including emissions from automobiles and other internal 
combustion vehicles (boats, tractors, lawnmowers, etc.), powerplants and industrial 
plants are known to be chief contributors of NOx- (Likens et al. 1974; Altschuler 1984). 
Thunderstorms are another source of NO; (Galloway and Likens 1981). Both sources 
of NOx- are more prevalent in summer than winter (Stensland 1980). In particular, 
NO; emissions associated with automobile traffic are a major contributor to East 
Coast atmospheric NOx- flux (Stensland 1980; Altschuler 1984; Luke and Dickerson 
1987). It is estimated that automobile emissions are approximately twice as high in 
summer as in winter (Stensland 1980; Placet et al. 1986). Coastal North Carolina is a 
recipient of local and more distant (i.e. US Midwest, Northeast and Southeast) 
metropolitan and rural NO; emissions (U.S. EPA 1992). These emissions are 
generally transported from west to east by prevailing westerly winds. We can 
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therefore expect to receive NO,- &om major cities west, and to a lesser extent 
southwest and northwest of us, including Atlanta, Raleigh-Durham, 
Knoxville/Nashville, Pittsburgh, Chicago, Cleveland, Baltimore-Washington and 
Philadelphia. 

Seasonal patterns of NH; deposition appear more diffuse and ill-defined than NO;. 
This may be largely due to the nature and activities of chief NH' sources. Local 
agricultural sources , including fertilizers (e.g. anhydrous ammonia), poultry, hog and 
cattle operations are known to be sigmficant contributors to atmospheric Nl&+ 
emissions worldwide (Stensland 1980; Buijsman et al 1987). These emissions take 
place on a year-round basis, and are suspected of being a significant source of 
atmospheric deposition in coastal North Carolina (Willey et al. 1988; Paerl and 
Fogel 1994). At times, large amounts of w+ deposition were not accompanied by 
significant NO; deposition in this region (Willey et al. 1988) (Figs. 19-21). We suspect 
that such highly w+-enriched rainfall may result from nearby agricultural 
emissions. 

Relative to atmospheric DIN deposition, DIP is quite small, and as a nutrient source, 
insignificant (Fig. 18). On an annual basis, mean atmospheric DIP deposition is 0.38 
mg (0.123 mmo1)P me2 per rainfall event. This is far overshadowed by a mean DIN 
deposition rate of 12 mg (0.84 mmo1)N m-2 per event The molar N P  ratio in 
atmospheric deposition is 68:l. We therefore conclude that, from a primary 
production perspective, rainfall is not a significant source of DIP. However, dry 
deposition was not specifically examined in this study, it is possible that this might 
be an additional source of DIP. 

An areal comparison of atmospherically derived (rainfall only) direct deposition vs. 
watershed terrigenous N inputs in the Neuse river basin provides an  estimate of the 
relative importance of atmospheric deposition in the Neuse River Estuary N budget 
This comparison is presented in the following section. 

We emphasize that the relative contribution of atmospherically derived DIN to the 
Neuse River N budget is likely to be an underestimate for the following reasons: 

1. Dry deposition was underestimated in our calculations of atmospheric N 
deposition, since it was included only during rainfall collections (while it is deposited 
at all times). 

2. To an unknown extent, terrigenous N inputs via runoff contain some 
atmospherically derived N (ADN). It has been estimated that ADN may account for 
as much as 20-30% of the total watershed N load (Correll and Ford 1982; Fisher and 
Oppenheirner 1991). This N source was not included in the estimates of atmospheric 
N input 



3. We included only DIN derived from rainfall as the atmospheric N input It has 
been estimated that dissolved organic N (DON) may account for as much as 3040% 
of the atmospheric N input (Peierls et al. unpublished). Therefore, ADN is an 
underestimate. 

Estuarine Nutrient Concentration Patterns 

Nitrate and Nitrite 

Nitrate + nitrite concentrations [NOx-] are representative of DIN resulting from 
anthropogenic loading. [NOx-] increase in a downstream direction, from an overall 
mean of 287 pgN L" (range 34618) at NB, to a mean of 26 pgN L-I (0.8-220) at AC, to 
a mean of 9.5 pgN L-I (0.3-155) at M6. Bottom values were somewhat less than 
surface values. This downstream trend is indicative of nutrient stripping from the 
water column and conversion to phytoplankton biomass, which has been documented 
in this estuary before (Christian et al. 1991). The high levels entering the estuary 
from the river at New Bern are accumulated from agricultural, industrial, and 
municipal sources throughout the Neuse watershed. Overall, mOX-] was significantly 
greater (a = 0.01) at NB than either AC or M6; additionally, POx-] was sigruficantly 
greater (a = 0.05) at AC than M6. 

NOx- concentrations were quite high at NB with no consistent temporal pattern (Fig. 
24). However, a pattern occurs downstream at AC and M6 (Figs. 25 and 26). [NOx-] 
peaks were associated with high runoff, particularly during Dec.-Feb. and 
occasionally later (Paerl et al. 1990a; Mallin et al1991; 1993; Rudek et al. 1991). In 
cold weather, little uptake occurs by phytoplankton upstream in the freshwater 
portions, and this, along with higher flow rates, allows for elevated [NOx-] to reach 
the estuary (Mallin et al. 1991; 1993). Spring peaks of [NO,-] occur if runoff events 
coincide with farm field fertilization upstream (Paerl et al 1990a; Rudek et al. 1991). 

Ammonium 

Ammonium m ]  is the form of dissolved inorganic nitrogen (DIN) which is most 
often in a state of flux, constantly being regenerated or recycled through bacteria and 
zooplankton as waste products. It is often rapidly assimilated by phytoplankton and 
higher plants. Again, concentrations were high at NB (mean 100 pgN L-', range 
10-371), lower at AC (mean 45 pgN L-I, range 2563), and lowest at M6 (mean 19 pgN 
Lel, range 0.4150). Concentrations were significantly greater (a  = 0.05) at NB and AC 
than at M6; however, due to high variability there was no si@cant difference in 
[%+I between NB and AC. Despite the fact that [NH,+] was very high at NB, it 
does not does not appear closely tied to anthropogenic and hydrologic events, and 
thus concentrations display no consistent seasonal patterns (Figs. 27-29). It may be 
that "internal" recycling of previously-deposited N determines observed patterns. 
Another possibility is NH,+-rich groundwater discharge in this region. It is 
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cautioned that NH4+ is a very transient form of DIN and hence timing of sampling 
could play an important role in determining its specific sources and fates, as well as 
its role as a potentially-limiting nutrient 

Total DIN is the combination of [NO,-] and w 4 + ] .  PINI was overall quite high in 
the upper oligohaline Neuse system; again highest at NB and decreasing 
downstream. Mesohaline concentrations during the study proved low to moderate 
compared with a broad spectrum of estuaries (Nixon 1986; Day et al. 1989; Monbet 
1992), but occasional large peaks (>50 pgN L-') were associated with large rainfall 
events (Figs. 30-32). 

Orthophosphate 

Orthophosphate @?043] is the principal form of dissolved inorganic phosphorus (DIP). 
Municipal wastewater is enriched in P relative to N (Ryther and Dunstan 1971; Fisher 
et al. 1992) and thus DIP levels in the Neuse are generally quite high. The present 
study reinforces earlier work showing a downstream decrease (but not depletion) in 
DIP (Christian et al. 1991). However, levels still remain high in the estuary, both 
because of downstream wastewater sources at New Bern and Cherry Point, and the 
dynamics of estuarine nutrient limitation patterns. Seasonally, there is a pattern 
evident at all stations showing regular summer peaks in DIP and winter minima in 
DIP (Figs. 33-35). This has been shown earlier (Paerl et aL 1990a; Rudek et al. 1991) 
and is likely a result of intense summer nitrogen limitation (combined with a surplus 
of P) and late winter and early spring P uptake, when high levels of N are 
discharged. The mean concentration at NB was 116 CLgF L-I (range 34217); mean at 
AC was 51 pgP L-' (range 2183), and mean at M6 was 43 pg L-I (range 0.9-244). 
Concentrations at NB were sigruficantly (a = 0.05) greater than either AC or M6, but 
there was no significant difference in between AC and M6. Concentrations at 
the bottom were considerably higher at NB because hypoxic conditions release bound 
DIP and this area (NB and AC) of the system was occasionally subject to hypoxic and 
anoxic bottom water (Figs. 33-34). Overall [DIP] for the mesohaline estuary was 
moderate to high compared with a broad spectrum of estuaries (Nixon 1986; Day et 
al. 1989). 

Potential Nutrient Limitation (DIN / DIP Ratios) 

The molar ratios of DIN/DIP are often used to estimate the likely nutrient that is 
limiting the growth of phytoplankton in a given system. The Redfield ratio of 16 N 
to 1 P is generally used as a breakpoint ratios below this level indicate the likelihood 
of N limitation, and ratios above this suggest P limitation (reviewed in Hecky and 
Kilham 1988; Howarth 1988). Throughout the sampling area N/P ratios typically are 
well below 5 for most of the year (Figs. 36-38). In spring, this ratio increases and can 
approach or even exceed the Red£ield ratio. This is likely the result of N-enriched 
fertilizer applied to upstream farm fields being carried into the watershed along with 
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N-enriched atmospheric deposition. Thus, N/P ratios suggest that the mesohaline 
stations are normally N-limited and at least partially P-limited in spring. At NB a 
relatively similar pattern is observed (Fig. 36). However, the concentrations of both 
DIN and DIP are quite high at NB, and phytoplankton growth may be limited, at 
times, by physical factors including residence time and light availability. 

Nutrient Loading 

Multi-annual patterns of nutrient loading were determined for the 3 sampling 
locations. In the case of M6, a 6 year (late 1987-1993) data set was generated, while 3 
years (1991-1993) of data are available for the NB and AC locations. Among nitrogen 
species, the NO,- loading patterns most closely follow those reported earlier for 
hydrological discharge (Figs. 39-41). This is not surprising, since a bulk of the NO; 
loading is associated with rainfall and non-point source runoff (fertilizers, soil 
erosion, urban runoq. Accordingly, a bulk (>70%) of the annual NOx- loading takes 
place during the late-winter/early-spring high rainfall period, with the clear 
exception being dry years (1988). Summertime generally yields minimal NOx- loading 
rates, with the exception being extensive periods of thunderstorms and/or tropical 
storm activity impacting the Neuse River Basin (Figs. 39-41). Examples include 1990 
and 1992. During high rainfall and discharge periods, NOx- loading alone at NB 
exceeded a monthly total of 2.5 x lo5 kgN (Figs. 39-41). Mid-summer minimal NO; 
loading rates are on the order of 5 x 10' to 2 x 10' to e l  x 10' KgN mo-I at NB, AC 
and M6 respectively. 

Among major terrigenous DIN input constituents, there is a striking contrast between 
NO; and NH4+ loading characteristics. While NO; loading generally tracks 
hydrological discharge, w+ loading occurs when discharge is low and water 
retention times lengthy (a notable exception was winter-spring of 19921993, when 
very high discharge was observed). Such conditions typify mid-to late summer 
months at all locations (Figs. 4244). Large "internal" NE&+ loading events are evident 
during summer, many of them in response to increasing water retention time and 
increased opportunities for anoxia/hypoxia to lead to enhanced release and upward 
flux of from sediments (Rizzo et al. 1992). It appears that a bulk of the m+ 
loading results from within-system regeneration of preexisting (previously loaded as 
DIN or DON/PON) nitrogen. These findings support the earlier conclusions of 
Stanley (1983), Christian et al. (1991) and Rudek et al. (1991), which emphasize the 
overall importance of regeneration as a sigruficant N source supporting (regenerated) 
primary production in this estuary. 

By examining annual DIN (NOx- + NHJ loadings at NB, AC and M6 (Figs. 45-47) 
and comparing these with N requirements for sustaining the estuary's annual 
primary production (-370 gC me2 x 400 km2, or 1.5 x 108 kgC yr-I; see Section on 
Primary Production), we can approximate the balance (or imbalance) between 
watershed N inputs and estuarine N assimilatory requirements. Such an analysis, 
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while admittedly crude and semi-quantitative, shows that all the DIN entering the 
estuary at New Bern is required for sustaining primary production. At each location, 
a large imbalance between N loading and productivity requirements emerges. We 
estimate that while annual N requirements for primary production (based on a 
Redfield ratio of 5.7C:1Nf by weight, for phytoplankton growth requirements) are on 
the order of 2.63 x 10' kgN yr-', annual DIN loading via Neuse River inputs (at the 
upstream NB location) are on the order of 1.5 to 2 x 1106 kgN yr-'. A comparison of 
riverine inputs indicates that additional N inputs are required to sustain primary 
production in the estuary. The deficit grows substantially if we additionally assume 
that an unknown, but potentially-significant, fraction of the DIN loading (i.e. NO;) 
may be "lost" via denitrification in this estuary (Seitzinger 1988; Paerl and Thompson 
in preparation). This stoichiometric calculation suggests additional N inputs are 
needed to support primary production. 

Potential additional N inputs not accounted for in current estimates of Neuse/Trent 
River discharge include (1) Dissolved and particulate organic nitrogen, which were 
not quantified in this study, (2) Direct atmospheric N inputs downstream of New 
Bern (i.e. direct deposition; see Atmospheric Deposition section), (3) "Internal" or 
"regenerated" N loading attributable to sediment and water column release of NHC , 
and (4) N input sources downstream of New Bern, including wastewater treatment 
plant discharges at Cherry Point and Oriental, agricultural non-point source loading 
from tributaries, and possibly the Intercoastal waterway (Adams Creek). 

At present, it is unclear to what extent the substantial amounts of DON and PON 
entering the estuary are biologically available. We do know however, that DON and 
PON constitute substantial fractions of the total N loading in this estuary (Stanley 
1983; Dodd et aL 1993). Recent work has shown estuarine and coastal phytoplankton 
and bacteria to be capable of utilizing a variety of "reactive" DON compounds, 
including amino acids and urea (Antia et al. 1991; Paerl1991). The fad that we do 
not observe large accumulations of DON and PON compounds in either the water 
column or sediments suggests that these compounds are assimilated in the estuary. 
It is unlikely that the estuary merely acts as a conduit for these compounds, since 
relatively low DON and PON concentrations are encountered near the mouth 
(Christian et al. 1991). Therefore, there are reasons to believe that DON/PON inputs 
may in part help meet estuarine N requirements. 

Direct atmospheric deposition of N-containing compounds is an additional, yet 
poorly recognized, source of "new" N input into the estuary. On a monthly basis, we 
compared atmospheric direct deposition inputs, based on IMS (wet only) deposition 
data, extrapolated over the surface area of the Neuse River Estuary, with Neuse River 
DIN loading at New Bern, as "new" N sources supporting primary production during 
1990-1993. Depending on the season and year, atmospheric direct deposition inputs 
were comparable to 2% - 210% (mean value 42.7%) of riverine DIN inputs (Fig. 48). 
At certain times of the year, atmospheric DIN inputs were the dominant sources of 
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"new" N. In these calculations, we did not include atmospheric dissolved organic N 
as a "new" N source. Therefore, our estimates of the importance of atmospheric 
deposition as a "new" N source are conservative. Overall, these budgetary 
comparisons point to atmospheric direct deposition as a significant N source 
potentially supporting primary production in this estuary. 

We conclude that direct atmospheric deposition of DIN and internally-regenerated 
DIN (as NH4+) are key quantitative components of the N pool, potentially supporting 
and enhancing primary production in the Neuse River Estuary. The sigruficance of 
these N inputs is magnified if we invoke denitrification as an important N loss 
mechanism. If we consider evidence on the importance of denitrification in other N 
limited estuaries, including Chesapeake, Narragansett and Tomales Bays (Seitzinger 
1988; Joye and Paerl 1993), it is not unreasonable to assume that this process may be 
of budgetary significance in the Neuse River Estuary. Clearly, direct evidence for the 
importance of this process in the mediation of N flux and budgets is needed. 

While dissolved inorganic phosphorus (DIP, as loading at the three locations 
reveals a complex picture (Figs. 49-51), there are two periods during the year when 
DIP loading is consistently elevated. The first period is late-winter and spring, 
especially at upstream stations. Here, increased DIP loading appears to be associated 
with enhanced water discharge and runoff. The second period is in mid- to 
late-summer. Temporally, this period coincides with major NH4+ loading events in 
the estuary, which are attributed to "internaln release of regenerated N (largely from 
sediments) associated with periods of hypoxia. We suspect that, like these 
release events, a large share of the DIP loading during summertime may be 
associated with sediment hypoxia and anoxia at locations throughout the estuary. A 
similar sequence of mid-summer N&+ and events was observed in freshwater 
segments of the lower Neuse River during an earlier study (Paerl 1987). 

Primarv Productivitv and Phvtoplankton Biomass Dvnamics 

Amounts and Patterns of Primary Productivity 

In situ primary productivity is shown as volumetric or areal values. Vertically-mixed 
(field light simulator incubated) volumetric values ranged from a winter minimum of 
less than 50 mgC m3 day" at M6 to a summer maximum of nearly 2,000 mgC m3 
day-' at NB (Figs. 52-54). Depth-integrated areal productivities ranged from 
approximately 50 mgC me2 day-' at M6 to nearly 5,000 mgC m-2 day-' at NB (Figs. 
55-57). Mean daily volumetric productivity (1987-1993) ranged from 650 mgC m3 
day-' at NB, to 320 mgC m3 day-' at AC, to 234 mgC m3 day-' at M6. Volumetric 
primary production at NB was significantly (a = 0.05) greater at NE3 than either AC 
or M6. However, volumetric productivity did not sigxu£icant.y differ between AC 
and M6. Mean areal productivities were 1,926, 1,598 and 771 mgC m-2 day-', while 



PO 4 " Loading (kg P month-') 



PO A -3 Loading (kg P month-') 

"ON 
uor 
PA 

T 
b! 
"T 

Ki 
daS 
Po 
"ON 
=a 
*r 
9aj 

? 
bl ""r 
K 
daS 
130 
"ON 



Oc t 
Aug 
Jun 
May 
Mar 
Jan 
Nov 
Sep 
Aug 
Jun 
A P ~  
Feb 
Dec 
Nov 
Sep 
Jul 
May Mar 
Feb 
Dec 
Oct 
A'Jg 
Jun 
May 
Mar 
Jan 
Nov 
Sep 
Aug 
Jun 
APT 
Feb 
Dec 
Nov 
Sep 
Jul 
May 
Mar 
Feb 
Dec 
Oct 
Aug 
Jun 
May 
Mar 
Jan 



Oct 
Sep 
PIlg 
Jul 

Jun 
May 
Apr 
Feb 
Jan 
Dec 
Nov 
Oct 
Sep 
Aug 
Jul 

Jun 
May 
AP 
Mar 
Feb 
Jan 
Dec 
Oct 
Sep 
Aug 
Jul 

Jun 
May 
Apr 
Mar 
Feb 
Jan 
Dec 
Nov 
Oc t 
hg 
Jul 

Jun 
May 
Apr 
Mar 
Feb 
Jan 



-3 -1 Primary Productivity (mg C m d ) 



-3 -1 Primary Productivity (mg C m d ) 
d 

P Cr, 00 
0 0 0 

0 

0 0 0 0 
0 

JDW 
XDW 
Inr 
% 
"N 

JDW 

& 
"ON 

uor 
JW 
4l 
Inr 
daS 
"ON 

uor 
JW 
Q'i 
Inr 
% 
"ON 

*r 
Jw 
bl 

& 
"ON 

uor 
JW 
bl 
w 
daS 
"ON 
*r 
*w 



Figure 5 5. Depth-integrated Primary Production at NB (1 9 9 0 - 1 9 9 3 )  
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Figure 5 7. Depth- integrated Primary Production at M6 (1 9 8 8 - 1 9 9 3 )  
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total annual primary production values were 703, 583 and 281 gC m-2 respectively at 
these locations. 

Annual primary production over the course of the study varied considerably. For M6 
complete data are available from 1989-1993 and partial data from 1988. Annual 
volumetric primary production over this period ranged from about 63 gC mJ in the 
driest years (1988,1991) to about 124 gC m3 in 1993, a very wet year. Mean annual 
volumetric phytoplankton production for M6 was about 85.4 gC m3 over the study 
period. Data are available from 1991-1993 at AC and NB. Greater availability of 
nutrients led to higher annual production at AC (mean of 117 gC m3, range 102444). 
Very high production occufied in the nutrient-rich waters at NB (mean 237 gC m3, 
range 116-285). At this upstream station nearly all production occurred during 
warmer months with virtually none during winter (Figs. 52 and 55). The pattern of 
increased primary production coinciding with decreased salinity has been noted 
previously for the Neuse (Boyer et al. 1993; Mallin and Paerl1994). 

The high production oligohaline area near NB comprises only a small portion of the 
estuary's volume, with the majority found in the mesohaline areas downstream 
(Boyer et al. 1993, Table 2). By applying our productivity data to depth and area 
data in Boyer et al. (1993) we estimate that the estuary as a whole produces 
approximately 370 gC me2 per year, on average (Table 2). Another study, using 
different methods, obtained overall higher productivity values for the Neuse (Boyer 
et al. 1993; Mallin and Paerl 1994b). Phytoplankton production in the Neuse is thus 
second only to the Pamlico Estuary among major North Carolina systems (Mallin 
1994). When compared to other estuaries (Table 3), these productivity values place 
the Neuse River Estuary in a mesotrophic category (Neilson and Cronin 1981; Nixon 
1986; Day et al. 1989; Table 3). While mean productivity values serve as a useful 
index of general trophic state and assimilative properties of this estuary, their value 
in clarifying nutrient-production interactions, environmental controls, biogeochernical 
(i.e. material flux) and tropho-dynamics (i.e. food web ramifications) is limited. 

Mean daily and annual values of primary productivity were consistently highest at 
the upstream, nutrient-laden New Bern location, with decreasing values occurring 
downstream. This relationship proved true both intra- and interannually. At any one 
location, distinct annual productivity patterns prevailed, with minima occurring 
during late fall and early winter at all locations. Periods of maximum productivity 
varied among locations. At NB, maximum productivity occurred during late spring 
and summer months, while downstream AC and M6 frequently exhibited maxima 
during late winter-early spring and early fall. 

Seasonally, patterns of primary production proved to be unique and repeatable (over 
different years) at each location. As stated above, at NB, both volumetric and areal 
productivities showed maxima during summer, with minima occurring in mid-winter 
(Figs. 52 and 55). In contrast, AC revealed primary productivity peaks scattered 



Table 2. Computations involved in calculations of average areal 
primary production for the entire Neuse River estuary. 

Area (m2 ) 
% of estuary 

volume 

Fraction Annual Annual 
Sector of estuary production (g~m-3 ) Depth (m) production (g~m-3 ) 

a Sector designations, depths, and areas taken from Boyer et al. 
(1993) Table 1. 
Volumetric production values are from this report, with values 
from M6, AC, and NB corresponding to associated sectors in 
column 1. 
Volumetric production for sector D is estimated. According 
to Christian et al. (1991), chlorophyll g values are similar 
to those at E (our NB) but NO3- levels are much lower. 
If vo metric production for D ranges between 117 and 237 
gC m-' than total estuarine areal production ranges between 
340 and 376 gC m-3. 



Table 3. Estimates of annual primary production of various U.S. 
and Canadian estuaries. Data compiled from Nixon 1986 and Mallin 
et al. 1991. 

Primary Produc ion 
Estuary gC rn-' year- 1 

Apalachicola Bay, FL 

Chesapeake Bay (mid), MD 

Chincoteague Bay, MD-VA 

Bedford Basin, N.S. 

Barataria Bay, LA 

Columbia River (mouth), OR 

Kaneohe Bay, HI 

Lower Hudson Estuary, NY 

Narragansett Bay, RI 

Neuse River Estuary, NC (This study) 

Newport River Estuary, NC 

New York Bight, NY 

North Inlet, SC 

Pamlico River Estuary, NC 

Patuxent River, MD 

Puget Sound, WA 

South River Estuary, NC 

St. Margaret's Bay, N.S. 



throughout the year, with maxima most frequently occurring during fall  and 
late-winter and early-spring (Figs. 53 and 56). M6 provided a further contrast. Here, 
productivity maxima were commonly encountered during the 
late-winter/early-spring period (Figs. 54 and 57). There were some notable excep- 
tions at M6. In 1991,1992 and 1993, productivity maxima were additionally observed 
during summer and fall months (Figs. 54 and 57). Minor additional primary 
productivity peaks were noted during early summer at AC and M6. 

Phytoplankton Biomass and Community Structure 

Phytoplankton biomass, evaluated as chlorophyll a (Chl aJ, revealed temporal 
(seasonal) and spatial patterns similar to those reported for primary productivity at 
all locations (Figs. 58-60). Annual mean Chl a concentrations, as mg m3 (equivalent 
to gg L-) showed a decreasing trend from New Bern to the lower estuary. 
Chlorophyll a concentrations were sigNficantly greater at New Bern (a = 0.05) than at 
M6. However, Chl a at NB was not sipdicantly different from Chl a at AC, nor was 
Chl a at AC significantly different from that at M6. The overall mean at NB was 24 
mg m3 (range 0.7-148), mean at AC was 16 mg m3 (range 2-68), and mean at M6 was 
11.4 (range 0.5-65). These mean values compare favorably with an earlier 
longitudinal study (Christian et aL 1991). The overall values are moderate compared 
with a broad selection of estuaries (Nixon 1986; Day et al. 1989, Mallin 1994). 

Strong seasonality in Chl a concentrations was evident at NB and AC, with 
mid-summer maxima and winter minima occurring annually. A maximum Chl a 
value of nearly 150 mg Chl a m3 was recorded at NB during a mid-summer 1992, 
near-surface phytoflagellate / dinoflagellate / diatom bloom. The bloom was also 
present in near-bottom (-2.5 m) waters, but biomass was considerably lower (-30 mg 
Chl 2 ma). A comparison of near-surface with bottom waters at NB and AC 
indicated good temporal agreement among Chl a patterns, but fairly large differences 
in vertical distributions of this pigment occurred at any one time. These differences 
appear indicative of vertical salinity stratification in these segments of the estuary 
during periods of high runoff. At such times, a low density freshwater lens flows 
downstream over denser, saline water, leading to the formation of a salt wedge (Fig. 
61). The salt wedge persists for a considerable period (weeks to months) through the 
synergistic interplay of enhanced freshwater flow, tidal intrusions of downstream, 
more saline waters and absence of major storm events. Freshwater and saline lenses 
of the salt  wedge entrain different concentrations of Chl a. Since surface 
phytoplankton samples often revealed an abundance of freshwater taxa, it is possible 
that two different cornunities were represented during salinity-sbratification. 

At mid-estuarine AC, temporal Chl 3 patterns were closely and directly related to 
primary productivity (Fig. 59). Major bloom events were observed as peaks in 
surface and bottom water Chl a concentrations, at times exceeding 50 mg Chl a m3. 
In general, Chl a concentrations were sometimes higher in surface than bottom waters 
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(Fig. 59), indicating vertical differences in phytoplankton biomass, and potentially, 
community structure. The extent to which these differences could be attributed to 
salinity or thermal stratification is uncertain, because vertical differences in salinity 
and temperature frequently proved to be small at this location. Alternatively, it is 
possible that differences in phytoplankton community structure are a product of 
vertical (upward) migration and accumulation in near-surface waters. The waters of 
the Neuse estuary are highly colored and turbid, leading to suboptimal levels of 
photosynthetically active radiation (PAR) in near-bottom waters (Mallin and Paerl 
1992; Boyer et al. 1993) (Fig. 6). Under ephemerally stratified conditions, it is 
conceivable that swimming speeds of dinoflagellates and other (chlorophyte) 
flagellates (in some cases in excess of 10 cm per hour) could lead to near-surface 
biomass accumulations. Occasional vertical migration of dinoflagellates in the Neuse 
has been noted previously (Mallin and Paerl1992). 

During peak phytoplankton bloom periods, Chl a concentrations exceeded the State 
of North Carolina's "acceptable" level (40 mg Chl a ma) for phytoplankton biomass in 
natural waters. This occurred more frequently at NB and AC than at M6. 

At M6, Chl a concentrations "tracked" major periods of elevated primary 
productivity, although temporal distinctions between rninhum and maximum values 
were more difficult to discern when compared to either of the upstream stations 
(Figs. 58-60). Vertical differences in Chl a concentrations at M6 were likewise smaller 
than those observed upstream. The lack of distinct vertical zonation of Chl a at M6 
appeared indicative of the highly (vertically) mixed conditions previously 
documented at this location (Paerl et al. 1990a; Mallin and Paerl 1992). 

Chlorophyll a maxima recorded at M6 were invariably associated with 
late-winter/ early-spring dinoflagellate (Heterocavsa triauetra, Gvmnodinium sp., 
Prorocentrum minimum) and cryptomonad (Cmtomonas sp.) blooms (Table 4). 
Minor summer and fall peaks were indicative of either diatom, flagellate or 
blue-green algal populations. A more detailed analysis of temporal successional and 
spatial distributional differences in phytoplankton community composition is 
presented below (also see Mallin et al. 1991). 

Phytoplankton Community Composition and Dynamics 

Phytoplankton community composition in the mesohaline Neuse Estuary displays 
distinct groupings. The most obvious group is a winter-early spring group 
dominated by the dinoflagellates Heterocavsa triquetra. Prorocentnun minimum, and 
Gvmnodinium spp. This is a seasonal group common to other estuaries both in 
North Carolina and the Chesapeake Bay region (Mallin 1994). These organisms can 
become very abundant during periods of elevated flow in cold weather (Table 4). 
The Cryptomonads (Cmtomonas testaceae. Chroomonas hbiae.  C. minuta) are 
abundant in the Neuse in spring, summer, and fall, and have demonstrated late 



T a b l e  4 .  WINTER-SPRING HETEROCAPSA TRIOUETRA BLOOMS 
AND NEUSE RIVER DISCHARGE 

YEAR MONTH BLOOM? RIVER DISCHARGE 
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spring blooms in association with runoff events (Mallin et al. 1991). A third group 
cons~ts of centric diatoms, including Thalassiosira spp., Skeletonema costa&, 

- 

Cvdotella mene~hiniana, and Thalassionema nitzschoides, occurring late spring 
through early fall. Filamentous blue-green algae (mainly Phormidium spp. and 
Oscillatoria spp.) occasionally become abundant during summer. Along with these 
groups, a number of chlorophytes, euglenoids, and both photosynthetic and 
heterotrophic dinoflagellates also occur (Mallin et al. 1991). 

Upstream at NB many of these taxa also appear, at times dominating the flora. 
However, depending on salinity, freshwater taxa are abundant at times. These have 
primarily been chlorophytes such as Scenedesmus spp., Staurastnun auadricauda and 
Chlaxnvdomonas spp. Diatoms are represented by Melosira spp., along with 
eu~yhaline taxa such as Thalassiosira and Cvdotella. Other taxa appearing at times 
are various cryptomonads, both filamentous and colonial blue-green algae, and a 
variety of dinoflagellates, including colorless forms. 

Environmental Factors Controlling Phytoplankton Primary Production, Biomass and 
Community Composition 

Previous studies have attributed contrasting periods of maximum productivity in part 
to differences in phytoplankton community composition along the axis of the Neuse 
River and its estuary (Paerl et al. 1984; Paerl1987; Mallin et al. 1991). Indeed, 
delineations in phytoplankton species composition along salinity and nutrient 
gradients have been documented by a variety of investigators and agencies (Tedder 
et al. 1980; Harned 1980; Paerl1983; 1987; Stanley and Daniel 1985; NC Dept of Env., 
Health and Natural Resources, unpublished data). 

Salinity is an important determinant of phytoplankton species composition. It is well 
known that along the salinity gradient present in the lower Neuse River and Estuary, 
specific bloom-forming phytoplankton taxa reveal distinct salinity preferences. One 
example is the freshwater cyanobacterial surface bloom-former Microcvstis 
aeruginosa, responsible for periodic summer nuisance blooms in the nutrient-enriched 
freshwater riverine region between Vanceboro and New Bern. This organism, while 
capable of proliferating in a seemingly uncontrolled manner in slow-flowing nutrient- 
(N) enriched freshwater segments, is sensitive to only a few ppt salinity (Paerl et aL 
1984), and as such has not been reported in significant numbers downstream of New 
Bern. In contrast, chlorophyte, cryptomonad and dinoflagellate species are more 
commonly found in the oligohaline and mesohaline waters downstream of New Bern. 
Members of these groups have been responsible for large late-winter early-spring 
"red tiden-like blooms in these waters. Such bloom events are not only significant 
from water quality, fisheries, recreational and public health perspectives, they account 
for a sizable proportion of the annual productivity in both freshwater and marine 
segments of the estuary (Paerl1987; Mallin et al. 1991). A critical question pertaining 



to these large contributions to annual primary productivity is, what environmental 
factors or "driving forces" regulate and ultimately control production and bloom 
phenomena in this ecosystem? 

Three groups of environmental factors play central roles in phytoplankton 
community composition and growth potentials in the Neuse River Estuary. They are 
(1) hydrodynamic conditions (i.e. wind, flow and tidal small-scale turbulence, 
including shear, large-scale turbulence, such as vertical mixing and advection), (2) 
freshwater discharge, resultant flushing (and altered water residence times), 
(3) meteorological conditions (irradiance, temperature), and (4) nutrient supply rates. 
In many instances, these groups of factors temporally and spatidy interact to 
determine species composition, growth rates, primary productivity and accumulation 
of biomass. The magnitudes of these variables and timing of their impacts or 
influences are critical ingredients when considering the issue of environmental 
control of primary production in this estuary. 

In addressing key environmental controls on productivity along the entire length of 
the estuary, we will start by examining the fundamental parameters controlling 
photosynthesis, namely, photosynthetically-active radiation (PAR), temperature and 
nutrient supply. An examination of annual patterns of primary productivity (and 
chlorophyll aJ in the estuary shows distinct minima during early to mid-winter at all 
locations. This could be construed as being due to PAR limitation, since total PAR 
flux is also minimal at this time of the year. If we consider the turbid and highly 
colored waters of the Neuse Estuary (Fig. 6), additional constraints on PAR 
availability can be expected in the water column. Minimal water column 
temperatures also occur during wintertime. It is well known that the enzymatic 
conversion of CO, to complex organic molecules during photosynthesis (i.e. the "dark 
reaction") is temperature-sensitive (i-e. lowest rates occur at lowest temperatures) 
among most phytoplankton taxa (Stewart 1974). Theref ore, minimal 
photosynthetically mediated growth rates might be expected during wintertime. 
Indeed, the impacts of nutrient additions during this time of the year appear to be 
minimal (Paerl1987; Rudek et al. 1991), suggesting light and/or temperature 
limitation during this period. 

Additional factors, including large-scale hydrological changes, come into play later in 
the winter, complicating the light-limitation scenario. During "normal" years, the 
period of maximum precipitation commences in January-February in Eastern North 
Carolina, leading to increased freshwater discharge and runoff to the estuary. At this 
time, accelerated nutrient loading (from runoff) accompanies the large freshwater 
discharge entering the estuary. Also, irradiance (total PAR flux) and transparency of 
the already turbid water column change less dramatically than salinity and nutrient 
loading. Vertical mixing, while restricted upstream due to the development of a salt 
wedge, does not vary as dramatically as nutrient (specifically DIN) loading along the 
well-mixed lower estuary. Large increases in downstream (AC and M6) primary 



productivity and Chl a concentrations accompany enhanced runoff and nutrient 
loading maxima in late winter. This sequence of events strongly suggests that 
hydrologically mediated salinity alterations, accompanied by large nutrient (N) inputs 
are more closely related in time and space than PAR and temperature changes to 
phytoplankton production potentials during this period. Temperature and PAR can 
be considered basic "seasonal" controls, whereas hydrology and nutrient (N) delivery 
are more acute, and often overriding controls. 

An overview of the above-mentioned environmental factors potentially responsible 
for the downstream declines in productivity implicate nutrient limitation as a 
dominant control of primary production during the late-winter through summer 
phytoplankton growth period. During this period, turbidity is often highest at NB 
(especially during late-winter, early-spring enhanced runoff conditions). Therefore, 
while constraints on light availability may play an integral role in determining 
productive and (nutrient) assimilative characteristics of the estuary during 
low-growth fall-winter periods (Mallin and Paerl1992; Boyer et al. 1993), these 
constraints do not appear to be the primary factor responsible for controlling primary 
production during the remainder of the year. 

Physical, hydrological, chemical (nutrient) and biotic features (phytoplankton 
community composition) were temporally and spatially-linked to and potentially 
responsible for observed patterns and magnitudes of primary productivity. The 
summer productivity increases result from increased solar irradiance and water 
temperature and are common among estuaries in North Carolina (Mallin 1994) and 
elsewhere (Day et al. 1989). Overlying this solar-driven pattern is hydrological 
"forcing". Between mid-winter and spring approximately 70% of the freshwater 
discharge and "external'' or "new" nitrogen loading takes place, largely the result of 
increased rainfall, and nutrient-laden runoff taking place at that time of the year. 
Both nutrient (specifically N) loading and flow are dramatically increased at this 
time. 

The simultaneous controlling impacts of nutrient loading and increases in flow are 
most profound at NB, in part because it is closest to nutrient sources and in part 
because this is the narrow, low volume, highly flushed "riverine" component of fhe 
estuary. While nutrient loading is intense at this location, so are flow and flushing. 
Here, the flushing rate likely exceeds assimilative capacity and phytoplankton growth 
capacity. As a result, much of the nutrient load transiting this location is not utilized 
or "filtered" during winter. Not until subsequent lower-flow and lower flushing late 
spring and summer periods do phytoplankton productivity and biomass reach 
maxima in this segment of the estuary (Fig. 55). Such physical-chemical "forcing" on 
phytoplankton production dynamics is similar to what has been observed in 
upstream freshwater portions of the Neuse River (near Vanceboro, NC) (Christian et 
al. 1986; Paerl 1983; 1987). During the lower discharge spring and summer months, 
residual nutrient loads combined with increased water retention times d o w  for the 



development of high standing stocks of phytoplankton (Paerl 1987; Showers et al. 
1990). In years when very high winter-spring discharge is followed by summer 
drought (low discharge conditions), maximum phytoplankton production and bloom 
potentials have occurred in this upstream region (Paerl 1983; 1987; Christian et al. 
1986). 

As the estuary widens downstream of New Bern, water residence time increases 
dramatically. AC typifies this condition. Here, the potential for temporal overlap 
between nutrient-enriched freshwater discharge and phytoplankton growth and 

- -  - 

bloom development increases. As a result, both winter-spring and s-ummer 
phytoplankton productivity peaks and periodic blooms of mesohaline phytoplankton 
(Heterocavsa triauetra; C tomonas sp.) take place. Extensive blooms, like those 
experienced in 1991,1992 and 1993-1994, are particularly evident in years when large 
freshwater pulses (i.e. runoff) are followed by sunny days, lower rainfall, and longer 
water residence times (which were average to above average rainfall years) (Table 3). 
Late 1992,1990 and early 1993 proved to be fairly dry. As a result, only minor 
blooms were observed during these periods  a able 4; Figs. 6264). The downstream 
location, M6, revealed the strongest temporal linkage between hydrology and primary 
productivity as well as phytoplankton biomass. This location represents the widest 
and highest volume segment of the estuary. Although weak tidal mjxing is present, 
water residence time is, in all likelihood, longer here than in narrow upstream 
segments (R Leuttich personal comm.) Hence, water residence times are relatively 
lengthY, and the opportunity for phytoplankton to effectively assimilate nutrients and 
remain in the system is greatest As such, the sequential linkage of high runoff, 
enhanced productivity, and bloom development is strongest in this 
region (Mallin et al. 1993). 

Not surprisingly, we were able to distinguish trophic impacts of high freshwater 
discharge ("wettt) from low discharge ("dry") years in the form of the magnitudes and 
durations of late-winter and early-spring phytoplankton blooms (Figs. 6264). In 
certain years (1989, 1991), large winter-spring phytoplankton blooms were not 
observed (Table 4). When examining hydrological loading preceding and during 
these periods, conditions proved to be relatively dry (Figs. 14, 6264). During the fall 
of 1993, local thunderstorms, several tropical s t o m  events and the fringes of a 
hurricane (Emily) impacted the Neuse River Estuary. These combined events led to 
substantial nutrient (N) pulsing throughout the estuary, with a large productivity 
response during September of that year. Interestingly, relatively dry weather 
followed from October through December. This was accompanied by a distinct drop 
in both primary productivity and phytoplankton biomass. As the rainy season was 
once again initiated during January, 1994, resultant enhanced nutrient loading led to 
some of the largest and most persistent blooms of both Heterocavsa triauetra and 
Cmtomonas sp. thus far observed in the lower estuary. Due to very high discharge 
and flow rates during this time frame, no concomitant blooms were observed at NB. 
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As recently pointed out by Mallin and Paerl (1992; 1994b), it is critical to consider 
vertical mixing dynamics when evaluating potential controls of primary production 
in this turbid estuary. Overall, vertical mjxing appears to be rapid enough to 
compensate for moderate levels of PAR attenuation over the majority of this estuary 
(see Physical-Chemical Characteristics). The highly dynamic vertically-mixed water 
column allows for efficient vertical excursions of phytoplankton throughout the entire 
light field, thus ensuring effective PAR utilization (Mallin and Paerl 1992), and 
increasing the likelihood that nutrient limitation overshadows light limitation, 
especially during optimal phytoplankton growth and bloom periods (Mallin and 
Paerl 1994b). The spatial and temporal patterns of nutrient limitation will be 
discussed in more detail in the following section. 

As will be seen in bioassay studies, nitrogen availability controlled primary 
production during the various hydrological-productivity scenarios discussed above. 
It is important to note that rainfall and runoff are particularly rich biologically 
available nitrogen (as NO; NH+, and potentially DON) sources, capable of 
alleviating N limitation. 

In summary, there are strong spatial and temporal interactions between periods of 
nitrogen-enriched freshwater discharge, primary productivity and phytoplankton 
biomass in the estuary (Figs. 62-64). The degree to which periods of enhanced 
freshwater discharge and resultant nitrogen loading are juxtaposed or "out of phase" 
with phytoplankton productivity and biomass responses is largely a product of the 
interactions of water residence time (physical flushing), phytoplankton assimilative 
and growth potentials, and the stimulatory effect of increased solar radiation during 
summer. The annual magnitudes of primary production and standing stocks of 
phytoplankton are largely a product of the timing of N loading and its residence time 
in the estuary. 

There is neither an increasing nor decreasing trend in productivity at M6 from 
1988-1993. As with upstream productivity, annual phytoplankton production and 
biomass at this location is mainly dependent upon DIN delivery (Paerl et al. 1990; 
Rudek et al. 1991; Mallin et al. 1993). 

Nutrient-Production Interactions: In Situ Bioassavs 

Overdl, In situ Cubitainer bioassays demonstrated the sensitivity of the Neuse River 
Estuary to nitrogen enrichment Nitrogen stimulated primary production and Chl a 
throughout much of the year. Notable exceptions were high freshwater discharge 
periods in late-winter early-spring periods (Jan- Mar.), when N was either not or 
marginally stimulating and some P co-stimulation occurred (Figs. 6572). In general, 
stimulation of productivity closely tracked magnitudes of N loading throughout the 
estuary (Figs. 65-72). During periods of maximum hydrological discharge (and 
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highest N loading) P co-stimulation (co-limitation) was observed, and on a few 
occasions P additions alone led to significant stimulation when compared to 
(untreated) controls. Notable events occurred during February of both 1992 and 1993 
at AC. During these periods, N-laden runoff, resulting from a relatively high rainfall 
in the preceding few weeks, inundated these regions. This led to short-term, 
significant, periods of P co-limitation (Figs. 6570). These events frequently coincided 
with increased ratios of dissolved inorganic nitrogen (DIN) to dissolved inorganic 
phosphorus (DIP) (Figs. 36-38). At all locations, there were strong relationship 
between increased DIN/DIP ratios and periods of P co-limitation. 

At times, P and other additions proved inhibitory to primary production and Chl a 
synthesis. This was particularly evident at NB. The mechanism(s) underlying this 
inhibition were not examined during this study. It is possible that dilution of river 
water by rainwater lowered the concentration, and hence availability, of an essential 
micronutrient. In this regard ~ 0 , ~  additions may have enhanced precipitation of 
metal cations (egg. Fef3), rendering them unavailable for phytoplankton uptake. 
Similar inhibitory impacts of P additions have been reported in near-shore and 
coastal Atlantic Ocean waters (Paerl et al. 1990b; Paerl unpublished data). Inhibition 
was not prevented by supplying additional N, supporting the hypothesis that P may 
have irreversibly lowered the availability of another essential nutrient, possibly iron. 

Despite evidence for short-term biostimulatory impacts of P, when we consider 
nutrient-production interactions on longer-term annual and interannual bases, it is 
concluded that, except for a shoa period in spring, P enrichment without concomitant 
N enrichment is not likely to increase primary production in this estuary. These 
results are in agreement with previous freshwater (near Vanceboro, NC) and 
estuarine (Albemarle Pamlico Estuarine Study) bioassays conducted by Paerl and 
colleagues (Paerl1987; Paerl et al. 1990a ; 1990; Rudek et al. 1991). 

Nitrogen-stimulated production was most profound during late-spring through 
summer (Figs. 65-72), when external N loading (largely as non-point source runo£f) 
decreased and phytoplankton N demands were high. The magnitudes of N 
stimulation were depressed during this period when bioassays were conducted 
shortly after extensive rainfall events (which were accompanied by enhanced N 
loading). Generally, primary productivity agreed well with chlorophyll a as bioassay 
response parameters. Occasionally, silicon (as sodium silicate) and trace metal 
additions were tested in bioassays. No significant stimulation of either primary 
production or Chl a synthesis were observed in response to these nutrient additions 
(either made singly or combined with N and P) (see Rudek et al. 1991 and Paerl et al. 
1990a; 1990b for details). 

Both 1% and 3% rainwater additions periodically stimulated primary production and 
Chl 3 synthesis, especially at the two downstream locations locations. Rainfall 
stimulation appeared to parallel stimulation by nitrogen (as nitrate) additions (Figs. 



6572). This generally proved true throughout the bioassay subsampling periods. 
However, some differences in phytoplankton growth response to rainfall vs. nitrate 
additions were observed. At times, nitrate additions led to stimulation with no 
concomitant rainfall stimulation (in fact inhibition was observed in ceratin cases). 
This poor correspondence was often attributable to a lack of significant N content (as 
either NO, or DON) of specific rainfall events used as bioassay additions. 
Dilution of such low DIN/DON-containing rainfall events by Neuse Estuary water 
yielded no sigruficant net increase in final DIN/DON content, and accordingly, no 
stimulation of primary production or Chl a synthesis. These results strongly 
implicate the DIN/DON content of rainfall as the biostimulatory agent 

In general, 3% rainwater additions yielded a higher degree of stimulation than 1%, 
although there were exceptions at all locations (Figs. 65-72). The reason(s) for 
occasionally higher stimulation in response to 1% (as opposed to 3%) rainwater addi- 
tions are not clear. It is possible that inhibitory substances, including heavy metals, 
toxic substances from automobile emissions and other combustion products, may at 
times have accumulated in rainfall collectors. It is unlikely that the low pH charac- 
terizing periodic acid rain events (which were used in bioassays) altered the pH of 
receiving waters, thereby negatively affecting phytoplankton growth and community 
composition. Any appreciable salinity (and alkalinity) is known to strongly buffer 
against rainwater-induced pH changes in these waters (Paerl 1985; Paerl et al. 1990b). 
Furthermore, pH in receiving estuarine waters was routinely checked (data not 
presented here) after 3% rainwater additions during the first year of bioassays 
(1990-91). These precautionary checks revealed no detectable pH alterations in 
response to rainwater additions. It is possible that in subsequent years, slight pH 
alterations did occur, especially in the weakly-buffered freshwater portion of the 
estuary near New Bern. We consistently failed to observe significant reduction of 
growth (relative to controls) in response to rainwater additions, indicating that 
rainwater per se was not inhibitory to Neuse River Estuary water. 

Not unexpectedly, rainwater additions led to maximum degrees of stimulation at the 
more saline downstream locations, AC and M6 (Figs. 69-72). At these locations, 
nutrient (specifically N) inputs originating from runoff and sediment loading are 
rapidly and effectively diluted and assimilated, resulting in low ambient DIN 
concentrations and chronic N limitation. Under these conditions, any signhcant 
"external" or "new" N input is expected to yield maximum stimulation of 
phytoplankton growth. This appears to be the case in numerous bioassays conducted 
at these locations throughout the spring-fall phytoplankton maximum growth period. 

These results underscore the importance of timing of specific nitrogen inputs with 
respect to the control of phytoplankton production and bloom potentials. Clearly, 
sizable acute N input "pulses", resulting from periods of enhanced rainfall and runoff, 
can be expected to profoundly impact magnitudes and extent of phytoplankton 
production, species composition and bloom potentials during N sensitive 



spring-summer months. These impacts appear most significant in lower reaches of 
the estuary, which experience chronic N limitation throughout the spring-summer 
period of maximum phytoplankton growth potential (Paerl et aL 1990a; Rudek et al. 
1991). Conversely, acute N loading as rainfall and runoff events superimposed on a 
wet and N-laden late-winter/early spring runoff period may add little to overall 
production potentials (especially if there is sufficient N during this period). The 
transitional mid-spring period from high to low runoff is also of critical importance. 
If, during this period of increasing temperatures and irradiance (both intensity and 
length of day), enhanced N loading persists, spring blooms will undoubtedly linger 
further on into summer, with the potential for blooms growing in magnitude and 
areal coverage down the estuary. There is some evidence that this threshold may 
have been reached during late-spring 1994, when high N-laden runoff overlapped 
with optimal phytoplankton growth conditions in the lower estuary, resulting in an 
unusually large and long-lasting dinoflagellate CHeteroca~sa triquetra) and 
cryptomonad (Crvotomonas sp.) bloom. 

In this regard, it is pointed out that during recent years, potentially-problematic 
blue-green algal (Phorxnidium sp., Oscillatoria sp.) and dinoflagellate (Gvmnodinium 
sp., Prorocentnun minimum) bloom species have been observed as subdominants 
during mid- to late summer or winter-spring months, respectively in mesohaline 
portions of the estuary (Mallin et aL 1991). Presumably, growth and bloom potentials 
of these species are closely controlled by N availability. Sizable N inputs, in large 
part attributable to N-enriched rainfall and runoff entering the estuary during periods 
of optimal growth potential, could lead to increased dominance by these species in 
both short- (acute N loading events) and longer- (gradual but perceptible increases in 
N loading) terms. Seasonal examinations of N content of atmospheric deposition 
(wet and dryfall) indicate that N content of depositional events is 20-30% higher in 
summertime than in winter and spring (Willey et al. 1988; Paerl and Fogel 1994). We 
also note that atmospheric N inputs, as direct deposition, account for a relatively 
large fraction of the "new" N inputs in the estuary during summertime (Fig. 48). 
Seasonally-contrasting differences in atmospheric loading should therefore be taken 
into consideration when evaluating the biogeochemical and trophic impacts of N 
loading on phytoplankton production and succession dynamics. 

In a recent evaluation of large scale estuarine and coastal productivity responses to 
atmospherically derived nitrogen (ADN), as wet- and dry-fall, Paerl (1993) 
emphasized the increasingly important role that ADN is expected to play as a "new" 
N source along the gradient spanning low salinity riverine to moderate salinity 
estuarine to full-salinity coastal waters. Nitrogen-limited estuaries such as the Neuse 
are known to be effective "filters" of anthropogenically-generated DIN and DON, 
much of it entering via specific point sources (sewage treatment plants, industrial 
effluents), non-point source runoff and groundwater. Much of this allocthonous 
"new" N is assimilated, sedimented, or (in the case of nitrate) denitrified before the 
mouths of estuaries are reached. In the lower estuarine and coastal regions, ADN 



plays an increasingly important role as a "new" N source, since it can be directly 
deposited (as rainfall and dry deposition) in these chronically N-limited regions. The 
relative importance of the role of ADN may increase even further as we enter coastal 
and shelf waters, where a highly significant portion (30 to >50%) of "new" N can be 
attributed to ADN inputs alone (Paerl 1993; Paerl and Fogel 1994). 
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