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EXECUTIVE SUMMARY 
North Carolina has experienced significant growth in population, development, and industrial 

farming that are responsible for delivering unprecedented amounts of pollutants into its 

freshwater and coastal waterways. The Pamlico River Estuary has experienced reports of 

consistent fish	  kills	  since	  the	  1970’s which are identified to be a result of eutrophic conditions 

caused by excessive nutrient loading. East coast commercial and recreational fishing is largely 

dependent upon this system’s	  ability	  to	  provide	  habitat for the breeding, refuge, and feeding 

for a large variety of aquatic species. In 1989 the estuary was designated as a nutrient 

sensitive waterway which prompted the N.C. Division of Water Quality to develop a Total 

Maximum Daily Load (TMDL) for nitrogen and phosphorous. The TMDL was approved in 1995 

and called for a 30% reduction of instream total nitrogen loading and no increase in total 

phosphorous loading in order to prevent 90% of the chlorophyll a standard exceedances 

within the estuary. Nearly twenty years into the state's nutrient reduction program, the goals 

of the TMDL have yet to be met. This project uses a previously un-evaluated data set of water 

quality parameters over a 25-year period in the Pamlico River Estuary to understand the 

patterns and causes of continued impairment in that ecosystem.  Analysis of chlorophyll a and 

nitrogen concentrations produced the following main results:  

Key Findings of Chlorophyll a Analysis: 

x Majority of chlorophyll a impairment occurs within the middle to upper regions of the 
estuary.  

x Chlorophyll a standard exceedance was determined to occur in equal magnitude year 
round. 

x Chlorophyll a concentrations are inversely correlated with incoming river discharge in 
the upper regions of the estuary. 

Key Findings of Nitrogen Analysis: 

x Trend analysis identified significant decreasing trends in ammonium and nitrate and 
significant increasing trends in dissolved organic nitrogen. 

x Total nitrogen composition dominance shifted from nitrate to dissolved organic 
nitrogen in the early 2000s.  

x Nitrogen concentrations are significantly influenced by both season and incoming river 
discharge. 
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Chlorophyll a impairment is still prevalent throughout the estuary despite the adoption of 

nutrient reduction strategies in the 1990s. The observed shifts in total nitrogen composition 

could have ecological impacts on phytoplankton population composition, as well as effects of 

higher trophic levels and nutrient cycling within the estuary. The nitrogen reduction goals of 

the Tar-Pamlico TMDL have likely not been achieved due to the increases observed in 

dissolved organic nitrogen concentrations potentially coupled with inadequate decreases in 

nitrate and ammonium in order to produce decreasing trends in total nitrogen. Greater 

implementation and stricter enforcement of non-point source nutrient reduction programs 

are needed, with specific regard to poultry and hog industrial livestock operations. Research 

into the forms of dissolved organic nitrogen that are present within the estuary are needed to 

understand the nitrogen cycling and ecological dynamics that occur as well as to provide 

insight into potential sources responsible for increasing concentrations within the estuary. 

North Carolina regulators need to address the inability for current nutrient reduction 

programs to adequately reduce nutrient loading in order to improve conditions within the 

Pamlico River Estuary and protect the natural resources this ecosystem provides.  
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Introduction 
Coastal Estuarine Systems and Eutrophication 
Coastal estuarine systems are some of the most productive and dynamic ecosystems on Earth. 

They exist along the freshwater-marine continuum and receive surface water discharge, 

groundwater influx, and oceanic inflows. Because of this, estuaries experience a consistent 

influx of nutrients, minerals, sediments, organic matter, and other constituents that support a 

wide variety of life. However, as surface and ground water travels from terrestrial landscapes 

to the ocean, pollution and chemicals via point and non-point sources are also delivered to 

estuarine systems.  

The landscapes that drain into coastal estuaries have been largely impacted by human 

population growth and development. Approximately	  75%	  of	  the	  world’s	  human	  population	  

resides in coastal watersheds, which has led to an unprecedented increase in nutrient and 

chemical loading to our estuaries (Vitousek et al., 1997; Cloern, 2001). The increase of 

anthropogenic activities such as livestock production, municipal waste discharge, land 

clearing, production and application of fertilizers, and the combustion of fossil fuels have been 

found to be directly responsible for the increased mobilization of nutrients and their 

accelerated fluxes into coastal waters (Nixon 1995; NRC 2000).  Nutrients such as nitrogen 

and phosphorous are required by most living organisms to sustain biological function, 

however excessive nutrient concentrations can become a form of pollution. 

Nutrient loading to aquatic systems stimulates the growth of primary producers such as 

plants, phytoplankton, and algae. These photosynthetic organisms act as the foundation of 

most ecosystems in their responsibility for the uptake of sunlight, oxygen, nutrients, and other 

elements to produce the organic molecules necessary for life. However, excessive nutrient 

loading can cause massive blooms in algae and phytoplankton populations where these 

organisms rapidly assimilate the nutrients until their accelerated growth can eventually no 

longer be sustained. This results in consequent massive die offs of these organisms in which 

their decomposition by marine microbes depletes dissolved oxygen concentrations within the 

water column. This process of nutrient enhanced primary production and resulting hypoxic 

conditions from depletion of dissolved oxygen is called cultural eutrophication (Nixon, 1995; 

Pinckney et. al. 2001). Eutrophication can severely diminish water quality in estuarine 
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systems through the depletion of dissolved oxygen concentrations that creates stress and fatal 

conditions for fish and other aquatic species (Paerl et. al., 1998; Cloern, 2001; Pinckney et. al. 

2001; Rabalais & Turner, 2001). In addition, harmful algal blooms (HABs) also occur as result 

of cultural eutrophication, which is a subset of species that produce toxins harmful to fish and 

human health in addition to creating anoxic conditions (GEOHAB, 2001).  

Research has shown that nitrogen inputs are the main driver of eutrophication in saltwater 

systems (Ryther & Dunstan, 1971; Howarth & Marino, 2006). Nitrogen can occur in various 

forms related to their molecular composition and oxidation state. Inorganic forms of nitrogen 

are ammonium (NH4), nitrate (NO3), nitrite (NO2). Organic forms of nitrogen consist of either 

dissolved organic nitrogen or particulate organic nitrogen. The inorganic forms of nitrogen 

are more bioavailable for assimilation by phytoplankton in which the most reduced forms 

(NH4 followed by NO3) being the most bioavailable (Pinckney et. al., 2001). However, low 

molecular weight forms of DON such as amino acids and urea have been proven to be utilized 

by phytoplankton (Paerl, 1991); or even preferred by some species (Gilbert et. al., 2006). 

Transformations and remineralization of organic nitrogen can also release forms of inorganic 

nitrogen to the water column (Pinckney et. al., 2001). Consideration of the diverse forms and 

transformations of nitrogen is essential for understanding its sources and ecological 

consequences in estuarine systems. 

The Pamlico River Estuary 

The Pamlico River Estuary (PRE) is a major tributary to the Albemarle-Pamlico Estuarine 

System (the Albemarle and Pamlico Sound) on the eastern coast of North Carolina (Fig. 1.0). 

East coast commercial and recreational fishing is largely dependent upon this system’s	  ability	  

to provide habitat for the breeding, refuge, and feeding for a large variety of aquatic species 

and supports several types of endemic shellfish species. The estuary is located at the outlet of 

the Tar-Pamlico River Basin, which drains approximately 6,148 mi2 and is the fourth largest 

river basin in North Carolina (Fig. 1.1). The Tar River drains majority of the watershed area 

before reaching saline waters and becoming the Pamlico River Estuary. The PRE begins at the 

confluence of the Tar River near the town of Washington, NC (Fig. 1.2). The estuary 

experiences low tidal flushing due to a chain of barrier islands, known as the Outer Banks, 

which separate the Pamlico Sound from the ocean. The combination of a large drainage area 
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and very weak tidal oceanic exchanges causes the estuary to have longer retention times for 

incoming nutrients and pollutants than other coastal estuarine systems (Stanley 1997).   

 
Fig. 1.0 – The Tar-Pamlico watershed shaded gray in the state of North Carolina. (Source: N.C.DENR) 
 

 
Fig. 1.1 – The Tar-Pamlico watershed drainage area shaded in green; the red box highlights the estuary. 
(Adapted from- uncsmithfoundrivers.web.unc.edu/the-project/) 
 

  
Fig. 1.2 – Eastern Coast of North Carolina showing the Albemarle-Pamlico Sound and the Pamlico River 
Estuary highlighted by the red box 
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Nutrient Loading in the Pamlico River Estuary 

Since the 1970’s,	  the state began documenting frequent reports of fish kills within the estuary. 

Water quality investigations found nitrogen and phosphorous to be the key pollutants and led 

to the classification of the river basin as a nutrient sensitive waterway in 1989 by the N.C. 

Environmental Management Commission. As a result, the U.S. Environmental Protection 

Agency (EPA) required the state to develop a total maximum daily load (TMDL), which is the 

calculation of the maximum amount of a pollutant that a waterbody can receive and still meet 

water quality standards (DWR, 2010). With the goal to prevent eutrophic conditions, 

chlorophyll a was identified as the water quality standard to be met. Chlorophyll a (CHLA) is 

the most abundant form of chlorophyll within a photosynthetic organism and is used as a way 

to estimate phytoplankton and algal biomass concentrations within a water body. The Tar-

Pamlico TMDL addressed both nitrogen and phosphorous as nutrient pollutants and 

chlorophyll-a as the response variable indicative of eutrophication impairment.  

The N.C Division of Water Resources (DWR) established monitoring efforts and collected 

water quality data throughout the estuary for two years (1990-91). From this data, the total 

annual load of each nutrient and the spatial extent of chlorophyll a impairment were 

determined. DWR used 1991 total load calculations, chlorophyll-a concentrations, and 

physical conditions to calibrate the estuarine response model and determine the appropriate 

nutrient reductions that would prevent 90% of the chlorophyll a impairment in the PRE. The 

model recommended an instream load reduction goal of 30% for total nitrogen (TN) and 

maintenance of existing 1991 total phosphorus (TP) loading to be evaluated at the monitoring 

station near Washington as the TMDL compliance point. Allocation of the reduced load was 

then distributed among known point and nonpoint sources based on their contribution to the 

total load. Chlorophyll a impairment is determined by state water quality standards. For 

estuarine waters, North Carolina has adopted the EPA recommended standards that 

chlorophyll-a concentrations shall not exceed 40 μg/L. The state classifies chlorophyll a 

impairment by then computing the percentage of samples for a single station taken within a 

five-year data window that exceeded the chlorophyll-a standard of	  40	  μg/L. Impairment is 

characterized when more than 10 percent of the samples exceed the standard.  

In 1995, the EPA approved the Tar-Pamlico TMDL. Consequently, numerous rules were 
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established requiring agriculture, municipal and industrial waste dischargers, and new 

development to work to reduce their nutrient pollution.  

Nutrient Reduction Programs 

Point Source Agreements 

In 1990 the Tar-Pamlico Basin Association (TPBA) was formed and consisted of 14 permitted 

wastewater dischargers that represent 98.7% of the known effluent to the watershed (DWR, 

2010). The TPBA agreed to a of set collective, technology-based discharge loading limits in the 

form of an annually decreasing, combined nitrogen and phosphorus cap that was calculated 

by the TMDL modeling. Throughout	   the	   1990’s,	   low cost operational changes were 

implemented at several facilities to reduce nutrient loadings while larger facilities installed 

tertiary treatment systems that specifically remove nutrients prior to effluent discharge. 

These improvements yielded significant nutrient loading reductions and allowed the 

Association to stay below its effluent caps (DWR, 2010). As part of the agreement, the TPBA 

also had the option to fund agricultural best management practices (BMPs), in large part 

through a federal EPA grant, and banked credit from this toward future cap exceedances. To 

date, the TPBA has remained consistently below their allotted nutrient effluent caps (DWR, 

2010). 

Non-Point Source Nutrient Strategies 

In order to address non-point source pollution, a set of rules addressing agriculture and 

riparian buffer protection were finalized in 2000, while urban stormwater rules were finalized 

in 2006. 

The agricultural rule required the Basin Oversight Committee, comprised of representatives 

from governmental, environmental, farming and scientific communities, to work with farmers 

to implement best management practices that reduced nutrient runoff and track progress 

towards	   the	   sector’s	   reduction	   goals.	   Largely funded by federal funds through the N.C. 

Agricultural Cost Share Program, fertilizer management/reduction and restoration of 

vegetation buffers were the two primary practices utilized to reduce nutrient run-off. 

Estimations of nutrient reductions achieved by the agricultural sector have been primarily 
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calculated from reported fertilizer application data, but it was found that overall the sector 

had achieved its required nutrient reductions (DWR, 2010). 

Aside from being included within agricultural BMPs, riparian buffer rules were also developed 

that enforces a 50-foot wide minimum buffer of forested vegetation that applies to all surface 

waters, lakes, ponds, and reservoirs that are shown on a county soil map or USGS 1:24,000 

topographic map. These buffers help filter and remove nutrients and pollutants while also 

providing stabilization for stream banks to prevent sediment erosion. 

The last component of the non-point source nutrient strategy was the creation of urban 

stormwater rules for new and existing development. The rules required six municipalities and 

five counties in the Tar-Pamlico watershed to develop and implement stormwater programs 

within two and a half years. These programs were developed locally and primarily addressed 

educating developers on decreasing run-off during new construction through use of proper 

site management techniques. Developers were also given the choice to pay for nutrient offset 

credits if they were unable to achieve proper management. For existing development, local 

governments were required to identify sites for stormwater retrofit projects and commission 

their completion. The stormwater rule also placed emphasis on proper reporting of illegal 

discharges. These local programs took several years to develop, and the success of their 

implementation has yet to be reported (DWR, 2010). 

Current Status of the Tar-Pamlico TMDL and Impairment 

Despite the nutrient reductions achieved by the point-source and agricultural sector, the goals 

of total instream reductions of nitrogen and maintenance of phosphorous loading outlined by 

the TMDL have yet to be achieved (DWR, 2010). Water quality in the PRE has been reported 

in state basin reports starting in 1994. The most recent DWR Tar-Pamlico Basinwide Water 

Quality Report (DWR, 2010) states that the goal for 30% reduction of instream total nitrogen 

loading has not been reached and the total phosphorous load has exceeded the 1991 baseline 

level. Trend analysis results indicated that there were no statistically significant trends for 

total nitrogen and total phosphorous. However, when the various forms of nitrogen were 

assessed separately, it was found that total kjeldahl nitrogen, composed of organic nitrogen, 

NH4, and NO2+NO3, showed an increasing trend in concentration. However, when both NH4 
and NO3+NO2 were assessed separately, decreasing trends were found. Managers at DWR 
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suspect that the organic portion of TKN is responsible for the lack of total nitrogen loading 

reductions given the decreasing trends in NH4 and NOx (DWR, 2010)  

The goal of meeting chlorophyll-a water quality standards throughout the Pamlico River 

Estuary has also not been achieved to date. The DWR 2010 report indicated approximately 

28,923 acres of the PRE are impaired for chlorophyll-a. This impairment extends from the 

mouth of the Pamlico River near the city of Washington to Huddy Creek (south shore) and 

Saint Claire Creek (north shore) and represents the same area of impairment classified when 

the TMDL was developed in 1994. Substantial reports of fish kills also continue to be a 

problem, with fish mortality reported to be over 10 million in the year 2013 alone (DWR, 

2013). Therefore, despite the nutrient reduction program strategies implemented by the state, 

the goals of the TMDL have yet to be achieved and chlorophyll a impairment and massive fish 

kill events still persist within the estuary (DWR, 2010). 

Research Objectives 

This research investigates current and historical fluctuations in chlorophyll a impairment and 

nitrogen concentrations within the Pamlico River Estuary through use of an entirely separate 

dataset than the state in order to provide both a comparison and additional insight into the 

nutrient-algal dynamics that have occurred within the estuary. This was accomplished 

through four objectives: 

1. Calculate the extent and magnitude of chlorophyll a impairment throughout the entire 

estuary and potential factors that influence chlorophyll a concentrations. 

2. Identify potential trends in nitrogen concentrations over time 

3. Identify potential factors that may influence concentrations of four nitrogen 

speciations: ammonium, nitrate, dissolved organic nitrogen, and particulate nitrogen. 

4. Evaluate if the proportion of the four nitrogen species: ammonium, nitrate, dissolved 

organic nitrogen, and particulate nitrogen relative to total nitrogen concentrations 

have changed over time. 
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MATERIALS 

Software 

The programs SAS JUMP 11.1 and R were used to perform the statistical analysis in this report. 

Data  

The EMP dataset spans from 1988-2013 and has been compiled from the long-term Estuarine 

Monitoring Program lead by the Institute for Coastal and Marine Resources at Eastern 

Carolina University and funded by PCS Phosphate, formally Texas Gulf Sulfur Company, one of 

the largest industrial phosphate mines in the U.S. and located on the Pamlico River in Aurora, 

NC. The dataset is comprised of 20 sampling stations located throughout the estuary (Figure 

2.0), which include on-site measurements and water samples taken at various depths. 

Sampling was carried out on a bi-weekly schedule, in which occasional samples were missed 

due to inclement weather or failure of an instrument. Some stations were not in operation the 

entire length of the dataset, see Table 1.0 for station descriptions. 

The on-site measurements evaluate the following physical parameters: temperature, salinity, 

pH, dissolved oxygen (DO), and photosynthetically available radiation (PAR). Water samples 

taken at the time and location of the physical parameters were later analyzed within the 

laboratory and include: nitrogen as ammonium (NH4-N), nitrogen as nitrate/nitrite (NOX-N), 

dissolved kjeldahl nitrogen (DKN), particulate nitrogen (PN), phosphorous as phosphate (PO4-

P), total dissolved phosphorous (TDP), particulate phosphorous (PP), chlorophyll-a, and total 

fluoride. Dissolved kjeldahl nitrogen represents all dissolved nitrogen species including 

organic nitrogen, NO3, NO2, and NH4. Total nitrogen (TN) was calculated by combining PN and 

DKN. Dissolved organic nitrogen (DON) was calculated by subtracting NOx-N and NH4-N from 

DKN. However, approximately 35% of the calculated DON samples were excluded due to 

producing negative values, indicating that some laboratory error exists in the kjedahl 

digestion process in the quantification of DKN, as well as potential errors in the quantification 

of NOx, and NH4 concentrations. Therefore, the patterns reported for DON concentrations 

were consistent enough to produce viable interpretations within the context of this project, 

however the actual values of DON concentrations are an estimation at best.  See Table 1.1 for 

a summary of the various dataset parameters described above.  
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In addition to the EMP dataset, daily average discharge data for the Tar River was obtained 

from the USGS Tarboro (02083500) Ambient Monitoring Station.  

 
Fig. 2.0 – Map of Estuarine Monitoring Program stations  
 
 

Table 1.0 – Description of EMP Station Location and Sampling Dates 
ST GPS - Coordinates Description Start Sampling  End Sampling  
1 N35° 21’00”	  -W76°	  29’00” Between Pamlico Point and Rose Bay 1/22/88 Continuing 
1A N35° 21’30”	  -W76°	  31’30” Between Abel Bay and Cedar Island 1/22/88 Continuing 
2S N35° 20’22”	  -W76°	  35’47” Lighted	  Marker	  “1”	  at	  Goose	  Creek 1/22/88 12/16/96 
3 N35° 22’23”	  -W76°	  38’47” Lighted	  Marker	  “3”	  off	  Indian	  Island 1/22/88 Continuing 
4N N35° 24’26”	  –W76°	  40’09” Lighted	  Marker	  “1”	  off	  North	  Creek 1/22/88 12/16/96 
4S N35° 21’28”	  -W76°	  40’38” Lighted	  Marker	  “4”	  off	  South	  Creek 1/22/88 12/16/96 
4P N35° 21’04”	  -W76°	  43’42” Day	  Marker	  “7”	  in	  South	  Creek 1/22/88 12/16/96 
5 N35° 24’01”	  –W76°	  44’18” Between 5N and 5S 1/22/88 Continuing 
5N N35° 25’19”	  –W76°	  44’10” Lighted	  Marker	  “1”	  in	  Gaylord	  Bay 1/22/88 12/16/96 
5S N35° 22’53”	  –W76°	  44’47” Lighted Marker	  “1”	  at	  Ferry	  Terminal 1/22/88 12/16/96 
6 N35° 23’12”	  –W76°	  46’07” TGC/PCS Outfall 1/22/88 Continuing 
7 N35° 25’50”	  –W76°	  50’30” Lighted	  Marker	  “5”	  off	  Core	  Point 1/22/88 Continuing 
7N N35° 27’08”	  –W76°	  49’15” Lighted	  Marker	  “1”	  at	  Bath	  Creek 1/22/88 12/16/96 
7S N35° 23’58”	  –W76°	  49’04” Day	  Marker	  “2”	  at	  Durham	  Creek 1/22/88 Continuing 
8 N35° 27’10”	  –W76°	  55’10” Lighted	  Marker	  “7”	  at	  Mauls	  Point 1/22/88 Continuing 
9N N35° 28’50”	  –W76°	  57’24” Lighted	  Marker	  “1”	  at	  Broad	  Creek 1/22/88 12/16/96 
9S N35° 27’04”	  –W76°	  57’32” South Blounts Bay 1/22/88 12/16/96 
10 N35° 28’55”	  –W76°	  59’15” Lighted	  Marker	  “12”	  at	  Camp	  Hardee 1/22/88 Continuing 
11 N35° 29’51”	  –W77°	  01’38” Mouth of Chocowinity Bay 1/22/88 12/16/96 
12 N35° 31’52”	  –W77°	  02’55” Railroad Bridge at Washington 1/22/88 Continuing 
SB N35° 33’30”	  –W77°	  11’00” Seine Beach (Tar River Grimesland) 1/22/88 Continuing 
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Methodology 

Chlorophyll a Impairment Analysis 

North Carolina state protocols were adopted to evaluate what areas of the PRE had 

experienced chlorophyll-a impairment from 1988-2013. The state reports impairment for a 

given section of the estuary when 10% or more of the water samples collected within a four-

year timeframe exceed the chlorophyll-a	   of	   40	   μg/L (DWR, 2010). The seven mainstem 

stations (ST-ID: 12, 10, 8, 7, 5, 3, 1) were selected from the dataset, the estuary was segmented 

into areas that spatially corresponded to each station, and impairment was calculated. Only 

surface water measurements (0-1 meter depth) were utilized for the analysis.  

Two factors were selected to investigate their potential relationship with chlorophyll a 

standard exceedance. Season was selected to be a factor of interest because with different 

seasons comes variability in physical parameters that control phytoplankton growth such as 

temperature, light availability, and precipitation. Tar River discharge was the second factor 

selected of interest because periods of increased river flow delivers more suspended 

sediments which can decrease the available light within the water column needed for 

phytoplankton growth. Periods of high flow can also physically displace the phytoplankton 

and reduce the residence times for the nutrients they need to sustain growth. 

Table 1.1 – Description of EMP Dataset Parameters 
Abbreviation Parameter Units 
PAR Photosynthetically Available Radiation Microeinsteins/m/s 
TEMP Water Temperature °Celsius 
SAL Salinity ppt 
DO Dissolved Oxygen mg/L 
PH pH  
NH4 Nitrogen as Ammonium μM	  -> converted to mg/L 
NO3 Nitrogen as Nitrate/Nitrite μM	  -> converted to mg/L 
DKN Dissolved Kjeldahl Nitrogen μM	  -> converted to mg/L 
PN Particulate Nitrogen μM	  -> converted to mg/L 
DON Dissolved Organic Nitrogen μM	  -> converted to mg/L 
TN Total Nitrogen μM	  -> converted to mg/L 
PO4 Phosphate Phosphorous μM	  -> converted to mg/L 
TDP Total Dissolved Phosphorous μM	  -> converted to mg/L 
PP Particulate Phosphorous μM	  -> converted to mg/L 
TP Total Phosphorous μM	  -> converted to mg/L 
CHLA Chlorophyll A μg/L 
F Total Fluoride μM 
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Seasonal influence on chlorophyll a standard exceedance was determined by separating 

chlorophyll a concentration data by season and calculating the percentage of exceedances 

within each seasonal dataset. Winter included all data collected in December, January, and 

February, Spring was defined as data from March, April, and May, Summer included June, July, 

and August data, and Fall consisted of the months September, October, and November. 

Seasonal influence on average chlorophyll a concentrations were calculated using the entire 

period of record and separating the data by region of estuary. The upper region contains data 

from stations 12, 10, and 8, the middle region stations 7 and 5, and the lower region stations 

3 and 1. 

Tar River flow influence on chlorophyll a concentration was determined by performing a 

linear regression of chlorophyll a concentration as the response variable and Tar River 

discharge data as the independent variable. Both data were log10 transformed in order to 

meet model assumptions of normal distribution and equal variance. Calculations were 

performed for the entire period of record in which the data was separated by region of estuary. 

Nitrogen concentration influence on chlorophyll a concentration was determined by 

performing a linear regression of chlorophyll a concentration as the response variable and 

nitrogen concentration data as the independent variable. Both data were log10 transformed 

in order to meet model assumptions of normal distribution and equal variance. Total nitrogen, 

ammonium, nitrate, dissolved organic nitrogen, and particulate nitrogen data were analyze 

for correlation with chlorophyll a concentrations. 

Nitrogen Concentration Trend Analysis 

Investigation into potential changes in nitrogen concentrations was done through trend 

analysis using the Mann Kendall test. The Mann Kendall Test is a nonparametric statistical tool 

that uses a ranking system to classify the presence or absence of statistically significant 

monotonic trends where for this research the null hypothesis is that there is no change in 

concentration. The Mann Kendall test was performed for the following nitrogen species: 

nitrogen as ammonium (NH4), nitrogen as Nitrate (NOx), dissolved organic nitrogen (DON), 

particulate nitrogen (PN), and total nitrogen (TN). Three different approaches were used to 

produce time intervals of interest for the assessment of significant trends:  

1.) Entire period of record (1988-2013)  
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2.) Subset the period of record into four timeseries:  

(1988-1994; 1995-2001; 2002-2007; 2008-2013) 

3.) The third method utilized an even finer temporal scale, which split the timeseries into 

an initial five-year block (1988-1992) where this five-year frame was then shifted 

forward through time in two-year increments allowing for the overlap of three years 

within each resulting dataframe that was analyzed. This shifting frame method 

produced 11 time intervals for trend analysis. 

Nitrogen trend analyses were performed using only surface water measurements (0-1 meter 

depth) from EMP Station 12 located at the head of the estuary (Fig. 2.0). This station was 

selected as a way to isolate incoming nitrogen inputs from the Tar River, which receives 

drainage from most of the watershed before entering the estuary. This station is also within 

close proximity to the state ambient monitoring station that DWR uses to assess TMDL 

compliance, which is located just a few miles further upstream. Due to the fact that Station 12 

is located at the confluence of the Tar River and the Pamlico Estuary, Tar River flow may have 

a significant effect on the nutrient concentrations measured at this station.  

Based on the possibility that Tar River flow may influence measured nitrogen concentrations, 

the concentrations were flow-adjusted in order to correct for the trends in nitrogen 

concentrations that may be produced by natural variations in Tar River flow. This was done 

by performing a linear regression of the log10 transformed nitrogen data against log10 

transformed discharge data and extracting the residuals from the regression. The residuals 

represent the flow-corrected concentrations, which were back-transformed from log10 

transformation into mg/L- that can then be analyzed for the presence of statistically 

significant trends that are not explained by flow. The Mann Kendall trend tests were 

performed for both the original and flow-adjusted nitrogen concentration data. 

The	  Kendall’s	  tau,	  slope,	  intercept,	  p-value, and sample size were reported for each test. The 

Kendall’s	  τ	  (tau)	  is	  a	  non-parametric measure of correlation between two ranked variables 

that represents the difference in probability that the observed data are in the same order 

versus the probability that the observed data are not in the same order. A negative value 

indicates that when X is increasing then Y is decreasing, or a downward trend. A positive value 

indicates an upward trend. The Theil-Sen estimator was used to generate the slope associated 
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with the magnitude of the estimated change in concentration. The Theil-Sen estimator chooses 

the median slope among all lines through pairs of two-dimensional sample points. This slope 

estimation is more robust against outliers and data that is skewed or heteroskedastic. The 

Kendall’s	   tau,	   slope,	   and	   intercept were not reported for data whose p-value was not 

statistically significant. 

Nitrogen Composition Analysis 

The proportion of nitrate, dissolved organic nitrogen, particulate nitrogen, and ammonium 

relative to total nitrogen concentrations were calculated for each year using the average 

annual concentration. Nitrogen species proportions were also averaged for two time periods 

1988-2001 and 2002-2013 in order to compare total nitrogen composition between the two 

decades. The proportion of each nitrogen species relative to total nitrogen concentrations 

were also aggregated by season and Tar River flow regime for comparison (Lebo et. al, 2011). 

Tar River flow regimes were calculated by taking the 33rd and 66th percentiles of average daily 

discharge data (USGS Tarboro AMS 02083500) from 1988-2013. Low flow regimes < 11.5 m3 

s-1, 11.5 m3 s-1 > moderate flow < 67.5 m3 s-1, and high flow regimes > 67.5 m3 s-1 . 

 
Results: Chlorophyll a Impairment Analysis 

Chlorophyll a impairment within the Pamlico River Estuary was determined to be variable in 

extent	  and	  magnitude,	  however	  some	  overall	  patterns	  were	  found.	  The	  late	  1980’s	  and	  early	  

1990’s	  showed	  impairment	  to	  be	  between	  10-30% in the upper regions of the estuary (Fig 

3.0-3.1). This impairment began to recede in the mid-1990’s	   (Fig.	   3.2) and completely 

disappeared by the end of the decade (Fig. 3.3). However, beginning in the year 2000, 

impairment spiked to 10-20% for both the middle and upper regions of the estuary (Fig. 3.4), 

and increased to 20-30% by the mid-2000’s	  (Fig.	  3.5). This magnitude of impairment generally 

persisted, but receded to the upper region of the estuary by 2010-2013 (Fig. 3.6-3.7).  

Overall, chlorophyll a impairment can be seen to consistently occur for the upper region 

stations 12, 10, and 8 – with the exception of the low impairment found during 1994-2000. 

There was no impairment found in the lower reaches of the estuary near the Pamlico Sound 

indicated by stations 1 and 3. Looking at the entire period of record, average chlorophyll a 

concentrations are greatest at Station 10, 8 , and 7 (Fig. 3.8) 
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Fig. 3.6 
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Figure 3.8 – Average chlorophyll a concentrations for each EMP Station in the Pamlico Estuary. 
 

Chlorophyll a and Season 

Seasonal influence was determined to not be a major predictor of chlorophyll a standard 

exceedance. It was found that spring had the lowest percentage of standard exceedances, 

however the overall range of exceedances between seasons was only 7-12.5% (Fig. 4.0). 

However, average seasonal chlorophyll a concentrations were found to be higher during the 

summer and fall months for the upper region of the estuary (Fig. 4.1). 

Fig. 4.0 – Percentage of chlorophyll a samples          Fig. 4.1 – Average Chlorophyll a concentrations 
exceeding  the 40 µg/L standard by season.              subset by season and region of the estuary. 
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Chlorophyll a and Tar River Discharge 

Tar River flow influence on chlorophyll a concentration was determined to be significant 

within the upper regions of the estuary (R2 = 0.5) exhibiting an inverse relationship where 

chlorophyll a concentrations were high during times of low flow (Fig. 5.0). The influence of 

Tar River flow was insignificant on chlorophyll a concentration in the middle and lower 

regions of the estuary (Fig. 5.1-5.2).  

 
Fig. 5.0- Upper Estuary       Fig. 5.1 – Middle Estuary         Figure 5.2 – Lower Estuary 
 

Chlorophyll a and Nitrogen Concentrations 

Chlorophyll a concentrations were also evaluated for potential correlations with 

concentrations of the various nitrogen species. It was found that there was a strong 

correlation between particulate nitrogen and chlorophyll a R2= 0.62 (Fig. 6.0). Ammonium, 

nitrate, and dissolved organic nitrogen were found to have no significant correlation with 

chlorophyll a concentrations (R2<0.1). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.0 – Correlation between particulate nitrogen and CHLA concentrations 
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Results: Nitrogen Trend Analysis  

Significant trend results were reported when the p-value was less than 0.05 and are shown in 

Tables 2.0-2.5. Nitrogen species denoted with –R indicate the flow-adjusted data. Refer to 

Appendix B for visualization of annual average concentrations of the nitrogen species and 

total nitrogen. 

Period of Record Analysis 

Evaluation of the entire period of record found statistically significant decreasing trends in 

ammonium and nitrate, and an increasing trend in dissolved organic nitrogen. No other 

significant trends were found for the remaining nitrogen species. (See Table 2.0) 

 
 
 
 
 
 
 
 
 
 
 
 

 

Split Period of Record Analysis 

When the entire period of record was divided into four timeseries of approximate equal year 

ranges, the results show a breakdown of when significant trends in the various forms of 

nitrogen species had occurred. From 1988-1994 there was a significant decreasing trend in 

ammonium (Table 2.1). During 1995-2001 this decreasing trend in ammonium remained and 

an increasing trend in particulate nitrogen was found (Table 2.2). From 2002-2007, a reversal 

of the decreasing trend in ammonium occurred with also increasing trends in dissolved 

organic nitrogen and total nitrogen (Table 2.3). During 2007-2013 no significant trends found, 

but an almost significant increasing trend in nitrate (p-value= 0.052) was present (Table 2.4). 

Overall, the flow adjusted concentrations did not produce many differences in significant 

trends from the original uncorrected data. Some differences did occur such as the presence of 

a decreasing trend in the original nitrate data but not the flow-corrected data during 1995-

Table 2.0 

YEARS: 1988-2013 
Nitrogen Species Tau Slope Intercept P-value n 
NH4 -0.097 -3.20E-05 0.054 0.001 505 
NH4-R -0.076 -5.10E-04 1.096 0.011 505 
NOx -0.139 -2.80E-04 0.416 0.000003 499 
NOx-R -0.104 -1.40E-03 1.934 0.0005 499 
PN --- --- --- 0.54 497 
PN-R --- --- --- 0.61 497 
DON 0.097 2.30E-04 0.276 0.009 324 
DON-R 0.093 7.50E-04 1.046 0.013 324 
TN --- --- --- 0.56 483 
TN-R --- --- --- 0.79 483 



22 

2001 (Table 2.2). In 2002-2007 there was a significant increasing trend in flow-adjusted 

concentrations of total nitrogen, but not for the uncorrected data (Table 2.3). And in 2008-

2013 there was only a significant trend found for the original dissolved organic nitrogen data 

but not the flow-corrected data (Table 2.4).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Table 2.2 
YEARS: 1995-2001 

Nitrogen Species Tau Slope Intercept P-value n 
NH4 -0.197 -0.00019 0.063 2.61E-05 155 
NH4-R -0.211 -0.004 1.31 9.72E-05 155 
NOX -0.131 -0.0009 0.422 0.016 152 
NOX-R --- --- --- 0.363 152 
DON --- --- --- 0.258 99 
DON-R --- --- --- 0.11 99 
PN 0.132 0.00033 0.083 0.016 151 
PN-R 0.138 0.0025 0.634 0.012 151 
TN --- --- --- 0.64 142 
TN-R --- --- --- 0.42 142 

 

Table 2.3 
YEARS: 2002-2007 

Nitrogen Species Tau Slope Intercept P-value n 
NH4 0.161 0.0002 0.0281 0.005 137 
NH4-R 0.18 0.003 0.549 0.001 137 
NOX --- --- --- 0.187 136 
NOX-R --- --- --- 0.89 136 
DON 0.171 0.001 0.228 0.02 86 
DON-R 0.285 0.009 0.684 0.0001 86 
PN --- --- --- 0.219 136 
PN-R --- --- --- 0.442 136 
TN --- --- --- 0.151 134 
TN-R 0.117 0.0016 0.828 0.044 134 

 

Table 2.1 
YEARS: 1988-1994 

Nitrogen Species Tau Slope Intercept P-value n 
NH4 -0.235 -0.0003 0.0757 1.57E-05 153 
NH4-R -0.214 -0.006 1.545 8.39E-05 153 
NOX --- --- --- 0.776 151 
NOX-R --- --- --- 0.226 151 
DON --- --- --- 0.81 88 
DON-R --- --- --- 0.366 88 
PN --- --- --- 0.606 148 
PN-R --- --- --- 0.079 148 
TN --- --- --- 0.46 145 
TN-R --- --- --- 0.085 145 
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Shifting Frame Analysis 

The shifting frame analysis produced a much finer timescale to analyze when the onset of 

certain trends in nitrogen concentrations had occurred (Table 2.5). The decreasing trends in 

ammonium occurred at the beginning of the period of record as well as in 1998-2002 when 

there was also a decreasing trend in nitrate. Overall there were a lack of significant trends in 

the	   1990’s. The reversal of the decreasing trend in ammonium occurred within the years 

2002-2006. Increasing trends in dissolved organic nitrogen were found to begin in 2002 and 

persisted until 2010 along with increasing trends in total nitrogen and particulate nitrogen 

and a decreasing trend in nitrate.  

Table 2.4 
YEARS: 2008-2013                                                                                     *Not statistically significant 

Nitrogen Species Tau Slope Intercept P-value n 
NH4 --- --- --- 0.27 84 
NH4-R --- --- --- 0.7 84 
NOX --- --- --- 0.2 84 
NOX-R* 0.145 0.01 0.579 0.052* 84 
DON -0.203 -0.003 0.593 0.016 66 
DON-R --- --- --- 0.4 66 
PN --- --- --- 0.61 85 
PN-R --- --- --- 0.35 85 
TN --- --- --- 0.71 83 
TN-R --- --- --- 0.36 83 

Table 2.5 

Reported  Kendall’s  Tau  for  Significant  Trends  (0.05>p) 

 1988-
1992 

1990-
1994 

1992-
1996 

1994-
1998 

1996-
2000 

1998-
2002 

2000-
2004 

2002-
2006 

2004-
2008 

2006-
2010 

2008-
2013 

NH4 -0.169 --- --- --- --- --- --- 0.153 --- -0.167 --- 

NH4-R -0.160 --- --- --- --- -0.153 --- 0.179 0.238 --- --- 

NOx --- --- --- --- --- -0.162 --- -0.161 -0.289 --- --- 

NOx-R 0.134 --- --- --- --- -0.14 --- --- -0.206 --- --- 

PN --- --- -0.168 --- --- 0.178 -0.176 --- 0.337 0.183 --- 

PN-R --- --- -0.163 --- --- 0.178 -0.17 --- 0.23 --- --- 

DON --- --- --- --- --- --- --- --- 0.292 0.199 -0.248 

DON-R --- --- --- --- --- --- --- 0.266 --- --- -0.201 

TN --- --- --- --- --- 0.236 -0.227 0.161 0.396 0.184 -0.237 

TN-R --- --- --- -0.175 --- 0.224 -0.19 0.161 0.285 --- -0.252 
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Results: Nitrogen Composition Analysis 

Changes in Total Nitrogen Composition Over Time 

The proportion of nitrate, dissolved organic nitrogen, particulate nitrogen, and ammonium 

relative to total nitrogen concentrations were calculated for each year using annual averages 

(Fig. 7.0). For the entire period of record, ammonium only composed 10% or less of total 

nitrogen concentrations. The proportions of particulate nitrogen varied throughout time, but 

generally ranged between 15-30% of total nitrogen concentrations. Nitrate and dissolved 

organic nitrogen ranged variably from approximately 15-65% of total nitrogen composition. 

A distinct shift in total nitrogen composition was found between the years 1988-2000 and 

2001-2013 (Fig. 8.0). During 1988-2000, nitrate dominated total nitrogen composition with 

an average of 46%. From 2001-2013, nitrate proportions decreased to an average of 36% of 

total nitrogen composition, while dissolved organic nitrogen increased from 38% in the 1990s 

to 44% of total nitrogen composition in the 2000s. No significant shifts in ammonium and 

particulate nitrogen were seen between the two time periods. 

 

Fig. 7.0 – Percent composition of nitrogen species relative to total nitrogen  
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Fig. 8.0 – Differences in nitrogen species domination of total nitrogen composition  
between 1988-2000 and 2001-2013. 
 

Season and Nitrogen Concentrations 

Seasonality was investigated for potential influence on intra-annual fluctuations in nitrogen 

concentrations (Fig. 9.0).  It was found that ammonium concentrations remained fairly 

consistent throughout all seasons. Moderate increases in particulate nitrogen concentrations 

were observed in summer and fall months. Nitrate concentrations were found to be high in 

winter and spring, with concentrations decreasing by approximately 50% in the summer and 

fall months. Dissolved organic nitrogen exhibited the opposite seasonal pattern, having higher 

concentrations in summer and fall months and a 50% decrease in concentrations during 

winter and spring months.  

Tar River Discharge and Nitrogen Concentrations 

Tar River discharge intensity was found to have an effect on all nitrogen species (Fig. 10.0). 

Ammonium concentrations were low during low flow regimes but double during moderate 

and high flow regimes. Nitrate concentrations were also found to be low during low flow and 

increased significantly during moderate to high discharge events. Particulate and dissolved 

organic nitrogen concentrations were found to be negatively correlated to discharge, with the 

lowest concentrations reported during high flow regimes and increased by nearly 50% with 

each decrease in flow regime. 
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Fig. 9.0 – Effect of season on average nitrogen concentrations at EMP Station 12. 

 

Fig. 10.0 – Effect of Tar River discharge on average nitrogen concentrations at EMP Station 12 
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Discussion 

Chlorophyll a and Phytoplankton Abundance 

Chlorophyll a impairment was found to be variable in the estuary throughout time and space, 

however impairment mostly occurs in the middle to upper regions of the estuary. Specifically, 

the highest impairment was consistently found in the upper regions associated with Stations 

10 and 8 (Fig. 3.0-3.7), which also exhibit the highest average chlorophyll a concentrations 

(Fig. 3.8). Phytoplankton abundance is likely greatest in these regions of the estuary for a 

number of reasons. The Tar River is known to be the primary transport of sediments and 

nutrients to the estuary based on the large drainage area the river receives, and is in part how 

the river got its name from its murky color. Stations 10 and 8 are located just far enough 

downstream from the confluence of the Tar River to still receive adequate nutrient input, but 

experience less physical displacement of planktonic organisms from incoming river flow while 

also allowing enough linear distance for the settlement of incoming suspended sediments that 

can impede light penetration within the water column. Station 12 at the confluence of the Tar 

River and Pamlico Estuary, although having high nutrient concentrations, likely exhibits lower 

overall chlorophyll a concentrations and some periods without impairment as opposed to the 

stations immediately downstream due to these influences of river flow. In support of this 

hypothesis, it was found that chlorophyll a concentrations at stations in the upper estuary 

were significantly influenced by rates of Tar River discharge in which at times of high flow- 

chlorophyll a concentrations were low (Fig. 5.0).  

It was expected that chlorophyll a standard exceedances would be highest during the warmer 

months that are associated with the growing season of other photosynthetic organisms. 

However, chlorophyll a impairment was found to be consistent throughout the year 

regardless of season (Fig. 4.0). This indicates that the Pamlico River Estuary supports specific 

populations of phytoplankton that are able to thrive in colder waters. In addition, average 

chlorophyll a concentrations were also found to remain moderately consistent throughout all 

seasons (Fig. 4.1), suggesting that nutrient levels throughout the estuary are high enough to 

support year round phytoplankton growth. The upper estuary region did exhibit some 

seasonal pattern in average chlorophyll a concentrations (Fig. 4.1), which is likely due to Tar 

River influence discussed previously. 
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Nitrogen concentrations were not found to have a strong correlation with chlorophyll a 

concentrations measured on the same sampling date, with the exception of particulate 

nitrogen. Often, there is a temporal lag between observed concentrations of nutrients and 

their assimilation by phytoplankton and other organisms which could explain why stronger 

correlations between nitrogen and chlorophyll a concentrations were not seen when 

comparing same-day observations. The fact that approximately 62% of the variability in 

particulate nitrogen concentrations could be explained by chlorophyll a concentrations (Fig. 

6.0) suggests that particulate nitrogen is likely a measurement of nitrogen incorporated 

within phytoplankton biomass.  

Inter-annual Changes in Nitrogen Concentration and Total Nitrogen Composition 

The trend analysis found overall decreasing trends in ammonium and nitrate and an 

increasing trend in dissolved organic nitrogen (Tables 2.0-2.5). It was identified in particular 

that the increases in dissolved organic nitrogen occurred during 2000-2013 (Tables 2.3 & 2.5). 

This is consistent with the trend results reported in the 2010 Tar-Pamlico Basin Report 

generated by the N.C. Division of Water Resources. Overall, the flow adjusted concentrations 

did not produce many differences in significant trends from the original uncorrected data, 

suggesting that the intra-annual seasonality of nitrogen loading is not the primary driver of 

changes seen in nitrogen concentrations over time, but rather a result of anthropogenic 

related changes that have happened at the larger, inter-annual scale.  

Sources of nitrate loading to the estuary have been primarily attributed to wastewater 

discharge and the use of fertilizer on croplands within the watershed. The decreasing trends 

seen in nitrate concentrations can potentially be a result of the successful implementation of 

state nutrient reduction strategies that educated farmers on improved fertilizer management 

in addition to the encouragement and funding of best management practices within the 

agricultural sector (DWR, 2010). The decreasing trends in nitrate and ammonium could also 

be attributed to municipal wastewater treatment facilities adopting tertiary treatment 

systems which specialize in nitrogen and phosphorous removal (Carey & Migliaccio, 2009).  

The source of dissolved organic nitrogen is not as clear because there are several potential 

sources that could be responsible for the increases seen within the estuary. One potential 

source could be from within the estuary itself. The natural cycling and decomposition of 
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organic matter could release dissolved organic forms of nitrogen as the remineralization of 

organic matter occurs (Berman & Bronk, 2007). Phytoplankton and other living organisms 

also naturally excrete organic compounds potentially high in nitrogen as a product of 

metabolism and various biological processes (Berman & Bronk, 2007). Other sources of DON 

could be from livestock waste which can include forms of organic nitrogen in addition to 

inorganic forms (Burkholder et. al., 2007). A shift in the primary form of nitrogen fertilizer 

from inorganic forms such as nitrate to organic forms such as urea (Gilbert et. al., 2006), could 

also potentially explain the increasing trend seen in dissolved organic nitrogen while also 

contributing to the decreasing trend in nitrate and shift in domination of total nitrogen 

composition (Fig. 8.0). 

It was expected that decreases in total nitrogen would be	  found	  during	  the	  1990’s	  with	  the	  

development of the TMDL in 1995 and subsequent implementation of state nutrient reduction 

strategies. The N.C. Division of Water Resources reported that municipal waste dischargers 

have consistently remained below their nutrient loading caps and that crop farmers had 

achieved estimated 30% reductions in their nutrient loading (DWR, 2010). However, although 

some decreasing trends in ammonium and nitrate were present, these decreases were not 

significant enough to facilitate overall decreasing trends in total nitrogen (Table 2.0). During 

the	  1990’s,	  concentrated	  industrial	  hog	  farming	  increased	  exponentially	  within	  the	  state	  of	  

North Carolina in which hog populations increased from 2.8 million to 8.5 million between 

1990-1996 in the coastal plain counties that include the Tar-Pamlico watershed (Furuseth, 

1997). Industrial hog farms manage animal waste by flushing and storing the waste onsite in 

constructed lagoons that must be periodically emptied by spraying the concentrated liquid 

waste onto adjacent fields. Consequently, unprecedented amounts of hog waste, which has 

been identified as a major source of nutrients and other contaminants responsible for the 

degradation of  water quality (Burkholder et. al., 2007), was added to the Tar-Pamlico nutrient 

sensitive waters. The reductions made by the agricultural sector and municipal waste 

dischargers during this time period may not have effectively reduced total nitrogen loading to 

the estuary due to the addition of nitrogenous waste from livestock operations to the system.   
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Intra-annual Influences on Nitrogen Concentration and Total Nitrogen 

Composition 

Tar River flow was identified as a significant factor influencing nitrogen concentrations in the 

upper region of the estuary. The positive relationship between nitrate and Tar River discharge 

is significant in the fact that concentrations of nutrients and pollutants tend to become diluted 

during high flow regimes when the flux of water increases. However, it was found that nitrate 

concentrations were significantly higher during times of moderate to high flow regimes (Fig. 

10.0). This could lead to several conclusions about the sources of nitrate that enter the system. 

Precipitation events result in increased surface run-off and greater flow regimes, which has 

been linked to increased non-point source nutrient loading (DWR, 2010). Nitrate input to the 

estuary may be strongly attributed to non-point sources due to the increases in concentrations 

seen during higher flow regimes. In this case, loading would be substantial enough to 

counteract dilution. Periods of increased incoming flow from the Tar River may also stimulate 

mixing within the estuary water column. Estuarine bottom waters and sediments could be 

responsible for some retention of nitrate within the system in which significant mixing would 

release nitrate to the surface waters and increase measured concentrations. However, the 

observed pattern of increased nitrate during increased flow regimes may not be a direct 

function of source input, but rather a function of phytoplankton abundance. During periods of 

low flow, phytoplankton populations were found to be greater within the upper estuary (Fig. 

5.0), which can be responsible for the depletion of nitrate concentrations as these organisms 

assimilate nutrients during growth and maintenance of other biological processes (Pinckney 

et. al., 2001).   

Dissolved organic nitrogen and particulate nitrogen decreased in concentration during 

increased Tar River flow rates (Fig. 10.0). Particulate nitrogen likely behaves this way due to 

its strong correlation with chlorophyll a concentrations (Fig. 6.0); in which it was found that 

chlorophyll a concentrations within the upper estuary also decrease during higher flow 

regimes (Fig.5.0). Dissolved organic nitrogen was not found to be highly correlated with 

chlorophyll a concentrations and therefore the physical displacement of phytoplankton 

populations cannot be a viable explanation for the relationship seen between Tar River flow 

and measured DON concentrations. However, the increased abundance of phytoplankton 
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populations also promote abundance of additional species and interactions such grazing 

behaviors by heterotrophic plankton and decomposition by microbial communities which 

have been linked to the release of DON (Berman and Bronk., 2003; Bronk et. at. 2007). Input 

to the estuary could still be sourced from non-point sources as discussed previously, in which 

concentrations may not exhibit the same positive relationship with river flow as nitrate 

because input is not great enough to overcome dilution. Groundwater could also be a potential 

source of dissolved organic nitrogen to the estuary because groundwater input tends to 

dominate base flow during low flow regimes.   

Season is in part correlated to hydrologic flow regimes, which can explain why the patterns 

seen between the various nitrogen species and Tar River flow are identical to the seasonal 

patterns observed in nitrogen concentrations. Seasonal patterns revealed that nitrate and 

ammonium were highest during winter and spring months, while dissolved organic nitrogen 

and particulate nitrogen were highest during summer and fall months (Fig. 9.0). Winter and 

spring months will generally exhibit higher flow regimes due to increased precipitation, and 

lower rates of evaporation and transpiration by plants. Summer and fall months have higher 

rates of evaporation and uptake of precipitation by vegetation and therefore exhibit lesser 

overall intensity of surface flow regimes Additional seasonal factors to consider is that tillage 

of soil and fertilizer application primarily occurs from February-May and can result in 

increased loading of nitrogenous fertilizer to the watershed. Furthermore, when evaporation 

rates are lower during winter and fall months, industrial hog farm waste lagoons must be 

emptied more frequently via spraying of the liquid waste over land which then can then runoff 

during waterways during precipitation events (Burkholder et. al., 2007).  

Potential Ecological Effects of Nitrogen Concentrations and Composition  

In recent years, general scientific consensus has identified that not only the quantity of 

nitrogen but the composition of the various nitrogen forms is important in understanding 

eutrophication in coastal waters (Stolte et. al., 1994; Heisler et. al., 2008; ). The observed shifts 

in total nitrogen composition in the PRE could have ecological impacts on the communities of 

phytoplankton,	  algae,	  and	  cyanobacteria	  that	  reside	  within	  the	  estuary.	  DWR’s recent draft of 

Water Quality Monitoring in the Pamlico River Estuary (DWR-Draft, 2015) reported that 

majority of the species seen in blooms between 2010-2014 were species associated with 
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HABs. Gilbert et. al. (2006) found that low molecular forms of DON such as urea can be utilized 

at higher rates by HABs species such as some dinoflagellates and cyanobacteria. In addition, 

HABs have been found to alter grazing behaviors of planktonic and benthic herbivores which 

can allow further proliferation of HAB species as well as affect interactions at higher tropic 

levels and alter nutrient dynamics (Sunda et. al., 2006). This research suggests that increasing 

dissolved organic nitrogen concentrations may be influencing autotrophic and heterotrophic 

population dynamics within the estuary.  

Conclusions and Recommendations 

Chlorophyll a impairment is still prevalent throughout the estuary despite the adoption of 

nutrient reduction strategies in the 1990s. Total nitrogen reductions as required by the Tar-

Pamlico TMDL have not been achieved likely due to increases in dissolved organic nitrogen 

cancelling out the decreases seen in ammonium and nitrate during	  the	  1990’s. It was found 

that domination of total nitrogen composition shifted from nitrate to dissolved organic 

nitrogen in the early 2000s. The observed shifts in total nitrogen composition could have 

ecological impacts on phytoplankton population composition, as well as effects of higher 

trophic levels and nutrient cycling within the estuary. Municipal wastewater treatment 

facilities within the Tar-Pamlico have consistently remained below their allotted nutrient caps 

since the adoption of the 1995 TMDL. Therefore, non-point sources are likely responsible for 

the continued delivery of excessive nitrogen loading to the estuary. Livestock operations are 

a major source of nutrient loading to the watershed, and have not been addressed in any of 

the	   recent	   revisions	   to	   the	   state’s	   nutrient	   reduction strategy programs. Greater 

implementation and stricter enforcement of non-point source nutrient reduction programs 

are needed, with specific regard to poultry and hog industrial livestock operations. Research 

into the forms of dissolved organic nitrogen that are present within the estuary are needed to 

understand the nitrogen cycling and ecological dynamics that occur as well as to provide 

insight into potential sources responsible for increasing concentrations within the estuary. 

North Carolina regulators need to address the inability for current nutrient reduction 

programs to adequately reduce nutrient loading in order to improve conditions within the 

Pamlico River Estuary and protect the natural resources this ecosystem provides.  
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Appendix A - Chlorophyll a Calculated Impairment 
 

Time 
Period Station % 

exceed Station % 
exceed Station % 

exceed Station % 
exceed Station % 

exceed Station % 
exceed Station % 

exceed Station % 
exceed 

1988-
1991 12 27.27 10 27.27 8 22.73 7 11.11 6 10.01 5 5.68 3 3.37 1 1.59 
1989-
1992 12 24.14 10 29.89 8 18.39 7 8.99 6 10.11 5 5.88 3 5.68 1 1.72 
1990-
1993 12 27.59 10 29.89 8 15.91 7 7.87 6 8.99 5 7.06 3 4.55 1 1.96 
1991-
1994 12 22.09 10 25.29 8 13.79 7 7.95 6 9.09 5 8.43 3 5.75 1 0 
1992-
1995 12 12.22 10 14.44 8 9.89 7 12.09 6 8.79 5 9.09 3 5.56 1 2.13 
1993-
1996 12 7.87 10 7.95 8 7.87 7 13.33 6 12.09 5 9.2 3 5.75 1 2.38 
1994-
1997 12 6.74 10 5.68 8 6.74 7 14.44 6 10.99 5 6.9 3 6.82 1 2.17 
1995-
1998 12 3.37 10 5.68 8 5.68 7 12.36 6 8.89 5 4.6 3 6.98 1 2.22 
1996-
1999 12 2.35 10 4.76 8 2.38 7 7.06 6 6.98 5 8.43 3 9.88 1 2.17 
1997-
2000 12 4.76 10 4.76 8 2.38 7 4.76 6 3.57 5 4.82 3 7.41 1 2.08 
1998-
2001 12 10.47 10 5.88 8 3.53 7 3.53 6 3.53 5 4.76 3 4.94 1 2.27 
1999-
2002 12 12.64 10 9.3 8 7.06 7 4.65 6 3.53 5 5.95 3 3.61 1 2.27 
2000-
2003 12 11.96 10 15.38 8 13.33 7 13.19 6 10.1 5 12.36 3 6.74 1 2 
2001-
2004 12 10.87 10 15.22 8 12.9 7 14.29 6 8.7 5 16.13 3 6.45 1 1.96 
2002-
2005 12 7.95 10 17.98 8 17.58 7 17.98 6 10.1 5 16.48 3 6.52 1 2 
2003-
2006 12 8.99 10 21.11 8 20.65 7 21.35 6 13.04 5 15.05 3 8.7 1 2.04 
2004-
2007 12 10.71 10 17.44 8 15.91 7 12.94 6 6.82 5 5.62 3 2.27 1 0 
2005-
2008 12 15.58 10 19.23 8 16.46 7 11.39 6 7.5 5 1.25 3 2.53 1 0 
2006-
2009 12 15.28 10 16.44 8 12.33 7 9.59 6 6.76 5 2.7 3 4.11 1 0 
2007-
2010 12 16.07 10 15.79 8 6.9 7 6.9 6 3.45 5 3.45 3 1.72 1 0 
2008-
2011 12 20 10 22.22 8 8.7 7 6.52 6 0 5 2.17 3 2.17 1 0 
2009-
2012 12 18.18 10 22.73 8 6.82 7 4.65 6 2.27 5 4.55 3 2.27 1 0 
2010-
2013 12 16.22 10 29.73 8 10.81 7 2.78 6 2.7 5 2.7 3 0 1 0 
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Appendix B – Average Annual Nitrogen Concentrations for EMP Station 12 
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