
ABSTRACT 
 
 

ROTHENBERGER, MEGAN BETH. Long-term Impacts of Changing Land-use 
Practices on Water Quality and Phytoplankton Assemblages in the Neuse Estuary 
Ecosystem, North Carolina. (Under the direction of JoAnn M. Burkholder.) 
 
 

The Neuse River Basin (NRB) currently drains one of North Carolina’s most 

productive and rapidly expanding urban, industrial, and agricultural regions.  Diverse and 

changing land use activities associated with the expanding human population are 

generating excessive amounts of nutrients and pollutants.  Recent efforts to characterize 

climatic and anthropogenic influences on water quality in the Neuse Estuary, based on 

13+ years of data collected from 1993- 2006, have revealed that nutrient reductions from 

improved management practices in the Neuse watershed over ca. the past decade have 

been offset by rapidly increasing development. Moreover, ammonium – a form of 

nitrogen that directly stimulates algal growth – has increased over the past decade by 

about 500-fold.  The processes responsible for the increase in nutrients and the forces 

governing phytoplankton assemblage structure in the Neuse Estuary are still poorly 

understood.   

The goal of this research was to build upon present understanding of the 

eutrophication process in this ecosystem by evaluating linkages among land use practices, 

nutrient concentrations and ratios, and phytoplankton assemblage composition.  First, 

geographic Information Systems (GIS) analysis was used to characterize 26 sub-basins 

throughout the Neuse watershed for changes in land use over the past decade. GIS was 

also used in concert with multivariate statistics to synthesize and integrate ten years of 

land cover and water quality data (1992-2001) into a conceptual model and identify 



specific land-use characteristics that may influence water quality in streams.  Second, a 

continuous long-term record (1994-2006) of the phytoplankton in the mesohaline Neuse 

Estuary, in conjunction with synoptic measurement of environmental variables, provided 

a unique opportunity to evaluate responses of the phytoplankton assemblages to changing 

environmental conditions.  The ordination techniques, non-metric multidimensional 

scaling (NMDS), indicator species analysis, and BIO-ENV, were used to investigate 

potential environmental predictors of phytoplankton assemblage patterns over the study 

period.  

   GIS and statistical analyses indicated that over the ten-year study period, total 

phosphorus concentrations were significantly higher during summer months in sub-basins 

with high densities of wastewater treatment plants (WWTPs) and confined swine feed 

operations. Concentrations of nitrate + nitrite were significantly higher during winter in 

sub-watersheds with high WWTP densities, and organic nitrogen was significantly higher 

in sub-basins with greater agricultural coverage, especially coverage by pastures 

fertilized with animal manure.  Ammonium concentrations were significantly higher after 

high-precipitation periods.  Larger proportions of forests and wetlands in sub-basins were 

significantly correlated with lower nutrient concentrations, suggesting that these natural 

ecosystems act as sinks for several nutrients.   

In the Neuse Estuary, phytoplankton assemblages were strongly influenced by 

temperature and TN:TP ratios with expected seasonal changes in species composition. 

Year-to-year changes in river discharge rates were important in determining whether 

phytoplankton assemblages were dominated by diatoms and phototrophic flagellates or 

by mixotrophic and heterotrophic dinoflagellates.  Abundance of the potentially toxic, 



bloom-forming dinoflagellate Prorocentrum minimum was positively related to low water 

temperatures (winter/spring) and organic nitrogen and suspended solids concentrations. 

In addition, other potentially toxic flagellated algae such as the raphidophyte, 

Heterosigma akashiwo, have increased in abundance over the past decade, and H. 

akashiwo was found to be an “indicator species” for high ammonium concentrations (> 

50 µg L-1).  Overall, the data indicate that wastewater discharges in the upper Neuse basin 

and intensive swine agriculture in the lower basin have been the highest contributors of 

nitrogen and phosphorus to receiving surface waters. In the estuary, increased nutrients, 

especially ammonium, are promoting increased abundance of several potentially toxic, 

bloom-forming phytoplankton species. 
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1. INTRODUCTION 

Every existing stream is part of a massive network of streams that drain into rivers and, 

ultimately, to the ocean. Each stream and river has its own drainage basin that circumscribes all 

of the land that drains into that system.  The topography, soil type, bedrock type, climate, and 

vegetation cover of the drainage basin influence the characteristics and quantity of materials 

dissolved in recipient aquatic systems. For instance, the geomorphology of the land determines 

the soil composition, slope, and, in combination with climate, the vegetation cover (Wetzel 

2001).  The vegetation and soil composition influence not only the amount of water runoff but 

also the type and quantity of nutrients, dissolved salts, and organic materials that enter streams, 

rivers, and lakes (Wetzel 2001).  The downstream transfer of nutrients and other materials from 

the drainage basin to coastal waters is a dynamic process, as transported nutrients participate in a 

variety of physical, chemical, and biological interactions.  These interactions are dominated by 

physical processes such as erosion and gas exchange; the chemical processes of weathering, 

chemical precipitation, cation exchange, and ion sorption; and the biological processes of uptake, 

respiration, decomposition, mineralization, and microbially mediated redox transformations 

(Church 1997; McClain et al. 1998). A molecule of a nutrient species may pass through the 

sequence of uptake and mineralization many times during its downstream journey, repeatedly 

cycling between organic and inorganic molecular species (McClain et al. 1998). 

 Two elements of key importance to the structural and physiological requirements of the 

biota in drainage basins are nitrogen (N) and phosphorus (P).  N often limits the rate of net 

primary production on land and in the sea (Vitousek and Howarth 1991).  Since N is an integral 

part of enzymes, it is essential for almost all biochemical reactions.  Phosphorus plays an 

essential role as a structural link in the genetic materials DNA and RNA.  In adenosine 
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triphosphate (ATP), P is involved as a short-term energy “currency” in biochemical reactions, 

and it is an essential component of the phospholipid molecules of cell membranes (Schlesinger 

1997).  Both N and P are essential to plant and animal tissue production and human activities are 

greatly increasing the supply of N and P to the environment. N and P fluxes largely control local 

ecosystem function and global biogeochemistry.  In fact, changes in the availability of N and P 

likely controlled the size and activity of the biosphere through geologic time (Schlesinger 1997). 
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1.1 Human alteration of nitrogen and phosphorus cycles

Reactive N (defined as N bonded to C, O, or H as in NOx, NHx, and some forms of 

organic N) is created either by lightning, which produces momentary conditions of high pressure 

and temperature allowing N2 and O2 to combine, or though the biological fixation of unreactive 

nitrogen (triple-bonded N2) (Schlesinger 1997). The biological mechanism of N2 fixation is 

responsible for creating ~99% of biologically available N, dwarfing the abiotic contribution by 

lightning (Wetzel 2001). In addition to biological N2 fixation in water and sediments, other 

inputs of N to the drainage basin include N contained in particulate (“dry”) fallout and 

precipitation reaching surface waters via direct deposition or indirectly though runoff.  Unlike N, 

the global cycle of P has no significant gaseous component and, thus, the P content of 

precipitation in generally low (~0.03 mg liter-1; Horne and Goldman 1994; Wetzel 2001).  

Although atmospheric loadings of P as dust can constitute 25-40% of the annual loadings to 

aquatic systems (Cole et al. 1990), rocks of the continental crust hold the largest reservoir of P 

that becomes available to the biosphere through rock weathering (Schlesinger 1997).  Nearly all 

the P in terrestrial ecosystems is derived from the weathering of calcium phosphate minerals, 

especially apatite (Frossard et al. 1995). 

In addition to the natural sources of nutrients from the atmosphere, sediment erosion, and 

leaching of the drainage basin, anthropogenic sources have not only altered the morphometry of 

most basins but also have modified the chemical environment (Hornung and Reynolds 1995).  

Human activities such as urban development and intensification of agriculture have led to, 

among other things, the progressive opening of biogenic nutrient cycles (e.g., increased mobility 

of biologically available forms of N and P) (Turner et al. 1999).  Land use change in drainage 

basins often results in decreased vegetation and conversion of valuable wetlands to croplands or 
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housing developments with more impervious surfaces.  Terrestrial vegetation and wetlands act as 

“filters” that moderate flow and retain or assimilate nutrients during their downstream passage to 

the sea. Land use changes have promoted increased runoff from the landscape and export of 

nutrients from the drainage basin (Howarth et al. 1996; Turner et al. 1999).   

Humans have also extensively altered the hydrologic cycle by creating diversions and 

dams to meet increasing demands for the limited supply of fresh water (Vitousek et al. 1997b).  

Impounding and impeding the flow of rivers increase the likelihood of downstream flooding, 

contribute to the spread of certain diseases (e.g., malaria), inhibit the movements of anadromous 

and catadromous fishes, and facilitate the discharge of soil, sediment, and nutrients to aquatic 

systems (Baxter 1977).  Increased nutrient loading to aquatic ecosystems has led to cultural 

eutrophication, which is associated with increased productivity, simplification of aquatic 

communities (e.g., increased abundance of generalist species and decreased overall diversity), 

and, eventually, ecosystem instability (Wetzel 2001).  Because few aquatic environments have 

been left unaltered by human pollution and modifications to the environment (Wetzel 2001), it is 

important to intensify study of aquatic ecosystems, and to understand the full magnitude of 

human influence on their functioning and stability.  

Expanding human populations require N for enhanced food production, and greater 

amounts of N are being converted from unreactive to plant-available forms through processes 

such as manufacturing fertilizers, burning fossil fuels, and cultivating crops that fix N 

symbiotically (Galloway et al. 1995; Vitousek et al. 1997a).  The amount of reactive N that 

enters the biosphere each year worldwide has roughly doubled since pre-industrial times (~150 

Tg N yr-1 fixed through human activities, versus 100-150 Tg N yr-1 fixed naturally; Galloway et 

al. 1995; Howarth et al. 1996; Vitousek et al. 1997a). The increased anthropogenic inputs of N 
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eventually can saturate and overwhelm the internal N cycling processes of the drainage basin, 

resulting in the release of reactive N to streams, rivers, groundwater, and ultimately the oceans 

(Vitousek et al. 1997b).  All together, human activities have increased bioavailable N fluxes to 

coastal rivers of the northeastern U.S. 5 to 14 times above natural rates (Jaworski et al. 1997).  N 

is the second-most abundant plant nutrient (after CO2) and limits primary production in many 

ecosystems. Releases of reactive N from food and energy production and other activities have 

the potential for significant detrimental impacts on human health and the environment (Galloway 

et al. 2002). 

 Industrial fixation of N2 for use as fertilizer (the Haber-Bosch process) currently totals 

~80 Tg N yr-1 and represents the single largest alteration of the N cycle (Vitousek et al. 1997a; 

Townsend et al. 2003).  The increase in the manufacturing of reactive N for food production is 

remarkable: Half of all inorganic N ever used on the planet was applied in the past 15 years 

(Howarth et al. 2002).  Although increased N2 fixation for fertilizer use can produce considerable 

public health benefits, especially for impoverished nations, much of this fixed N is never 

consumed (Galloway et al. 2002; Townsend et al. 2003).  In fact, less than 50% of N fertilizer 

applied to fields is removed in crop harvest (Howarth et al. 1996).  The remaining N is stored in 

the soil or volatilized to the atmosphere, or moves into groundwater or surface water (Howarth et 

al. 1996). 

Widespread cultivation of N2-fixing crop species also increases the amount of reactive N 

in the environment.  Although leguminous plants are part of natural communities, agriculture has 

greatly increased their number, resulting in the replacement of diverse plant communities with 

large monospecific stands of N2-fixing crops.  The quantity of N fixed by crops is more difficult 

to determine than is industrial N fixation, but is estimated to be 32-53 Tg N yr-1 (Vitousek et al. 
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1997a).  Combustion of fossil fuels contributes another >20 Tg N yr-1 to the atmosphere by 

mobilizing N from long-term geological reservoirs and, to a lesser extent, by fixing atmospheric 

N2 (Vitousek et al. 1997b).  In addition to doubling the rate of N fixation on land, human activity 

liberates another ~50-70 Tg N yr-1 from long-term storage pools, further increasing the biological 

availability of N (Vitousek et al. 1997b).  Together, land use clearing and conversion and 

drainage of wetlands (and consequent oxidation of their organic soils) may mobilize ~30 Tg N 

yr-1 or more (Armentano 1980).  The loss of wetlands, as mentioned, removes a significant sink 

for fixed N (denitrification) and further increases the mobility and fluxes of biologically 

available forms of N to and through streams and rivers (Vitousek et al. 1997a). 

Human activity has also greatly altered the global P cycle.  As examples, through mining 

P and transporting it in fertilizers, animal feeds, agricultural crops, and other products, humans 

are increasing the concentration of P in watershed soils and elevating the potential P in runoff to 

aquatic ecosystems (Bennett et al. 2001).  The net increase in P storage in terrestrial and aquatic 

ecosystems is estimated to be at least 75% greater than pre-industrial levels of storage (Bennett 

at al. 2001).  This massive accumulation of P in upland soils ultimately affects the productivity 

and stability of aquatic ecosystems.  Like N, P is an important element limiting primary 

production of many aquatic systems. Phytoplankton and aquatic macrophyte production in many 

freshwater ecosystems can be significantly stimulated by additions of P, or P and N in 

combination (Caraco 1995).    

Based on global P budgets, inputs of P to terrestrial soils and freshwater ecosystems 

presently are between 33.5 and 38.5 Tg annually compared to a pre-industrial budget of 10-15 

Tg P yr-1 (Bennett et al. 2001).  The mining of phosphate and its agricultural, industrial, and 

domestic uses are almost entirely responsible for this increase (mining currently adds ~18.5 Tg P 
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yr-1; Bennett et al. 2001).  Applications of fertilizers and manure can greatly increase the amount 

of P stored in a given drainage basin and discharged to aquatic systems (Carpenter et al. 1998).  

Fertilizer P losses in runoff are ~5% of that applied, and manorial losses can be as high as 20%, 

especially if rainfall immediately follows application (Carpenter et al. 1998). Because the 

amount of P lost to surface waters increases with the P content of the soil, excess agricultural 

inputs of P are closely linked to eutrophication of surface waters (Fluck et al. 1992).  Because 

terrestrial soils bind P and have turnover times of over 50 years, eutrophication can persist long 

after nutrient abatement programs have been implemented (Reed-Anderson et al. 2000; Bennett 

et al. 2001).  Continual re-circulation of P (through adsorption-desorption reactions, animal 

excretion, and decomposition) causes lags, as well, between management actions and P reduction 

(Reed-Anderson et al. 2000). 

Land management practices also affect the amount of P entering surface waters.  For 

instance, P originating from heavy residential fertilization, industrial discharges, storm sewer 

drainage, and construction sites can significantly increase the quantity of P in runoff (Carpenter 

et al. 2001; Wetzel 2001).  More than 2 million tons of P-containing detergents are produced 

annually in the U.S. alone (Wetzel 2001).  Although the percentage of P in detergents has been 

reduced and technology for nearly complete removal of P is available, P loading to many water 

treatment facilities has not been reduced enough to prevent accelerated productivity in many 

recipient aquatic ecosystems (Wetzel 2001). The P flux from rivers to the oceans is positively 

correlated with human activity and watershed population density (Caraco 1995).  Globally, the P 

flux to coastal oceans has increased from an estimated pristine flux rate (pre-industrial 

revolution) of 8 Tg P yr-1 to the current rate of 22 Tg P yr-1 (Howarth et al. 1995). 
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Thus, human perturbations of the global N and P cycles are clearly widespread and 

dramatic. As described, agriculture and urban activities are causing both N and P to 

accumulate in the environment.  Atmospheric deposition further contributes as a source of N 

and has many consequences, including elevated emissions of nitrogen oxides, which can lead 

to increased fluxes of reactive N gases (N oxides from fossil fuel combustion and ammonia 

emissions from animal agriculture) (Vitousek et al. 1997b).  Excessive amounts of these 

nutrients are then exported to downstream environments and eventually to coastal waters, 

where they can have pervasive, far-reaching consequences such as dense, noxious and toxic 

algal blooms, hypoxia and anoxia, significant losses of economically and recreationally 

important fish species, and expanded shellfish harvesting closures (Burkholder 1998; 

Galloway et al. 2002).  Nutrient over-enrichment also impairs the use of water for drinking, 

industry, agriculture, and recreation (Carpenter et al. 1998).  In order to offset the effects of 

these alterations and improve protection of aquatic resources, an interdisciplinary approach is 

needed that considers established disciplines –from hydrology to aqueous geochemistry to 

microbiology and more – to strengthen insights about biogeochemical mechanisms and 

natural fluxes of water and nutrients through the drainage basin.  Only then can effective 

management plans be developed to evaluate and predict the influence of human activities on 

the metabolic characteristics of these ecosystems (Wetzel 2001). 
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1.2 Monitoring human-induced changes in estuaries 

Estuaries and coastal marine areas are highly productive ecosystems that provide key 

nursery habitat for fish, shellfish, and wading birds, and their water quality also impacts 

adjacent marine waters that are heavily used for recreation (Holland et al. 2004). Human 

population growth in the watersheds draining these systems is increasing exponentially, and 

substantial portions of existing forests and croplands are being rapidly urbanized (e.g. 

Holland et al. 2004).  As a result, these ecologically and economically valuable systems are 

being transformed from balanced, productive ecosystems to systems that are sustaining 

increasing nutrient over-enrichment accompanied by biogeochemical alterations, biological 

community disturbances, and trophic instability (Bricker et al. 1999, National Research 

Council [NRC] 2000).  Cultural eutrophication has, in fact, degraded more than 60% of U.S. 

estuarine and coastal waters (NRC 2000).   

Sustained programs of integrated research and monitoring are needed for quantifying 

nutrient (N and P) loading and related effects on the biogeochemical functioning and 

biological communities within these systems. Although scientific investigation of human 

disturbance in estuaries has progressed for only a few decades (Cloern 2001), long-term 

descriptive (nutrient concentrations) and process-oriented (rates of nutrient inputs and losses) 

water quality data have been established for a number of coastal systems (Boynton et al. 

1995).  In addition to describing the impacts of human-induced water quality changes, these 

long-term datasets can potentially be used to resolve human vs. climatic impacts on water 

quality, predict chemical and biological changes under certain circumstances and, through 

management actions, reduce or prevent potential problems.  There are still surprisingly few 

estuaries and coastal marine ecosystems with sustained observational programs, but those 
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that have been studied, including the largest and second largest U.S. mainland estuaries 

(Chesapeake Bay and a portion of the Albemarle-Pamlico Estuarine System, respectively), 

indicate that despite management efforts to reduce nutrient loadings to these systems, N and 

P loadings and concentrations have remained the same or increased (Burkholder et al. 2006). 

The Neuse Estuary is a major tributary of the Albemarle-Pamlico Estuarine system and 

the most important fish nursery ground on the U.S. Atlantic Coast (Epperly and Ross 1986; Steel 

1991).  The Neuse watershed drains 16,000 km2 of North Carolina’s most productive and rapidly 

expanding urban, industrial, and agricultural regions and contains a population of more than 1 

million (NC Dept. of Environment and Natural Resources [NC DENR] 2002; Fig.1.1). Because 

diverse and changing land use activities associated with the expanding human population are 

generating various sources of pollutants within the Neuse watershed, the Neuse Estuary has 

sustained chronic and excessive nutrient loading resulting in bottom-water hypoxia, massive fish 

kills, and noxious and toxic algal blooms (NC DENR 2002).  In addition, the relative isolation of 

the poorly flushed Neuse Estuary from ocean inputs (Christian et al. 1991), and its “hurricane-

prone” character (Burkholder et al. 2004) are other characteristics that make the Neuse system 

especially sensitive to impacts from anthropogenic nutrient loading. As a result, the state’s 

“nutrient-sensitive waters” (NSW) classification was applied to the eutrophic Neuse Estuary in 

the late 1980s (NC DENR 2002).  

The Center for Applied Aquatic Ecology’s (CAAE) Neuse Estuary Monitoring and 

Research Program (NEMReP) has been characterizing meteorological, hydrological, chemical, 

and biological conditions at a network of established sampling stations in the Neuse Estuary 

since 1993 (water quality) – 1994 (phytoplankton; Burkholder et al. 2006; weekly to biweekly, 

April–Oct.; monthly, Nov.–March). Cross-estuary transects (10,000 data points per transect run) 
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with acoustic Doppler current profiling (with bottom-tracking capability; Reed et al. 2004) 

provide quantitative data for mass water transport (volume, velocity). These data have integrated 

year-to-year variability in precipitation, weather patterns, environmental conditions, and 

phytoplankton communities.   

Recent efforts to characterize climatic and anthropogenic influences on N and P 

concentrations and loadings to the Neuse Estuary, based on the data collected thus far, have 

revealed that nutrient trends have been minimally influenced by hurricanes but significantly 

affected by a sustained, 100-yr record drought that occurred near the end of the study 

(Burkholder et al. 2006). For example, there were significant decreasing trends in TN, TP, and 

bottom-water dissolved oxygen (DO) concentrations and in TN loadings considering all data, but 

there were no significant trends in these parameters when the sustained drought was excluded 

from the analysis (Burkholder et al. 2006).  In marked contrast, the estuary has sustained a 500-

fold increase in ammonium concentrations over the past decade, regardless of attempts to control 

for climatic events (Burkholder et al. 2006).  The increased production and consumption of 

organic matter associated with eutrophication may be leading to marked reduction in rates of 

nitrification-denitrification and increasing ammonium recycling (Seitzinger and Nixon 1985).  

However, oxygen concentrations are not depleted throughout the year (Burkholder et al. 2006), 

and, as a result, the sources of ammonium to the Neuse Estuary would be assumed to be 

significant.  

Point source (PS) and non-point source (NPS) nutrient inputs are both important 

contributors of pollutants to the Neuse Estuary.  Although PS dischargers contribute only 

~20-25% of the total estimated nutrient loadings to the Neuse system on an annual basis, 

~50% of the total N inputs can be contributed by major WWTPs during critical low flow 
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periods in summer (Christian et al., 1991; NC DEHNR 1993) when algal blooms and oxygen 

deficits are most detrimental to fish health (Mallin 1994).  The Neuse watershed currently 

contains 157 active and permitted WWTPS (NC DENR 2002).  In addition, the sewage 

sludge (settled solids) removed from domestic and industrial wastewater at WWTPs is 

currently composted and land-applied (NC DEHNR 1996).  Sludge from human sewage 

represents a potential major contribution to nutrients and other pollutants in the Neuse 

watershed (Harrison et al. 1999).   

NPS inputs, such as agricultural runoff, CAFOs, excessive stormwater flow in urban 

areas, and septic effluent leachate, contribute ~75% of the total estimated nutrient loadings 

on an annual basis (NC DEHNR 1994; NCDENR 1997), and much of the NPS nutrient 

pollution in the Neuse basin is attributed to intensive animal agriculture.  North Carolina is 

second in swine production among the states, first in concentration of swine, and third in 

poultry production (USDA 2001).  The ~1.97 x 106 swine in the Neuse watershed contribute 

an equivalent in sewage of ~8 million people (American Society of Agricultural Engineers 

1998).  Nitrate from swine CAFOs has been traced from sprayfields into groundwater to 

adjacent streams (Karr et al. 2001), and high concentrations of ammonium are volatilized 

from waste lagoons and sprayfields, carried upwind, and deposited in the state’s fresh, 

estuarine, and coastal waters (Walker et al. 2000). Moreover, waste lagoons sometimes 

breach and overflow, releasing wastes rich in nutrients, biological oxygen demand (BOD), 

and bacterial pathogens into receiving waters and promoting algal blooms, anoxia, and fish 

and invertebrate kills (Mallin et al. 1997). Both point and non-point sources of nutrients 

remain critical targets for reduction in order to alleviate impacts of anthropogenic 

eutrophication in this system.  The continued collection of water quality data in the Neuse 
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Estuary will strengthen the information base for management efforts in North Carolina by 

providing critical information for assessing the ecological impact of human disturbance, 

environmental change, and climatic events on aquatic ecosystems.   
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igure 1.1.  The Neuse River basin including major urban and industrial areas.  
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1.3 Phytoplankton assemblage structure and interrelationships 
 

Eutrophication is clearly one of the major environmental problems currently facing 

coastal resource m een harmful 

algal bl es 

ld 

re 

 

ry 

).   

ll (NC 

tial, the relationships between nutrient delivery and the 

develo

ity of 

anagers. Of particular concern is the potential relationship betw

ooms (HABs) and the accelerated eutrophication of coastal waters by human activiti

(Anderson et al. 2002). Environmental damage caused by HABs include mass mortalities of wi

and farmed fish and shellfish, human illness and death from toxic seafood or from toxin exposu

through inhalation or water contact, and illness and death of marine mammals, seabirds, and 

other animals (e.g., Falconer 1993; Hallegraeff 1993; Burkholder 1998). Outbreaks of HABs and 

their associated environmental consequences have been documented in numerous geographic

regions, including the Neuse Estuary, where increases in nutrient loading have been linked with 

the development of high algal biomass.  The shallow, poorly flushed waters of the Neuse Estua

make it especially sensitive to HABs and fish kills from anthropogenic nutrient loading (Mallin 

1994).  Algal blooms in the Neuse Estuary are dominated by the nontoxic dinoflagellates 

Heterocapsa triquetra (Ehrenberg) Stein and H. rotundata (Lohmann) Hansen, as well as the 

potentially toxic species, Prorocentrum minimum (Pavillard) Schiller (Springer et al. 2005

Blooms of other potentially toxic algae such as Pfiesteria spp., Karlodinium veneficum 

(Ballantine) J. Larsen, Akashiwo sanguinea (Hiraska) G. Hansen, and Heterosigma akashiwo 

(Hada) Hada ex Hada et Chihara have been documented in the mesohaline estuary as we

DENR phytoplankton database).  

Although the impacts of HABs on trophic structure and ecosystem function of coastal 

marine habitats have been substan

pment of blooms and their potential impacts remain poorly understood (Anderson et al. 

2002).  Phytoplankton ecology historically has focused on gauging the collective productiv
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the phytoplankton in relation to nutrients and consumers, rather than identifying the 

environmental conditions contributing to the success of individual species (Reynolds 1998). 

Research is needed to better understand the factors regulating species composition in

phytoplankton and the forces governing selection, dynamics, diversity, and stability (Reynold

al. 2000). 

 the 
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1.3.a Development of concepts in community ecology  

The term community is very generally applied to assemblages of plants and/or animal 

ermanence (Greig-Smith 1986).  Even in 

this loo

munities are occupied 

by diff e view 

on 

 

  

populations found living together with some degree of p

se sense, communities can be readily recognized since the same combinations of 

organisms tend to recur in different locations.  As a result, it is in principle possible to predict 

community composition given knowledge of the physicochemical characteristics of the 

environment, geographical location, and interactions among organisms within the community 

constraining species occurrence and performance (Greig-Smith 1986).   

Early recognition of the existence of environmental patches and gradients had an 

enormous impact on present understanding of the way that biological com

erent species in time and space (MacArthur and Pianka, 1966; Newman 1982).  Th

that species assemblages are achieved by random spread and by establishment of individuals 

along particular environmental gradients provided incentive for attempts to statistically describe 

the distributional patterns of both plants and animals (Whittaker, 1962, 1965, 1967).  In additi

to describing species occurrences along environmental gradients, ecologists developed measures 

of complexity and diversity to compare the stability of different communities (Kikkawa 1986).  

Increasing environmental variation (complexity) increases the number of different species that 

can coexist in a given area (diversity), which in turn enhances community stability (the ability of

the community to adjust to environmental perturbation).  Human activities are dramatically 

decreasing global biodiversity through habitat destruction, eutrophication, introduction of non-

native species, etc. (Chapin et al. 2000).  The search for the causal explanation for species 

diversity and for its maintenance in natural systems remains a key question in modern ecology. 
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Understanding phytoplankton dynamics invokes concepts from both population and

community ecology.  Like terrestrial communities, phytoplankton assemblages are based on the 

 

physiol s-

g 

ty of 

for terrestrial habitats arises from the lack of common agreement 

in rega

kton.  

r 

re so 

ogical, morphological, and ecological attributes of the component species, and specie

specific “strategic” [teleological] adaptations can be selectively favored in certain environments 

(Reynolds 1980).  The species composition of both terrestrial and aquatic communities can be 

approached from various directions focusing on resource competition for nutrients, trophic 

complexity, spatial heterogeneity, and temporal disturbances (Kononen 2001).  There are strikin

differences, however, in the factors and mechanisms regulating species selection and diversi

phytoplankton compared to terrestrial/attached plants, most of which arise from the peculiarities 

of water as a growth medium.   

The difficulty involved in dealing with the diversity of planktonic communities using 

similar terminology to that used 

rd to the definitions of basic ecological terms, such as “community,” in plankton 

ecosystems (Kononen 2001).  Compared to terrestrial plants, planktonic organisms have rapid 

metabolic rates and generation times and are often governed by micro-scale rather than 

ecosystem-scale environmental gradients.  Phytoplankton species composition and abundance 

are characterized by frequent, unpredictable changes that disrupt successional patterns 

(Hutchinson 1961). Therefore, the terms “community” and “succession,” which imply discrete 

associations with respect to time and space, are often a poor fit for describing phytoplan

The terms “assemblage” and “species progression” are generally considered more appropriate fo

describing associations and compositional changes of planktonic species (Smayda 1980).  

Although analyses of phytoplankton species along environmental gradients are motivated by the 

same questions that initially engaged the pioneers of community ecology (e.g., Why are the
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many species and what factors regulate community composition?), it is important to consider 

phytoplankton assemblages not only from the perspective of a broad (ecosystem-level) scale but 

also from a microscale view (Kononen 2001).     

Although modern terrestrial and aquatic ecologists still equivocate in the use of the word 

“community,” the concept of community developed from a clearly appreciated social structure of 

terrestr

y 

tural 

ntosh 

ieth century (McIntosh 1985).  European botanists not only provided a 

compre  

. 

ial plant and animal groupings by the early nineteenth century. From the study of the size 

and form of vegetation, Alexander von Humboldt led the way in quantitatively describing the 

distribution of plant communities in relation to abiotic factors (Anderson and Kikkawa 1986).  

Humboldt was also one of the first naturalists to recognize that nature is dynamic and constantl

changing, and that no organism can be studied in isolation from its inorganic and organic 

environment (McIntosh 1985).  It is Charles Darwin, however, who is most often credited with 

laying the foundation for the emergence of modern ecology.  His theory of evolution by na

selection provided a mechanism not only for understanding how species arose, but also for 

interpreting patterns in the distribution and abundance of species (McIntosh 1985).  Thirty years 

after Darwin’s theory of evolution, the science of ecology was first defined by the German 

biologist Ernst Haeckel as the body of knowledge concerning the economy of nature - the total 

relations of plants and animals to their physical, chemical, and biological environment (McI

1985).                        

Community ecology, in particular, had its origin in European terrestrial plant sociology 

during the early twent

hensive vegetation classification for much of Europe, but also a clearer understanding of

the ecological relevance of plant associations and distributions (Anderson and Kikkawa 1986)

The early attempts to define the limits of communities largely portrayed species associations 
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(assemblages of different species within a specified location in space and time) as static. 

American ecologists, however, pioneered the view of communities as dynamic entities that 

change predictably through time.  They also developed the concept of ecological successi

which is the directional, non-seasonal cumulative change in the types of plant species that 

occupy a given area through time (Anderson and Kikkawa 1986).  Frederic Clements took a 

leading role in the study of succession, advocating the idea that all successional pathways i

same climatic region led to a single common climax, or “climax community” (Anderson and 

Kikkawa 1986). Clements presented a holistic, 

on, 

n the 

y 

s in favor of a more individualistic approach to describing plant associations.  

In direc

's 

deterministic unidirectional view of succession 

where the community is itself a living “super-organism” subject to growth, maturity, and deca

(McIntosh 1985).  

Beginning in the 1920s, other ecologists began to challenge the Clementsian organismal 

view of communitie

t contrast to Clements’ holistic approach, Henry Gleason saw the relationship between 

coexisting species as simply the result of random spread and establishment of individual plants 

along particular environmental gradients (Anderson and Kikkawa 1986).  Taking this view, 

community boundaries need not be sharp, and associations of species are much less predictable 

than one would expect from the community-as-“super-organism” concept. Central to Gleason

theory of communities is the notion of abiotic and biotic heterogeneity in space and time. This 

concept was the underlying theme for the pioneering studies of American botanist and ecologist 

Robert Whittaker, who developed a technique called gradient analysis in the 1950s (Anderson 

and Kikkawa 1986). Using gradient analysis, which is the study of species distributions along 

environmental gradients, Whittaker demonstrated that terrestrial plant species have unique and 

fairly independent distributions across physical gradients such as moisture and temperature 
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(McIntosh 1985).  Whittaker (1975) can also be credited with providing the widely accepted 

view of communities as assemblages of different species that interact with one another and o

ecosystems as functional systems formed by communities and their environments.  Following

Whittaker’s lead, most modern ecologists have adopted gradient and multivariate analyses for 

evaluating community structure and community-environment relationships (Anderson and 

Kikkawa 1986).   

Throughout the 1950s and 1960s, concerted efforts were made to find explanations f

observed patterns i

f 

 

or 

n species abundance in space and time and across scales.  Although 

introdu

n were 

ealized 

 

o 

nds to a 

e 

 

ced years earlier (Grinnell 1917; Volterra 1926; Elton 1927; Lotka 1932; Gause 1934), 

the concepts of environmental patchiness, competition, niche, and species diversificatio

explored in much more detail in an attempt to identify the factors determining the number of 

species that can stably coexist in an area.  Prior to this time, “niche” was conceived as a 

functional unit to describe the status of an organism in its community (Elton 1927).  With the 

understanding of the patchy, mosaic nature of natural environments, however, scientists r

that the distribution of a particular species is limited not only by the food habits of the organism

but also by environmental variation (Whittaker et al., 1973; Anderson and Kikkawa 1986).  As a 

result, Hutchinson (1958), an aquatic scientist, reformulated the concept of the fundamental 

niche from terrestrial ecology as an "n-dimensional hypervolume," that is, an abstract 

multidimensional space defining the environmental limits within which an organism is able t

survive and reproduce.  Hutchinson also described the “realized niche,” which correspo

smaller hypervolume because competition and other interactions may exclude species from som

parts of the fundamental niche (Whittaker et al. 1973).    
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1.3.b The “Paradox of the Plankton” 

 Hutchinson (1961) also raised the question of species diversity of the phytoplankton 

hen he realized that field (lake) observations were not reconciled with accepted ecological 

 Competitive Exclusion Principle, species competing for 

e sam .  

lt, 

st.  

be too 

ve evoked 

ore re

er 

, 

on does 

w

theories of the time.  According to the

th e resources cannot coexist in a homogeneous, well-mixed environment (Gause 1932)

On that basis, Hutchinson (1961) reasoned that competition should ultimately lead to a final 

equilibrium situation where the “phytoplankton community” would reduce to one or very few 

species with different ways of utilizing the space.  However, a given water sample (e.g., 1 mL) 

typically includes tens to hundreds of phytoplankton species. Hutchinson (1961) termed this 

discrepancy ‘The Paradox of the Plankton.’ To explain this paradox, he suggested that natural 

aquatic systems rarely provide the homogeneous, well-mixed conditions assumed in the 

Competitive Exclusion Principle due to seasonal, weather, and hydrologic changes.  As a resu

short-term variability sets back succession and prevents one species from out-competing the re

In other words, differences in the efficiencies of resource utilization among species may 

small for competitive exclusion to occur before conditions change (Wetzel 2001). 

 Although with this non-equilibrium argument, the issue of Hutchinson’s paradox may 

seem solved, a number of different mechanisms have been developed to account for species 

diversity of phytoplanktonic communities.  In fact, few ideas in aquatic ecology ha

m search than the ‘paradox of the plankton,’ and the wealth of community theories 

developed to address this paradox generally fall under two main categories (Flöder and Somm

1999).  Under the equilibrium assumption, the maintenance of diversity is explained by factors

such as niche differentiation or natural enemies, which reduce competition so that exclusi

not occur (Flöder and Sommer 1999).  For instance, Tilman (1977) presented an explanation 
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based on the theory of resource competition, suggesting that in pelagic steady state environments

there are so many limiting factors and combinations of these factors operating simultaneously 

that coexistence of species with different ecological niches becomes possible.  On the other ha

approaches have been developed that do not assume spatially and temporally homogenous 

habitats and instead focus on the transient dynamics of aquatic ecosystems (as first suggested b

Hutchinson 1961; Flöder and Sommer 1999).  Even in seemingly “homogeneous” environments 

such as the open ocean, meso- to micro-scale vortices and fronts prevent complete mixing a

thus, competitive exclusion (Bracco et al. 2000).   In addition, Sommer (1984, 1985) 

hypothesized that temporal variations in nutrient fluxes regulate species selection and diversity.  

Other approaches have also stressed the importance of trophic interactions, selective grazing, 

turbulence, weather related disturbances, and nutrient availability to explain the non-e

dynamics within plankton assemblages (Paine 1966; Margalef 1978; Scheffer et al. 2003; Cloern 

and Dufford 2005).  None of these factors is mutually exclusive, and all factors likely operate 

simultaneously to a greater or lesser degree (Wetzel 2001).   
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1.3.c Current challenges in phytoplankton ecology

 The Hutchinsonian concept of “niche” gave rise to central questions of modern 

hytoplankton ecology:  “How do species divide their world into niches? Why are there so many 

 more specifically, How do competitive 

al of 

to 

 

h and 

s 

e.g., 

g-

te 

p

or so few species in a given community? And, even

processes lead to the diversification of niches and specialization of species or the surviv

dominant species and extinction of others?” (Anderson and Kikkawa 1986).  These questions 

provide a framework not only for studying the assembly rules of natural assemblages of 

phytoplankton, but also for understanding the mechanisms of assemblage change in response 

eutrophication and anthropogenic impacts on aquatic environments.  Previous studies have 

established that phytoplankton assemblages in ecosystems affected by human disturbance

respond to excessive nutrient inputs with increasing biomass and decreased diversity and that 

increased nutrient enrichment generally promotes a shift in dominance from diatoms to 

filamentous green algae, dinoflagellates, and cyanobacteria, which can often be toxic to fis

other wildlife (Burkholder 2000).  Other studies have shown that variations in nutrient loading

and supply ratios can regulate phytoplankton growth rates and assemblage composition (

Rudek et al. 1991, Burkholder 2000, Qian et al. 2000).  However, the environmental factors 

regulating phytoplankton communities are still poorly understood, especially in estuaries 

(Tilman 1996, Reynolds et al. 2000, Noble et al. 2003), and few studies have examined the lon

term dynamics of phytoplankton communities during the eutrophication process (Rojo and 

Alvarez-Cobelas 2000).  Research is needed to identify the ecological variables that regula

phytoplankton assemblage structure, and to facilitate the development of broad hypotheses and 

models for controlling influences of underlying our understanding of such pervasive 

environmental issues as eutrophication and HABs (Noble et al. 2003).    
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2. LONG-TERM EFFECTS OF CHANGING LAND USE PRACTICES ON 
SURFACE WATER QUALITY IN THE NEUSE RIVER BASIN, NORTH 

CAROLINA 
 

2.1 Abstract 
 

The basin of the Neuse River, a major tributary of the largest lagoonal estuary on the 

U.S. mainland, has sustained rapid growth of human as well as swine and poultry 

populations.  This study built upon present understanding of the eutrophication process in 

this river basin by synthesizing and integrating a decade of available land cover and water 

quality data to examine relationships between land use changes and surface water quality. 

First, Geographic Information Systems (GIS) analysis was used to characterize 26 sub-basins 

throughout the Neuse watershed for changes in land use during 1992-2001. GIS was also 

used in concert with longitudinal regression analysis to identify specific land use 

characteristics that influence surface water quality. Analyses indicated that total phosphorus 

concentrations were significantly higher during summer months in sub-basins with high 

densities of both major and minor wastewater treatment plants (WWTPs) and confined swine 

feed operations. Nitrate concentrations were significantly higher during winter in sub-basins 

with high numbers of major and minor WWTPs, and organic nitrogen was significantly 

higher in sub-basins with greater agricultural coverage, especially with high coverage of 

pastures fertilized with animal manure. Ammonium concentrations were elevated after 

periods of high precipitation. Larger proportions of forests and wetlands in sub-basins were 

significantly related to lower nutrient concentrations.  Overall, the data indicate that, of the 

land use variables studied, wastewater discharges in the upper Neuse basin and intensive 

swine agriculture in the lower basin have been the highest contributors of nitrogen and 

phosphorus to receiving surface waters. 
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2.2 Introduction 
 

Human activities such as urban development and intensification of agriculture, driven 

by the need to provide resources for the expanding human population, are profoundly 

changing the world landscape in pervasive ways. Land use change in drainage basins often 

results in decreased vegetation and conversion of valuable wetlands to croplands or housing 

developments with more impervious surfaces. Terrestrial vegetation and wetlands act as 

“filters” that moderate flow and retain or assimilate nutrients during their downstream 

passage to the sea (Mitsch and Gosselink 1993; Lowrance et al. 1997). Their replacement 

with urban and agricultural land use practices has increased runoff and export of nutrients 

(Howarth et al. 1996). As a result, many estuarine and coastal waters have been transformed 

from balanced, productive ecosystems to systems that are sustaining increasing nutrient over-

enrichment, biogeochemical alterations, biological community disturbances and trophic 

instability (Bricker et al. 1999, National Research Council [NRC] 2000).  Eutrophication of 

coastal areas can have pervasive, far-reaching consequences such as harmful algal blooms, 

hypoxia and anoxia, significant losses of economically and recreationally important fish 

species, and expanded shellfish harvesting closures (Smayda 1997, Burkholder 1998, Mallin 

et al. 2000). Cultural eutrophication has degraded more than 60% of U.S. estuarine and 

coastal waters (NRC 2000), pointing to a critical need to intensify study of aquatic 

ecosystems and of the influence of human activities on their functioning and stability.  

 Recognition of the strong association between land use and water quality, and 

between human health and clean water, has increasingly focused attention on the 

relationships between catchment characteristics and water quality (e.g., Basnyat et al. 2000, 

Line at al. 2002, Kelsey et al. 2004, Holland et al. 2004). These studies have shown that 
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landscape assessment methods can provide a simple, timely, cost-effective approach for 

monitoring, targeting, and modeling ecosystem health in watersheds. Research in certain 

regions has demonstrated linkages between some land use practices and water quality (e.g., a 

strong positive association between nitrogen species and agricultural land use in central 

Texas; McFarland and Hauck 1999), but few studies have examined the nature and strength 

of these relationships over periods longer than 1-2 years, or considered data beyond general 

land use/land cover grids.   

 Here we used geographic information systems (GIS) analysis in concert with 

longitudinal regression analysis and a decadal dataset to elucidate complex relationships 

among specific land use practices and surface water quality in the Neuse River basin (NRB). 

The Neuse drains an area with rapidly expanding urban and industrialized agricultural 

growth. Although water quality data for the Neuse and its tributaries have been available for 

more than 30 yr (NC Department of Environment and Natural Resources [DENR] 2002), 

consistently collected land use/land cover (LULC) data using similar land cover class 

definitions have only been available since 1992 (USGS National Land Cover Dataset 

[NLCD]). The USGS NLCD for 2001 made it possible to combine 10 yr of both water 

quality data and land cover data in a GIS interface to examine relationships between 

landscape factors and surface water quality.  Wastewater treatment plants (WWTPs), 

confined or concentrated animal feeding operations (CAFOs), package plants (smaller, 

private WWTPs), and sewage sludge land-application sites (SSLASs) in the NRB were 

included in the analyses because they can contribute large nitrogen (N) and phosphorus (P) 

loads to nearby waterways, especially during storm events (Burkholder et al. 1997, 2006; 

Mallin et al. 1997; Rockefeller 2002; Bales 2003). Our overall goal was to synthesize and 
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integrate available land cover and water quality data to examine the land use features that 

influence water quality. This is the first study in the Neuse River ecosystem to examine 

relationships between land cover and both N and P over a decadal period, and to include land 

use data beyond general land use/land cover grids.  These findings will be useful in 

developing more sustainable land management practices in watersheds such as the Neuse that 

are undergoing rapid population growth, urbanization, and/or agricultural expansion. 
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2.3 Materials and Methods 
2.3.a Water quality data 
 
 Water quality data for 26 sampling stations in the NRB (Fig. 2.1) for the period of 

1992-2001 were obtained from the US Environmental Protection Agency (EPA) Storage and 

Retrieval Environmental Data System (STORET), a repository for water quality, biological, 

and physical data. Environmental variables for these stations were recorded on a monthly 

basis and included total phosphorus (TP), soluble reactive phosphate (SRP), nitrate + nitrite 

(NO3
-+ NO2

-, hereafter referred to as nitrate, NO3
-), ammonium (NH4

+) and total Kjeldahl 

nitrogen (TKN). Surprisingly, although suspended solids have been identified as the most 

important water pollution problem in North Carolina (Walker et al. 1996), relatively few data 

in freshwater segments were available for this parameter over the study period. Therefore, 

suspended solids data could not be used in this analysis.  The NC DENR Division of Water 

Quality (DWQ) has more than 50 established sampling stations throughout the NRB (NC 

DENR 2002), with water quality data available from EPA STORET. The 26 sites used in the 

present study were chosen because they were the only ones that had a continuous water 

quality record from 1992 to 2001. This period was selected to correspond with available 

LULC data (Table 2.1). 

2.3.b Watershed delineation 
 
 The identification and quantification of non-point source pollution in an area as large 

as the NRB is logistically challenging. To increase accuracy in GIS analysis, the NRB was 

divided into sub-basins, or areas that drain water to a common outlet on the stream network 

(Fig. 2.1). By comparing stream nutrient concentrations in sub-basins dominated by different 

land use types, the relative impacts of land use on water quality could be determined.  

Distinct sub-basins were delineated for each of the 26 sampling sites using ArcGIS Arc 
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Hydro extension version 1.0 and elevation (National Elevation Dataset [NED] 1999) and 

hydrographical data (National Hydrography Dataset [NHD] 1999) obtained from the USGS. 

2.3.c Compilation and preparation of land use data 
 
 The LULC data acquired for this analysis are presented in Table 2.1. Using the 

Spatial Analyst extension of ArcGIS 9.1 and the EPA LULC (1999; Table 2.1) as the “clip” 

layer, the 1992, 1996, and 2001 LULC grids were clipped to the dimensions of the NRB for 

comparison of land uses in the three datasets. The selected LULC datasets provide land cover 

information for each year between 1992 and 2001 (based on data acquisition dates; Table 

2.1), and the regression analysis accounted for changes in land use over this decadal period.   

The LULC grids were imported as separate layers in a GIS interface, and the land use 

classification system for each dataset was then modified to include eight general categories: 

(1) high-density urban, (2) medium- to low-density urban, (3) agricultural, (4) forested, (5) 

grassland, (6) water, (7) wetland, and (8) barren/disturbed.  Once the grids were reclassified, 

the Spatial Analyst “tabulate area” function was used to calculate the area of each land class 

within each of the 26 sub-basins for each year.  At this point, land use changes from 1992 to 

2001 were also evaluated for the entire NRB by calculating and comparing the areal extent of 

each LULC category between the 1992 and 2001 USGS datasets.  In addition to the eight 

land use categories listed above, crop agriculture and animal agriculture were also 

differentiated and compared between these two datasets.   

 Major and minor WWTP, package plant, CAFO, and SSLAS data were all obtained 

as Excel spreadsheets from the NC DWQ (Table 2.2).  Major WWTPs are designated by NC 

DENR as facilities that discharge > 3.7 x 106 L of treated sewage day-1 or 1.0 million gallons 

per day [mgd]; minor WWTPs discharge < 3.7 x 106 L day-1; and package plants treat 
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wastewaters associated single-family residences or with a given state-wide activity such as 

sand-dredging or non-contact cooling (NC DENR 2007).  CAFOs are defined as any 

agricultural feedlot involving 250 or more swine, 100 or more confined cattle, 75 or more 

horses, and 30,000 or more confined poultry with a liquid animal waste management system, 

or any agricultural feedlot activity with a liquid animal waste management system that 

discharges to North Carolina surface waters (North Carolina Environmental Management 

Commission [NC EMC] 1993).  SSLASs in the NRB include only those fields used for the 

application of sludge generated during primary, secondary, or advanced wastewater treatment 

processes and cover areas ≤ 1.5 km2 (Mr. E. Hardee, NC DENR-DWQ, pers. comm., August 

2006). 

 Latitudes and longitudes for WWTPs, package plants, CAFOs, and sludge 

application sites were imported from Microsoft Excel into ArcMap and converted to GIS 

point files.  The numbers of major and minor WWTPs, package plants, CAFOs, swine (based 

on designated animal capacity as defined above), and SSLASs in each of the 26 sub-basins 

was then quantified and, since sub-basins varied in size, expressed as a density (number of 

points divided by the total area in km2 of the sub-basin).  Starting dates were included in the 

attributes for WWTPs, package plants, and CAFOs, so that changes in the density of these 

land use variables from 1992 to 2001 were accounted for in the longitudinal data analysis.  

The final data matrix contained more than 53,000 total observations on physical, chemical, 

and land use parameters at each of the 26 sample sites for more than 120 sample periods.  

Since data for these land use variables were current through 2006 (Table 2.2), increases in 

the numbers of WWTPs, package plants, CAFOs, and swine in the NRB could also be 

determined from 1992 to 2006. 
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2.3.d Statistical analyses 

Prior to running multiple regression analyses, general relationships among all 

dependent and independent variables were assessed by calculating a Pearson correlation 

coefficient (r) for each possible pair of numeric variables (PROC CORR, SAS 2006). When 

independent variables were highly correlated with one another, then only the variable having 

the stronger correlation (higher r value) with a dependent water quality variable was retained 

in the model for that variable to reduce the confounding effects of multicollinearity (Belsley 

et al. 1980).  For example, Pearson correlation analysis showed that swine density and CAFO 

density were positively associated (r = 0.93; p < 0.0001) and, as a result, swine density was 

retained in the model rather than CAFO density because swine density was more strongly 

correlated with all measured independent variables (Table 2.7). All statistical analyses were 

performed at an α = 0.05 level of significance.   

Longitudinal regression analysis (PROC MIXED, SAS 2006), with site as a random 

effect and a first-order autoregressive (AR1) error structure to account for repeated measures 

over time, was used to determine the direction and magnitude of the relationship between 

individual water quality variables and land use parameters (Littell et al. 2002).  Separate 

analyses were carried out for each of the dependent variables TP, SRP, NO3
-, NH4

+, and 

TKN, each of which was log-transformed prior to analysis. The independent variables were 

LULC (urban, agricultural, forested, wetland cover), major WWTPs, minor WWTPs (or 

package plants), and swine densities in each sub-basin.     

High, medium, and low density urban areas were combined into a single “total urban” 

land use category to simplify the regression model, and the fractions of grassland, water, and 

barren/disturbed land were not included as independent variables.  For all of the sub-
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watersheds, the fractions of urban, agricultural, forested, grassland, water, wetland, and 

barren/disturbed land sum to essentially 1, and inclusion of too many categories would have 

led to unreliable estimates (see multicollinearity, SAS Institute Inc., 2004). Thus, grassland, 

water, and barren/disturbed land were eliminated from the model since previous studies have 

demonstrated that these land use types are not as important in regulating water quality as the 

four land uses that were retained in the model (e.g., Basnyat et al. 2000, Line at al. 2002, 

Tong and Chen 2002).  The DWQ’s database for SSLASs in North Carolina does not include 

starting date of operation or permit renewal dates (Mr. E. Hardee, NC DENR-DWQ, pers. 

comm., August 2006), so SSLASs were also omitted from consideration in the regression 

analysis. Finally, precipitation data from the NC State Climate Office were incorporated into 

the regression analysis as an independent variable because rainfall events are important in 

transporting pollutants and nutrients (Burkholder et al. 1997, 2006; Mallin et al. 1997, Bales 

2003).  Precipitation was determined for each sample by summing the total amount of 

rainfall at the nearest municipal area (Raleigh-Durham, Clayton, Smithfield, Goldsboro, 

Kinston, and New Bern; Fig. 2.1) for the week prior to the sampling date.  

Both seasonal and regional differences were expected in the relationships between 

water quality and land use in the Neuse basin. Therefore, “month,” “season,” and “region” 

were included as class variables in the model for each nutrient.  The seasonal categories used 

for this analysis were as follows: winter, December – March; spring, April – May; summer, 

June – September; fall, October – November. These seasonal categories were determined by 

comparing monthly means for the water quality variables and choosing the grouping that best 

discriminated into seasons.  In general, nutrient concentrations for each month within the 

designated seasonal categories were significantly different from months in other seasons but 
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not from one another.  The 26 sampling sites were also sorted by region (upper, middle, and 

lower basin; Fig. 2.1) to determine whether relationships between water quality variables and 

land use were different in the upper NRB, where there are more urban areas and wastewater 

dischargers, in comparison to the lower NRB where agricultural land use and CAFOs are 

more abundant.  For each nutrient, regression analysis was performed initially with class 

variables for “season” and “region” to evaluate the overall relationship between nutrient 

concentrations and land use, and to identify any seasonal or regional differences in nutrient 

concentrations.  The longitudinal data analyses (PROC MIXED) were also performed 

separately by season and region for each nutrient to determine how the relationship between 

land use and nutrient concentrations varied between seasons and regions. 
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Figure 2.1. Locations and regional designations of the 26 NC DWQ sampling stations and 
the major municipal areas throughout the Neuse River Basin.  Sub-basins for each sampling 
station were delineated using ArcGIS Arc Hydro extension version 1.0. 
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Table 2.1.  Land use/land cover data acquired for the Neuse watershed. 
 

 
 
 
Table 2.2. Land use data acquired from the NC DWQ for the Neuse Basin. 
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2.4 Results 
 
The sub-basins delineated using ArcGIS Arc Hydro ranged in area from 57 to 11,395 km2 

(Fig. 2.1).  Seasonal mean (± 1SE; 1992-2001) and median concentrations for TP, SRP, NO3
-

N, NH4
+N, and TKN for the upper, middle, and lower NRB are summarized in Table 2.3.  

Although there were no significant differences in these nutrient concentrations between 

regions, the three regions did differ in the relationship between these nutrients and land use 

(described in detail below).  On average, sub-basins in the upper NRB had higher urban and 

forested land coverage, and higher densities of package plants and SSLASs (Table 2.4).  The 

percent coverage of agriculture and wetlands, and density of CAFOs, was higher in sub-

basins in the lower NRB (Table 2.4).  WWTPs were relatively evenly distributed throughout 

the NRB, except that several sub-basins in the upper and lower NRB lacked WWTPs.   

Comparison of the 1992 and 2001 USGS LULC grids revealed a 242% increase in 

total urban land coverage in the NRB, with expansion of suburban and residential areas 

(medium- to low-density urban areas with 10-70% impervious cover) accounting for much of 

that increase (Table 2.5). The “suburban sprawl” that occurred during this decadal period was 

especially evident in the area surrounding the cities of Raleigh/Durham, Wilson, Goldsboro, 

and New Bern (Fig. 2.2).  Paralleling the increase in suburban land cover was a 30% increase 

in minor WWTPs and a 324% increase in package plants, or small residential dischargers, in 

the NRB since 1992 (Table 2.6, Figs. 2.3 and 2.4). Approximately 70% of the WWTPs, 94% 

of the package plants, 70% of the SSLASs, and 75% of urban land coverage is in the mid- to 

upper basin north of Goldsboro in the upper and middle NRB (Figs. 2.2, 2.3, 2.4, and 2.5).     

In the upper and middle NRB, three sampling sites – Middle Creek (Fig. 2.6), 

Crabtree Creek (Fig. 2.7), and Ellerbe Creek (Fig. 2.8) – had the highest densities of WWTPs 
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in their sub-basins, and consistently also had the highest TP (Middle Creek median = 150 µg 

P L-1, Crabtree Creek median = 90 µg P L-1, Ellerbe Creek median = 180 µg P L-1) and NO3
- 

concentrations (Middle Creek median = 1,900 µg N as NO3
- L-1, Crabtree Creek median = 

190 µg N as NO3
- L-1, Ellerbe Creek median = 3,400 µg N as NO3

- L-1) throughout the study, 

especially in summer. Urban land cover in the Ellerbe and Crabtree sites was > 65%, and the 

Ellerbe Creek sub-basin also had the highest density of package plants (Fig. 2.4). In contrast, 

the sub-basin draining the Middle Creek site was predominantly forested with few package 

plants and no CAFOs or SSLASs. Although urban areas (Cary, Holly Springs, and Fuquay-

Varina, Fig. 2.1) are expanding in this sub-basin, regression analyses indicated that three 

major WWTPs (Apex, South Cary, and Terrible Creek WWTPs) and ten minor WWTPs 

were strongly associated with higher N and P levels in Middle Creek.  

Although agricultural areas, including row crops, pasture, hay, and fallow fields, 

remained at approximately 30% of the total from 1992 to 2001, crop agriculture declined and 

animal agriculture more than tripled during this period (Table 2.5), especially in the middle 

to lower basin (Fig. 2.9).  The gradual shift from predominance of row crop to animal 

agriculture was also evident in the 1996 and 1998 LULC datasets.  CAFO densities and 

numbers of swine increased by 37% (plus an additional 60 inactive farms, Fig. 2.10) and 

43% respectively (Table 2.6).  These data are especially notable considering that exponential 

growth in swine CAFOs had already occurred in the state during the late 1980s – early 

1990s, prior to the study period (Burkholder et al. 1997).  Because the General Assembly 

placed a moratorium on new construction of CAFOs in 1997, there was only a small increase 

in swine density from 2001 to 2006.  In addition, many existing farms were combined and 

permitted with larger animal capacities during this period (Mr. K. Larick, NC DENR-DWQ, 
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pers. comm., January 2007).  Increases in urban and agricultural land use were accompanied 

by an expected decrease in both forested and wetland land coverage (Table 2.5). 

In the lower NRB, the sub-basin draining the Creeping Swamp site near Vanceboro 

(Fig. 2.1) had the largest proportion of agricultural land cover and pastures (32 %) and 

moderate CAFO density (1 CAFO, density = 0.01 farms km2 -1), but a relatively low 

proportion of other potential sources of nutrients.  This site also consistently had the highest 

TKN concentrations (median = 700 µg N as TKN L-1) throughout the study. The Trent River 

site near Trenton (Fig. 2.11), had a large proportion of wetlands (25%) in the surrounding 

riparian area, but it drains the sub-basin with the highest density of swine CAFOs (51 

CAFOs, density = 0.12 farms km2 -1), consistently had the highest SRP concentrations 

(median = 20 µg P as SRP L-1), as well as extremely high TN and TP concentrations 

comparable to those of the Middle, Ellerbe, and Crabtree Creek sites that were most impacted 

by urban land coverage and WWTP effluents.   

  Correlation analyses indicated that many land use variables were significantly 

correlated with nutrient concentrations in the NRB sub-basins (p < 0.0001; Table 2.7).  For 

example, urban land cover and major WWTPs were positively correlated with all of the 

water quality variables considered (except that NH4
+ was not significantly correlated with 

urban cover; but see Discussion), and all of the nutrient forms were negatively correlated 

with forested land cover.  Only TKN was significantly correlated with agricultural land 

cover, but TP, SRP, and NO3
- were all significantly correlated with swine density in sub-

basins.  Precipitation was significantly correlated only with water quality variable TP.

 Regression results indicate that, if all other factors remain constant, TP concentrations 

are estimated to increase by 363 · log (µg P L-1) for every additional major WWTP per 100 
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km2 (p < 0.0001), and by 12 · log (µg P L-1) for every additional minor WWTP per 100 km2 

(p < 0.05).  TP concentrations were also significantly higher during summer months (p < 

0.0001) and after periods of high precipitation (< 0.0001). Longitudinal data analysis by 

season indicated that numbers of major WWTPs were strongly related to TP concentrations 

in all seasons (p < 0.0001), but minor WWTPs were significantly related to TP only during 

summer months (p < 0.01).  Numbers of swine also were strongly related to TP in summer (< 

0.01), fall (p < 0.05), and spring (p < 0.05). Although TP concentrations were not 

significantly different in the upper, middle, and lower NRB, longitudinal data analysis by 

region revealed differences in the relationships between TP and land use within each region.  

In the upper NRB, TP concentrations were significantly higher in sub-basins with high 

densities of major WWTPs (p < 0.0001) and after high-precipitation weeks (p < 0.0001).  In 

the middle NRB, TP concentrations were significantly higher in sub-basins with high 

densities of minor WWTPs (p < 0.05) and following high-precipitation weeks (p < 0.0001).  

In the lower NRB, TP concentrations were significantly higher after high-precipitation 

periods (p < 0.05) during summer (p < 0.0001) in sub-basins with high swine density (p < 

0.05). 

 SRP concentrations differed among seasons (p < 0.0001), with highest concentrations 

in summer months.  Major WWTPs (p < 0.01), urban land cover (p < 0.05), and swine 

densities (p < 0.01) were all significant in the model for SRP.  SRP was estimated to increase 

by 467 · log (µg P L-1) for every additional major WWTP per 100 km2, 13.7 · log (µg P L-1) 

for every 1% increase in urban land cover, and 900 · log (µg P L-1) for every additional 1,000 

swine per km2 (p < 0.01).  Again, SRP concentrations did not differ among the upper, middle 

and lower NRB, but SRP concentrations were correlated with different land use parameters 

 47



in the three regions. In the upper NRB, SRP concentrations were significantly correlated with 

major WWTPs (p < 0.05) and urban land cover (p < 0.05).  In the middle and lower NRB, 

SRP concentrations were significantly higher in sub-basins with higher swine densities (p < 

0.05), especially during summer (p < 0.0001) following high precipitation (p < 0.01). 

Nitrate concentrations were significantly higher in sub-basins with higher densities of 

major and minor WWTPs (both p < 0.0001), and significantly lower in sub-basins with 

greater proportions of forested land (p < 0.01) in all seasons.  Nitrate concentrations were 

estimated to increase by 1050 · log (µg NO3
-N L-1) for every additional WWTP per 100 km2, 

and by 45 · log (µg NO3
-N L-1) for every additional minor WWTP per 100 km2, and to 

decrease by 14 · log (µg NO3
-N L-1) for every 1% increase in forested land cover.  Nitrate 

was also significantly higher during winter and spring (p < 0.0001).  Longitudinal data 

analysis by region showed that NO3
- concentrations were positively related to major WWTPs 

in the upper NRB (p < 0.0001); to minor WWTPs and swine densities in the middle NRB (p 

< 0.05); and to swine densities in the lower NRB (p < 0.05).  In addition, NO3
- concentrations 

in the middle and lower NRB were significantly lower in sub-basins with more wetland 

coverage (> 20%), with an estimated decrease of 100 to 150  · log (µg NO3
-N L-1) for every 

1% increase in wetland land cover.   

Regression results indicated that only major WWTPs (p < 0.01) and precipitation (p < 

0.01) were positively related to NH4
+ concentrations, with an estimated increase of 194 · log 

(µg NH4
+N L-1) for every additional major WWTP per 100 km2, and an estimated increase of 

20 · log (µg NH4
+N L-1) for every 2.54 cm-increase in precipitation.  There were no 

significant seasonal or regional differences in NH4
+ concentrations.   
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 TKN concentrations varied by season and were significantly higher during summer 

months (p < 0.0001) in sub-basins with higher densities of major WWTPs (p < 0.001) and 

more agricultural land cover (p < 0.05).  TKN was estimated to increase by 219 · log (µg 

TKN L-1) for every additional major WWTP per 100 km2, and by 5 · log (µg TKN L-1) for 

every 1% increase in agricultural land cover.  TKN was also estimated to decrease by 4 · log 

(µg TKN L-1) for every 1% increase in forested land cover in all seasons (p < 0.001).  In 

addition, TKN concentrations were estimated to increase by 6 · log (µg TKN L-1) for every 

1% increase in wetland land cover in all seasons and regions.  TKN concentrations were not 

significantly different among regions, but longitudinal data analysis by region showed that 

TKN concentrations in the upper NRB were significantly lower during winter (p < 0.01) and 

in sub-basins with more forested coverage (p < 0.05).  In the middle and lower NRB, TKN 

was positively associated with agriculture (p < 0.05), and was highest during summer (p < 

0.05).   
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Table 2.3. Seasonal means ± 1SE (1992-2001; in bold) and median concentrations for each 
water quality variable in the upper, middle and lower Neuse River basin.  Seasonal categories 
are winter, December – March; spring, April – May; summer, June – September; fall, 
October – November. 
  
REGION/SEASON Water Quality Variables (µg L-1) 

Upper Basin TP PO4
-3-P NO3

--N NH4
+-N TKN 

Winter 80 ± 7; 50 30 ± 10; 10 850 ± 40; 460 90 ± 5; 60 480 ± 6; 400 
Spring 90 ± 20; 40 70 ± 30; 10 1200 ± 290; 320 60 ± 6; 50 470 ± 40; 400 

Summer 100 ± 10; 50 100 ± 40; 10 1190 ± 220; 170 70 ± 7; 50 480 ± 20; 400 
Fall 90 ± 20; 40 100 ± 50; 10 1480 ± 360; 200 80 ± 10; 50 480 ± 30; 400 

Middle Basin TP PO4
-3 NO3

- + NO2
- NH4

+ TKN 
Winter 90 ± 4; 80 8 ± 2; 0 680 ± 40; 410 80 ± 6; 60 450 ± 30; 400 
Spring 130 ± 10; 100 30 ± 9; 0 730 ± 70; 410 80 ± 6; 70  510 ± 40; 400 

Summer 150 ± 7; 130 70 ± 10; 40 1060 ± 30; 390 90 ± 6; 70 520 ± 10; 500 
Fall 130 ± 10; 100 50 ± 10; 20 950 ± 160; 360 100 ± 8; 70 460 ± 20; 400 

Lower Basin TP PO4
-3 NO3

- + NO2
- NH4

+ TKN 
Winter 90 ± 4; 80 20 ± 1; 20 660 ± 20; 680 70 ± 3; 60 430 ± 9; 400 
Spring 120 ± 4; 120 30 ± 3; 20 550 ± 20; 530 100 ± 10; 70 550 ± 30; 500 

Summer 170 ± 3; 150 70 ± 3; 60 530 ± 20; 520 140 ± 10; 90 590 ± 20; 500 
Fall 140 ± 8; 130 40 ± 3; 40 530 ± 30; 450 100 ± 10; 70 560 ± 30; 470 

 
 
Table 2.4. Comparison of mean percentage land cover and density (number per km2) of 
WWTPs, package plants, CAFOs, and SSLASs of the sub-watersheds in the upper (n = 9 
sub-watersheds), middle (n = 6 sub-watersheds), and lower (n = 11 sub-watersheds) Neuse 
River basin, using 2001 land use/land cover data. 
 

 Land Use Variables 
REGION Urban Agriculture Forests Wetlands Major 

WWTPs 
Minor 

WWTPs 
Package 
Plants CAFOs SSLASs 

Upper 
Basin 26.04 18.19 52.51 0.97 0.001 0.009 0.14 0.01 0.25 

Middle 
Basin 24.11 23.28 42.97 5.81 0.001 0.007 0.05 0.01 0.07 

Lower 
Basin 14.73 34.06 33.10 16.35 0.0005 0.009 0.02 0.05 0.06 
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Table 2.5. Changes in different land use categories as percentage of total the Neuse River 
basin area. 
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B
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Figure 2.2.  Comparison of high-intensity (>71% impervious) and low-intensity (70-10% 
impervious) urban land cover in the Neuse River Basin between A) 1992 and B) 2001. 
 
Table 2.6. Numbers of WWTPs, package plants, CAFOs, and swine in the Neuse River basin 
in 1992, 2001, and 2006 based on data acquired from the NC DWQ. Swine numbers are 
based on the designated capacity recorded for each swine operation.  Only data from 1992-
2001 were used in longitudinal regression analyses. 
 

 1992 2001 2006 Change 
1992-2006 

Major WWTPs 29 30 30 +1 
Minor WWTPs 102 127 132 + 30 
Package Plants 79 303 335 + 256 

CAFOs 387 530 532 + 145 
Swine 1,325,496 1,881,204 1,891,107 + 565,611 
SSLAs   753  
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Figure 2.3. Locations of WWTPs established prior to 1992 and between 1993 and 2006 in 
the Neuse River basin.  The sub-basins with the highest densities of WWTPs as of 2006 were 
the Crabtree Creek and Middle Creek stations with 0.06 WWTPs km2 -1. 
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Figure 2.4.  Locations of package plants established prior to 1992 and between 1993 and 
2006 in the Neuse River basin.  The sub-basin with the highest density of package plants as 
of 2006 was the Ellerbe Creek station with 0.37 package plants km-2. 
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Figure 2.5. Locations of SSLASs in the Neuse River basin as of 2006.  The sub-basin with 
the highest density of SSLASs was the Little River Station located north of Durham with 
1.02 SSLASs km2 -1. 
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Figure 2.6. Land use in the sub-basin (214.2 km2) surrounding the Middle Creek sampling 
station. Land cover in this sub-basin was 31.9 % urban (as of 2001), and there were 13 
WWTPs and 2 package plants (as of 2006).     
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igure 2.7.  Land use in the sub-basin (135.5 km2) surrounding the Crabtree Creek sampling 
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F
station. Land cover in this sub-basin was 64.9% urban (as of 2001), and there were 8 
WWTPs and 7 package plants (as of 2006).     
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igure 2.8.  Land use in the sub-basin (56.9 km2) surrounding the Ellerbe Creek sampling 

 
 
F
station. Land cover in this sub-basin was 77.2% urban (as of 2001), and there were 2 
WWTPs and 21 package plants (as of 2006). 
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igure 2.9. Comparison of row crop agriculture and animal agriculture (includes pasture, 

A

B

A

B

 
F
hay, and fallow fields) in the Neuse River basin between A) 1992 and B) 2001. 
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Figure 2.10. Locations of active CAFOs established prior to 1992 and between 1993 and 
2006 and inactive CAFOs in the Neuse River basin.  The sub-basin with the highest density 
of CAFOs as of 2006 was the Trent River station, with 0.12 CAFOs km2 -1. 
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Figure 2.11.  Land-use in the sub-basin (435.2 km2) surrounding the Trent River sampling 
station.  Land-cover in this sub-basin is 33.2 % agricultural (as of 2001); there are 51 CAFOs 
in this sub-basin (as of 2006).   
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Table 2.7.  Results of Pearson correlation analysis (PROC CORR in SAS 9.1) on dependent 

Independent Variables 

(water quality) and independent (land use and precipitation) variables in all 26 sub-
watersheds in the Neuse River basin from 1992-2001. 
 

Nutrients 
Urban Agriculture Forested Wetland ackage CAFOs Swine Precipitation  Major Minor P

WWTPs WWTPs Plants 
TP 0.1908* 0.0654 -0.3826* 0.2025* 0.2537* 0.1319* 0.1087 0.1033* 0.2353* 0.0852* 

PO  4
-3-P 0.3902* 0.0110 -0.3493* 0.1099 0.4584* 0.0952 0.2609* 0.0498 0.2213* 0.0808 

NO3
--N 0.3050* 0.0524 -0.1823* -0.1139* 0.4649* 0.0941* 0.1095* 0.0017 0.0436* -0.0023 

NH4
+N 0.0488 -0.0250 -0.1221* 0.1166 0.1217* 0.0365 0.0044 0.0454 0.0769 0.0601 

TKN 0.0971* 0.0784* -0.1831* 0.1910* 0.1953* 0.0151 0.0133 0.0306 0.0439 0.0419 

* tes ica tio at a ev  < 1

able 2.8.  Results of a single-factor ANOVA comparing NH4
+N and NO3

-N concentrations 

 

 Mean Variance 

Deno  signif nt rela nships  a prob bility l el at p  0.000 . 
 
 
T
(as µg L-1) measured at Streets Ferry station between 1998-2001 by NC DWQ, University of 
North Carolina (UNC), and Weyerhaeuser.  UNC did not measure TP and TKN at Streets 
Ferry. Student’s t-tests were used to compare TP and TKN concentrations (µg L-1) between
NC DWQ and Weyerhaeuser. 
 

NC DWQ NH4
+N 105 15,195 

UNC NH4
+N 

+
50 796 

Weyerhaeuser NH4 N 
4  

49 621 
NC DWQ NO3

-N 569 5,462
UNC NO3

-N 
-

550 34,806 
Weyerhaeuser NO3 N 550 46,735 

NC DWQ TP 116 3975.8 
Weyerhaeuser TP 134 1734.6 

NC DWQ TKN 426 34,455 
Weyerhaeuser TKN 633 11,918 
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2.5 Discussion 
 

.5.a Longitudinal regression analyses2  

Models are used to both describe and predict water quality conditions in response to 

changing land use patterns.  Descriptive models, such as the longitudinal data analyses used 

in this study, are an important first step in the integration of GIS and ecological models 

(Basnyat et al. 1999).   When sufficient monitoring data are available, this empirical 

approach is a powerful tool to address watershed management issues (McCutcheon 1990).  

Once descriptive modeling provides an understanding of the relationships between land use 

and water quality, management alternatives can be explored and the result of improvements 

or other changes can be projected.  Alternatively, the mass balance approach, which is 

performed by accounting for all changes in mass of a parameter caused by physical, 

chemical, and biological processes, can be used to predict how a system will respond to land 

use changes or improved management practices.  The disadvantage of the mass balance 

approach is that it is difficult to measure many of the relevant hydrologic, geochemical, and 

biological parameters with any certainty (McCutcheon 1990).  Nevertheless, descriptive and 

predictive models can be used in concert to accurately describe past and present relationships 

between land use and water quality in a given system, as well as providing projections of 

future relationships. 

The descriptive modeling approach used here, based on a decade of historical nutrient 

and land use data, was developed in response to the need for long-term, landscape-scale 

studies that identify the land-based sources of both N and P throughout the Neuse River 

basin, a system that is sustaining rapid urban and agricultural development.  Other studies 

that have evaluated relationships between land use and water quality in the NRB have 
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focused only on urban land use contributions in the upper NRB over short periods (1-3 yr; 

Line et al. 2002, Atasoy et al. 2003), or on modeling N sources and sinks using a predictive, 

mass balance approach (Lunetta et al. 2005).  By analyzing the land use practices in the 

immediate vicinity of sampling locations with historically high pollutant and nutrient 

concentrations, this study strengthens the information base for management efforts in North 

Carolina, and provides strong evidence that wastewater discharges in the upper Neuse basin 

and intensive swine agriculture in the lower basin have been the highest contributors of N 

and P to receiving surface waters.  The trends documented in this study call for 

implementation of more sustainable land management practices in the NRB, such as 

strategies to control urban stormwater runoff, more effective treatment of domestic and 

industrial wastes, and improved plans for CAFO waste management.   

Although the models have a valuable role in guiding management decisions, they are 

not without limitations.  For instance, we attempted to reduce the confounding effects of 

multicollinearity by removing several land use categories and by dropping collinear variables 

from the analysis.  However, variable exclusion, although acceptable (Legendre and 

Legendre 1998), can be problematic because it ignores the unique contribution of the omitted 

variable and can result in a substantial loss of explanatory power (Graham 2003).  Another 

major impediment of present modeling capabilities is the inability to directly incorporate 

biological processes to further account for some of the variability in nutrient concentrations 

in streams. There were also several explanatory land use variables, such as SSLASs and 

septic tank locations, that could not be included in this study because of lack of available 

data.  It is imperative that data on the quantity and locations of septic tanks within the NRB 
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are made publicly available in a central database, for inclusion in future water quality models 

for the Neuse system. 

In addition to the above data limitations, problematic DWQ NH4
+ data may explain 

why NH4
+ concentrations throughout the NRB were only significantly correlated with major 

WWTPs in the model.  Comparison of those data to NH4
+ data acquired directly from two 

other agencies for the lower Neuse River (University of North Carolina [UNC] and 

Weyerhaeuser, unpublished data) revealed that over a 3-yr period, mean DWQ NH4
+ 

concentrations were ~20-fold more variable (Table 2.8). Moreover, NH4
+ concentrations in 

many DWQ samples were not measured, and samples with NH4
+ concentrations below the 

detection limit (~10 µg/L) were replaced with zeros, which can reduce the ability to detect 

seasonal and temporal nutrient trends (Gilliom et al. 1984; Stansfield 2001).  Such problems 

were not encountered for NO3
-N, TP, and TKN data (Table 2.8; SRP concentrations not 

measured by DWQ at this site from 1998-2001).  There has been a ~500-fold increase in 

NH4
+N concentrations documented in the Neuse Estuary over the ~past decade (Burkholder 

et al. 2006).  Based on correlation analysis using these NH4
+N data (1992-2001; Burkholder 

et al. 2006) and land use data for the entire NRB, NH4
+ in the estuary is positively correlated 

with the urban (r = 0.33, p < 0.0001) and agricultural (r = 0.18, p < 0.0001) expansion 

described in this study.  Intensive animal agriculture, in particular, can contribute high 

NH4
+N in both leachate and aerosols from waste management practices (Burkholder et al. 

2007).  

2.5.b Seasonal influences of land use on surface water quality 

Seasonal variation of N and P in this study corresponded with patterns previously 

described in the Neuse ecosystem (Christian et al. 1991, Rudek et al. 1991, Burkholder et al. 
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2006). TP and SRP concentrations were significantly higher during summer months and 

positively correlated with precipitation events. Increased water temperatures, which stimulate 

mineralization of organic matter and release of P to overlying water, and biological activity, 

which further enhances P transport rates from deeper layers of the sediment (Horne and 

Goldman 1994), are likely key factors contributing to summer P maxima in surface waters 

throughout the NRB.  In addition, loss of P from a watershed to receiving waters increases 

with discharge and, as discharge increases, a significantly higher portion of the P load 

consists of particulate P (Sharpley et al. 1995).  This may potentially explain the statistical 

significance of precipitation in the model for TP, but not for SRP.  NH4
+N concentrations 

were also positively related to precipitation in this study. Precipitation is not only a direct 

source of NH4
+N, especially in areas with intensive agriculture (Buijsman et al. 1987; Walker 

et al. 2001), but also an indirect source through increased surface runoff and nutrient loading 

to surface waters (Burkholder et al. 1997, 2006; Mallin et al. 1997, Bales 2003). 

 The significantly higher TKN concentrations measured during summer in the NRB 

likely were related to increased biological activity (e.g., organic N secreted by aquatic plants 

and excreted by micro- and macro-organisms), enhanced decomposition, and higher external 

inputs of organic matter (Campbell et al. 2000, Wetzel 2001).  In contrast, NO3
-N 

concentrations were significantly higher during winter and early spring months when plant 

and microbial uptake is low (Hornung and Reynolds 1995).  Another possible explanation for 

higher winter NO3
-N concentrations is higher winter water tables, which can flush NO3

- from 

groundwater wells to surface waters (Burt and Trudgill 1993; Heathwaite 1993; Sloan et al. 

1999).  The significantly higher winter NO3
-N concentrations in this study support previous 
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findings for the Neuse Estuary of highest NO3
- concentrations in winter during periods of 

high flow and rapid flushing (Christian et al. 1991).   

2.5.c Urban land use 

 Overall, although nutrient concentrations were not significantly different among the 

upper, middle and lower NRB, longitudinal data analysis by region suggested that urban-

related land uses were the primary source of N and P to streams in the upper and middle 

basins.  Urban areas are major sources of both N and P to aquatic ecosystems (Carpenter et 

al. 1998).  As natural forest, wetland, and grassland ecosystems are urbanized, the amount of 

landscape that is impervious increases from ~10% in low-density suburban development to 

values approaching 90% in urban centers (Arnold and Gibbons 1996).  As impervious 

coverage increases, the volume and rate of runoff increases and there is a corresponding 

decrease in the infiltration of water into the soil (Arnold and Gibbons 1996).  Although 

impervious surfaces do not generate pollution, they prevent natural pollutant and nutrient 

processing in the soil by preventing percolation.  In addition, they serve as an efficient 

conveyance system transporting nutrients and pollutants from urban non-point sources, such 

as construction sites, runoff from lawn fertilizers and pet wastes, and inputs from unsewered 

developments, into waterways (Mallin et al. 2001, Holland et al. 2004).  It is not surprising, 

then, that previous studies examining relationships between stream water chemistry and 

watershed land use have demonstrated a linkage between urbanization and the deterioration 

of water quality (e.g. Wang et al. 1997, Basnyat et al. 2000, Mallin et al. 2001, Tong and 

Chen 2002), and that stream degradation can occur at relatively low levels of impervious area 

(10-20%; Schueler 1994).   
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Based on the analysis of land use change described here, the increase in urban areas 

(and impervious cover) in the NRB were primarily the result of infrastructure (e.g. roads) and 

housing expansion into forested, wetland, and natural grassland habitat.  As a result, nutrient 

concentrations in receiving streams in the NRB were expected to be positively correlated 

with urban activities, especially considering the ~242% increase in total urban coverage from 

1992 to 2001.  Pearson correlation analysis indicated that all water quality variables except 

NH4
+ concentrations were positively correlated with urban land cover during this period. 

However, only SRP concentrations were significantly correlated with urban land cover in the 

regression model. This relationship was particularly strong in the upper NRB, which has 

approximately double the amount of urban coverage as the lower NRB.  It is possible that 

urban coverage was significant in the model for SRP, and not the other measured nutrients, 

because of the large quantity of soluble phosphate in industrial effluents, synthetic 

detergents, residential lawn fertilizers, and decaying leaves (Wetzel 2001, Cowen and Lee 

1973).   

Sewage sludge land application sites, which could not be included in the regression 

analysis, likely are major contributors of nutrients and other pollutants to receiving 

waterways in the NRB.  These sites, located in and around urban areas, are four-fold more 

abundant in the upper NRB than the lower NRB.  Permitting dates were not available for 

these sites in North Carolina, but most of the SSLASs in the NRB were likely permitted 

during this study period (1992-2001; Mr. E. Hardee, NC DENR-DWQ, pers. comm., August 

2006) following the Congressional amendment to the Marine Protection, Research, and 

Sanctuaries Act in 1988 to prohibit ocean dumping of sewage sludge.  With the ban on ocean 

sludge dumping and increasing restrictions on landfills, disposal onto land surfaces becomes 
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a remaining alternative that is expected to increase in the future (Harrison and Oakes 2002).  

Land application of sewage sludge can release up to ~600 µg L-1 soluble P to freshwaters 

during and following increases in discharge from heavy rainfall events (Vanden Bossche et 

al. 2003). This is more than 50-fold higher than concentrations found in non-polluted natural 

waters (Wetzel 2001).  Also, much of the soluble P that is released from these urban 

activities in the upper NRB is not readily transformed to insoluble compounds or 

immobilized in soils because of the large amount of impervious coverage.  Since SRP is 

readily available for uptake by plants and algae (Wetzel 2001), streams and lakes draining 

watersheds with higher urban land coverage would be expected to be more susceptible to 

algal blooms and hypoxia.   

WWTPs and package plants in the NRB are also located in and around urban centers.  

WWTP densities and package plant densities were positively correlated, and all measured 

nutrients were positively correlated with major WWTP density.  TP and NO3
- concentrations 

were also positively correlated with minor WWTPs.  Longitudinal data analysis for all of the 

nutrients by region showed that the relationship between major WWTP densities and 

nutrients was especially strong in the upper and middle NRB.  P and N inputs from point 

sources such as WWTPs are more amenable to control than those from non-point sources 

(Rohlich 1969, Wetzel 2001). Several major municipal WWTPs (e.g. Neuse River WWTP of 

Raleigh, South Cary Water Reclamation Facility, New Bern WWTP) in the NRB, defined as 

discharging > 3.7 x 106 L day-1 or 1.0 million gallons per day (mgd) (NC DENR 2002), 

installed biological nutrient removal (BNR) technology in the late 1990s/early 2000s.  This 

represented a major improvement over previous secondary and “tertiary” treatment (the 
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latter, in North Carolina, defined as secondary treatment along with additional modifications 

to reduce suspended solids and biochemical oxygen demand; NC EMC 2003).  

All other WWTPs as well as package plants are required to have only secondary 

sewage treatment (NC EMC 2003). Through the action of microorganisms, secondary 

treatment decomposes and oxidizes the dissolved and particulate organic matter in 

wastewater, removing ~90% of the biological oxygen demand (BOD) and suspended 

sediments (Officer and Ryther 1977). This method only removes ~30% of the P and ~50% of 

the nitrates from wastewater (Schaak et al. 1985), and may even enhance the eutrophication 

potential of the effluent by increasing the amount of inorganic N and P discharged to surface 

waters (Officer and Ryther 1977, Smith 1990). These discharged inorganic nutrients can then 

cause overgrowth of aquatic weeds, algae, and bacteria in streams, rivers, and lakes 

(Burkholder 2001). Overall, the data from this study indicate that point sources continue to 

contribute significantly to nutrient enrichment of the Neuse system, especially in the upper 

NRB. Thus, secondary sewage treatment of the numerous WWTPs and package plants that 

discharge less than 3.7 x 106 L day-1 appears inadequate to meet the state’s Nutrient Sensitive 

Waters (NSW) regulations, which specify effluent concentrations of 2 mg L-1 TP throughout 

the year, 4 mg L-1 TN in the summer, and 8 mg L-1 TN in the winter (NC DENR 1997). 

Discharges from major WWTPs are more likely to impair water quality during critical 

low-flow periods in summer, when algal blooms and oxygen deficits are most detrimental to 

invertebrate and fish health (Mallin 1994). During these periods, major WWTPs can 

contribute ~50% of the total N and P inputs to receiving streams (Christian et al. 1991, NC 

DEHNR 1993). Three sampling sites – Ellerbe Creek, Crabtree Creek and Middle Creek – 

had the highest densities of WWTPs in their sub-basins, and most often exceeded NSW 
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regulations. The Ellerbe Creek sampling site is located directly downstream (~4.2 km) from 

the North Durham Water Reclamation Facility, which has a permitted flow capacity of 75.7 x 

106 L day-1 (20 mgd) and is the second largest municipal WWTP in the NRB.  Although this 

WWTP was upgraded to “tertiary” sewage treatment in 1994, Ellerbe Creek water quality 

remains impaired and not supporting (NS) its designated uses (recreation, fishing, and 

wildlife propagation and survival; NC DENR 1998, 2001, 2006).  Fish and benthic 

invertebrate community assessments consistently indicate “Poor” water quality both above 

and below the North Durham WWTP (NC DENR 1998, 2001, 2006), and TN at the sampling 

site exceeded NSW regulations in 40% of the samples used in this study. TN in the sub-

basins draining the Crabtree and Middle Creek exceeded NSW regulations in 5% and 15% of 

the samples, respectively.  

 Septic tank systems can potentially be substantial contributors of N and P to 

groundwater and surface waters in the NRB (Buetow 2002; Pradhan et al. 2004).  Although 

use of septic systems in the NRB increased by 176-331% from 1970 to 1990, very little is 

known about the extent to which nutrients released from septic systems into groundwater are 

discharged into surface waters (Pradhan et al. 2004).  The only study thus far that has 

attempted to quantify N loading from on-site systems in the NRB showed that, for a small 

watershed in the lower Coastal Plain south of the Trent River near New Bern, there was a 

56% increase in the amount of N exported from the watershed due to the septic systems 

(Pradhan et al. 2004).  As a result, the expected increases in the number of housing units 

using on-site systems in the NRB would increase N export to the Neuse Estuary (Pradhan et 

al 2004).  Another obstacle to estimating the impact of septic systems on water quality in the 

NRB is the lack of available spatial data for these on-site systems.  Only two counties in the 
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NRB (Craven and Pamlico, both in the lower NRB) could provide septic system data in a 

geospatial format, so septic systems could not be included in this analysis.  Both of those 

counties had very high septic tanks densities (Craven, 4,125 septic tanks at 293 systems km-2; 

Pamlico, 1,242 septic tanks at 311 systems km-2).  Little is known about the nutrient 

contributions of septic systems to surface water quality, and no requirements exist for 

removal of on-site system-derived nutrients in many nutrient-sensitive watersheds in the 

NRB. 

2.5.d Agriculture 

 In contrast to the strong urban influence on surface water quality in the upper/ middle 

NRB, in the lower NRB agricultural land uses were most associated with higher N and P 

levels. This study indicates that traditional cropland agriculture has decreased within 

increasing urbanization of the upper/middle NRB, and with increasing industrialized animal 

production in the lower NRB.  

 The Neuse Basin Oversight Committee (2004, p.10) reported that “for the basin as a 

whole, the Neuse agricultural community in 2003 has achieved a 42% nitrogen reduction,” 

but this statement actually describes cropland farmers only and refers to N fertilizer use, 

rather than in-stream N levels.  Efforts to reduce N loading have not been widely adopted by 

other major sources of agricultural loading such as industrialized animal production. Thus, 

industrialized animal production practices, in particular, have increased in the NRB and are 

increasing N and P export to surface waters (Mallin 2000, Burkholder et al. 2006). This 

surplus of nutrients accumulates in soils, erodes or leaches to surface and groundwaters, or 

enters the atmosphere (Webb and Archer 1994; Burkholder et al. 1997, 2007; Mallin 2000).  
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 Estimates of N fluxes from agricultural lands to surface waters, as a percentage of 

fertilizer inputs, range from 10% to 40% for loam and clay soils to 25% to 80% for sandy 

soils (Howarth et al. 1996).  In the NRB, more than one-third of agricultural land cover and 

~70% of the CAFOs are located in the lower basin on the North Carolina Coastal Plain, 

which has predominantly sandy and sandy/loamy surface soils (National Resources 

Conservation Service 2006). The water table lies about 1 m, on average, from the surface 

soils; moreover, much of the land previously had been ditched or tile-drained to channel 

runoff to receiving rivers and estuaries (Steel 1991).  N compounds are more mobile in soils 

than P compounds; thus, N losses from agricultural systems are often more closely linked to 

intensity of agriculture and fertilizer application rates in the drainage basin (Harper 1992).  

The amount of P lost to surface waters increases with the P content of the soil, and excess 

agricultural inputs of P are closely linked to eutrophication of surface waters (Fluck et al. 

1992). Phosphorus accumulation in soils used for disposal of swine CAFO wastes in the 

Neuse basin was already appreciable in 1995, when three counties (~20% of the land) in the 

lower basin had sufficient P from CAFO wastes to exceed the P requirements of all non-

legume crops and forages (Barker and Zublena 1995). For both N and P, losses are greater 

from fields fertilized with manure than from those receiving synthetic fertilizers, especially if 

rainfall follows application (Carpenter et al. 1998). 

Analysis of land use changes in the NRB indicated a 350% increase in pasture, hay, 

and fallow fields, many of which receive animal wastes in industrialized CAFO agriculture. 

These pastures and fields now comprise ~75% of the total agricultural land cover in the 

NRB. Corresponding to these land use trends, correlation analysis in this study indicated that 

TKN concentrations (organic N + NH4
+N) were positively associated with agricultural land 
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cover, and regression analysis indicated that TKN concentrations at sampling sites 

throughout the NRB were highest in agriculturally dominated sub-basins during summer. 

Inorganic N losses from agricultural soils are well documented (e.g. Burkholder et al. 1997, 

Mallin 2000), and dissolved organic N (DON) losses can also be substantial, especially from 

plots fertilized with animal manure (Murphy et al. 2000).  Soluble organic N pools are as 

large as or larger than DIN pools, with the maximum contribution (~60-70% of the total 

soluble N pool) occurring during summer under manure-fertilized pastures (Jensen et al. 

1997, McNeill et al. 1998, Schulten and Schnitzer 1998).  Although only an estimated ~10% 

of the N leached from drains is lost in organic forms, significantly more TN and DON is 

leached from pastures receiving manure compared to DIN (Murphy et al. 2000).  In this 

study, highest TKN concentrations in the Creeping Swamp site reflect a sub-basin with the 

largest proportion of agricultural land cover including moderate CAFO density, suggesting 

that agricultural practices are an important source of organic as well as inorganic N in 

receiving streams, especially when nutrients from agricultural sources are filtered through 

wetlands (described below, Morris 1991; Correll et al. 1992).    

 Intensive animal production, which involves the feeding of large numbers of animals 

in small areas, is contaminating water resources not only with excessive nutrients but also 

with microbial pathogens and pharmaceuticals (Burkholder et al. 1997, 2007; Mallin 2000).  

Swine production per unit area in North Carolina is more concentrated than in any other state 

(USDA 2001).  Swine wastes in these operations are held in open cess pits called lagoons 

that, when operated properly, are considered a primary waste treatment method. Some 

nutrient-containing solids settle out and denitrification occurs with biological anaerobic 

processes (Midwest Plan Service 1987, Webb and Archer 1994). When the wastes reach a 
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certain depth, the liquid effluent is pumped out and sprayed onto surrounding fields that are 

often planted with a cover crop such as bermudagrass (Mallin 2000). Nutrients and 

contaminants from animal wastes enter the receiving waters through leakage from poorly 

constructed lagoons, overflow of lagoons during major precipitation events, runoff from 

recent applications of waste to farm fields, or atmospheric deposition (Walker et al. 2000).   

As of 2006, the NRB contained 532 CAFOs and ~2 million swine, with ~70% of 

those CAFOs located in the lower basin.  The lower NRB is prone to flooding and has a 

shallow water table and sandy well-drained soils vulnerable to transport of nutrients to 

underlying groundwater (Burkholder et al. 2006). Thus, the high CAFO density in the lower 

NRB has increased the potential for environmental contamination of the river and estuary.  In 

the regression model for SRP, swine density was the most important land use parameter 

explaining variation in SRP concentrations.   

The significant positive relationship between swine density and TP and SRP, 

especially after periods of high precipitation, is supported by numerous other studies 

quantifying nutrient losses from CAFOs into receiving waters.  For instance, liquid swine 

wastes contain ~50,000 µg TP L-1 and ~15,000 µg PO4
-3P L-1, and high precipitation events 

have led to ruptured lagoons and substantial seepage of sprayed effluent, especially when 

filtering soils were already saturated (Burkholder et al. 1997  Mallin et al. 1997, Mallin 

2000).  Extremely high concentrations of NH4
+N (46,210 µg L-1), NO3

-N (2,040 µg L-1), SRP 

(720 µg L-1), and fecal coliform bacteria (3.4 x106 units 100   mL-1) were documented for 

~32 km downstream from the point of a swine waste lagoon spill in 1995 into receiving 

surface waters (Burkholder et al. 1997). The excessive nutrients contributed by this spill 

supported algal blooms, led to anoxic conditions throughout the water column, and killed 
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~4,000 fish, which represented all the fish found in the area (Burkholder et al. 1997).  More 

importantly, substantial concentrations of nutrients and other contaminants from CAFOs 

move into receiving waters through runoff even when wastes are applied to fields at 

recommended rates. As examples, Stone et al. (1995) measured 6,000-8,000 µg total 

inorganic N L-1 and 700-1,300 µg PO4
-3 L-1 in a stream adjacent to swine effluent sprayfields, 

and Evans et al. (1984) reported 7,000-30,000 µg NO3
- L-1 in subsurface flow draining a 

sprayfield for swine wastes applied at recommended rates. These nutrient losses into 

receiving waters are excessive relative to levels (~100-200 µg inorganic N or P   L-1) known 

to support noxious algal blooms (Mallin 2000).  The contributed nutrients from CAFO 

effluent have stimulated blooms of potentially toxic algae and depressed the growth of 

desirable aquatic habitat species (Burkholder et al. 1997, Mallin 2000). 

2.5.e Forests and wetlands 

 Wetlands and forests exert a positive influence on the water quality of receiving 

streams by functioning as flood control systems, stabilizers and sinks for sediments, and 

biological filters that intercept and remove nutrients from runoff.  In most forested 

watersheds, the biological and geochemical processes in the upper soil horizons effectively 

retain N and P and thus reduce inputs to streams (Qualls et al. 1991).  In wetlands, soil 

anoxia favors the rapid conversion of NO3
-/NO2

- to N2O or N2 by denitrifying bacteria and, 

consequently, results in quantitatively important losses of N from wetland ecosystems 

(Morris 1991).  P can also be retained in wetlands through uptake by vegetation, periphyton, 

and microorganisms, adsorption by sediments, chemical precipitation, and sedimentation 

(Reddy et al. 1999).  
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All of the nutrients considered in this study were negatively correlated with forested 

land cover, and NO3
-N concentrations were negatively correlated with wetland land cover.  

However, both TP and TKN had a significant positive relationship with wetland land cover, 

indicating that wetlands in the NRB are releasing organic N and P.  In addition to the losses 

of TN and TP from wetlands by denitrification, uptake, and adsorption, losses of NH4
+, NO3

-, 

and PO4
-3 can also occur when these inorganic nutrients are converted into organic forms and 

exported in runoff (Morris 1991; Mitsch and Gosselink 1993; Devito and Dillon 1993).  

Whether these wetland systems trap or release nutrients depends on the quantity of nutrient 

inputs (Correll et al. 1992).  Riparian forests in the coastal plain of the NRB are mostly 

downhill from agricultural lands and CAFOs. Inorganic nutrient concentrations likely are 

reduced by wetlands before reaching the stream channel. Nevertheless, large loads of N and 

P from agricultural practices apparently are being balanced by equally large outputs 

predominantly as organic forms of N and P.   

Wetland land cover decreased in the NRB by ~20% from 1992 to 2001. Disturbance 

and conversion of wetlands to agricultural land uses and housing developments would further 

reduce their efficiency to sequester nutrients and would, in turn, increase the mobility and 

fluxes of biologically available forms of N and P to receiving waters (Vitousek et al. 1997). 

The combination of large nutrient loadings from intensive agriculture and urban activities 

and the disturbance of wetland and forested ecosystems in the NRB may be overwhelming N 

and P cycling in these systems and reducing their nutrient removal efficiency (Vitousek at al 

1997).      
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2.5.f Conclusions 

 The analyses and results described here provide insight into the linkages between land 

use practices and stream water quality in the Neuse River ecosystem, and the relative 

sensitivity of water quality variables to alterations in land use. Both urban and agricultural 

activities in sub-basins of the NRB are closely linked to increases in N and P concentrations 

in receiving streams and rivers. Water quality in the upper and middle regions of the NRB 

was most strongly influenced by urban land uses, whereas in the lower NRB agricultural land 

uses, especially industrialized animal production, was more influential.  Forests and wetlands 

acted as a sink for several nutrients (as proportion cover increased, nutrients decreased), 

indicating that mitigation of water quality problems due to land use activities can be achieved 

to some extent by maintaining greater proportions of forests and wetlands in sub-basins. 

The ability to predict surface water eutrophication rates under increasing development 

depends on understanding the relationship between landscape properties and loading 

patterns. Although studies in other regions have already demonstrated connections between 

some of these land use practices and water quality (Basnyat et al. 1999, 2000, McFarland and 

Hauck 1999, Kelsey et al. 2004, Holland et al. 2004), it is imperative that these studies be 

widely repeated in multiple areas.  The techniques used in this study for the Neuse ecosystem 

provide a simple, but effective, management tool for policy makers.  In addition, this study 

also provides current land use information, including the locations of various point and non-

point sources of nutrients and pollutants.  These data are needed in the analysis of 

environmental processes and problems, which must be understood if conditions and 

standards are to be improved or maintained at current levels.  Accurate, meaningful, and 
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current land use data are essential for State and local governments to determine better land 

use policy and implement effective plans for regional development.  

As human populations in coastal areas worldwide continue to expand, consume 

resources, and profoundly change the landscape (Nicholls and Small 2002), eutrophication 

will continue to promote water quality degradation and ecosystem imbalances (Burkholder 

1998; Galloway et al. 2002). Thus, it is becoming increasingly important to identify the 

sources of both organic and inorganic nutrients, to accurately assess the magnitude of these 

problems and to search for effective solutions.  Despite some data and modeling limitations, 

the techniques used here provide a simple but effective analytical approach relating land use 

changes to surface water quality that can be extended to ecosystems worldwide.  This 

approach can also contribute to the development of management strategies to control urban 

stormwater runoff, more effective treatment of domestic and industrial wastes, and improved 

plans for CAFO waste management. In future work, this water quality model can be refined 

with the availability of high-resolution data on NRB soils, groundwater quality, septic tank 

locations, and relative source contributions of NH4
+. 

 

 

 

 

 

 

 
 
 
 

 79



2.6 References 
 

American Society of Agricultural Engineers (ASAE), 1998. Manure production and 
characteristics. Data Sheet ASAE D384.1.DEC98. ASAE, Washington, DC. 

 
Arnold, C.L., Jr. and C.J. Gibbons, 1996. Impervious surface coverage: the emergence of a 

key environmental indicator. Journal of the American Planning Association 62: 243-258. 
 
Atasoy, M., R.B. Palmquist, and D.J. Phaneuf, 2003. Land use patterns and pollution in the 

upper Neuse River.  Report No. 348.  Water Resources Research Institute of the 
University of North Carolina, Raleigh, NC. 

 
Bales, J.D., 2003. Effects of Hurricane Floyd inland flooding, September-October 1999, on 
 Tributaries to Pamlico Sound, North Carolina. Estuaries 26, 1319-1328. 
 
Barker, J. C., and J. Zublena. 1995. Livestock manure assessment in North Carolina, p. 98-

106. In: Ross, C.C. (ed.), Proceedings of the 7th International Symposium on Agriculture 
and Food Processing Wastes. American Society of Agricultural Engineers, Washington, 
DC. 

 
Basnyat, P., L.D. Teeter, K.M. Flynn and B.G. Lockaby, 1999. Relationship between 

landscape characteristics and nonpoint source pollution inputs to coastal estuaries. 
Environmental Management 23, 539-549. 

 
Basnyat, P., L.D. Teeter, B.G. Lockaby and K.M. Flynn, 2000. The use of remote sensing 

and GIS in watershed level analyses of non-point source pollution problems. Forest 
Ecology and Management 128, 65-73. 

 
Belsley, D.A., E. Kuh and R.E. Welsch, 1980. Regression Diagnostics: Identifying Data and 

Sources of Collinearity. Wiley, New York, NY. 
 
Bricker, S.B., C.G. Clement, D.E. Pirhalla, S.P. Orland, and D.G.G. Farrow, 1999. National 
 Estuarine Eutrophication Assessment: A Summary of Conditions. NOAA, Silver Spring, 

MD. 
 
Buetow, W.S., 2002. On-site wastewater nitrogen contributions to a shallow aquifer and 

adjacent stream, MS thesis. Soil Science Department, North Carolina State University, 
Raleigh, NC. 

 
Buijsman, E., J. Maas and W. Asman, 1987. Anthropogenic ammonia emissions in Europe. 

Atmospheric Environment 21, 1009-1020. 
 
Burkholder, J.M., 1998. Implications of harmful marine microalgae and heterotrophic 

dinoflagellates in management of sustainable marine fisheries. Ecological Applications 8, 
37-62. 

 80



Burkholder, J.M., 2001. Eutrophication/oligotrophication. In: Levin, S. (Ed.), Encyclopedia 
of Biodiversity, Vol. 2. Academic Press, New York, NY, pp. 649-670. 

 
Burkholder, J.M., M.A. Mallin, H.B. Glasgow Jr., M.L. Larsen, M.R. McIver, G.C. Shank, 

N. Deamer-Melia, D.S. Briley, J. Springer, B.W. Touchette and E.K. Hannon, 1997. 
Impacts to a coastal river and estuary from rupture of a large swine waste holding lagoon. 
Journal of Environmental Quality 26: 1451-1466. 

 
Burkholder, J., D. Eggleston, H. Glasgow Jr., C. Brownie, R. Reed, G. Melia, C. Kinder, G. 

Janowitz, R. Corbett, M. Posey, T. Alphin, D. Toms and N. Deamer, 2004. Comparative 
impacts of two major hurricane seasons on the Neuse River and western Pamlico Sound. 
Proceedings of the National Academy of Sciences (USA) 101, 9291-9296. 

 
Burkholder, J.M., D.A. Dickey, C.A. Kinder, R.E. Reed, M.A. Mallin, M.R. McIver, L.B.  

Cahoon, G. Melia, C. Brownie, J. Smith, N. Deamer, J. Springer, H. Glasgow Jr. and D. 
Toms. 2006. Comprehensive trend analysis of nutrients and related variables in a large 
eutrophic estuary: A decadal study of anthropogenic and climatic influences. Limnology 
& Oceanography 51: 463-487. 
 

Burkholder, J.M., B. Libra, P. Weyer, S. Heathcote, D. Kolpin, P.S. Thorne and M. 
Wichman, 2007. Impacts of waste from concentrated animal feeding operations (CAFOs) 
on water quality. Environmental Health Perspectives 115, 308-312. 

 
Burt, T.P. and S.T. Trudgill, 1993. Nitrate in groundwater. In: Burt, T.P. (Ed.), Nitrate: 

processes, patterns and management, John Wiley & Sons, Chinchester, UK, pp. 213-238. 
 
Campbell, J.L., J.W. Hornbeck, W.H. McDowell, D.C. Buso, J.B. Shanley and G.E. Likens, 

2000. Dissolved organic nitrogen budgets for upland, forested ecosystems in New 
England. Biogeochemistry 49, 123-142. 

 
Carpenter, S.R., N.F Caraco, D.L. Correll, R.W. Howarth, A.N. Sharpley and V.H. Smith, 

1998. Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecological 
Applications 8, 559-568. 

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

nutrients within the Neuse River Estuary, North Carolina. Marine Ecology Progress 
Series 71, 259-274. 

 
Correll, D.L., T.E. Jordan and D.E. Weller, 1992. Nutrient flux in a landscape: effect of 

coastal land use and terrestrial community mosaic on nutrient transport to coastal waters. 
Estuaries 15: 431-442. 

 
Cowen, W.F. and G.F. Lee, 1973. Leaves as a source of phosphorus. Environmental Science 

and Technology 7, 853-854. 

 81



Devito, K.J. and P.J. Dillon, 1993. The influence of hydrologic conditions and peat oxia on 
the phosphorus and nitrogen dynamics of a conifer swamp. Water Resources Research 
29, 2675-2685. 

 
Evans, R.O., P.W. Westerman and M.R. Overcash, 1984. Subsurface drainage water quality 

from land application of swine lagoon effluent. Transactions of the American Society of 
Agricultural Engineers 27, 473-480. 

 
Fluck, R.C., C. Fonyo and E. Flaig, 1992. Land-use-based phosphorus balances for Lake 

Okeechobee, Florida, drainage basins. Applied Engineering in Agriculture 8, 813-820. 
 
Galloway, J.N., E.B. Cowling, S.P. Seitzinger and R.H. Socolow (2002) Reactive nitrogen: 

too much of a good thing? Ambio 31, 60-63. 
 
Gilliom, R.J., R.M. Hirsch, and E.J. Gilroy, 1984. Effect of censoring trace-level water-

quality data on trend-detection capability. Environmental Science & Technology 18, 530-
535. 

 
Graham, M.H., 2003. Confronting multicollinearity in ecological multiple regression. 

Ecology 84, 2809-2815. 
 
Ham, J.M. and T.M. DeSutter, 2000. Toward site-specific design standards for animal-waste 

lagoons: protecting ground water quality. Journal of Environmental Quality 29, 1721-
1732. 
 

Harper, D., 1992. Eutrophication of Freshwaters: Principles, Problems, and Restoration. 
Chapman and Hall, London. 

 
Harrison, E.Z. and S.R. Oakes, 2002. Investigation of alleged health incidents associated 

with land application of sewage sludges. New Solutions 12, 387-408. 
 
Heathwaite, A.L., 1993.  Nitrogen cycling in surface waters and lakes.  In: Burt, T.P. (Ed.), 

Nitrate: processes, patterns and management, John Wiley & Sons, Chinchester, UK, pp. 
99-140. 

 
Holland, A.F., D.M. Sanger, C.P. Gawle, S.B. Lerberg, M.S. Santiago, G.H.M. Riekerk, L.E. 

Zimmerman and G.I. Scott, 2004. Linkages between tidal creek ecosystems and the 
landscape and demographic attributes of their watersheds. Journal of Experimental 
Marine Biology and Ecology 298, 151-178. 

 
Horne, A.J. and C.R. Goldman, 1994. Limnology, 2nd ed. McGraw-Hill Inc., New York. 
Hornung, M. and B. Reynolds, 1995. The effects of natural and anthropogenic changes on 

ecosystem processes at the catchment scale. Trends in Ecology and Evolution 10, 443-
449. 

 

 82



Howarth, R. W., G. Billen, D. Swaney, A. Townsend, N. Jarworski, K. Lajtha, J. A. 
Downing, R. Elmgren, N. Caraco, T. Jordan, F. Berendse, J. Freney, V. Kueyarov, P. 
Murdoch and Zhu Zhao-Liang, 1996. Regional nitrogen budgets and riverine N and P 
fluxes for the drainages to the North Atlantic Ocean: natural and human influences. 
Biogeochemistry 35, 75-139. 

 
Huffman, R.L. and  P.W. Westerman, 1995. Estimated seepage losses from established swine 

waste lagoons in the lower coastal plain of North Carolina. Transactions of the American 
Society of Agricultural Engineers 38, 449-453. 

 
Jensen, L.S., T. Mueller, J. Magid and N.E. Nielsen, 1997. Temporal variation of C and N 

mineralization, microbial biomass and extractable organic pools in soil after oilseed rape 
straw incorporation in the field. Soil Biology and Biochemistry 29, 1043-1055. 

 
Jordan, T.E., D.F. Whigham, K.H. Hofmockel and M.A. Pittek, 2003. Nutrient and sediment 

removal by a restored wetland receiving agricultural runoff. Journal of Environmental 
Quality 32, 1534-1547. 

 
Karr, J.D., W.J. Showers, J.W. Gilliam and A.S. Andres, 2001. Tracing nitrate transport and 

environmental impact from intensive swine farming using Delta nitrogen-15. Journal of 
Environmental Quality 30, 1163-1175. 

 
Kelsey, H., D.E. Porter, G. Scott, M. Neet and D. White, 2004. Using geographic information 

systems and regression analysis to evaluate relationships between land use and fecal 
coliform bacterial pollution. Journal of Experimental Marine Biology and Ecology 298, 
197-209. 

 
Legendre, P. and L. Legendre, 1998. Numerical Ecology. Elsevier, Amsterdam. 
 
Line, D.E., N.M. White, D.L. Osmond, G.D. Jennings and C.B. Mojonnier, 2002. Pollutant 
 export from various land uses in the Upper Neuse River Basin. Water Environment 

Research 74, 100-108. 
 
Littell, R.C., W.W. Stroup and R.J. Freund, 2002. SAS for Linear Models, 4th ed. SAS 

Publishing, Cary, NC. 
 
Lowrance, R., L.S. Altier, J.D. Newbold, R.R. Schnabel, P.M. Groffman, J.M. Denver, D.L. 

Correll, J.W. Gilliam, J.L. Robinson, R.B. Brinsfield, K.W. Staver, W. Lucas, and A.H. 
Todd, 1997. Water quality functions of riparian forest buffers in Chesapeake Bay 
watersheds. Environmental Management 21, 687-712. 

 
Lunetta, R.S., R.G. Greene, and J.G. Lyon, 2005. Modeling the distribution of diffuse 

nitrogen sources and sinks in the Neuse River Basin of North Carolina, USA. Journal of 
the American Water Resources Association 41, 1129-1147. 

 
Mallin, M.A., 1994. Phytoplankton ecology in North Carolina estuaries. Estuaries 17, 561- 

 83



574. 
 

Mallin, M.A., 2000. Impacts of industrial animal production on rivers and estuaries. 
American Scientist 88, 26-37. 

 
Mallin, M.A., J.M. Burkholder, M.R. McIver, G.C. Shank, H.B. Glasgow Jr., B.W. 

Touchette and J. Springer, 1997. Comparative effects of poultry and swine waste lagoon 
spills on the quality of receiving streamwaters. Journal of Environmental Quality 26, 
1622-1631. 

 
Mallin, M.A., J.M. Burkholder, L.B. Cahoon and M.H. Posey, 2000. North and South 

Carolina Coasts. Marine Pollution Bulletin 41, 56-75. 
 
Mallin, M.A., S.H. Ensign, M.R. McIver, G.C. Shank and P.K. Fowler, 2001. Demographic, 

landscape, and meteorological factors controlling the microbial pollution of coastal 
waters. Hydrobiologia 460:185-193. 

 
McCutcheon, S.C., 1990. Water Quality Modeling Volume I: Transport and Surface 

Exchange in Rivers. CRC Press Inc., Boca Raton. 
 
McFarland, A.M.S. and L.M. Hauck, 1999. Relating agricultural land-uses to in-stream 

stormwater quality. Journal of Environmental Quality 28, 836-844. 
 
McNeill, A.M., G.P. Sparling, D.V. Murphy, P. Braunberger and I.R.P. Fillery, 1998. 

Changes in extractable and microbial C, N, and P in a western Australian wheatbelt soil 
following simulated summer rainfall. Australian Journal of Soil Research 36, 841-854. 

 
Midwest Plan Service, 1987. Structures and Environment Handbook, 11th ed. Midwest Plan 

Service, Ames, IA. 
 
Mitsch, W.J. and J.G. Gosselink, 1993. Wetlands, 2nd ed. Van Nostrand Reinhold, New York, 

NY. 
 
Morris, J.T., 1991. Effects of nitrogen loading on wetland ecosystems with particular 

reference to atmospheric deposition. Annual Review of Ecology and Systematics 22, 257-
279. 

 
Murphy, D.V., A.J. Macdonald, E.A. Stockdale, K.W.T. Goulding, S. Fortune, J.L. Gaunt, 

P.R. Poulton, J.A. Wakefield, C.P. Webster and W.S. Wilmer, 2000. Soluble organic 
nitrogen in agricultural soils. Biology and Fertility of Soils 30, 374-387. 

 
National Research Council, 2000. Clean Coastal Waters – Understanding and Reducing  
 the Effects of Nutrient Pollution. National Academy Press, Washington, DC. 
 

 84



Natural Resources Conservation Service, 2006. Information about soils – mid-Atlantic soil 
survey region 14. USDA, Washington, DC. Available at: 
http://www.nc.nrcs.usda.gov/soils.html (last accessed August 2007). 

 
Neuse Basin Oversight Committee. 2004. Annual Progress Report on the Neuse Agricultural 

Rule (15A NCAC 2B .0238). Report to the Environmental Management Commission 
(EMC) – item no. 04-39. NC DENR, Raleigh, NC. 

 
Nicholls, R.J. and C. Small, 2002.  Improved estimates of coastal population and exposure to 

hazards released. Eos 83, 301-302. 
 
North Carolina Department of Agriculture (NCDA), 1998. North Carolina Agricultural  
 Statistics. NCDA, Raleigh, NC. 
 
North Carolina Department of Environment, Health, and Natural Resources (NC DEHNR), 

1993. Neuse River Basinwide Water Quality Management Plan.  NC DEHNR, Raleigh, 
NC. 

 
North Carolina Department of Environment, Health, and Natural Resources (NC DEHNR), 

1996. Classifications and Water Quality Standards Applicable to Surface Waters of 
North Carolina. North Carolina Administrative Code Sections 15A NCACB.0200. North 
Carolina Environmental Management Commission, Raleigh, NC. 

 
North Carolina Department of Environment and Natural Resources (NC DENR), 1997. 

Neuse River Nutrient-Sensitive Waters (NSW) Management Strategy. NC DENR, 
Raleigh, NC. 

 
North Carolina Department of Environment and Natural Resources (NC DENR), 1998. 

Neuse River Basinwide Water Quality Plan. NC DENR, Raleigh, NC. 
 
North Carolina Department of Environment and Natural Resources (NC DENR), 2001. 

Neuse River Basinwide Assessment Report. NC DENR, Raleigh, NC. 
 
North Carolina Department of Environment and Natural Resources (NC DENR), 2002. 

Neuse River Basinwide Water Quality Plan. NC DENR, Raleigh, NC. 
 
North Carolina Department of Environment and Natural Resources (NC DENR), 2006. 

Neuse River Basinwide Assessment Report. NC DENR, Raleigh, NC.  
 
North Carolina Department of Environment and Natural Resources (NC DENR), 2007.  

NPDES committing and compliance programs.  Available at: 
http://h2o.enr.state.nc.us/NPDES/ (last accessed August 2007). 

  
North Carolina Environmental Management Commission (NC EMC), 1993.  Rule 15A 

NCAC 2H. 0217-concentrated animal operations.  NC DEHNR-DEM, Raleigh, NC. 
 

 85

http://www.nc.nrcs.usda.gov/soils.html
http://h2o.enr.state.nc.us/NPDES/


North Carolina Environmental Management Commission (NC EMC), 2003.  Neuse River 
Basin – Nutrient Sensitive Waters Management Strategy: Wastewater Discharge 
Requirements. North Carolina administrative code section 15A NCAC2B.0234. NC 
EMC, Raleigh, NC. 

 
North Carolina State Data Center, 2006. Statewide Demographic Data Set. Office of State 

Budget and Management, Data Services Unit and the U.S. Census Bureau. Available at:  
http://sdc.state.nc.us/ (last accessed August 2007). 

 
Officer, C.B. and J.H. Ryther, 1977. Secondary sewage treatment versus ocean outfalls: an 

assessment. Science 197, 1056-1060. 
 
Pradhan, S., M.T. Hoover, R.A. Austin, and H.A. Devine, 2004. Potential nutrient loading 

from on-site systems to watersheds. On-site Wastewater Treatment X, Proceeding of 
National Symposium for Individual and Small Community Wastewater Systems. 
Sacramento, CA. ASAE, 141-149. 

 
Qualls, R.G., B.L. Haines and W.T. Swank, 1991. Fluxes of dissolved organic nutrients and 

humic substances in a deciduous forest. Ecology 72, 254-266. 
 
Reddy, K.R., R.H. Kadlec, E. Flaig and P.M. Gale, 1999. Phosphorus retention in streams 

and wetlands: a review. Critical Reviews in Environmental Science and Technology 29, 
83-146. 

 
Rockefeller, A.A., 2002. Sewers, sewage treatment, sludge: damage without end. New 

Solutions 12, 341-346. 
 
Rohlich, G.A., 1969. Engineering aspects of nutrient removal. In: Eutrophication: Causes, 

Consequences, and Correctives. National Academy of Sciences, Washington, D.C., pp. 
371-382. 

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

of  phytoplankton nutrient limitation in the lower Neuse River Estuary, North Carolina. 
Marine Ecology Progress Series 75, 133-142. 

 
SAS Institute, 2004. SAS/STAT 9.1 User’s Guide.   SAS Institute, Cary, NC. 
 
SAS Institute, 2006.  SAS OnlineDoc version 9.1.3.  SAS Institute, Cary, NC.  Available at: 

http://support.sas.com/onlinedoc/913/docMainpage.jsp (last accessed July 2007). 
 
Schueler, T.R., 1994. The importance of imperviousness. Watershed Protection Techniques 

1: 100-111. 
 
Schulten, H.R. and M. Schnitzer, 1998. The chemistry of soil organic nitrogen: a review. 

Biology and Fertility of Soils 26: 1-15. 
 

 86

http://demog.state.nc.us/
http://demog.state.nc.us/
http://support.sas.com/onlinedoc/913/docMainpage.jsp


Sharpley, A.N., M.J. Hedley, E. Sibbesen, A. Hillbricht-Ilkowska, W.A. House and L. 
Ryszkowski, 1995. Phosphorus transfers from terrestrial to aquatic ecosystems. In: 
Tiessen, H. (Ed.), Phosphorus in the Global Environment: Transfers, Cycles, and 
Management. John Wiley, New York, pp. 171-200. 

Sloan, A.J., J.W. Gilliam, J.E. Parsons, R.L. Mikkelson, and R.C. Riley, 1999.  Groundwater 
nitrate depletion in a swine lagoon effluent-irrigated pasture and adjacent riparian zone.  
Journal of Soil and Water Conservation 54, 651-656. 

 
Smayda, T.J., 1997. Harmful algal blooms: their ecophysiology and general relevance to 

phytoplankton blooms in the sea. Limnology and Oceanography 42, 1137-1153. 
 
Smith, R.L., 1990. Ecology and Field Biology, 4th ed. Harper Collins Publishers, New York. 
 
Spruill, T.B., M.D. Woodside, D.A. Harned, G. McMahon and J.L. Eimers, 1996. Results of 

the Albemarle-Pamlico drainage NAWQA: Nutrients and pesticides in surface water and 
groundwater, p.24-30. In Solutions: A Technical Conference of Water Quality. 
Proceedings of a Symposium, College of Agriculture and Life Sciences, NCSU, Raleigh, 
NC. 

 
Stansfield, B., 2001. Effects of sampling frequency and laboratory detection limits on the 

determination of time series water quality trends. New Zealand Journal of Marine and 
Freshwater Research 35, 1071-1075. 

 
Steel, J. (ed.), 1991. Status and Trends Report of the Albemarle-Pamlico Estuarine Study. 

NC DEHNR and U.S. EPA National Estuarine Program. 
 
Stone, K.C., P.G. Hunt, S.W. Coffey and T.A. Matheny, 1995. Water quality status of a 

USDA water quality demonstration project in the Eastern Coastal Plain. Journal of Soil 
and Water Conservation 50, 567-571. 

 
Stow, C.A., M.E. Borsuk and D.W. Stanley, 2001. Long-term changes in watershed nutrient 

inputs and riverine exports in the Neuse River, North Carolina. Water Research 35, 1489-
1499. 

 
Tong, S.T.Y. and W. Chen, 2002. Modeling the relationship between land use and surface 

water quality. Journal of Environmental Management 66, 377-393. 
 
United States Department of Agriculture [USDA], 2001. National Resources Inventory. 

Natural Resources Conservation Service, USDA – North Carolina State Office, Raleigh, 
NC. 

 
United States Geological Survey [USGS], 1999. 30 Meter Resolution, One-Sixtieth Degree 

National Elevation Dataset for CONUS, Alaska, Hawaii, Puerto Rico, and the U. S. 
Virgin Islands. Available at: http://ned.usgs.gov// (last accessed May 2007). 

 

 87

http://ned.usgs.gov//


United States Geological Survey [USGS], 1999. National Hydrography Dataset (NHD). 
Available at: http://nhd.usgs.gov/ (last accessed May 2007). 

 
Vanden Bossche, H., C. Gascuel-Odoux, F. Trolard, G. Bourrié and C. Plenchette, 2003. 

Impact of terrestrial sewage sludge disposal on dissolved and particulate phosphorus in 
surface runoff. Hydrological Sciences Journal 48: 221-233. 

 
Vitousek, P.M., J.D. Aber, R.W. Howarth, G.E. Likens, P.A. Matson, D.W. Schindler, W.H. 

Schlesinger and D.G. Tilman, 1997. Human alteration of the global nitrogen cycle: 
sources and consequences. Ecological Applications 7, 737–750. 

 
Walker, J.C., G.D. Jennings, and J.A. Arnold, 1996. Erosion and sedimentation control in 

North Carolina.  Publication AG 473-20, North Carolina Cooperative Extension Service, 
Raleigh, NC. 

 
Walker, J.T., V.P. Aneja and D. Dickey, 2000. Atmospheric transport and wet deposition of 

ammonium in North Carolina, USA. Atmospheric Environment 34, 3407-3418. 
 
Wang, L., J. Lyons, P. Kanehl and R. Gatti, 1997. Influences of watershed land use on 

habitat quality and biotic integrity in Wisconsin streams. Fisheries 22, 6-12. 
 
Webb, J.  and  J.R. Archer, 1994. Pollution of soils and watercourses by wastes from 

livestock  production  systems, pp. 189-204. In: Pollution in Livestock  Production  
Systems,  by I.A. Dewi et al. (eds.). CAB International, Wallingford (UK). 

 
Westerman, P.W., M.R. Overcash, R.O. Evans, L.D. King, J.C. Burns and G.A. Cummings, 

1985. Swine lagoon effluent applied to coastal bermudagrass: III. Irrigation and rainfall 
runoff. Journal of Environmental Quality 14:22-25. 

 
Wetzel, R.G., 2001. Limnology: Lake and River Ecosystems, 3rd ed.  Academic Press, San 

Diego. 
 
 
 
 
 
 
 
 
 
 
 

 88

http://nhd.usgs.gov/


3. MULTIVARIATE ANALYSIS OF LONG-TERM CHANGES IN 
PHYTOPLANKTON ASSEMBLAGES IN A TURBID, EUTROPHIC 

LAGOONAL ESTUARY 
 

3.1 Abstract 
 

The eutrophic Neuse River Estuary (NRE), a lagoonal ecosystem, is especially 

sensitive to impacts from anthropogenic nutrient loading because of increasing urban 

development and high density of industrialized swine and poultry production in the 

watershed. In this study a continuous, 13-year record of environmental data and 

phytoplankton assemblage structure in the mesohaline NRE (biweekly, April – October; 

monthly, November – March) was used to evaluate phytoplankton assemblage responses to 

changing environmental conditions. Ordination techniques including non-metric 

multidimensional scaling (NMDS), indicator species analysis, and BIO-ENV were used to 

investigate potential environmental predictors of phytoplankton assemblage patterns under 

chronic eutrophication. Phytoplankton assemblages in the NRE were strongly related to 

temperature and total nitrogen : total phosphorus ratios, with expected seasonal changes in 

species composition. Inter-annual changes in river discharge influenced whether 

phytoplankton assemblages were dominated by diatoms and phototrophic flagellates, or by 

mixotrophic and heterotrophic dinoflagellates. Increasing ammonium concentrations also 

have been an important influence on phytoplankton assemblages over the study period. 

Abundance of raphidophytes (including the potentially toxic species Heterosigma akashiwo), 

haptophytes, chlorophytes, and the bloom-forming dinoflagellate Heterocapsa rotundata 

increased in more recent years (2000-2006) concomitant with increasing ammonium 

concentrations. Abundance of the potentially toxic dinoflagellates Prorocentrum minimum, 

“pfiesteria-like” dinoflagellates and Karlodinium veneficum remained stationary over time. 
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P. minimum abundance was positively related to dissolved organic nitrogen and suspended 

solids concentrations, whereas the highest abundance of “pfiesteria-like” dinoflagellates 

occurred during summer and fall, related to high total phosphorus concentrations, 

temperature, and salinity.  Overall, the data suggest an increasingly important role of 

ammonium in controlling phytoplankton assemblage structure in eutrophic estuaries such as 

the NRE. 
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3.2 Introduction 
 

Cultural eutrophication, the nutrient over-enrichment of surface waters by human 

activity (Glibert and Burkholder 2006), is a major environmental problem in estuaries 

worldwide (National Research Council 2002). Stimulation of noxious and toxic algae 

(harmful algal blooms, or HABs) is among the most pernicious effects of chronic 

eutrophication. Environmental damage caused by HABs includes mass mortalities of wild 

and farmed fish and shellfish, human illness and death from toxin-contaminated seafood or 

from toxin exposure through inhalation or water contact, and illness and death of various 

invertebrates, seabirds and marine mammals (e.g., Falconer 1993; Hallegraeff 1993; 

Burkholder 1998). Of particular concern is the potential relationship between the frequency 

of HABs and increased anthropogenic nutrient inputs to coastal waters (Anderson et al. 2002, 

Glibert et al. 2005).   

Previous studies have established that phytoplankton assemblages in affected systems 

respond to excessive nutrient inputs with increased biomass and decreased diversity, and that 

nutrient enrichment generally promotes a shift in dominance from diatoms to filamentous 

green algae, flagellates and cyanobacteria, some of which can be toxic to fish and wildlife 

(Burkholder 2000). Other research has shown that variations in nutrient loadings and supply 

ratios can regulate algal growth rates and community composition (e.g., Rudek et al. 1991, 

Burkholder 2000, Qian et al. 2000).  Despite considerable investigative efforts to understand 

the factors regulating phytoplankton assemblage composition and bloom formation, the 

environmental conditions contributing to the success of individual species and the forces 

governing phytoplankton dynamics, diversity and stability remain poorly understood, 

especially in estuaries (Tilman 1996; Noble et al. 2003; Cloern and Dufford 2005).  In 
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addition, few studies have examined the long-term dynamics of phytoplankton assemblages 

(Rojo and Alvarez-Cobelas 2000) to identify the ecological variables that regulate 

assemblage structure and selection for potentially harmful bloom-forming species under 

chronic eutrophication. 

The Neuse Estuary Monitoring and Research Program (NEMReP) of North Carolina 

State University’s Center for Applied Aquatic Ecology (CAAE) represents one of few 

sustained observational programs in shallow lagoonal estuaries that has acquired long-term 

data (13 years ongoing) environmental and phytoplankton data, sufficient to assess a long-

term trend in nutrient concentrations and loadings, and phytoplankton response. The primary 

objective of this study was to build upon present understanding of anthropogenic impacts on 

phytoplankton assemblages in lagoonal estuarine systems, exemplified by the Neuse, by 

applying mathematical approaches and ordination to our long-term phytoplankton and water 

quality dataset. By considering species-specific data with ordination techniques to assess 

relationships among phytoplankton assemblage structure, individual nuisance or harmful 

species, and environmental variables, this study expands upon earlier phytoplankton studies 

in the NRE that primarily assessed the collective productivity of the phytoplankton 

assemblage or of large taxonomic groupings in relation to nutrients and consumers (Boyer et 

al. 1993; Pinckney et al. 1998; Paerl et al. 2006). Other important questions addressed in this 

study include: (1) Has the species structure of phytoplankton assemblages in the NRE 

changed over the past 13 years (1994-2006) and, if so, how are these biological changes 

related to climate, season, and physical and chemical variables?; (2) Has the abundance of 

bloom-forming, harmful species increased over the past 13 years, and how do the presence 

and abundance of these species vary along environmental and seasonal gradients?; and (3) 

 92



What environmental factors best explain dominant species composition and overall 

phytoplankton assemblage structure over time in the eutrophic NRE?  
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3.3 Study Area 
 

The Neuse River and Estuary flow ~320 km through the Piedmont and Coastal Plain 

to the Pamlico Sound. The Neuse watershed drains 16,000 km2 of productive and rapidly 

expanding urban, industrial, and agricultural areas. The watershed contains ~1.35 x 106 

people (about 16% of the state’s population; NC Dept. of Environment and Natural 

Resources [NC DENR] 2002), with 54% of the basin population located in ~10% of the land 

area within the upper watershed (Burkholder et al. 2006).  The waters of the Neuse River 

basin have been classified as nutrient-sensitive because they sustain bottom-water hypoxia, 

massive fish kills, and noxious and toxic algal blooms because of nutrient over-enrichment 

contributed by human population growth, industrialized animal production, and other human 

activities (NC DENR 2002).  In addition, the relative isolation of the poorly flushed NRE 

from ocean inputs (Christian et al. 1991), and its “hurricane-prone” character (Burkholder et 

al. 2004) are other characteristics that make the Neuse system especially sensitive to impacts 

from anthropogenic nutrient loading.  North Carolina is second only to Florida in the number 

of major storms that have made landfall over the past ~100 yr (U.S. Weather Service 2003; 

Mallin et al. 2006). These major storms have caused flooding of confined animal feeding 

operations (Burkholder et al. 1997; Wing et al. 2002), and flooding of municipal wastewater 

treatment plants in the aftermath of Hurricanes Fran (1996), Dennis, Floyd and Irene (1999) 

led to sustained treatment bypasses and the release of large amounts of raw sewage for weeks 

following the storms (Bales 2003).  

These features make the shallow, poorly flushed waters of the NRE especially 

sensitive to harmful algal blooms and fish kills from anthropogenic nutrient loading (Mallin 

1994; NC DENR 1998). Recent efforts to characterize climatic and anthropogenic influences 
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on nitrogen (N) and phosphorus (P) concentrations and loadings to the NRE have revealed 

that the system has sustained a 500-fold increase in ammonium (NH4
+) concentrations over 

the past decade (Burkholder et al. 2006). Blooms of potentially toxic cyanobacteria in the 

lower freshwater river (e.g., Microcystis aeruginosa; Paerl 1987) give way to estuarine 

flagellate blooms (Mallin 1994; Pinckney et al. 1997; Glasgow et al. 2001; Springer et al. 

2005).  Laboratory studies and studies of algal blooms in other systems have demonstrated 

that the abundance of some of these harmful species (e.g., Prorocentrum minimum) is 

strongly linked to nutrient over-enrichment, including increasing NH4
+ concentrations 

(Anderson et al. 2002; Fan et al. 2003a; Glibert et al. 2005). 
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3.4 Materials and Methods 
3.4.a Sample collection 
 

Data on salinity, temperature, dissolved oxygen (DO), suspended solids (SS), total 

Kjeldahl nitrogen (TKN), NH4
+, nitrate+nitrite (hereafter referred to as nitrate, NO3

-), total 

phosphorus (TP), soluble reactive phosphate (SRP), silicate, and phytoplankton assemblages 

(methods as in Burkholder et al. 2006) were collected during biweekly (April – October) or 

monthly sampling (November – March) from 1994 through 2006 at 22 historical and current 

sampling stations located throughout the NRE (Fig. 3.1).  Phytoplankton samples were 

preserved with acidic Lugol’s solution (Vollenweider 1974) in the field and archived at 4ºC 

in darkness until analysis.    

3.4.b Phytoplankton samples and data preparation 
 

Samples for this analysis were chosen based on seasonal chlorophyll a maxima for 

each year (10 samples x 4 seasons x 13 years = ~520 samples counted). Phytoplankton taxa 

were quantified following Lund et al. (1958).  Although chemosystematic classification has 

become popular for estimating the relative abundance of phytoplankton taxonomic groups 

(Paerl et al. 2005; Valdes-Weaver et al. 2006), it is frequently misapplied (Lewitus et al. 

2005); moreover, phytoplankton marker pigments cannot be used to distinguish between 

individual nuisance species or phytoplankton functional groups. For example, Scenedesmus 

and Euglena both have the marker pigment, chlorophyll b, and cannot be differentiated using 

a chemosystematic approach, but these two genera (as well as species within each genus) 

may have very different nutritional strategies (Wetzel 2001).   

This analysis required information beyond phytoplankton dynamics at the class level. 

Identifications were taken to the lowest taxonomic level possible using light microscopy 

(Olympus IX70 inverted microscope, phase contrast, 600x). Most identifications were taken 
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to species or genus level, but, for some groups (e.g., cryptophytes, Cryptophyceae and 

haptophytes, Haptophyceae), individual genera were difficult to consistently differentiate 

from one another in acidic Lugol’s-preserved samples and were mostly identified at the class 

level. Raphidophytes were identified to species in light microscopy (supported by molecular 

probe analyses; Coyne et al. 2005) only for blooms, as they tend to preserve poorly (although 

better at 4oC in darkness; O’Halloran et al. 2005).  Finally, cells identified as “pfiesteria-like” 

included Pfiesteria piscicida Steidinger et Burkholder, Pfiesteria shumwayae Glasgow et 

Burkholder (Marshall et al. 2005), cryptoperidiniopsoids (Parrow et al. 2003, Steidinger et al. 

2006), and other physically similar taxa (Seaborn et al. 2006) under light microscopy. 

Although the obligate phototroph and mixotrophic species, Karlodinium veneficum 

(Ballantine) J. Larsen is not functionally similar to the heterotrophic Pfiesteria spp. and 

cryptoperidiniopsoids it was difficult to consistently and accurately distinguish K. veneficum 

from Pfiesteria/“pfiesteria-like” dinoflagellates under light microscopy, especially in older 

acidic Lugol’s-preserved samples.  Therefore, Pfiesteria spp., “pfiesteria-like” species, and 

K. veneficum were grouped together for this analysis.    

Taxa abundances, including filamentous and colonial forms, were quantified by 

enumerating single cells.  Species data were compiled into a matrix of mean cell number by 

season and year, resulting in a final matrix of ~90 columns of species cell counts by 52 

sample rows (13 years x 4 seasons). Seasonal categories used were as follows: December – 

March ≡ winter; April and May ≡ spring; June – September ≡ summer; October and 

November ≡ fall.  These seasonal categories were determined by comparing monthly means 

for the water quality variables and choosing the grouping that “best” discriminated into 

seasons.  In general, nutrient concentrations for each month within the designated seasonal 
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categories were significantly different from those of months in other seasons, but not from 

one another.  To reduce the “noise” (variability) in the phytoplankton dataset and enhance 

detection of assemblage patterns in relation to environmental factors, rare taxa (defined as 

present in < 5% of the samples) were removed prior to analysis (McCune and Grace 2002), 

and average abundances of the remaining ~70 species were log-transformed after ‘1’ was 

added as a constant.   

Every phytoplankton sample used in the analysis had a corresponding suite of 

physical and chemical measurements that could be related to ordinations of samples based on 

phytoplankton composition data. Quantitative environmental variables were also averaged by 

season and year to correspond to the phytoplankton species matrix, and included Neuse River 

discharge rates (measured by USGS at Kinston in m3 s-1), temperature, salinity, 

photosynthetically active radiation (PAR), dissolved oxygen (DO), suspended solids (SS), 

total nitrogen (TN), total Kjeldahl nitrogen (TKN), NH4
+, NO3

-, total phosphorus (TP), 

soluble reactive phosphate (SRP), silicate, and TN:TP ratios. Season was also included in the 

non-metric multidimensional scaling (NMDS) analyses (described below) as a categorical 

variable. 

3.4.c Statistical analysis 

Ordination techniques, which order samples along axes expressing the main trends or 

gradients in the data, were used to investigate potential environmental predictors of 

phytoplankton assemblage patterns. NMDS, considered the most effective ordination method 

for ecological data (McCune and Grace 2002), was used to establish seasonal and year-to-

year differences in phytoplankton assemblage structure, and to interpret those differences in 

terms of environmental conditions.  Some authors suggest that the best way to accurately 
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describe the relationship between assemblage structure and environmental variables is to 

apply two principally different ordination methods to the same data (Ter Braak 1986, Økland 

1996). Thus, canonical correspondence analysis (CCA) was used to explore relationships 

between phytoplankton assemblage structure and abiotic variables.  The information supplied 

by CCA was complementary and supportive of NMDS results, and did not offer any insights 

beyond those supplied by NMDS. Therefore, only the results of NMDS are presented here. 

All six NMDS ordinations (Table 3.1) were carried out using PC-ORD version 4.0 

software in the “slow and thorough” autopilot mode using a Sørenson distance matrix.  In the 

resulting NMDS ordination diagrams, the relative distance between the samples reflects 

relative similarity in species composition.  In diagrams in which taxa are plotted, the closer 

two taxa are represented in space, the more frequently they co-occur in samples.  After 

samples were arranged in space according to their similarity (or dissimilarity) in species 

composition, vectors representing environmental variables were superimposed on the 

ordination diagram to indicate the direction of maximum increase of the variables.   

In addition to using NMDS to describe the relationship between phytoplankton 

assemblage structure and environmental variables, indicator species analysis (Dufrêne and 

Legendre 1997) was performed on the phytoplankton dataset (~100 taxa; log-transformed 

abundance) by sample matrix (~520 samples). The full dataset was used for indicator species 

analysis because seasonal averages would have obscured species preferences based on 

abundance and presence/absence in samples.  Phytoplankton “indicator” taxa (abundant and 

consistently “faithful” to a particular group; significant index value α ≤ 0.05) were 

determined by running indicator species analysis separately for season (groups ≡  winter, 

spring, summer, fall), TN:TP ratios (groups ≡ < 8:1, ≥ 8:1 and ≤ 16:1, >16:1), NH4
+ 
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concentrations (groups ≡ <50 µg NH4
+N L-1 and >50 µg NH4

+N L-1), nitrate concentrations 

(groups ≡ <100 µg NO3
-N L-1 and >100 µg NO3

--N L-1), TKN concentrations (groups ≡  

<1500 µg TKN L-1 and >1500 µg TKN L-1), SRP concentrations (groups ≡ < 50 µg SRP L-1 

and > 50 µg SRP L-1), TP concentrations (groups ≡  <150 µg P L-1 and >150 µg P L-1), and 

SS concentrations (groups ≡  < 20 mg L-1 and >20 mg L-1). 

Finally, the relationship between phytoplankton species assemblage patterns and the 

recorded set of environmental factors was explored by means of the BIO-ENV procedure 

(Clarke and Ainsworth 1993) in R software version 2.4.0 (R Development Core Team 2006).  

This method uses the weighted Spearman rank correlation (ρs) to correlate the biotic pattern 

(represented in the phytoplankton station similarity index) with the resemblances (Bray-

Curtis distances) between stations computed for each single environmental parameter 

separately (k = 1) and for all possible combinations (k = 2, 3, …, n).  It is then possible to 

identify the environmental parameter or suite of environmental variables that correlates best 

with – and, by implication, may most strongly influence – phytoplankton species 

assemblages in the NRE.  Environmental variables used in the BIO-ENV analysis were 

Neuse River discharge rates, temperature, salinity, DO, SS, TN, TKN, NH4
+, NO3

-, TP, SRP, 

silicate, and TN:TP ratios (n = 13).   Temperature was expected to have a highly significant 

effect on phytoplankton species composition that would obscure the effect of the other 

environmental variables. Therefore, the BIO-ENV procedure was run on the full dataset 

(seasonal averages; 13 years x 4 seasons) and within each of the four seasons defined above. 
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Figure 3.1. Current and historic sampling stations for salinity, temperature, dissolved 
oxygen, suspended solids, nutrient concentrations, phytoplankton biomass as chlorophyll a, 
and phytoplankton assemblages in the Neuse River Estuary, NC.  Samples from these 
stations were collected during biweekly (April – October) to monthly (November – March) 
sampling from 1994 through 2006. 
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Table 3.1.  Descriptions of the six datasets used for NMDS ordinations, and the questions 
targeted by each of the six ordinations.  The 13 quantitative environmental variables were 
Neuse River discharge rates, temperature, salinity, DO, SS, TN, TKN, NH4

+N, NO3
-N, TP, 

SRP, silicate, and TN:TP ratios and the categorical variable was season.  Rare species present 
in < 5% of the samples were removed and phytoplankton cell numbers were log-transformed 
prior to the analysis. 
 

Dataset 
Species 
Matrix 

Dimensions 

Environmental 
Matrix 

Dimensions 
Targeted Questions 

Full dataset, 
seasonal averages 

70 species x 
52 samples 

14 parameters x 
52 samples 

How does phytoplankton 
composition vary seasonally? 

Summer and fall 
samples, seasonal 

averages 

68 species x 
26 samples 

14 parameters x 
26 samples 

How does summer and fall 
phytoplankton composition relate 

to year-to-year changes in 
environmental conditions? 

Winter and spring 
samples, seasonal 

averages 

70 species x 
26 samples 

14 parameters x 
26 samples 

How does winter and spring 
phytoplankton composition relate 

to year-to-year changes in 
environmental conditions? 

Summer and 
winter samples, 

seasonal averages 

67 species x 
26 samples 

14 parameters x 
26 samples 

How does summer and winter 
phytoplankton composition relate 

to year-to-year changes in 
environmental conditions? 

All winter samples 43 species x 
128 samples 

13 parameters x 
128 samples 

How are environmental gradients 
related to abundances of winter 

bloom-forming species? 

All summer 
samples 

46 species x 
126 samples 

13 parameters x 
126 samples 

How are environmental gradients 
related to abundances of summer 

phytoplankton taxa? 
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3.5 Results 
 

During this study, the Neuse Estuary was affected by 9 tropical cyclones with high 

flooding and a sustained 3-yr drought (2000-2002).  Precipitation was high in 1996, which 

included Hurricane Fran (level 3; early September), and in 1999, which included Hurricanes 

Dennis (late August and early September), Floyd (September), and Irene (October). The path 

of Hurricane Fran followed the length of the Neuse watershed, and Hurricane Floyd caused a 

record 500-yr flood in some areas of the Neuse Basin (Bales 2003).  In marked contrast, the 

sustained drought during 2000-2002 was evaluated as the worst sustained by North Carolina 

in 100 yr, and much of the state was declared a federal drought disaster area for agriculture 

(Southeast Regional Climate Center 2004; Burkholder et al. 2006).  The sustained drought 

was followed by above-average precipitation in 2003, which included Hurricane Isabel 

(September; State Climate Office of North Carolina 2003).  Precipitation in 2004-2006 was 

close to the long-term average (on basis of 100-yr annual mean for North Carolina; Southeast 

Regional Climate Center 2007).   

Neuse River discharge rates were positively associated with precipitation patterns 

(Fig. 3.2A).  Depending on seasonal precipitation and river discharge rates, seasonal mean 

surface salinities varied from 0.5 to 15.1 (Fig. 3.2B).  Seasonal mean SS concentrations, 

which varied from 5.2 to 44.7 mg L-1 (Fig. 3.2D), and photosynthetically active radiation 

(PAR) indicate substantial turbidity in this estuary, especially in the spring and fall (Fig. 

3.2E).  DO concentrations also varied seasonally with higher concentrations generally 

occurring in the winter (winter means varied from 9.8 mg L-1 to 13.1 mg L-1) and lower 

concentrations in summer (summer means varied from 5.6 mg L-1 to 8.4 mg L-1) (Fig. 3.2F).  

Lowest DO concentrations occurred in fall of 2001 and 2002 during the sustained drought. 
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The nutrient trends indicated by these samples are similar to those reported in 

Burkholder et al. (2006), indicating that the subset of samples selected for this phytoplankton 

analysis are representative of changing environmental conditions in the Neuse Estuary.  TN 

and TP concentrations (grand means ± 1 SE for samples in this analysis, 1088 ± 23 µg TN L-

1, range 353-4130 µg TN L-1; 133 ± 5 µg TP L-1, range 34-557 µg TP L-1) indicated eutrophic 

conditions (Fig. 3.2 G and H). TN:TP ratios (molar basis) were lowest in summer (grand 

mean ± 1 SE, 6.6 ± 0.2) and highest in winter (13.1 ± 0.4) and spring (11.2 ± 0.7; Fig. 3.2I).  

NH4
+ concentrations (38 µg NH4

+N L-1, range 0-670 µg NH4
+N L-1) increased from 1994 to 

2006, with higher concentrations generally in summer and fall (Fig. 3.2J).  The highest NH4
+ 

concentrations occurred in summer and fall of 2002 at the end of the sustained drought. 

A total of 86 taxa were identified in the mesohaline Neuse Estuary (Figure 3.3; Table 

3.2).  These include 13 cyanobacteria, 26 diatoms, 27 dinoflagellates, 2 raphidophytes, 

various ochrophytes (2 chrysophytes, 1 silicoflagellate, 3 euglenoids, 13 green algae, and 1 

prasinophyte).  Cryptophytes and haptophytes were included in samples as well, but 

individual taxa often could not be distinguished in acid-Lugol’s preserved samples.  

Cyanobacteria, especially Oscillatoria spp. and Anabaena spp., were dominant in 

summer, and cyanobacteria (Oscillatoria spp.) and small flagellates (chlamydomonad-like 

flagellates) were co-dominant in fall (Figs. 3.4A,B and 3.5). In winter, either dinoflagellates 

or diatoms were the dominant functional group (Fig. 3.4C).  During years when 

dinoflagellates were dominant (Fig. 3.4C), Prorocentrum minimum, Heterocapsa rotundata, 

and Heterocapsa triquetra were most abundant (Fig. 3.6).  During years when diatoms were 

dominant (Fig. 3.4C), Leptocylindrus minimus, Chaetoceros, and Cyclotella were most 

abundant (Fig. 3.6).  The dominant phytoplankton group during spring varied from year to 
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year (Fig. 3.4D); P. minimum, chlamydomonads, Oscillatoria spp., and Thalassiosira spp. 

were often among the two most abundant taxa (Fig. 3.6). 

NMDS of the phytoplankton species abundance by samples matrix indicated that, as 

expected, species composition varied seasonally in the Neuse Estuary (Fig. 3.7).  TN:TP 

ratios and TN, TKN, and SS concentrations were highest during winter and spring (Fig. 

3.7A) when phytoplankton assemblages were dominated by diatoms and dinoflagellates (Fig. 

3.7B).  TN:TP ratios were low and SRP concentrations were high during summer (Fig. 3.7A) 

when cyanobacteria were dominant (Fig. 3.7B). Certain dinoflagellates such as Peridinium 

spp. and Protoperidinium pellucidum were also most abundant in summer (Fig. 3.7B).  Fall 

samples, with intermediate TN:TP ratios and SRP concentrations, were dominated by small 

flagellates such as chlamydomonads, or by cyanobacteria (Fig. 3.7).   

NMDS of summer and fall samples collectively indicated that cyanobacteria and 

certain dinoflagellates (e.g., Gymnodinium spp.) were more abundant in summer in 

association with higher temperatures and TP and SRP concentrations, and that small 

flagellates such as chlamydomonads were more abundant during fall in association with 

higher TN:TP ratios (Fig. 3.8).  A river discharge/salinity gradient was also discerned in this 

ordination (Fig. 3.8A). High river discharge rates and NO3
- concentrations, which occurred 

during years with hurricanes (Fall 1996, 1999, 2003; Fig. 3.8A), coincided with higher 

abundance of the diatoms L. minimus and Thalassiosira spp. (Fig. 3.8B). Low river discharge 

rates and high salinity (Fig. 3.8A) coincided with higher cell numbers of the dinoflagellate 

Oxhyrris marina (Fig. 3.8B).  Finally, small flagellates became more abundant in late 

summer (Fig. 3.8A).    
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The fluctuation between diatom dominance and dinoflagellate dominance was again 

apparent when NMDS was run on winter and spring samples only.  This ordination indicated 

that phytoplankton composition not only differed between winter and spring samples, but 

also between samples with high NO3
- concentrations (taken during high discharge rates) and 

those with lower NO3
- concentrations and high salinities (Fig. 3.9).  As in fall, river discharge 

rate was related to species dominance, but in winter and spring samples, different diatom and 

dinoflagellate species were abundant.  The dinoflagellates, P. minimum and H. triquetra were 

dominant when NO3
- concentrations were lower and salinity was elevated (Fig. 3.9).  H. 

rotundata, cryptomonads, and the diatoms L. minimus,  Skeletonema costatum, and 

Rhizosolenia spp. were more abundant when NO3
- concentrations were high during high river 

discharge (Fig. 3.9).  Chlorophytes and the diatom Thalassiosira were more abundant during  

spring (Fig. 3.9B), in association with higher temperatures and high TN and TKN 

concentrations (Fig. 3.9A).   

Removal of the spring and fall samples from the NMDS analysis emphasized 

differences between the phytoplankton assemblages of winter and summer.  H. triquetra, H. 

rotundata, Rhizosolenia spp., Cerataulina pelagica, L. minimus, Chaetoceros spp., and S. 

costatum were more abundant in winter samples, which had higher NO3
-  and DO 

concentrations and higher TN:TP ratios (Fig. 3.10).  Summers were characterized by higher 

SRP and TP concentrations (Fig. 3.10A), and greater abundance of cyanobacteria, 

euglenoids, and certain dinoflagellates (Fig. 3.10B).  Heterosigma akashiwo and other small 

flagellates, including chlamydomonads and haptophytes, increased in more recent samples 

(~2000-2006) along with NH4
+ concentrations (Fig. 3.10). Abundance of H. rotundata 

increased in more recent winters (2000-2001, 2004-2005; Figs. 3.6 and 3.10B). 
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Ordination of samples from the winter season by NMDS showed that P. minimum and 

H. triquetra were dominant during winter conditions of high salinity and high TKN and SS 

concentrations (Fig. 3.11). These samples also had high silicate concentrations. In contrast, a 

diatom assemblage dominated winter samples with low salinity, low silicate, lower TKN and 

SS concentrations, and higher NO3
- concentrations (Fig. 3.11).  H. rotundata and 

cryptomonads were also more abundant in winter samples with higher NO3
- concentrations 

(Fig. 3.11).   

During summer seasons with high salinity, Pfiesteria/“pfiesteria-like” dinoflagellates 

were abundant (Fig. 3.12).  As in winter, mixotrophic and heterotrophic dinoflagellates were 

also most abundant in samples with high TKN concentrations (Fig. 3.12).  Heterosigma 

akashiwo was one of the two most abundant species in the estuary in summer 2000 (Fig. 3.5), 

and among the five most abundant species in summer 2002-2004 and fall 2005. Abundance 

of this species increased with increasing NO3
- concentrations in summer (Fig. 3.12).  NH4

+ 

concentrations, though not indicated on the ordination diagram, were also high in summer 

and fall samples when H. akashiwo was dominant.   

Indicator species analyses supported NMDS results (Tables 3.3, 3.4, and 3.5).  The 

best indicators of high NH4
+ concentrations, or taxa that were consistently abundant in 

samples with NH4
+ > 50 µg NH4

+N L-1, were cryptomonads, Cyclotella, H. akashiwo, H. 

rotundata, and L. minimus (Table 3.5).  Pseudo-nitzschia spp., present in fewer than 5% of 

the samples, also emerged as an indicator of high NH4
+ concentrations because the samples in 

which Pseudo-nitzschia spp. were present had > 50 µg NH4
+-N L-1.  P. minimum, which 

commonly formed extensive and persistent blooms (≥ 1 x 104 cells ml-1) during winter/spring 

seasons (1994-1996, 1999, 2002, 2005-2006; Fig. 3.6), was an indicator species for both high 
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TKN and high SS concentrations (Table 3.5).  Other mixotrophic and heterotrophic 

dinoflagellates also were indicators of high TKN and SS concentrations (Table 3.5).  

Anabaena spp. and Oscillatoria spp. were indicators of high SRP and TP concentrations and 

low TN:TP ratios (Tables 3.4 and 3.5).  Euglenoids, the silicoflagellate Dictyocha fibula, and 

several dinoflagellate taxa were also indicators of higher P concentrations and lower TN:TP 

ratios, which occurred primarily during summers (Tables 3.3, 3.4 and 3.5).  

The BIO-ENV comparison between phytoplankton and environmental data for the 

full dataset (all seasons) confirmed that, of all single environmental parameters (k = 1), 

temperature showed the highest affinity to phytoplankton distribution (ρs = 0.37).  

Phytoplankton assemblages were best correlated with temperature and also with TN:TP 

ratios (ρs = 0.40, Table 3.6), which ranged from 4:1 to 40:1 in winter and from 1:1 to 14:1 in 

summer. Various combinations of other parameters yielded lower ρs values. When the BIO-

ENV procedure was run on individual seasons to reduce the effect of temperature, other 

combinations of environmental parameters emerged as important in regulating phytoplankton 

assemblages (Table 3.6).    

 

 

 

 

 

 

 

 

 108



 

 

 

 

 

 

 

 

Figure 3.2.  Seasonal mean (n = 10 samples/season/year, corresponding with samples chosen 
for phytoplankton analysis) (A) Neuse River discharge rates measured by U.S. Geological 
Survey at Kinston in m3 s-1, (B) Salinity, (C) Temperature, (D) Suspended solids, (E) 
Photosynthetically active radiation (PAR), (F) DO for depth 1.5 m, (G) TN, (H) TP, (I) 
TN:TP, and (J) NH4

+N from 1994 to 2006. 
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Figure 3.3.  Examples of phytoplankton found in samples from the mesohaline Neuse 
Estuary (scale bars = 20 µm):  A) Prorocentrum minimum, B) Odontella mobiliensis, C) 
Eutreptia sp., D) Aulacoseira sp., E) Heterocapsa rotundata, F) Gyrosigma sp., G) 
Heterocapsa rotundata, H) Scrippsiella trochoidea, I) Pseudo-nitzschia sp., J) Chaetoceros 
sp., K) Oxyphysis oxytoxoides, L) Coscinodiscus sp. 
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Table 3.2. Phytoplankton taxa recorded in the mesohaline Neuse Estuary. 
Phylum Chlorophyta 

Chlorophyceae 
Volvocales 

  “Chlamydomonad” species 
  Gonium spp. 
  Pandorina spp. 

Zygnematales 
  Ankistrodesmus spp. 

Chlorococcales 
Closterium spp. 

  Crucigenia spp. 
Golenkinia spp. 
Kirchneriella spp. 
Pediastrum duplex Meyen 
Scenedesmus spp. 
Selenastrum spp. 
Staurastrum spp. 
Tetrastrum spp. 

Prasinophyceae  

 Chlorodendrales 
  Pyramimonas spp. 

Phylum Cryptophyta 
 Cryptomonadales 
  Cryptomonas spp. 
  Chroomonas spp. 
  Teleaulax amphioxeia 

Phylum Cyanophyta 
Cyanophyceae 

Chroococcales 
  Aphanocapsa spp. 
  Chroococcus spp. 
  Merismopedia sp. 

Merismopedia tenuissima Lemmermann 
  Microcystis spp. 
  Oocystis spp. 
  Snowella spp. 

Nostocales 
       Anabaena spp. 
        Cylindrospermopsis raciborskii (Woloszynska) Seenayya et Subba Raju  
       Cylindrospermum spp. 

_____________________________________________ 
 
 

 112



Table 3.2. Continued.  
Oscillatoriales 

  Lyngbya spp. 
  Oscillatoria spp. 

  Spirulina spp. 

Phylum Dinophyta 
Dinophyceae 

Dinophysiales 
 Oxyphysis oxytoxoides Kofoid 
Gymnodiniales 

  Akashiwo sanguinea (Hiraska) G. Hansen 
  Amphidinium spp. 
  Gymnodinium spp. 

Gyrodinium spirale (Bergh) Kofoid and Swezy  
Gyrodinium uncatenum Hulbert 
Gyrodinium spp.  
Karlodinium veneficum (Ballantine) J. Larsen 
Katodinium glaucum (Lebour) Loeblich 
Oxhyrris marina Dujardin 
Polykrikos kofoidii Chatton  
Polykrikos schwartzii Bütschli 

Peridinales 
  Ceratium furca (Ehrenberg) Claparede and Lachman 
  Cystodinium sp. 

Heterocapsa rotundata (Lohmann) Hansen  
Heterocapsa triquetra (Ehrenberg) Stein 
Oblea rotunda (Lebour) Balech 
Oxytoxum spp. 
Peridinium aciculiferum Lemmermann 
Peridinium spp. 
Pfiesteria piscicida Steidinger et Burkholder  
Pfiesteria shumwayae Glasgow et Burkholder 
Protoperidinium bipes (Paulsen) Balech  
Protoperidinium pellucidum Bergh 
Scrippsiella trochoidea (Stein) Loeblich III 

Prorocentrales 
  Prorocentrum micans Ehrenberg  

Prorocentrum minimum (Pavillard) Schiller 

Phylum Euglenophyta 

Euglenophyceae 
Euglenales 

Euglena spp. 

_____________________________________________ 
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Table 3.2. Continued. 
 Eutreptia spp. 

  Trachelomonas spp. 

Phylum Haptophyta 
Prymnesiophyceae 
 Prymnesiales 

 Chrysochromulina spp. 

Phylum Ochrophyta 
Bacillariophyceae 

Centrales 
  Actinoptychus spp. 
  Aulacoseira spp. 
  Cerataulina pelagica (Cleve) Hendey 
  Chaetoceros spp. 
  Coscinodiscus spp. 
  Cyclotella spp. 
  Dactyliosolen fragilissimus Bergon (Hasle) 
  Leptocylindrus minimus Gran 
  Odontella spp. 

Odontella mobiliensis (Bailey) Grunow 
  Rhizosolenia spp. 
  Skeletonema costatum (Greville) P.T. Cleve 
  Thalassiosira spp. 

Pennales 
Acnanthes spp. 
Achnanthidium spp. 

  Amphora spp. 
  Asterionella spp. 
  Asterionellopsis glacialis (Castracane) Round 
  Cocconeis spp. 
  Cylindrotheca closterium (Ehrenberg) Reimann et Lewin 
  Cymbella spp. 
  Gyrosigma spp. 
  Navicula spp. 

  Nitzschia spp.  
Pinnularia spp. 

  Pseuodo-nitzschia spp. 
Synedra spp. 

  Thalassionema nitzschioides (Grunow) Mereschkowsky 
Chrysophyseae 

Synurales 

  Mallomonas spp. 
  Synura uvella Ehrenberg 

___________________________________________ 
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Table 3.2. Continued.  
Dictyophyceae 

Dictyochales 
  Dictyocha fibula Ehrenberg 
 Pedinellales 
  Apedinella radians (Lohmann) Campbell 

Raphidophyceae 
  Chattonella spp. 

Heterosigma akashiwo (Hada) Hada ex Hada et Chihara 

_____________________________________________ 
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Figure 3.4. Relative abundance (calculated from mean cell number, n = 10) of 
dinoflagellates, diatoms, cyanobacteria, and other flagellates in the Neuse Estuary during A) 
Summer, B) Fall, C) Winter, and D) Spring from 1994-2006. 
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Figure 3.5.  The two most abundant taxa (based on mean cell number, n = 10) in the 
mesohaline Neuse Estuary for summer and fall of each year.  Arrows indicate species that 
were among the two most abundant species for only one year. 
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Figure 3.6.  The two most abundant taxa (based on mean cell number, n = 10) in the 
mesohaline Neuse Estuary for winter and spring of each year.  Arrows indicate species that 
were among the two most abundant species for only one year. 
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Figure 3.7. Ordination of all samples by phytoplankton data showing seasonal differences in 
environmental conditions and phytoplankton species composition. (A) Vectors indicate 
strength and direction of environmental gradients; vector r2 cutoff value = 0.10. DO: 
dissolved oxygen; other abbreviations are standard.  (B) Vectors represent strength of species 
gradients; vector r2 cutoff value = 0.25. 
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Figure 3.8. Ordination by phytoplankton data showing differences in environmental 
conditions and phytoplankton species composition between summer and fall samples. (A) 
Vectors indicate strength of environmental gradients; vector r2 cutoff value = 0.20. TEMP: 
temperature; other abbreviations are standard. (B) Vectors represent strength of species 
gradients; vector r2 cutoff value = 0.40. 

Figure 3.8. Ordination by phytoplankton data showing differences in environmental 
conditions and phytoplankton species composition between summer and fall samples. (A) 
Vectors indicate strength of environmental gradients; vector r

  

2 cutoff value = 0.20. TEMP: 
temperature; other abbreviations are standard. (B) Vectors represent strength of species 
gradients; vector r2 cutoff value = 0.40. 
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Figure 3.9. Ordination by phytoplankton data showing differences in environmental 
conditions and phytoplankton species composition between winter and spring samples. (A) 

: 

: 

A B
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Spring samples

A B
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Winter samples
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Vectors indicate strength of environmental gradients; vector r2 cutoff value = 0.20. DO
dissolved oxygen; SS: suspended solids; other abbreviations are standard.  (B) Vectors 
represent strength of species gradients; vector r2 cutoff value = 0.40. 
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Figure 3.10. Ordination by phytoplankton data showing differences in environmental 
conditions and phytoplankton species composition between winter and summer samples. (A) 
Vectors indicate strength of environmental gradients; vector r2 cutoff value = 0.10. DO
dissolved oxygen; other abbreviations are standard. (B) Vectors represent strength of species 
gradients; vector r2 cutoff value = 0.50. 
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Figure 3.11.  Ordination of 128 winter samples by phytoplankton taxa showing yearly 
differences in environmental conditions and phytoplankton species composition. (A) Vectors 
indicate the strength and direction of environmental gradients; vector r2 cutoff value = 0.10.  

f 

Figure 3.12.  Ordination of 126 summer samples by phytoplankton taxa showing yearly 
differences in environmental conditions and phytoplankton species composition.  (A) Vectors 
indicate the strength and direction of environmental gradients; vector r2 cutoff value = 0.10.  
(B) Vectors represent strength of species gradients; vector r2 cutoff value = 0.25. 

SS: suspended solids; other abbreviations are standard.  (B) Vectors represent strength o
species gradients; vector r2 cutoff value = 0.25. 
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Table 3.3. Results of indicator species analysis for season.  A significance level of α = 0.05 
was used to determine the species that were “indicators” of each season. 
 
SEASON n INDICATOR SPECIES 

Summer 126 

Anabaena, Crucigenia spp., C. closterium, D. fibula, euglenoids, 
Gymnodinium spp., H. akashiwo, M. tenuissima, Oscillatoria, Oxytoxum 

spp., Peridinium spp., Pfiesteria/“pfiesteria-like” dinoflagellates, P. 
pellucidum, S. trochoidea 

Fall 126 A. sanguinea, Amphidinium spp., O. marina, Polykrikos spp., 
haptophytes 

Winter 128 
C. pelagica, Chaetoceros spp., cryptomonads, Cyclotella spp., H. 

rotundata, H. triquetra, L. minimus, Pseudo-nitzschia spp., Rhizosolenia, 
S. costatum, Thalassiosira spp. 

Spring 119 chlamydomonads, Navicula spp., O. rotundata, prasinophytes, P. 
minimum, Selenastrum spp. 

 

Table 3.4. Results of indicator species analysis for TN:TP ratios (molar basis).  A 
significance level of α = 0.05 was used to determine the species that were “indicators” of 
each TN:TP “group.” 
 

TN:TP RATIO n INDICATOR SPECIES 

< 8:1 308 Anabaena, D. fibula, euglenoids, Oscillatoria, Pfiesteria-like 
dinoflagellates, Protoperidinium spp., S. trochoidea 

≥ 8:1 and ≤ 16:1 161 A. sanguinea, Chaetoceros, chlamydomonads 

> 16:1 30 cryptomona tra, L. minimus, O.  rotundata, Rhizosolenia, Thalassiosira spp. 
ds, H. rotundata, H. trique
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Table 3.5. Phytoplankton “indicato
gn t index val ecies 

analys ately for o conc
 

NUTRIENT 
LEVEL 

n INDICATOR SPECIES 

r” taxa (abundant and consistently “faithful” to a 
particular group; si ifican ue α ≤ 0.05) determined by running indicator sp

is separ  tw entration “levels” of each nutrient.   

NO3
-N <100 µg L-1 371 Anabaena spp., chlamydomonads, euglenoids, Oscillatoria 

spp., P. minimum, P. pellucidum, S. trochoidea 

NO3
-N >100 µg L-1 128 C. pelagica, H. rotundata, L. minimus, Pseudo-nitzschia spp., 

Thalassiosira spp. 
NH4

+N < 50 µg L-1 402 Amphidinium spp., D. fibula, P. minimum 

NH4
+N > 50 µg L-1 97 cryptomonads, Cyclotella spp., H. akashiwo, H. rotundata, L. 

minimus, Pseudo-nitzschia spp. 
TKN <1500 µg L-1 450 No significant indicators 

TKN >1500 µg L-1 49 Amphidinium spp., H. triquetra, O. rotundata, Peridinium 
spp., P. minimum 

SS < 20 mg L-1 439 No significant indicators 

SS > 20 mg L-1 60 D. fibula, H. triquetra, O. rotundata, Peridinium spp., P. 
minimum 

TP < 150 µg L-1  361 C. pelagica, Chaetoceros spp., H. rotundata, H. triquetra, L. 
minimus, Rhizosolenia spp., S. costatum 

TP > 150 µg L-1 138 
A. sanguinea, Anabaena spp., Gymnodinium spp., Oscillatoria 

spp., Oxytoxum spp., Pfiesteria/“pfiesteria-like” spp.,          
P. pellucidum 

SRP < 50 µg L 391 triquetra, L. minimus, 
prasinophytes, P. minimum, Rhizosolenia spp., S. costatum 

-1 Chaetoceros spp., H. rotundata, H. 

SRP > 50 µg L-1 108 
Anabaena spp, Chroococcus spp., D. fibula, euglenoids, 

Oscillatoria, Oxyt steria-like” spp.,   oxum spp., Pfiesteria/ “pfie
P. pellucidum, S. trochoidea 
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Table 3.6. Results from the BI
ca rges  corre
each individual season and for the whole dataset.   
 

k 

O-ENV analyses, showing the best overall combination (k 
lation [ρs] between biotic and environmental matrices) for tegory with the la t rank

GROUP BEST VARIABLE COMBINATION (ρ ) S

Summer 4 temperature, TKN, TN, NO3
-N, NH4

+N (0.36) 
Fall 3 

Winter 5 Salini 49) 
Spring 4 temperature, river discharge, NH4

+N (0.37) 
Full dataset 2 temperature, TN:TP (0.37) 

TN:TP, river discharge, NH4
+N, SRP (0.27) 

ty, TN:TP, NH4
+N, silicate (0.
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3.6 Discussion 
 

3.6.a Seasonal and year-to-year changes in phytoplankton assemblages in relation to 
environmental gradients 
 
 The seasonal dynamics of the phytoplankton assemblages of the NRE found in this 

study were somewhat consistent with descriptions from previous studies; cyanobacteria were 

dominant during summer months, and diatoms and dinoflagellates predominated in late 

winter - early spring (Mallin 1994; Pinckney et al. 1998). BIO-ENV analyses indicated that 

temperature and TN:TP ratios were important in regulating phytoplankton species 

assemblages on an annual basis. The N2-fixing ability of many cyanobacterial taxa found in 

the NRE would afford them a competitive advantage in the summer when TN:TP ratios are 

lower.  Although TN:TP ratios are important on an annual basis in regulating phytoplankton 

assemblages, BIO-ENV analyses suggested that within the summer season, the amount and 

form of N becomes important in influencing species composition.  NMDS analysis of 

sum er samples suggested that increasing inorganic N concentrations coincided with 

Heterosigma akashiwo.  

 

eria/ 

teria 

m

increased densities of small flagellates, including the raphidophyte 

Higher TN and TKN concentrations during summer months resulted in increased abundance

of dinoflagellates Akashiwo sanguinea and Peridinium spp.  In contrast, high salinities and P 

concentrations during summer led to an increase in other dinoflagellates including Pfiest

“pfiesteria-like” species/Karlodinium veneficum, which were indicators of high TP and SRP 

concentrations and low TN:TP ratios.  These observations on potentially toxic Pfies

(Moeller et al. 2007) in the NRE are supported by laboratory experiments showing that cell 

production of Pfiesteria piscicida and P. shumwayae is stimulated by decreased N:P ratios 

following an increase in phosphate availability, and by phosphate or N (especially urea and 

NH4
+) enrichment (Burkholder and Glasgow 1997, Burkholder et al. 2001, Glibert et al. 
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2006). Potentially toxic K. veneficum (Adolf et al. 2007) also thrives in eutrophic estua

waters, based on field and experimental laboratory studies (e.g., Lie et al. 2000a,b). 

Although taxa that were dominant in summer (mainly cyanobacteria) continued to be

present during the fall, their contribution to total phytoplankton abundance generally 

diminished along with decreasing temperatures and increasing TN:TP ratios. Instead, there 

was increased dominance of small flagellates such as chlamydomonads, cryptomonads and, 

in more recent samples (2000-), haptophytes. The contribution of these small flagellates and 

some diatom taxa, such as Leptocylindrus minimus and Thalassiosira, increased in the fall

season when river discharge rates and NO

rine 

 

 

d 

 in 

regulat

 

 

ns that 

 

3
- concentrations were high, especially in 

association with Hurricane Fran in 1996 and three consecutive tropical cyclones in 1999 

(Dennis, Floyd and Irene). Although seasonal mean abundance of dinoflagellates decreased, 

certain species, such as Oxhyrris marina, were significant indicators of the fall season an

were more abundant during drier fall seasons (1997, 1998, 2006) with reduced river 

discharge rates and higher salinities.  The importance of Neuse River discharge rates

ing fall phytoplankton assemblages was indicated in the BIO-ENV analysis. Similar 

patterns for fall phytoplankton assemblages have been reported in the Chesapeake Bay

(Marshall et al. 2005).  

In accord with previous studies (Mallin 1994, Valdes-Weaver et al. 2006), Neuse 

River discharge rates and hydrologic inputs of nutrients are also important in determining the

dominant species of winter and spring phytoplankton assemblages. Mean dinoflagellate 

abundance was reduced and diatom abundance increased during winter/spring seaso

immediately followed hurricane years (1997 and 2000), and during winter/spring seasons

with elevated rainfall and river discharge rates (1998 and 2003). The positive association 
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between diatom abundance and elevated river discharge in this study was also supported by

the increase in diatom species under conditions of low salinity, high DO, and high ino

N concentrations. The most frequently occurring taxa during diatom-dominated years we

Leptocylindrus minimus, Skeletonema costatum, Rhizosolenia, Cerataulina pelagica, 

Chaetoceros spp., and Thalassiosira spp. The fact that many of these diatom taxa were a

indicators of high NO

 

rganic 

re 

lso 

oncentrations is consistent with previous studies which have shown 

that dia

 

vertical 

 

 

 dominance and lowered silicate concentrations 

were ~2

).  Data 

 

3
- c

tom blooms are frequently associated with high NO3
- supply (e.g., Takahashi and 

Fukazawa 1982, Lomas and Glibert 1999). 

The increased vertical mixing during periods following elevated rainfall and river

flow (Burkholder et al. 2004) may also have selected for diatom species. Turbulent 

conditions are known to inhibit some dinoflagellate species (Thomas and Gibson 1990; 

Smayda 1997; but see Burkholder et al. 2006), giving diatoms a potential competitive 

advantage during these periods of increased vertical mixing.  In addition, diatoms, with 

heavy siliceous frustules, tend to sink out of the water column and require sufficient vertical 

mixing from high river flow to remain suspended (Graham and Wilcox 2000). Dissolved 

silicate that was restored to surface waters from the sediments during these periods of 

mixing was likely rapidly taken up by diatom populations (Graham and Wilcox 2000), which

may partly explain why high diatom cell numbers in this study were associated with lower 

water-column silicate concentrations in winter.  Si:N and Si:P ratios in the Neuse Estuary

during these winter/spring periods of diatom

 and ~20 respectively, which is approaching the range (1:1 for Si:N) where the 

transition from diatom dominance to flagellates generally takes place (Sommer 1994

were not available on water-column regenerative processes and sediment-water fluxes of
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dissolved silicate in the Neuse Estuary, but the lowest dissolved silicate concentrations

mesohaline Chesapeake Bay have been shown to occur during later stages of the spring 

biomass maximum (Conley and Malone 1992).    

In contrast, dinoflagellates dominated during the winter and spring seasons with 

lower rainfall and river flow (1994, 1996, 1999, 2002, 2004-2006) and were positively 

associated with higher salinity in the NRE.  The stable water column in drier years may have 

facilitated dinoflagellate movement in the water column by reducing interference and 

physical damage from turbulence (Graham and Wilcox 2000).  In addition, field studies ha

shown that shifts from diatoms to dinoflagellate-dominated assemblages occur during 

reduced vertical mixing (Parsons et al. 1978), and that dinoflagellate blooms often occu

during upwelling relaxation periods (Blasco 1977).  Unlike the multi-species diatom blooms 

that occurred in the NRE, winter/spring dinoflagellate blooms were dominated either by 

Prorocentrum minimum and Heterocapsa triquetra or by Heterocapsa rotundata.  Winter 

and spring blooms of the mixotrophic dinoflagellates P. minimum and H. triquetra have 

described as a common feature in the mesohaline N

 in the 

ve 

r 

been 

RE since the early 1990s (Mallin et al. 

1991, M

 

allin 1994, Springer et al. 2005). This study showed that high densities of P. 

minimum were associated with high TKN concentrations and SS and that densities of H.

rotundata increased with increasing NH4
+ concentrations during winter.   

3.6.b Abundance of bloom-forming and potentially toxic species along environmental 
gradients 

 Previous studies have shown that Prorocentrum minimum exhibits higher growth 

rates on urea and NH4 than on NO3  (Fan et al. 2003a), and large increases in urea were 

found to precede blooms of P. minimum in several tributaries of Chesapeake Bay (Glibert et 

al. 2001).  This may help to explain why P. minimum densities in this study were positively 

 

+ -

 129



correlated with TKN concentrations, which represents the sum of organic N compounds, 

including urea, and NH4
+N.  Other mixotrophic (Heterocapsa triquetra) and heterotrophic 

dinoflagellates (Oblea rotunda, Peridinium spp.) were also positively related to TKN 

concentrations in this study.  Although bacteria and/or free dissolved enzymes degrade 

dissolved organic N to NH4
+ or urea in natural waters (Berman et al. 1999), these 

dinoflagellates could also be utilizing organically bound N for growth through direct upta

(Flynn and Butler 1986; Fan et al. 2003b), or through use of cell-surface e

ke 

nzymes that can 

el 

990; Stoecker and Gustafson 2003).   

In addition to being an indicator for high TKN concentrations, P. minimum was also 

an indicator for high SS. P. minimum can grow under low light conditions (Grzebyk and 

Berland 1996) and can supplement its nutrient demands through mixotrophic grazing of 

cryptophytes (Stoecker 1997). It appears to be an excellent competitor during periods of high 

turbidity in the NRE.  The positive association between P. minimum and other mixotrophic 

and heterotrophic dinoflagellates with both high TKN and SS in this study suggests that the 

combination of low light and rich organic substrates may select for phytoplankton species 

capable of meeting their nutrient requirements by utilizing dissolved organic substances 

(resorption) or organic particles (phagotrophy).   

 In contrast, H. rotundata was positively related to inorganic N, especially NH4 , and  

high cell concentrations of H. rotundata in the NRE were more closely related to high 

densities of diatoms than to other dinoflagellates. H. rotundata was abundant in years when 

diatoms dominated the winter and spring assemblage (1997, 1998, 2000, 2001, 2003). The 

contribution of this species to the overall phytoplankton assemblage was especially high in 

provide amino acids for assimilation or degrade amino acids to NH4
+ (Palenik and Mor

1

+
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winter of 2004, when densities reached 1.4 x 105 cells ml-1 in association with NH4
+ 

concentrations in excess of 200 µg NH4
+N L-1.  Dense blooms of H. rotundata have been 

reported in other estuaries and coastal areas worldwide (Hilmer and Bate 1991; Sellner et al.

1991; Borkman et al. 1993; Marshall et al 2005), but the nutritional ecology of this species is

poorly known. Although mixotrophic capability has been documented, H. rotundata 

exhibited very low ingestion rates (Jeong et al. 2005) and may rely primarily on 

photosynthesis for growth, especially in highly eu

 

 

trophic waters. Considering that the 

ther 

r NH4
+ 

an 

o.  Like 

 and 

 

 suggest that natural populations of H. akashiwo 

frequently depend upon enrichment of iron and manganese for bloom formation and 

abundance of H. rotundata and diatoms in this study were positively related to one another 

and to inorganic N, H. rotundata may be more similar to co-occurring diatoms than to o

dinoflagellates in its N nutrition.  

Raphidophytes, especially Heterosigma akashiwo, also increased in more recent 

samples (~2000-2006) along with NH4
+, and were indicators of NH4

+ concentrations in 

excess of 50 µg NH4
+-N L-1. Phytoplankton generally exhibit an uptake preference fo

(Dugdale and Goering 1967). Although NH4
+, NO3

-, and urea all can be N sources for H. 

akashiwo, NH4
+ supports more rapid exponential growth rates than NO3

- or urea (Herndon 

and Cochlan 2006). In addition, NH4
+ is acquired more readily by H. akashiwo than other N 

substrates at both saturating and sub-saturating N concentrations (Herndon and Cochl

2006). Temperature and salinity also were related to high densities of H. akashiw

blooms of this raphidophyte in other regions (Figueiras and Rios 1993; Honjo 1993; Li

Smayda 2000), H. akashiwo appeared mostly in summer samples, and  highest densities (> 2

x 104 cells ml-1) occurred at > 20ºC and low to moderate salinities (5-12).     

Numerous experiments also
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mainten  has 

were 

 

 In 

s. The low DO 

levels, ay help 

H. 

 

ons 

 of 

uce 

t samples 

ance  (e.g., Takahashi and Fukazawa 1982; Yamochi 1983), and that H. akashiwo

a higher iron requirement relative to other flagellates (Brand 1991). Although iron data 

not available, soluble iron, much like NH4
+, is supplied to coastal ecosystems by river runoff,

atmospheric deposition, and formation of bottom-water hypoxia/anoxia and subsequent 

diffusion from the sediments (Boyle et al., 1977; Gordon et al. 1997). The occurrence of 

higher densities of H. akashiwo at low to moderate salinities suggests that dissolved iron 

from river discharge would still be available for phytoplankton uptake (complete 

precipitation of iron occurs at a salinity of 15; Holliday and Liss 1976; Boyle et al. 1977). 

addition, Burkholder et al. (2006) documented a significant decline in water-column DO 

concentrations from 1993 to 2004 in the mesohaline NRE, and showed that anoxia/hypoxia 

routinely occurs in the lower third of the water column during warmer month

especially during density stratification and salt wedge formation in summer, m

to mobilize iron from the sediments and contribute to the higher summer densities of 

akashiwo. Although fish health effects from this species have not been documented in the 

NRE, blooms of H. akashiwo in other regions have been associated with massive mortality of

cultivated finfish and lesser losses of free-ranging finfish (Smayda 1998).  

 Pseudo-nitzschia spp. also emerged as indicators of high inorganic N concentrati

in this study.  Although this genus was rare (< 800 cells ml-1, and found in fewer than 5%

the samples analyzed in this study), the ability of several Pseudo-nitzschia species to prod

the neurotoxin domoic acid (Bates et al. 1998), and their appearance in more recen

(after 2001) with NH4
+ > 50 µg NH4

+ L-1 is noteworthy. Growth of other Pseudo-nitzschia 

species (P. multiseries (Hasle) Hasle) have been inhibited in laboratory studies at NH4
+ 

concentrations ~360 µg NH4
+N L-1 (Hillebrand and Sommer 1996), but potentially toxic 
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Pseudo-nitzschia blooms have been reported in coastal environments that are rich in NH4
+ 

and organic N (Bates et al. 1998). Aside from the association with high NH4
+ concentrations 

in this study, Pseudo-nitzschia spp. were present in the NRE too rarely to identify pattern

their abundance in relation to other environmental and seasonal gradients. Field observatio

of Pseudo-nitzschia spp. in other coastal areas indicate that there has been an increase in the 

abundance of these species in association with increased nutrient loading (D

s in 

ns 

ortch et al. 1997; 

 Parsons et al. 2002). Continued monitoring for Pseudo-nitzschia spp. in the NRE and the use

of additional identification techniques (molecular analysis and scanning electron 

microscopy), culturing studies, and toxin assays to distinguish between potentially toxic and 

non-toxic representatives of this genus are recommended, especially considering the ~500-

fold increase in NH4
+ concentrations over the past decade (Burkholder et al. 2006).  

3.6.c Conclusions  

This study expands upon earlier phytoplankton studies in the NRE by considering

species-specific data with ordination techniques to assess relationships among phytoplankto

assemblage structure, individual nuisance or harmful species, and environmental variables 

over a long-term (13-year) period.  Phytoplankton assemblages in the NRE were strongly 

regulated by temperature and TN:TP ratios. River discharge also was important in regulating 

species composition on a year-to-year basis, with high abundance of diatoms and small 

autotrophic flagellates during periods of high discharge, high inorganic N, and low salinity, 

and high abundance of mixotrophic and heterotrophic dinoflagellates during periods of low 

discharge, high organic N, and higher salinity. BIO-ENV results also revealed tha

each season, increasing NH

 
 

n 

t, within 

composition and assemblage structure. For all seasons, the contribution of small flagellates 

4
+ concentrations were an important influence on species 
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(raphidophytes, haptophytes, chlorophytes) to overall algal abundance in the NRE has 

increased over the study period, concomitant with increasing NH4
+ concentrations. In 

ially toxic raphidophyte Heterosigma akashiwo, and the bloom-forming 

dinofla

y 

m 

h 

ing 

 

 

addition, the potent

gellate, Heterocapsa rotundata, increased in more recent samples (2000-2006) and 

were positively associated with NH4
+ concentrations. The potentially toxic dinoflagellates 

Prorocentrum minimum and Pfiesteria spp. (among “pfiesteria-like” organisms) have not 

increased over the past 13 years. P. minimum, which  bloomed during most late winter/earl

spring seasons throughout this study, was positively associated with TKN and SS 

concentrations. Abundance of Pfiesteria/ “pfiesteria-like” dinoflagellates and Karlodiniu

veneficum rarely exceeded 1,000 cells ml-1 in the samples analyzed for this study.  The 

highest abundances of these dinoflagellates occurred during summer and fall, coinciding wit

high TP concentrations and salinity.  

 Overall, the ordination techniques used in this study provide insight into the 

abundance and distribution of phytoplankton taxa, including some potentially toxic and 

bloom-forming species, along physical/chemical and seasonal gradients in a system 

sustaining anthropogenic nutrient enrichment.  These analyses also suggest that increas

NH4
+ concentrations have been important, especially within recent years, in governing 

phytoplankton assemblage change.  In future work, the use of additional identification 

techniques (molecular analysis and scanning electron microscopy) and the inclusion of data

on micronutrients (e.g., iron and manganese) and phytoplankton consumers will provide a 

more complete understanding of the processes interacting to regulate phytoplankton 

assemblage structure. 
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