
Abstract 
 

Pradhan, Sushama. Predicting nutrient loadings and fate and transport of nitrogen derived 

from on-site systems. (Under the direction of Dr. Michael T. Hoover) 

The number of on-site wastewater system (septic system) users increases every year 

as a result of continuous urban sprawl and the high cost of central sewer systems. Little is 

known about the cumulative extent of nitrogen contributions from septic systems to surface 

waters in small watersheds or in larger river basins. As a result, existing models and nutrient 

management plans for North Carolina’s watersheds have typically ignored these potential 

inputs. This study assesses nitrogen inputs from septic systems on macro (large watershed) 

and micro (small watershed) scales. The first objective (macro scale) was to estimate 

cumulative potential nitrogen loadings to soils from septic systems within North Carolina’s 

17 river basins and 134 major sub-basins. An additional objective was to develop visual 

screening tools to identify the most critical areas for nitrogen pollution from septic systems 

on a river basin/sub-basin level. On a micro scale, the second major objective of this study 

was to refine a watershed scale hydrologic model to determine fate, transport and exports of 

septic system derived nitrogen to surface waters in small watersheds. A related objective was 

to estimate the potential effects on nitrogen exports to the watershed outlet as housing 

densities increased in a small watershed. The third major objective was to evaluate digital 

elevation models (DEM) derived from LIDAR elevation data and U.S. Geological Survey 

elevation data with 5m, 30m and 90m resolutions so as to determine input resolution 

requirements for nutrient studies in small watersheds. The sensitivity of the SWAT (Soil and 

Water Assessment Tool) model outputs to DEM inputs on a micro scale was assessed for 

small watersheds.  



A Geographic Information System (GIS) based area-driven normalization procedure 

was developed and implemented to accomplish the first objective. Density distribution of on-

site systems and the potential nitrogen loadings for 17 watersheds and 134 major sub 

watersheds were estimated. Septic system density ranged from 5 to 20 systems/sq. km at a 

river basin level and 2 to 115 at a sub-basin level.  Total potential nitrogen loading from on-

site systems was approximately 14 million kg statewide. 

For the second major objective, the AVSWAT model was assessed and adapted. The 

Hoods Creek watershed (179 ha), located in the lower Coastal Plain was studied. Depending 

upon the type of land use land cover and the type of soil the on-site systems were built upon, 

an average of 30.3 kg/ha of applied nitrogen was lost through denitrification and plant uptake 

at the current density of development. Over 95% of the septic system derived nitrogen was 

removed prior to stream discharge.  

For the third major objective both the source and resolution of the DEM inputs 

affected the size of the watershed delineated for a small watershed with relatively flat 

topography. Nitrogen loading at the watershed outlet was overestimated 19% by 30m LIDAR 

DEM, and underestimated by 11% with 90m LIDAR DEM, in comparison to a previously 

calibrated model using 5m LIDAR DEM. The USGS DEM overestimated nitrogen outputs 

by 55% to 209%, depending upon resolution.  
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CHAPTER 1: 
 
 

Potential nitrogen contributions from septic systems to North Carolina’s 
river basins 

 

Abstract 

           There are 17 river basins (watersheds) and 134 major sub-basins (subwatersheds) in 

North Carolina. The potential nitrogen loadings to soils from on-site septic systems in North 

Carolina’s river basins have long been ignored.  Yet the potential for these systems to have 

significant impact on surface water exists. This study developed a procedure to quantify the 

potential nitrogen loadings (nitrogen applied to soils by septic systems) from on-site systems 

within North Carolina’s watersheds and major sub-basins of those watersheds. Two analysis 

products were generated: 1) distribution maps of septic system densities by sub-watershed 

classified by USEPA density standards developed in 1977 and 2) potential nutrient loading 

maps for each river basin. Both analyses used an area weighted GIS procedure to develop 

these estimates. The 1990 census data was used for this study. The 2000 census did not 

include information on the method of wastewater treatment. Based on the 1990 census, 1.3 

million households utilized on-site systems in North Carolina resulting in more than 31 

million pounds of potential nitrogen loading to the surrounding soil per year.  Forty eighty 

percent of the total housing units used on-site systems, 2% used other systems and 50% used 

centralized sewers. On-site system usage within river basins ranged from 39% to 82%. Septic 

systems density and potential cumulative nitrogen loading were used as screening tools to 

identify where further assessment using other field studies or computer prediction models are 
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needed. Septic system density ranged from 14 to 53 systems/sq.mi at a river basin level and 5 

to 299 systems/sq.mi at a sub-basin level. The potential nitrogen loading ranged from 30,875 

lbs/yr to 6,349,093 lbs/yr on a river basin level. Further investigation of actual impacts is 

recommended for 52 of the states 134 sub-basins with either high septic system density and 

or large potential nutrient loading. These 52 sub-basins were located within 9 of the 17 river 

basins. 

Executive Summary 

Little is known about the extent of nitrogen loadings to soils from septic systems in 

river basins throughout the state. As a result, existing models and nutrient management plans 

for North Carolina’s watersheds have typically ignored these potential inputs (e.g., the Neuse 

River basinwide nutrient reduction plan (NCDENR, 1997)). The objective of this study was 

to estimate potential nitrogen loadings to soils from septic systems in North Carolina’s river 

basins on the basis of population distribution using septic systems. An additional objective 

was to develop visual screening tools to identify the most critical areas for further assessment 

of nitrogen pollution from septic systems on a river basin and sub-basin level, with special 

emphasis on the Neuse River basin. Groundwater contaminated by septic systems usually 

discharges to adjacent surface waters. Hence, the cumulative potential loadings of all on-site 

systems in river basins and major sub-basins are of interest. 

A Geographic Information System (GIS) based area-driven normalization procedure 

was developed to estimate potential nitrogen loadings to soils on a watershed and sub-

watershed scale in North Carolina. Census data was used for the assessment within each of 
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North Carolina’s 17 river basins and 134 major sub-basins.  The procedure assumed that the 

distribution of housing units using septic systems and the population using the septic systems 

were spatially uniform across each of the census block groups. It also was assumed that each 

house had only one septic system. The cumulative potential nitrogen loading to soil due to 

septic systems was determined by multiplying the total number of people using septic 

systems by 10 lbs of nitrogen/person/year. The 1990 census data set was used for this study 

because the 2000 census did not include information regarding the methods of wastewater 

treatment (e.g. centralized sewers, septic systems or other systems such as privies) for homes. 

The GIS census block boundary layer and the watershed boundary layer for North Carolina 

were obtained from Topologically Integrated Geographic Encoding and Referencing 

(TIGER) line files and the North Carolina Center for Geographic and Information Analysis 

(NCCGIA), respectively.   

Based on the 1990 census, septic system users ranged from 39% of the population to 

82% depending upon the watershed. Geographical position within the state as well as density 

of development within the watershed had a significant influence on the percentage of septic 

system users. More than 50% of the housing units used septic systems for their household 

wastewater treatment in 12 out of 17 watersheds in the state. Approximately 80% of housing 

units in the Hiwassee, Little Tennessee, and Savannah River basins used septic systems. 

These three river basins are located in mountainous, rural areas and have a low density of 

development overall. The Chowan River basin had the highest percentage (5%) of housing 

units using “other” systems. These include systems such as privies, outhouses and straight 

pipes discharging directly to the streams. The Cape Fear, Catawba, Neuse, White Oak and 

Yadkin River basins had the lowest percentage (1%) of housing units using  “other” systems. 
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In the Cape Fear, Catawba and Neuse River basins, which had high densities of development 

overall, more than 50% of housing units were connected to public sewer systems.   

There was a substantial variation in the density of septic systems on a watershed scale 

as well as on a sub-watershed scale. The Catawba River basin had the highest septic system 

density (53 systems/sq.mi) of the 17 river basins in the state. Of the 134 major 

subwatersheds, sub-basin PAS56 had 299 systems/sq.mi and sub-basin PAS51 had 5 

systems/sq.mi, the highest and lowest septic system densities, respectively.  

EPA (1977) suggested that large land areas with more than 40 septic systems/sq.mi 

were areas that had the greatest potential for regional contamination. But they also 

recognized that soil and groundwater conditions in these areas along with septic system 

performance, would determine the extent of any actual contamination. Based on the 1990 

census, the Catawba River basin was the only river basin, which had more than 40 septic 

systems/sq.mi as a basinwide average. However, the Broad, French Broad, White Oak, 

Watauga and Yadkin River basins had 30-40 septic systems/sq.mi. By the end of 2004, we 

project that these river basins will have likely exceeded 40 septic systems/sq.mi. Based on 

the EPA (1977) criteria, these six river basins are the most susceptible to contamination from 

septic systems. The other river basins in the state had 14-29 septic systems/sq.mi while no 

river basin in the state had a low density of septic systems using the EPA (1977) criteria. 

There were a number of subwatersheds that had high densities of septic systems 

beyond the 40 systems/sq.mi. The river basins with at least one sub-basin with a septic 

system density greater than 40 septic systems/sq.mi were the Broad (1 sub-basin), French 

Broad (1 sub-basin), Catawba (7 sub-basins), Cape Fear (5 sub-basins), Lumber (1 sub-
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basin), Neuse (2 sub-basins), Pasquotank (2 sub-basins), White Oak (1 sub-basin) and 

Yadkin (5 sub-basins). Hence, 25 of North Carolina’s 134 major sub-basins had a high 

density of septic systems.  

Septic system density was higher in basins and sub-basins with more urbanized areas 

such as cities, than those with less urbanized areas. This was due to the substantial population 

in the urban fringes of cities. Even though most cities have public sewers, the urban fringe 

areas mostly lack public sewers; and thus have substantial numbers of septic systems. In 

general, basins and sub-basins having major highways, waterfronts and/or recreational areas 

had the highest septic system densities. In such areas, cities were spread out along major 

highway corridors or waterfronts; and public sewer systems had not been developed to cover 

the intervening areas between cities. 

The extent of potential nitrogen loadings from septic systems to soils in these areas 

was not known on both a watershed basis and subwatershed basis prior to this study. 

However, this potential loading was of particular interest when basins or sub-basins had been 

declared nutrient sensitive or when TMDLs (Total Maximum Daily Loads) indicated 

basinwide reduction of nutrients such as nitrogen were warranted.  It is important to note that 

the nitrogen loadings addressed in this chapter are a worst-case scenario. That is, nitrogen 

“loadings” as used here are the total discharge of nitrogen applied to the soil from septic 

systems and do not account for any loss of nutrients through stream transport, denitrification 

in soil and groundwater, plant uptake and other soil processes.  

The percent of housing units (or population) using septic systems on a watershed 

basis was inversely related to the cumulative potential nitrogen loadings. For example, more 
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than 82% of housing units used septic systems in the Hiwassee River basin. However, this 

basin was ranked as the third lowest potential nitrogen contributor on a watershed level. This 

was the case because the Hiwassee watershed was small in size and had a low density of 

septic systems, despite the high percentage of the population using septic systems there. On 

the other hand, the Catawba River basin had the lowest use of septic systems on a percentage 

basis (39%) of all 17 river basins in the state. But this river basin had the greatest cumulative 

potential nitrogen loading of any watershed on a unit area basis (lbs nitrogen/yr/sq.mi). The 

Yadkin River basin was the second largest river basin in North Carolina, but had higher 

potential nitrogen loading than the Cape Fear River basin (the largest river basin in the state). 

This was because the Yadkin River basin had a higher septic system density and population 

using septic systems than the Cape Fear River basin.  

The total potential nitrogen loading from septic systems to North Carolina’s river 

basins was more than 31 million lbs/yr based upon 1990 census data. The four major 

watersheds in which septic systems potentially contributed substantial amounts of nitrogen 

were the Yadkin River, Cape Fear River, Catawba River and Neuse River basins. Over 38% 

(>12 million lbs/yr) of the total potential nitrogen loading from septic systems in the state 

occurred within the Yadkin and Cape Fear River basins. Among the 17 river basins of North 

Carolina, the Savannah River basin had the lowest (30,875 lbs/yr) potential nitrogen loading. 

There were a number of river basins which did not have high potential nitrogen loading at a 

watershed level, but that did have sub-basins with substantial potential nitrogen 

contributions. For example, septic systems the French Broad River basin potentially 

contributed more than 2,000,000 lbs of nitrogen/yr. But septic systems in just one sub-basin 

(sub-basin FRB2) of French Broad River basin potentially contributed more than 1,000,000 
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lbs of nitrogen/yr. This was the second highest potential loading statewide at a sub-basin 

level (i.e. ranked as second highest out of 134 sub-basins). The Catawba, Cape Fear, 

Neuse, Yadkin, White Oak and French Broad River basins each had at least one sub-basin 

that potentially contributed more than 450,000 lbs of nitrogen/yr. These sub-basins were 

primarily located in developing areas, along major highway corridors, in beach 

communities and in land areas surrounding surface waters such as large lakes, sounds, 

rivers, beaches, etc.   

Introduction 

Groundwater discharge (base flow) represents a major portion of flow in the rivers of 

NC. During dry periods, stream flow will consist nearly entirely of this base flow or 

groundwater discharge. In the Coastal Plain physiographic province of North Carolina, 68% 

of the total precipitation is lost by evapotranspiration and 10% is lost by surface runoff. Two 

percent of the 22% of precipitation that infiltrates into the soil reaches the confined aquifers 

and 20% is lost by groundwater flow, that is, baseflow (North Carolina Division of Water 

Resources, 2002). As a result this base flow to streams and other surface water bodies can 

have significant impacts on the level of pollutants introduced into surface waters. 

According to the U.S Environmental Protection Agency (EPA, 1977), septic system 

density may be related to groundwater contamination problems when observed on a regional 

scale. They categorized density into three groups: low (< 10 septic systems/sq.mi), 

intermediate (10 – 40 septic systems/sq.mi) and high (> 40 septic systems/sq.mi). It was also 

suggested that areas with greater than 40 septic systems/sq.mi are the regions with the 
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greatest potential for groundwater contamination problems from septic systems. The septic 

system density values suggested by EPA do not indicate alone that regional contamination is 

imminent since other factors such as soils, geology, groundwater dynamics, denitrification 

potential and other factors must also be considered. 

Groundwater is an important national drinking water resource. Ninety percent of rural 

households and more than 75% of U.S. cities depend upon groundwater as a main source of 

drinking water (Goodrich et al., 1991), whereas 52% of the North Carolinians rely on 

groundwater for their drinking water supply (North Carolina Groundwater Association, 

2003). Levels of nitrate seldom exceed 0.1 mg per liter as nitrate nitrogen (NO3
 – N) under 

natural conditions. Nitrate nitrogen levels in excess of 5 mg/L usually are an indication of 

human or animal waste or fertilizer runoff (Chapman and Kimstach, 1992). High levels of 

nitrate in drinking water are a potential health hazard. Both the World Health Organization 

and the U.S. Environmental Protection Agency (U.S. EPA, 1995) have set their standards for 

nitrate as nitrogen (NO3-N) in drinking water supplies at a maximum contaminant level of 10 

mg/L. Nitrate levels at or above this concentration can cause methemoglobinemia or "blue-

baby" syndrome in infants under six months of age (Knobeloch et. al., 2000). Additionally, a 

case study in Indiana showed eight spontaneous abortions among four women using 

contaminated groundwater with nitrate concentrations of 19-29 mg/L and identified high 

nitrate levels as a possible cause of the problem (MMWR, 2003). 
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Background 

Septic system usage in North Carolina 

North Carolina has one of the highest rural, non-farm populations on a per capita 

basis in the country (Hoover et al., 1998). People living in rural non-farm residences (these 

are rural subdivisions or homes dispersed throughout rural areas) depend almost exclusively 

upon individual septic systems for treatment of household wastewaters. Septic systems are 

the primary domestic wastewater treatment system for approximately 50% of the North 

Carolina’s population (Pradhan et al., 2004) (Appendix 1-1). 

The nitrogen in household wastewater flowing into septic tanks is primarily organic 

nitrogen. Mineralization processes by the microbes in septic tanks converts organic nitrogen 

into ammonium-nitrogen (NH4
+). The nitrogen in effluent leaving the septic tank is about 75-

95% ammonium nitrogen (NCDENR, 2003). These compounds become oxidized to the 

nitrate (NO3
-) form of nitrogen as the sewage effluent flows out of the septic system 

drainfield and down through well-aerated soils. Nitrate, a highly mobile anion, can leach 

through the soil profile to the water table and into the groundwater. Nitrate-nitrogen causes 

most of the primary adverse impacts from septic systems (Wilhelm et. al., 1991). 

Groundwater contamination with nitrogen from septic systems is due to poor purification of 

the effluent as a result of insufficient biological, biochemical and physical processes (e.g. 

denitrification, plant uptake and ammonium adsorption) (Andreoli et. al., 1981). In the 

absence of denitrification and plant uptake, nitrate can flow with the groundwater and be 

exported to adjacent surface waters. Discharge of wastewater impacted groundwater into 

adjacent streams can result in nitrogen contamination of surface waters from septic systems. 
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However, removal of nitrate can occur by the combined effects of denitrification and plant 

uptake as the contaminated groundwater flows to discharge points (Buetow, 2002). 

Although septic systems are extensively used in the state, existing sub-basin nutrient 

models have typically ignored the nitrogen inputs from septic systems to North Carolina’s 

river basins (NCDENR, 1997). There are a number of nutrient sensitive rivers and stream 

segments in the state. In many of these water bodies there are regulated reductions required 

for nitrogen loading from urban, agriculture and suburban sources. Due to lack of knowledge 

regarding nitrogen loading from septic systems, no basinwide reduction has been 

implemented for this source in the state. For instance, the Neuse River basinwide nutrient 

reduction plan (NCDENR, 1997) has no component to address nutrient loadings to surface 

waters from septic systems. 

Indices of nutrient loading from septic systems to groundwater 

The U.S Environmental Protection Agency (USEPA, 1977) used septic system 

density to identify potential areas of regional groundwater contamination problems. They 

categorized septic system density into three groups: low density with less than 10 septic 

systems/sq.mi, medium density with 10 to 40 septic systems/sq.mi and high density with 

greater than 40 septic systems/sq.mi. The septic system density values suggested by EPA do 

not indicate that regional contamination is imminent since other factors such as soils, 

groundwater dynamics, denitrification potential, nutrient uptake by plants and other factors 

need to be considered. The density of septic systems is the most important factor influencing 

groundwater contamination by septic systems (Yates, 1985). Yates’s study showed that 

several cases of groundwater contamination were reported in areas of high septic system 
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densities and lot sizes in those areas ranged from less than one-quarter to three acres. Hence, 

septic system density indices can be a useful tool to help identify sub-basins, or even entire 

river basins, where further assessment, including measurement of actual nitrogen exports to 

streams, rivers and other water bodies may be warranted.  

Study objectives 

The potential nitrogen loadings to soils from septic systems for the 134 major sub-

basins of North Carolina’s 17 river basins is unknown but could be substantial and significant 

in particular regions. Therefore the objectives of the research were: 

1. To assess the potential nitrogen loadings to soils due to septic systems in North 

Carolina’s river basins and major sub-basins with an additional focus upon the Neuse 

River basin, and 

2. To develop visual screening tools (maps) for assessment of potential nitrogen 

loadings from septic systems.  

Materials and Method 

Data sets used  

The 1990 census collected information on the method of wastewater treatment used at 

residential homes. The 2000 census did not include information on the method of wastewater 

treatment. Hence the 1990 census data was aggregated for all of the river basins and major 

sub-basins within North Carolina. 
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The GIS census block boundary layer for North Carolina was obtained from the 

Topologically Integrated Geographic Encoding and Referencing (TIGER) line files that were 

developed by the US Department of Commerce, Bureau of the Census data. TIGER/line files 

were based predominantly on the US Geological Survey 1:100,000 scale digital line graph 

files with a state plane coordinate system and NAD83 datum. 

The watershed boundary layer was obtained from the North Carolina Center for 

Geographic and Information Analysis (NCCGIA). The watershed boundary layer, 1: 24,000 

scale, had a state plane coordinate system and NAD83 datum. 

Spatial overlay of data sets 

Due to dissimilar boundaries between watershed coverage and block group coverage 

these two coverages could not be overlain directly. A normalization procedure (normalization 

of the census block data by land area) was used to transfer the number of septic systems from 

census blocks to major watersheds/subwatersheds (Figure 1.1). For this assessment it was 

assumed that housing units with septic systems and the corresponding population were 

distributed uniformly across census block groups. It was also assumed that each house used 

only one septic system. While these assumptions are not always valid, they provided a 

method suitable for large-area analysis. Then, population density as well as septic system 

density for each census block were calculated. These normalized values were used to re-

aggregate the census data by the major watershed/subwatershed boundaries. 

The process of re-aggregation of census data by the major river basin/sub-basin 

boundaries was the key point for determination of the cumulative number of septic systems 
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within each major river basin/sub-basin area. The normalized census block group coverage 

and the sub-basin coverage were overlain to create a “unionized” coverage containing unique 

polygons. This combined coverage contained polygons for every bisected block group and 

major river basin/sub-basin across the state. In addition, each individual polygon maintained 

an identifier, as an attribute, for its sub-basin membership as well as for its census block 

group membership. Because of these identifiers, it was possible to sum densities of housing 

units using septic systems by common identifiers e.g. subwatershed’s id. The total number of 

septic systems in each polygon was then determined by multiplying the density of septic 

systems with the total area of each polygon. The sum of the total number of septic systems of 

all of the polygons that fell within the boundaries of a major watershed/subwatershed gave 

the total number of septic systems in that major watershed/subwatershed. Such polygons could 

be identified with their unique membership ids. The ARC/INFO 8.1 software developed by 

Environmental Systems Research Institute (Redlands, California) was used for this study to 

handle spatial attribute data.  

Determination of nitrogen loadings from septic systems 

The potential nutrient loading was calculated here as the worst case scenario. It was 

the total discharge of nitrogen applied to the soil from septic systems. This did not account 

for any loss of nutrients through denitrification or plant uptake. The amount of nitrogen in 

septic tank effluent was estimated to be 10 lbs/person/year (Alhajjar et. al., 1989; Buetow, 

2002). At the river basin/sub-basin level, the population using septic systems was the total  
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population living within a river basin boundary multiplied by the proportion of housing units 

using septic systems within that river basin/sub-basin. Total potential nitrogen loadings per 

river basin/sub-basin were calculated by multiplying total number of people using septic 

systems by 10.  

Determination of density of septic systems 

 Density of septic systems was calculated as septic systems/sq.mi of land area from 

normalized data. A weighted average from the sub-basins within a basin was used to 

calculate densities at the river basin level. 

Results and Discussions 

Potential cumulative nitrogen loadings to soils as well as density distribution of septic 

systems for each river basin and sub-basin were analyzed along with a statewide assessment 

of potential loadings. Density distribution of septic systems and potential nitrogen loading for 

each of the 17 river basins in North Carolina are discussed following an assessment of 

statewide datasets. Certain aspects of the Neuse River basin are discussed in greater 

detail. The same type of assessment could be done to all other river basins if similar data 

were available. Potential nitrogen loading here was considered as the worst case scenario. 

That is, it was the total amount of nitrogen applied to the soil from septic systems and it 

did not account for any loss of nitrogen through denitrifiction, plant uptake and other soil 

processes. 
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Statewide assessment  

Usage of septic systems in North Carolina 

Septic systems as well as public or community sewer systems were the primary 

means of household wastewater treatment systems. According to the 1990 census, 48 % of 

the total housing units and population in North Carolina’s watersheds used septic systems 

(Table 1.1). Other systems such as privies, outhouses and straight pipes discharging directly 

to streams were used by approximately 2% of the population. Hence, 50% of the state’s 

population and housing units depended upon on-site wastewater technologies for treatment of 

domestic wastewaters (Figure 1.2). 

             Septic system usage for the state’s 17 watersheds ranged from 39% to 82% of the 

housing units depending upon the specific river basin (Figure 1.2). More than 50% of the 

population used septic systems in 12 of the 17 river basins in North Carolina. The Hiwassee, 

Little Tennessee and Savannah River basins had the greatest use of septic systems on a 

percentage basis with nearly 80% of the population using septic systems. These river basins 

were located in mountainous, rural areas of the state. However, the same river basins had the 

lowest overall population densities in the state (Table 1.1), therefore the total number of 

septic systems were relatively low in each of these three rural watersheds. 

The Chowan River basin had the highest percentage of housing units using “other 

systems” (Figure 1.2) such as privies and straight pipe discharges. This river basin was 

located in a rural area. On the other hand, more than 55% of the housing units used public  
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sewers in the Cape Fear, Neuse and Catawba River basins. These river basins were located in 

the central part of the state and had high densities of development overall. 

Septic system density 

The distribution of septic systems on both a watershed scale (Figure 1.3) and a 

subwatershed scale (Figure 1.4) illustrated substantial variability throughout the state. The 

Catawba River basin had the highest septic system density with 53 septic systems/sq.mi, 

followed by the White Oak River and Yadkin River basins with about 37-38 systems/sq.mi. 

Major highways like I-85, I-77 and I-40 pass through these basins or there were substantial  

water bodies that were centers for development activities. There are several cities and their 

associated urban fringe areas located along highways in the Catawba River basin, including 

the city of Charlotte. Additionally, major water bodies such as Lake Norman occur in this 

watershed. The population density of the Catawba River basin (325 people/sq.mi) was by far 

the highest amongst all the river basins in North Carolina. 

 Both the Catawba and White Oak River basins were in the top three watersheds in 

the state regarding septic system density, population density and nitrogen loading rate 

(lbs/sq.mi) from septic systems. The Yadkin River basin also had a very high septic system 

density (37systems/sq.mi) and potential nitrogen loading rate (887 lbs/sq.mi/yr) as well as the 

largest total potential nitrogen loading (6,349,093 lbs/yr) of any watershed. 

In contrast, the Chowan River basin had the lowest septic system density and was 

mostly rural. There were few major highways and limited numbers of cities, waterfronts or 
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Figure 1.3 
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Figure 1.4
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recreational areas that were not served by public sewers. Most of the land, about 89%, was 

forest or agriculture. The population density was only 48 people/sq.mi in comparison to state 

average of 136 people/sq.mi. 

The Catawba watershed had a septic system density in 1990 (Figure 1.3) that 

exceeded the 40 systems/sq.mi, density EPA (1977) used to indicate a high likelihood of 

regional contamination problems. In addition, the White Oak, Yadkin, Watauga, Broad and 

French Broad watersheds had septic system densities between 30-40 as of 1990 and may 

soon, if not already have exceeded 40 septic systems/sq.mi. Hence, these six river basins 

seem to be the most susceptible to pollution from septic systems from a septic system density 

perspective. 

 Individual sub-basins (Figure 1.4) within five of these six watersheds had extremely 

high septic system densities (much beyond 40 septic systems/sq.mi). There were also 

individual sub-basins in the Pasquotank, Cape Fear and Neuse River basins with very high 

densities. Oftentimes, sub-basins with very high septic system densities were located directly 

adjacent to water bodies. Some of these represent critical water resources such as shellfish 

harvesting waters, water supply watershed reservoirs, beaches and swimming waters and 

important groundwater aquifers.  

At the sub-basin level, the Pasquotank River basin had the sub-basins with both the 

highest and the lowest septic system densities in the state. Pasquotank sub-basin PAS56 had 

the highest septic system density with 299 septic systems/sq.mi whereas Pasquotank sub-

basin PAS51 had the lowest septic system with only 5 septic systems/sq.mi. Sub-basin 

PAS56 contained major recreational areas like Kitty Hawk, Wright Brothers Memorial etc. 
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and cities like Nags Heads and Kill Devil Hills. On the other hand, sub-basin PAS51 was 

mostly public land with very little urban area or development. The population density of sub-

basin PAS56 was more than 23 times that of sub-basin PAS51. 

Sub-basin WOK3 of the White Oak River basin had the 2nd highest septic system 

density (97 septic systems/sq.mi). This sub-basin was located on the Atlantic Ocean coastline 

and had numerous beach cities like Morehead City, Beaufort, Atlantic Beach and Newport; 

and had a population density of 187 people/sq.mi. The next highest septic system densities on 

a sub-basin basis were in the Catawba River basin in sub-basins CTB37 (96 septic 

systems/sq.mi) and CTB36 (93 septic systems/sq.mi). Sub-basin CTB37 contained portions 

of Bessemer City and South Gastonia and had a population density of 620 people/sq.mi. Sub-

basin CTB36 contained parts of Gastonia and Bessemer City and had a population density of 

618 people/sq.mi. These cities were located along Highway I-85. 

   Sub-basin TAR8 of Tar Pamlico River basin had the 2nd lowest septic density (6 

septic systems/sq.mi). This sub-basin was primarily estuarine with 72% surface water and 

23% forest/wetland. There were no major urban areas and population density was just 11 

people/sq.mi. The next lowest septic system densities were in sub-basins CPF20 of the Cape 

Fear River basin and NEU14 of Neuse River basin, respectively. 

Septic system density was higher in basins and sub-basins with more urbanized areas.  

Sub-basin CTB34 in the Catawba River basin contained the city of Charlotte and had a 

population density of 1385 people/sq.mi, many of whom were served by public sewers. Still 

this sub-basin had a septic system density of 60 systems/sq.mi. Similarly the NEU2 sub-basin 

in the Neuse River basin contained the cities of Raleigh, Durham and Cary with a population 
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density of 571 people/sq.mi; but still had a septic system density of 48 systems/sq.mi. Even 

though most of the population in these cities had access to public sewers, substantial 

densities of septic systems occurred in their urban fringes. In general, basins and sub-basins 

including large cities, major highways, waterfronts and/or recreational areas had higher 

septic system densities. In such areas, smaller cities were spread out along the highways or 

waterfronts; and public sewer systems had not been developed to cover the intervening areas. 

Potential nitrogen contributions  

Nitrogen outflow from septic systems into soils of North Carolina was more than 31 

million lbs/yr statewide based upon 1990 census data (Table 1.1). The highest potential  

nitrogen contributions from septic systems were in the Yadkin River, Cape Fear River, 

Catawba River and Neuse River basins in the central and eastern part of the state (Figure 1.5). 

Septic systems in the Yadkin River and Cape Fear River basins potentially contributed over 

38% (>12 million lbs/yr) of the septic system derived nitrogen in the state. The lowest potential 

nitrogen contribution was in the Savannah River basin with a potential nitrogen loading of 

30,875 lbs/yr. 

The Yadkin River basin was the second largest river basin in North Carolina, but had 

higher potential nitrogen loading than the Cape Fear River basin (the largest river basin in 

North Carolina). This was the case because the Yadkin River basin had a higher septic 

system density and population using septic systems than the Cape Fear River basin. Septic 

systems in each of these basins potentially contributed up to 6 million lbs/year of nitrogen to 

these watersheds. Septic systems in the Catawba River and Neuse River basins each 

potentially contributed up to 4 million lbs/year of nitrogen to these watersheds. The potential 
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nitrogen loading rates (lbs nitrogen/sq.mi/year) on a watershed basis were greatest in the 

Catawba, Yadkin and White Oak River basins.  

Figure 1.6 illustrates potential nitrogen contributions from septic systems on a 

sub-basin basis for 134 major sub-basins in North Carolina. The highest potential nitrogen 

loading at a sub-basin level was in sub-basin YAD4 of the Yadkin River basin. Septic 

systems potentially contributed over 1 million pounds of nitrogen per year in that sub-basin.  

Also, river basins that did not have the largest potential nitrogen loading on a complete 

watershed basis could still have sub-basins with substantial potential nitrogen contributions. 

For instance, septic systems in the entire French Broad River basin potentially contributed 

2,012,498 lbs of nitrogen per year. But at the sub-basin level, sub-basin FRB2 contributed up 

to 1,087,066 lbs of nitrogen per year, which was the second highest in the state at the sub-

basin level.  

 The Catawba, Cape Fear, Neuse, Yadkin, White Oak and French Broad River basins 

each had at least one sub-basin that potentially contributed more than 450,000 lbs of nitrogen 

per year from septic systems (Figure 1.6). These sub-basins were primarily located in 

developing areas, along major highway corridors, in beach communities and in areas 

surrounding surface waters such as large lakes, sounds, rivers, beaches etc. For example, sub-

basin YAD4 contained the city of Winston-Salem and other smaller cities located along 

Highway I-40 in the Piedmont of North Carolina. Sub-basin FRB2 contained the cities of 

Asheville and Hendersonville, as well as developing areas along Highways I-40 and I-26 in 

the mountains of the North Carolina. 
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Figure1.5
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Figure1.6
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  Many of the beach communities along North Carolina’s barrier islands had very high 

densities of septic systems (Figure 1.4) and high potential nitrogen loading rates on a lbs 

nitrogen/sq.mi/yr basis, but did not have high cumulative potential nitrogen loadings. The 

aerial extent of these sub-basins was generally so small that the cumulative potential nitrogen 

loadings were not as great as within larger sub-basins, despite the high densities. 

However, due to the high density of septic systems in these sub-basins there may be 

large local contributions of nitrogen from septic systems discharging to streams, rivers and 

other surface waters. Because of these types of situations we suggest using both septic 

system density as well as potential nitrogen loading to identify areas of potential concern 

regarding nitrogen impacts from septic systems. On the hand, percentage of homes using 

septic systems within a watershed was not an effective tool for identifying areas of concern. 

River basin distribution of septic system density and nitrogen loading  

Concerns regarding potential nutrient contributions from septic systems are often 

watershed specific. Total Maximum Daily Loads (TMDL’s) are used on a watershed or 

subwatershed scale to determine requirements for control of sources of pollution. In some 

cases TMDL’s for an entire watershed may indicate reduction in nutrients for the entire 

watershed such as requirements to reduce nitrogen contamination by 30% in the Neuse River 

basin because of chlorophyll a concentrations occurring at the mouth of the estuary. In other 

situations, TMDL’s may be targeted to control pollution in one of the major subwatersheds 

(such as one of the 134 major sub-basins) or for a specific stream or stream segment that is 

degraded. Hence, it is of value to separately assess the potential for nitrogen contamination 
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from septic systems within each of the 17 river basins in North Carolina. Therefore, the 

primary screening tools (septic system density and cumulative potential nitrogen loading) we 

have developed for assessing the potential for septic systems to be a nitrogen contamination 

source are assessed below for each of these river basins. 

 1. Broad River Basin 

The highest potential nitrogen loading rate on a unit area basis (Table A-1) was found 

in sub-basin BRD5 (1369 lbs/sq.mi/yr), while the lowest was found in sub-basin BRD1 (248 

lb/sq.mi/ yr). This corresponded to the population density and septic systems density of the 

sub-basins. Sub-basin BRD5 had the highest population density at 191 people/sq.mi while 

sub-basin BRD1 had the lowest of only 31 people/sq.mi. Similarly septic system density was 

the highest in sub-basin BRD5 (55 systems/sq.mi) and lowest in sub-basin BRD1 (18 

systems/sq.mi). Most of the population was in cities in sub-basins BRD2 and BRD5. Major 

cities like Rupendale, Rutherfordton and Forest City are located in sub-basin BRD2, while 

Shelby is in sub-basin BRD5. 

In aggregate, the largest cumulative potential nitrogen loading on a sub-basin scale 

was found to be from sub-basin BRD2 (Figure A-1), which was the largest sub-basin in size. 

The lowest was from sub-basin BRD1. Sub-basin BRD1 was not the smallest sub-basin. It 

was the 4th smallest, but it had the lowest population density and septic system density. 

Based on the USEPA (1977) estimate, sub-basin BRD5 with 55 septic systems per 

square mi. (Figure A-2) was a region with greater regional potential for contamination 

problems. The remainder of the sub-basins had intermediate (10 – 40 systems/sq.mi) density 



 

30

distributions. The weighted average density within a Broad River basin was 33 systems/sq.mi 

in 1990. Also, considering that the state population had grown substantially since 1990 and 

large numbers of new developments were built using septic systems as the method for 

household wastewater treatment, it is quite possible that the overall density of septic systems 

in this watershed currently exceeds the USEPA (1977) threshold of 40 septic systems/sq.mi 

that was described earlier. 

2. Cape Fear River basin 

The Cape Fear watershed was the largest watershed among the 17 watersheds in 

North Carolina. It covered approximately 20% of the total area of the state. The highest 

potential nitrogen loading rate (Table A-2) was found in sub-basin CPF15 (1573 

lbs/sq.mi/yr) and the lowest was in sub-basin CPF20 (117 lbs/sq.mi/yr). Sub-basin CPF15 

did not have the highest population density and septic system density. It ranked 4th in 

population density and 3rd in septic system density in the watershed. Other sub-basins with 

substantial potential nitrogen loading rates included sub-basins CPF3, CPF6, CPF8 and 

CPF24. But sub-basin CPF15 had a higher septic system usage percentage than most other 

higher ranked sub-basins in terms of population density. Sub-basin CPF15 contained the city 

of Fayetteville and the Fort Bragg area. Sub-basin CPF20 was located in the Lower Coastal 

Plain and had no major cities. Sub-basin CPF20 had the lowest population density as well as 

septic system density in the watershed. 

The highest and the lowest cumulative potential nitrogen loading were also from sub-

basins CPF15 and CPF20 respectively (Figure A-3). Sub-basin CPF15 was the 4th largest 

sub-basin but due to its higher septic density (Figure A-4), it had higher potential nitrogen 
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loading. Similarly there were 10 sub-basins smaller than sub-basin CPF20, but due to its low 

population density, it had the lowest potential nitrogen loading.  

Sub-basins CPF3, CPF6, CPF8, CPF15 and CPF24 (Figure A-4) were the sub-basins 

with the greatest potential contamination problems due to the presence of more than 40 septic 

systems/sq.mi. These sub-basins were primarily located along highway corridors, in urban 

fringes near large cities such as Greensboro, Burlington, Chapel Hill, Fayetteville and 

adjacent to recreational waters such as the beach areas near the city of Wilmington. Sub-

basin CPF 24 had the highest septic system density in the watershed (77 septic 

systems/sq.mi) and third highest nitrogen loading rate (1,387 lbs/sq.mi/yr). Located along 

North Carolina’s barrier island complex adjacent to ocean, it contained numerous second 

homes, rental units, condominiums, etc. Hence, the true density of people using systems and 

the nitrogen loading rate during the summer months likely far exceeds what would be 

expected from housing units in other sub-basins in the watershed. Sub-basin CPF8 had the 

second highest septic density (64 septic systems/sq.mi) and the highest nitrogen loading rate 

(1553 lbs/sq.mi/yr). It contained the city of High Point and a portion of Greensboro with the 

intervening urban fringe areas. 

The upper part of the Cape Fear River basin had substantial septic system density. As 

indicated earlier sub-basins CPF3, CPF6 and CPF8 in the upper Cape Fear River basin all 

exceed the 40 septic systems/sq.mi density threshold recommended by EPA. In addition, sub-

basin CPF1, CPF2 CPF5, CPF9 and CPF11 in the upper Cape Fear River basin had septic 

system densities of 37, 40, 33, 34 and 31 per sq.mi respectively (Table A-2). Each of these 

likely had exceeded the 40 septic systems/sq.mi, EPA threshold by 2004 due to additional 
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system being permitted during the past years. Hence, it is quite likely that much of the upper 

Cape Fear River basin, except sub-basins CPF10 and CPF 12, exceeded the EPA 

recommended septic density threshold for potential regional contamination problems. The 

total number of septic systems in the upper reaches of the watershed, to the confluence of the 

Haw and Deep Rivers (CPF1 to CPF12, excluding CPF7) exceeded a cumulative number of 

100,000 septic systems in 1990 and was expected to be substantially greater than that today. 

3. Catawba River basin 

The Catawba River basin had the highest septic system density (53 system/sq.mi) on 

a river basin level of the 17 watersheds in the state. Seven out of nine sub-basins had more 

than 40 septic systems/sq.mi and the 8th sub-basin had exactly 40 in 1990. Therefore, the 

entire watershed would be expected to currently exceed the EPA threshold of 40 

systems/sq.mi. Hence the entire watershed had substantial potential contamination problems 

due to septic systems. 

The highest potential nitrogen loading rate (Table A-3 and Figures A-5 and A-6) was 

from sub-basin CTB37 (2398 lbs/sq.mi/yr) and the lowest was from sub-basin CTB30 (646 

lbs/sq.mi/yr). Sub-basin CTB37 had the highest septic system density (96 septic 

systems/sq.mi) and the 2nd highest population density. It included portions of Bessemer City 

and South Gastonia. Sub-basin CTB30 had the lowest septic system density as well as 

population density. It was mostly forested and wetlands, with about 1% urban area.  



 

33

Overall, sub-basin CTB32, which was the largest sub-basin, contributed the highest 

potential nitrogen loading per year and sub-basin CTB38 was the 3rd smallest sub-basin and 

gave the lowest potential nitrogen loading per year. 

The sub-basins with the largest potential loadings from septic systems were mainly 

located in the urban fringes of large cites, lakes and highway corridors (Figure A-5) such as 

Hickory, Charlotte, the area surrounding Lake Norman and highway corridors for I-85 and I-

40. Note that nearly half of the population in the Catawba River basin was located in sub-

basins CTB34, CTB36 and CTB37 within and immediately adjacent to the city of Charlotte 

(Table A-3). These areas were largely sewered (approximately 90% of the population of sub-

basin CTB34 and greater than 60% for sub-basins CTB36 and CTB37). On the other hand, 

the remaining sub-basins in the Catawba River basin had substantial population depending 

upon septic systems for wastewater treatment (e.g. 59 to 80% of the population). 

Overall, the sub-basins within the Catawba River basin had the most uniformly high 

septic system densities and cumulative potential nitrogen loading of any watershed in the 

state. The average potential nitrogen loading rate due to septic systems was the highest of any 

entire watershed in the state. As a result, the likelihood of water quality impacts due to septic 

systems in the Catawba River, its tributaries, Lake Norman and other waterbodies was 

significant and should be further investigated. 

 4. Chowan River basin 

In this river basin, sub-basin CHO3 (Table A-4) had the highest potential nitrogen 

loading rate (389 lbs/sq.mi/yr), and sub-basin CHO2 had the lowest (282 lbs/sq.mi/yr). The 
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CHO3 sub-basin had both the highest septic system density and septic system usage but a 

relatively low population density. None of the sub-basins in the Chowan River basin 

contributed substantial potential nitrogen loading to the river systems (Figure A-7) when 

compared to other sub-basins in the state. Sub-basin CHO1 contributed the highest 

cumulative potential nitrogen (164,600 lbs/yr) and sub-basin CHO3 potentially contributed 

the lowest amount (39,121 lbs/yr). Sub-basin CHO1 was the largest sub-basin and sub-basin 

CHO3 was the smallest sub-basin in size. Sub-basin CHO1 was more than 5 times larger than 

sub-basin CHO3.  

The Chowan River basin was mostly rural, about 64% of its land was forest, and 28 

% was cropland and pasture. The population density was 48 people/sq.mi, which was 

substantially lower than the state average of 139 people/sq.mi. 

 All sub-basins in the Chowan River basin (Figure A-8) had an intermediate 

range of septic system density (10 – 40 systems/sq.mi). None of the sub-basins had major 

potential contamination problems due to the sparse density of development. The only 

substantial exceptions to this point were where direct discharges (straight pipes or failing 

septic systems) occurred along the Chowan River and its tributaries or where substantial 

numbers of septic systems were concentrated close to the waterfront. 

5. French Broad River basin 

In this river basin, both the cumulative potential nitrogen loading and the potential 

niytrogen loading rate were highest in sub-basin FRB2 (1,087,066 lbs/yr and 1406 

lbs/sq.mi/yr) and lowest in FRB7 (46,614 lbs/yr and 295 lbs/sq.mi/yr) (Table A-5). Sub-basin 
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FRB2 had the largest area (Figure A-9), highest septic system density, highest population 

density, and contained large cities such as Asheville and Hendersonville. On the other hand, 

sub-basin FRB7 had the lowest population density, 2nd lowest septic system density and was 

the 2nd smallest in size. Most of sub-basin FRB7 lies within the Pisgah National Forest, about 

87% of the area was covered with forest. The population density of sub-basin FRB2 was 

more than three times greater than the population within any other sub-basin in the French 

Broad River watershed. 

Sub-basin FRB2 (Figure A-10) had the highest density of septic systems (64 

systems/sq.mi) within the French Broad River watershed. According to the USEPA (1977) 

assessment, sub-basin FRB2 was the only sub-basin with substantial potential regional 

contamination problems. Large cities like Asheville and Hendersonville that were in this sub-

basin had substantial urban fringe areas that were not served by sewers and had been 

developing rapidly using septic systems. The other sub-basins had an intermediate range of 

septic system density (10 – 40 systems/sq.mi). 

Overall, the French Broad River watershed was in the top 40% of North Carolina’s 17 

river basins for the total population using septic systems (200,000+ people), septic system 

density (34 systems/sq.mi), population density (127 people/sq.mi), potential cumulative 

nitrogen loading (2,000,000+ lbs/year) and potential nitrogen loading rate (714 lbs/sq.mi/yr). 

However, none of these characteristics ranked in the top three in the state within their 

respective categories. 



 

36

6. Hiwassee River basin 

In this river basin, sub-basin HIW2, which was the largest in size (Figure A-11), 

contributed the highest cumulative potential nitrogen (151,662 lbs/yr) and also had the 

highest potential nitrogen loading rate (352 lbs/sq.mi/yr). This sub-basin had the highest 

population density also (Table A-6), although population density throughout the entire 

watershed was quite low. Sub-basin HIW1, was the smaller of the two and potentially 

contributed up to 67,005 lbs of nitrogen/yr, and had lowest potential nitrogen loading rate 

(343 lbs/sq.mi/yr). Sub-basin HIW1 had the highest septic system density (Figure A-12), and 

highest septic system usage on a percentage basis (90% of the population used septic 

systems) in the Hiwassee River basin. 

Overall, 82% of the population in the Hiwassee River basin utilized septic systems for 

treatment of their household wastewaters. This was the largest septic system usage on a 

percentage basis for any of the 17 river basins in the state. Only 15% of the population was 

served by public sewer systems.  However, the overall density of septic systems was very 

low due to the rural character, extremely large forested areas and lack of development. 

Hence, the cumulative potential nitrogen impacts from septic systems was quite low. 

7. Little Tennessee River basin 

Sub-basin LTN2 was the largest sub-basin among the 134 sub-basins within North 

Carolina. This sub-basin (Table A-7) contributed the most potential nitrogen (293,193 lbs/yr) 

of any within the Little Tennessee watershed (Figure A-13), while LTN3, the smallest sub-

basin, contributed the least (18,439 lbs/yr). Sub-basin LTN3 also had the lowest potential 



 

37

nitrogen loading rate (119 lbs/sq.mi/yr), whereas the highest potential nitrogen loading rate 

was in sub-basin LTN1 (471 lbs/sq.mi/yr).  

Density of septic systems in this river basin ranged from low density to intermediate 

density (Figure A-14). None of the sub-basins in this river basin had substantial potential 

regional contamination problems based upon septic system density. Sub-basin LTN1 had the 

highest septic system density (34 systems/sq.mi) and population density, while sub-basin 

LTN3 had the lowest septic systems density (8 systems/sq.mi) and population density. In 

sub-basin LTN3, more than 96% of land was forested and there was less than 0.2% urban 

area. As a result, this sub-basin had the highest usage of septic systems on a percentage basis 

(96% of population) for any of the 134 sub-basins in the state. Sub-basin LTN1 had about 

89% forested area and contained about 1% urban area. The city of Franklin and Highlands 

were located in sub-basin LTN1. 

Overall, 80% of the population depended upon septic systems for household 

wastewater treatment, similar to the case within the adjacent Hiwassee River basin in the 

extreme southwestern corner of the state. Septic system density and the resulting potential 

nitrogen loading from septic systems were quite low. However, extensive rural mountainside 

subdivision development has been occurring since the 1990 census in this watershed, as in 

other similar mountain watersheds. Therefore, septic system densities have likely been 

increasing beyond the levels assessed in the 1990 census and nitrogen impacts may be more 

substantial than indicated here 
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8. Lumber River basin 

In this river basin, the highest potential nitrogen loading rate (Table A-8) was in sub-

basin LBR59 (706 lbs/sq.mi/yr) and the lowest was in sub-basin LBR56 (210 lbs/sq.mi/yr). 

Sub-basin LBR51 (Figure A-15) contributed the highest potential nitrogen (314,231 lbs/yr) 

and sub-basin LBR56 potentially contributed the lowest (39,413 lbs/yr). Sub-basin LBR51 

was the 2nd largest in size and also had the highest population density. Sub-basin LBR56 was 

the 2nd smallest in size. 

Sub-basins in the Lumber River watershed had a broad range of septic system 

densities. Sub-basin LBR59 had the highest septic systems density (73 systems/sq.mi) in the 

watershed (Figure A-16) and the highest septic system usage while sub-basin LBR56 had the 

lowest septic systems density (9 systems/sq.mi).  

Based on the USEPA (1977) assessment, sub-basin LBR59 was a region with 

potential contamination problems. Sub-basin LBR59 was a major recreational area with more 

than 30 golf courses and a large number of housing units on a barrier island and adjacent 

inlands. 

Whereas most other sub-basins in the Lumber River watershed have 2-3 people per 

housing unit; sub-basin LBR59 had less than 1 person per housing unit (Table A-8). This was 

likely due to the seasonal nature of home usage within sub-basin LBR59. Many of the 

housing units were second homes or rental homes, condominiums or town houses that had 

substantial summer time usages that was not reflected in these census data. For instance, 

consider the possible effects if the 18,405 housing units using septic systems in sub-basin 
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LBR59 have 6 occupants each during the three month summer season. Then the population 

density (and potential nitrogen loading) could be even greater than the loading assumed with 

a population of 17,731 people reported in the census. In addition, the seasonal nature of use 

of these septic systems (used for only 3-5 months) could result in substantial impacts due to 

the lack of biomat development in the septic system drainfields. Hence, the total potential 

nitrogen loadings illustrated in Figure 16 may well under-represent reality by a substantial 

factor. 

9. Neuse River basin 

The distribution of septic systems within the Neuse River basin is presented in Table 

A-9. This information is displayed geographically for each sub-basin as potential nitrogen 

loading (Figure A-17) and density of septic systems (Figure A-18). Sub-basins in the upper 

Neuse River basin and middle Neuse River basin had the high densities of septic systems. 

Approximately 65% of the basin area had a septic system density of 20 to 40 systems/sq.mi. 

Additionally, 14% of the basin area had a density that varied from 41 to 55 systems/sq.mi. 

From Figure A-18, it was evident that the densest areas coincided with the urban fringes of 

cities such as Durham, Raleigh, Cary, Garner, Smithfield, Goldsboro, and Kinston.  

The highest potential nitrogen loading rate was in sub-basin NEU3 (1450 

lbs/sq.mi/yr) and the lowest was in the sub-basin NEU14 (119 lbs/sq.mi/yr). Sub-basin 

NEU3 had the highest septic system density while sub-basin NEU14 had the lowest septic 

system density.  
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Sub-basin NEU2 was the 3rd largest in area, but had the highest population density 

and contributed the most potential nitrogen (768,614 lbs/yr). Sub-basin NEU2 included urban 

fringes from the cities of Raleigh and Cary and included about 30 % urban area. Sub-basin 

NEU14, which was the smallest sub-basin, contributed the least potential nitrogen (7366 

lbs/yr). Sub-basin NEU14 had the lowest septic system density and the 2nd smallest 

population density in the Neuse River basin. It was mostly public land within the Cedar 

Island National Wildlife Refuge.  Sub-basin NEU14 was less than 1% urbanized. 

Based on the USEPA (1977) assessment sub-basins NEU2 and NEU3 were the areas 

with the greatest potential for regional contamination problems (Figure A-18). Sub-basins 

NEU2 and NEU3 had 48 and 55 septic systems/sq.mi, respectively. Sub-basin NEU3 had 

many rapidly growing towns like Apex, Holly Springs, Fuquay Varina, and Smithfield and 

was about 22% urbanized. But, note that NEU1, NEU5, NEU6 and NEU12 also had septic 

system densities of 40, 35, 34 and 36 systems/sq.mi in 1990. With additional development 

between 1990 and the present, it is quite likely that each of these sub-basins now exceeds the 

EPA (1977) threshold of 40 septic systems/sq.mi. Nearly the entire upper and middle Neuse 

River basins would therefore be expected to have substantial potential regional impacts from 

septic systems. 

Overall, the Neuse River watershed was in the top 40% of North Carolina’s river 

basins regarding number of septic systems (160,000+), population using septic systems 

(nearly 400,000 people), septic system density (29 systems/sq.mi), cumulative potential 

nitrogen loading and loading rate in 1990. The cumulative potential nitrogen load from the 
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14 major sub-basins of the Neuse River watershed was nearly 4 million lbs/year and is shown 

in Figure A-17.  

 
 
Significance of potential nitrogen loadings from septic systems in the Neuse River basin 

 

The significance of the potential nitrogen loads from septic systems can be assessed 

by comparing them to nitrogen loads from other contamination sources in the watershed. The 

measured load of nitrogen arriving at New Bern from all sources was 8.7 million lbs/yr 

(NCDENR, 1997). Based upon discharge permit information and assumed losses during 

stream transport (Figure A-19), NCDENR (1997) estimated that 2.1 of the 8.7 million lbs/yr 

was from point sources such as wastewater treatment plants serving public sewer systems. 

That means that 6.6 million lbs/yr of the total nitrogen load at New Bern was from non-point 

sources of contamination and natural background levels of nitrogen. Note that the cumulative 

potential nitrogen loading of 4 million lbs/yr from septic systems did not include nitrogen 

lost due to stream transport, denitrification or plant uptake. Therefore, the nearly 4 million 

lbs/year total potential nitrogen loading from septic systems cannot be compared directly 

with the estimate by NCDENR (1997) of 6.6 million lbs/yr of total nitrogen from all non-

point sources arriving at New Bern. 

Osmond (2002) estimated that potential nitrogen loads applied to soils within the 

Neuse River watershed from agricultural lands and urban lawn fertilization were 87 and 3 

million lbs/yr, respectively. Therefore, the potential nitrogen load due to wastewater derived 

from septic systems was substantially less than that expected from agricultural production, 

but more than from lawn fertilization practices in the watershed.  



 

42

Both of these non-point sources of nitrogen contamination (agriculture and 

fertilization) are regulated within the nutrient sensitive Neuse River basin so as to minimize 

nitrogen contamination, chlorophyll production and resultant eutrophication in the Neuse 

River estuary. Therefore, since the potential magnitude of nitrogen loadings to soils from 

septic systems is within the range of these regulated nitrogen contamination sources, it seems 

logical that regulation of the more than 160,000 septic systems within the Neuse River 

watershed should also be considered. This is particularly the case for the larger septic 

systems serving design flows exceeding 1,000 gallons per day (gpd).  Regulation of lawn 

fertilization practices follows a similar path in the Neuse River basin, where commercial 

lawn-fertilizing companies that apply large amounts of nitrogen in the watershed were the 

lawn fertilization nutrient sources selected for regulation. Since the amount of nitrogen 

applied for septic systems is similar to that for lawn fertilization, then regulation of those 

septic systems applying large amounts of nitrogen (those sites with design flows exceeding 

1,000 gpd) seem to be a reasonable place to apply a similar level of regulation to reduce the 

nitrogen contribution due to septic systems. 

NCDENR (1997) estimated the agricultural load exported to the Neuse River at 

approximately 12 million lbs/yr, substantially less than the 87 million lbs/yr total load 

applied within the watershed according to Osmond (2002). The difference was presumably 

that nitrogen (from agricultural land) was lost due to denitrification and plant uptake. 

Furthermore, NCDENR (1997) estimated that less than half of the agricultural non-point 

source nitrogen getting into the Neuse River actually reached New Bern. The reason is that 

some of the nitrogen (regardless of its source) in the river is lost as it moves downstream. 

Nitrogen loads from both point and non-point sources were reduced due to assumed losses 
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during stream transport by assigning nutrient transport zones and assuming larger reductions 

for point sources further from New Bern. Hence, a similar process can be used to estimate 

stream transport losses for nitrogen due to septic systems. 

The general nutrient transport zones and percent of nitrogen lost due to stream 

transport shown in Figure A-19 were used to account for stream loss of the nearly 4 million 

lbs/yr cumulative potential load due to septic systems. Based on Figure A-19, only 15% of 

the total potential nitrogen from sub-basin 1, 50% from sub-basins 2,3,4,6, 75% from sub-

basins 5,7,12 and 100 % from sub-basins 8,9,10,11,13,14 went to the Neuse River estuary. 

Therefore, the total amount of nitrogen from septic systems reaching New Bern was expected 

to be no more than 2.2 million lbs/yr, not accounting for plant uptake and denitrification, 

based upon 1990 census data. 

Note that since the 1990 census data was collected, there have been large numbers of 

additional housing units using septic systems constructed, while some existing homes using 

septic system have become sewered. 

For example, within Wake County alone there were nearly 10,000 new septic systems 

(not including “repairs” of existing systems) installed in the eight-year period from 1997 to 

2002. Therefore, if systems were installed at the same rate from 1991 to 1996, a total of 

almost 20,000 new systems were installed in the 1990’s and early 2000’s in Wake County 

alone. Of course, some homes with existing septic systems were connected to public sewers, 

but at a much lower rate. In any case, it seems reasonable to assume that the Neuse River 

basin watershed might now include well over 200,000 septic systems serving a population of 

more than one-half a million people. The potential impacts to the Neuse River seem 
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significant, particularly from the extensive usage of these technologies within both its upper 

and middle reaches. 

The stream transport model described earlier indicates that 100% of the nitrogen that 

enters the Neuse River in its lower reaches, arrives at New Bern into the estuary. Therefore, 

it would be natural to assume that the greatest potential nitrogen loading is from septic 

systems in the lower Neuse River sub-basins. However soil and groundwater dynamics were 

assessed in one of the lower sub-basin by Humphrey (2002) and Buetow (2002). Their work 

indicated that up to 75-80% of the septic system derived nitrogen was lost due to 

denitrification and/or plant uptake in relatively short flow paths through the soils and 

groundwaters for septic systems located about 120 feet from small streams. 

The nitrogen removal dynamics in these soils in the lower Neuse River basin has a 

positive effect on transport and delivery of nitrogen in the lower Neuse River area.  Hence, 

the potential contributions of septic system derived nitrogen from the upper and middle 

reaches of the Neuse River (where denitrification would be expected to be less extensively 

occurring in the more aerobic soils) may be relatively significant compared to the nitrogen 

originating from septic systems in the lower part of the Neuse River basin. 

10. New River basin 

In this river basin (Table A-10, Figures A-20 and A-21), the largest sub-basin NEW1 

potentially contributed the most nitrogen loading (218,350 lbs/yr) and had the highest 

potential nitrogen loading rate (625 lbs/sq.mi/yr). This sub-basin also had the highest septic 
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systems density (29 systems/sq.mi) and the highest population density. Sub-basin NEW1 

included the city of Boone and parts of Blowing Rock and Jefferson. 

The smallest sub-basin, NEW3, contributed the lowest potential nitrogen loading 

(54,617 lbs/yr) and had the lowest potential nitrogen loading rate (355 lbs/sq.mi/yr). Sub-

basin NEW3 had the lowest septic density (18 septic systems/sq.mi). Sub-basin NEW3 was 

mostly forested or agriculture. Sparta was the only major town in this sub-basin. 

The New River basin was a relatively small watershed that had septic system usage 

typical of many rural watersheds at the outer fringe of the state, particularly in the 

mountainous western part of the North Carolina. It had a relatively low population density 

and septic system density. However, as is typical for rural watersheds along much of the 

outer edge of the state, the percentage usage of septic systems was quite high (68% of 

population). While a large percentage of the population in the New River basin used septic 

systems, the cumulative impacts were likely to be not very great, except where surface 

failures occur or where there were direct discharges of untreated sewage via straight pipes to 

streams. 

11. Pasquotank River basin 

The smallest sub–basin PAS56 (Table A-11, Figures A-22 and A-23) had the highest 

potential nitrogen loading rate (2,543 lbs/sq.mi/yr) for any sub-basin within the entire state of 

North Carolina. Sub-basin PAS56 also had the highest septic system density (299 

systems/sq.mi) and population density (320 persons/sq.mi) within the Pasquotank River 

basin. This sub-basin contained major national heritage sites and recreational areas like Kitty 
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Hawk, Wright Brothers National Memorial, etc. It also contained the cities of Kill Devil Hills 

and Nags Heads. Out of the seven sub-basins in the Pasquotank River basin, there were two 

sub-basins (PAS55 and PAS56) that had the greatest potential contamination problems. 

Note that some of the municipalities and counties in this northeastern corner of the 

state had been very proactive regarding septic system maintenance. The town of Nags Head 

had developed a “Septic Health Initiative” that included a town-mediated septic tank 

maintenance program including a unique intensive program for septic tank pumping and 

educational program for summer time residents and renters. Also, the Albemarle Regional 

Health Service Agency had implemented a unique public management program for 

alternative septic systems throughout a multi-county area. 

Also consider that sub-basins PAS55 and PAS56 were located on the Outer Banks 

barrier islands and as such, the true potential nitrogen impacts could well be substantially 

greater than estimated here because of extensive use of second homes, rental home, 

condominiums and townhouses that are heavily populated during summer months. Note that 

the population using septic systems was less than 1 person per housing unit for sub-basin 

PAS55 and PAS56 (Table A-11) according to the 1990 census data. This was far below the 

statewide average of approximately 2.3 people per home and quite different than for other 

sub-basins in this watershed. The low number of permanent residents per household 

indicated that large numbers of these homes were used for rental units and second homes. 

This type of usage is not captured by census data collection techniques.  Hence the census 

data likely underestimated significantly the septic system usage and potential nitrogen 
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contamination derived from septic systems during the peak summer months from these 

resort-like accommodations. 

The lowest potential nitrogen loading rate within the Pasquotank watershed was in 

sub-basin PAS51 (102 lbs/sq.mi/yr). This was also the lowest potential nitrogen loading rate 

for any sub-basin in North Carolina. This sub-basin had the lowest septic system density in 

the state. The population density of sub-basin PAS56 was more than 23 times that of sub-

basin PAS51. Septic system density in sub-basin PAS56 was about 60 times more than sub-

basin PAS51. Sub-basin PAS51 was mostly public land, heritage sites and nature preserves 

with very little urban area. 

12. Roanoke River basin 

Both the cumulative potential nitrogen loading and the potential nitrogen loading rate 

were highest in sub-basin ROA1 (376,777 lbs/yr and 844 lbs/sq.mi/yr). This sub-basin had 

the 2nd highest population density and septic system density as well as the highest septic 

system usage (Table A-12 and Figures A-24 and A-25). Sub-basin ROA1 included the urban 

fringes of the towns of Danbury and Walnut Cove. 

On the other hand, sub-basin ROA10 had the lowest cumulative potential nitrogen 

loading (61,927 lbs/yr), potential nitrogen loading rate (202 lbs/sq.mi/yr), septic system 

density and population density. The only major municipalities within sub-basin ROA10 were 

Windsor, Askewville and portions of Lewiston-Woodville. Much of this sub-basin was used 

extensively for farms and forests and had relatively low development density. 
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Note that the far western portion of the Roanoke River basin contained a number of 

sub-basins with fairly high densities of septic systems. Also, sub-basin ROA7 likely included 

a number of second homes and or rental units that may increase the potential nitrogen 

impacts beyond that expected purely from the census data. Hence, the nitrogen impacts of 

septic systems upon Lake Gaston could be significant, particularly if there was a high density 

of septic systems in the Virginia portion of the watershed. 

13. Savannah River basin 

The Savannah River basin was the smallest river basin among the 17 river basins in 

North Carolina and contributed the smallest amount of potential nitrogen. Seventy eight 

percent of the total housing units used septic systems in this river basin. As with other 

watersheds located geographically along the outer edge of the state (particularly in the 

western mountainous region) very high usage of septic systems on a percentage basis did not 

correspond to substantial potential nitrogen impacts. Note that within the Savannah River 

watershed there were fewer than 1 person per septic system (Table A-13) according to the 

census data, hence some of these may be second homes, resort homes and the like.   

The largest sub-basin, SAV2, (Figures A-26 and A-27) had both the highest 

cumulative potential nitrogen loading (19,313 lbs/yr) and the highest potential nitrogen 

loading rate (196 lbs/sq.mi/yr). Sub-basin SAV1 had the lowest septic system density and 

population density in the watershed, primarily because it was about 97% forested and most of 

the land lies within Nantahala National Forest. Sub-basin SAV2 was about 96% forested and 

there were several resort and residential communities, though there were no big cities, as 

such. 
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14. Tar Pamlico River basin 

The highest cumulative potential nitrogen contributor (Table A-14 and Figures A-28 

and A-29) was sub-basin TAR2 (380,206 lbs/yr) and the lowest was sub-basin TAR8 (37,628 

lbs/yr). Sub-basin TAR8 had the lowest septic system density and population density and 

potential nitrogen loading rate (105 lbs/sq.mi/yr) primarily because of limited access to the 

barrier island. Access to Ocracoke was only provided by ferry. Because of the scale of the 

map and the narrowness of Ocracoke Island, Figures A-28 and A-29 did not show this land 

area. Sub-basin TAR2 had the 2nd highest septic system and population density, and was the 

3rd largest sub-basin in size. The highest septic system density (29 septic systems/sq.mi) and 

potential nitrogen loading rate (741 lbs/sq.mi/yr) was in sub-basin TAR5. This sub-basin also 

had a very high overall density of development (223 people /sq.mi) and a low percentage of 

homes using septic systems (33%) because of the city of Greenville and the fairly extensive 

centralized sewer system located there.  

Sub-basins TAR4 and TAR8 had low septic systems densities (< 10 systems/sq.mi) 

and rest of the other sub-basins had an intermediate range of septic system density (10 – 40 

systems/sq.mi). 

15. Watauga River basin 

There was only one sub-basin in this river basin (Table A-15 and Figures A-30 and 

A-31). The potential nitrogen loading rate was 535 lbs/sq.mi/yr and the cumulative potential 

nitrogen loading was 109,453 lbs/yr. Most of the land was mountainous and forested. The 

septic system density was intermediate (34 systems/sq.mi), while nearly 70% of the 
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population utilized these systems. The relatively high use of septic systems on a percentage 

basis and low density of systems was consistent with the trend in other mountainous 

watersheds at the outer western fringe of the state. 

16. White Oak River basin 

The highest potential nitrogen loading rate (Table A-16 and Figures A-32 and A-33) 

was in sub-basin WOK3 (1,355 lbs/sq.mi/yr). This sub-basin also had the highest septic 

system density (97 systems/sq.mi) and second highest population density (223 people/sq.mi) 

in the watershed. According to the USEPA (1977) assessment, this area had potential 

regional contamination problems. Sub–basin WOK3 included the cities of Beaufort, 

Morehead City, Atlantic Beach, and Newport. Most of the urbanized area was near the coast 

or on the barrier island itself. As occurred in other beach communities, the number of people 

per home (using septic systems) was quite low (< 2 people/home) primarily because of the 

number of second homes, rental homes on the beach, condominiums and townhouses. There 

were quite a large number of large condominium complexes on the barrier island that utilized 

on-site wastewater treatment systems. Hence, as with other barrier island beach communities, 

the cumulative potential nitrogen loading could be substantially greater than would be 

estimated purely from the census data, particularly in the peak summer months. 

The lowest potential nitrogen loading rate was in sub-basin WOK1 (394 lbs/sq.mi/yr). 

Sub-basin WOK1 had the lowest septic system density and population density. Most of sub-

basin WOK1 lied within the Croatan National Forest and Hoffman State Forest and was not 

developed. 
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Sub-basin WOK2 was the largest sub-basin and contributed the most potential 

nitrogen loading (477,618 lbs/yr). Sub-basin WOK2 was largely urbanized including the city 

of Jacksonville, Camp Lejuene and the adjacent urban fringes. This sub-basin was influenced 

substantially by the associated military base and included a very high number of people per 

home (>3 people per residence on the average (Table A-16)).  

The smallest sub-basin (WOK5) potentially contributed the lowest nitrogen loading 

(7,605 lbs/yr) primarily because it was a largely undeveloped and mostly unoccupied barrier 

island that was accessible only by ferry. Sub-basin WOK5 was the smallest sub-basin among 

the 134 sub-basins in the state. 

Overall, the White Oak River watershed was in the top three throughout the state 

regarding septic system density (38 systems/sq.mi), population density and potential nitrogen 

loading rate (874 lbs/sq.mi/year). Additional development associated with the waterfront and 

military base since 1990 may also have caused a significant increase on potential nitrogen 

contamination not only in sub-basins WOK2 and WOK3, but throughout the White Oak 

River watershed. 

17. Yadkin River basin 

The highest potential nitrogen loading rate in the watershed (Table A-17 and Figures 

A-34 and A-35) was in sub-basin YAD7 (1,921 lbs/sq.mi/yr) and the lowest was in YAD10 

(283 lbs/sq.mi/yr). Sub-basin YAD7 had the highest septic system density (81 systems/sq.mi) 

and 2nd largest population density in the watershed. Sub-basin YAD7 consisted of the cities 
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of High Point, Thomasville and Lexington and their associated urban fringes. It was one of 

the most urbanized areas of this river basin.  

Sub-basin YAD10 had the lowest septic system density (11 systems/sq.mi) and 

population density. This sub-basin was mostly forested and contained the Pee Dee National 

Wildlife Refuge. Sub-basins YAD3, YAD4, YAD7, YAD11 and YAD12 were the areas with 

the greatest potential contamination problems based upon septic system density, all having 

substantially more than 40 septic system /sq.mi with some sub-basins (YAD4 and YAD7) 

greater than 70 systems/sq.mi. The rest of the sub-basins in the Yadkin River watershed had 

an intermediate range of septic system density. 

In terms of cumulative potential nitrogen loading, sub-basin YAD4 potentially 

contributed the largest amount of nitrogen (1,206,880 lbs/yr) whereas sub-basin YAD17 

potentially contributed the least amount (49,035 lbs/yr). The potential nitrogen contribution 

from sub-basin YAD4 was the largest amongst any of North Carolina’s 134 sub-basins. Sub-

basin YAD4 had the highest population density in the Yadkin River watershed and included 

the cities of Winston Salem, Kernersville, Clemmons and Rural Hall along with their 

associated urban fringe areas. Sub-basin YAD17 was the 2nd smallest in size and sub-basin 

YAD4 was the 4th largest in the size.  

Amongst all of the 17 river basins of North Carolina, the Yadkin River basin 

potentially contributed the largest amount of nitrogen (6,349,093 lbs/yr). This was over 20% 

of the statewide total of potential nitrogen contributions from septic systems. The Yadkin 

River basin also had the second highest potential nitrogen loading rate (887 lbs /sq.mi per 

year) of all watersheds in the state. This watershed had the 3rd highest septic system density 
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(38 systems/sq.mi) in the state. As of 1990, there were more than 260,000 homes using septic 

systems in the watershed, serving a population of 600,000+ people. These were the largest 

user numbers for any of North Carolina’s 17 watersheds. The high septic system density 

along with extensive use of these systems indicated that nitrogen contamination from septic 

systems was potentially significant, particularly in the upper and middle reaches of the 

watershed. 

Conclusions 

Usage of septic systems 

1. Based on 1990 census data, 48 % of the total housing units in North Carolina’s 

watersheds used septic systems, whereas 2% of the total housing units relied on other 

systems such as privies, outhouses and straight pipes discharging directly to streams or 

ditches. There were 1,365,536 septic systems and over 3 million people used septic systems 

as of 1990. 

2. On a watershed scale, housing units with septic systems ranged from 82% 

(Hiwassee) to 39% (Neuse, Catawba). On the other hand on a sub-basin level, the percentage 

usage of septic systems ranged from 96% (sub-basin WOK5 of White Oak River basin) to 

10% (sub-basin CTB34 of Catawba River basin). 

3. The river basins with a high percentage of septic systems users were located in 

very rural mountainous areas of the state. But such river basins had very low numbers of 

septic systems due to the low overall population densities. Therefore, the cumulative 
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potential nitrogen impacts from septic system in such watersheds were not substantial. 

However, continued extensive development in the mountains of North Carolina since 1990 

could have added substantial numbers of septic systems thereby increasing the potential 

nitrogen impacts. 

Density of septic systems in river basins 

1. The density of septic systems varied substantially at both the watershed scale and 

subwatershed scale throughout the state. The highest septic system density was in the 

Catawba River basin, which had 53 septic systems/sq.mi. The White Oak River and Yadkin 

River basins with about 37-38 systems/sq.mi had the next highest densities. 

2. Based on the septic system density categories of USEPA (1977), 16 out of 17 

watersheds in North Carolina had an intermediate density (10-40 systems/sq.mi) and only 

one watershed had a high density (more than 40 systems/sq.mi). The Catawba River basin 

had already exceeded the density EPA (1977) used to indicate a high likelihood of potential 

regional contamination problems in 1990. The White Oak, Yadkin, Watauga, Broad, and 

French Broad watersheds had septic system densities between 30-40 systems/sq.mi in 1990. 

They most likely have exceeded 40 septic systems/sq.mi by the present time. Hence, these 

river basins (Catawba, White Oak, Yadkin, Watauga, Broad and French Broad watersheds) 

were likely the most susceptible to groundwater and surface water pollution from septic 

systems, from a density perspective only. 

3. Site suitability, design, system selection and maintenance and regulation of septic 

systems have traditionally been focused upon what is on the building lot and not influenced 
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by its context within the watershed. However, the cumulative impacts due to septic systems 

should be assessed in these six watersheds. Then, the potential need for additional watershed-

specific regulations of septic systems determined. 

Density of septic systems in major sub-basins 

1. There was substantial variability in the distribution of septic systems (ranging from 

5 systems/sq.mi to 299 systems/sq.mi) on a sub-basin scale throughout the state. Out of 134 

sub-basins, only 10 sub-basins had less than 10 septic systems/sq.mi (low density), 99 sub-

basins had 10 to 40 septic systems/sq.mi (intermediate density) and the remaining 25 sub-

basins had more than 40 septic systems/sq.mi (high density) using the EPA (1977) 

classification. Therefore, over 90% of the 134 major sub-basins in North Carolina had an 

intermediate or high density of septic systems in 1990. 

2. Sub-basin BRD5 of the Broad River basin, sub-basins CPF3, CPF6, CPF8, CPF15, 

and CPF24 of the Cape Fear River basin, sub-basins CTB32, CTB33, CTB34, CTB35, 

CTB36, CTB37 and CTB38 of the Catawba River basin, sub-basin FRB2 of the French 

Broad River basin, sub-basin LBR59 of the Lumber River basin, sub-basins NEU2 and 

NEU3 of the Neuse River basin, sub-basins PAS55 and PAS56 of the Pasquotank River 

basin, sub-basin WOK3 of the White Oak River basin and sub-basins YAD3, YAD4, YAD7, 

YAD11 and YAD12 of the Yadkin River basin had more than 40 septic systems/sq.mi as of 

the 1990 census.  

3. These (above) were the sub-basins with the greatest potential regional groundwater 

and surface water contamination problems from septic systems from a density perspective. 
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These sub-basins primarily included major highways, large cities, waterfronts and 

recreational areas. Research to assess denitrification potential in soil and groundwater as well 

as plant uptake potential is needed to determine the actual impacts of septic systems in these 

sub-basins. 

4. In these critical areas, special attention is needed regarding new septic system 

installation permits, specifically because of potential nitrogen impacts. In some of these areas 

it may be advisable to consider the use of advanced pretreatment units for nitrogen removal 

(primarily for large systems serving design flows greater than 1,000 gpd), control of 

development density if traditional systems are used in residential areas and/or special 

management programs to assure continued function of new systems. 

5. There were 27 sub-basins (out of 99 sub-basins) with an intermediate septic system 

density that had 30 – 40 septic systems/sq.mi as of 1990. Three sub-basins of the Broad River 

basin, six sub-basins of the Cape Fear River basin, one sub-basin of the Catawba River basin, 

one sub-basin of the French Broad River basin, one sub-basin of the Little Tennessee River 

basin, four sub-basins of the Neuse River basin, two sub-basins of the Roanoke River basin, 

one sub-basin of the Watauga River basin, four sub-basins of the White Oak River basin and 

four sub-basins of the Yadkin River basin may soon exceed 40 septic systems/sq.mi if they 

have not exceeded it already. 

6. Thus these 27 sub-basins may have exceeded the EPA threshold of 40 

systems/sq.mi by the present time and be more susceptible to regional groundwater and 

surface water contamination from septic systems than indicated from the 1990 census data. 
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 Research to determine the current density of septic systems in these sub-basins and the 

relative impacts on groundwater and surface water quality is recommended. 

Potential nitrogen contributions from river basins and major sub-basins 

1. The total cumulative potential nitrogen loading from septic systems in North 

Carolina was more than 31 million lbs/yr based on 1990 census data. The total potential 

nitrogen loading from septic systems on a statewide basis may numerically seem large. 

However, compared to other potential nitrogen loading sources such as agriculture, lawn 

fertilizer, atmospheric deposition and storm water this number may be relatively small from a 

statewide perspective. Using the Neuse River basin as an example, potential nitrogen loading 

from septic systems (4 million lbs/yr) is substantially less than that attributed to agriculture 

(84 million lbs/yr) but is comparable to the potential nitrogen loading from lawn fertilizer (3 

million lbs/yr). 

2. On a watershed scale, the Yadkin River, Cape Fear River, Catawba River and 

Neuse River basins were the four major river basins potentially contributing 64% of the total 

nitrogen loading to soils from septic systems within North Carolina’s watersheds. The 

highest potential nitrogen contribution occurred within Yadkin River basin, with a potential 

nitrogen loading of 6,349,093 lbs/yr. In contrast the lowest potential nitrogen contribution 

occurred within the Savannah River basin with a potential nitrogen loading of 30,875 lbs/yr. 

The Yadkin River basin was the second largest river basin in North Carolina but had a 

greater potential nitrogen contributed from septic systems than the Cape Fear River basin, the 
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largest river basin. This was due to Yadkin River basin having a higher septic system density 

and larger population using septic systems than the Cape Fear River basin.  

3. Sub-basin YAD4 of the Yadkin River basin had the highest potential nitrogen 

loading at a sub-basin level. Septic systems potentially contributed over 1 million lbs of 

nitrogen per year in that sub-basin. On the other hand, sub-basin SAV1 of the Savannah 

River basin had the lowest potential nitrogen loading at a sub-basin level. River basins that 

do not have large potential nitrogen loading on a complete watershed basis may have sub-

basins with substantial potential nitrogen contributions. For example, septic systems in the 

entire French Broad River basin potentially contributed more than 2,000,000 lbs of nitrogen 

each year. But septic systems in sub-basin FRB2 of the French Broad River basin potentially 

contributed more than 1,000,000 lbs of nitrogen per year, or half of the potential load for the 

entire watershed. This was the second highest potential nitrogen loading in the state at the 

sub-basin level. High potential nitrogen contributing sub-basins were primarily located in 

developing areas, along major highway corridors, in beach communities and in areas 

surrounding surface waters such as large lakes, sounds, rivers, beaches, etc.  

Effects of septic system density in small sub-basins 

1. The septic system density and potential nitrogen loading rates on a pounds of 

nitrogen/sq.mi basis were both very high within many of the beach communities along North 

Carolina’s barrier islands. However, these sub-basins did not have high total potential 

nitrogen loadings due to their small size. These were generally so small that the cumulative 
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potential nitrogen loading was not as great as within larger sub-basins despite the high 

densities. 

2.  However, the potential local effects on groundwater and surface water resources in 

small sub-basins that have high densities of septic systems seemed substantial. Hence, 

research assessments to determine the actual impacts on surface water are recommended 

here. In addition, similar regulation of siting requirements, development density, 

pretreatment requirements and/or management requirements should be considered by state 

and local health agencies in these sub-basins.  

Tools for assessment of potential loading and impacts from septic systems 

1. Density distributions of septic systems and potential nitrogen loading results 

obtained from this study can be used as two screening tools to identify the most critical areas 

for addressing nitrogen pollution from septic systems on a river basin and sub-basin level.  

2. However, percent of homes using septic systems in river basins or sub-basins did 

not seem to be good screening tool to identify critical areas. 
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Potential nutrient loadings from on-site systems to 

watersheds 
S. Pradhan1, M. T. Hoover1*, R. Austin1 and H. A. Devine2 

(This paper was presented at Tenth National Symposium on Individual and Small 
Community Sewage Systems, Sacramento California) 

ABSTRACT 

The potential nutrient loadings from on-site septic systems to North Carolina’s river basins 
have long been ignored.  Yet the potential for these systems to have significant impact exists. 
Based on the 1990 census, 1,365,536 households utilized on-site systems in North Carolina 
alone. This study developed a procedure to quantify the potential nutrient loadings from on-
site systems within North Carolina’s watersheds and major sub-basins of those watersheds. 
Two analysis products are displayed; 1) a distribution map of septic system densities by sub-
watershed classified by USEPA density standards developed in 1977 and 2) a potential 
nutrient loading map. Both of these analyses used an area weighted GIS procedure to develop 
these estimates. Septic system density ranged from 5 to 20 systems km-2 at a river basin level 
and 2 to 115 systems km-2 at a sub-basin level. The Yadkin River basin had the highest 
potential nutrient loading of 3,283,069 kg yr-1 of which 2,879,885 kg yr-1 was nitrogen 
loading and 403,184 kg yr-1 was phosphorus loading. Results obtained from this study can be 
compared with the potential nutrient loadings obtained from other non-point sources such as 
agriculture, forestry and urban land use. 

KEYWORDS. On-site system, nitrogen, phosphorus, nutrients, river basins, sub-basins, 
watersheds. 

INTRODUCTION 
 
Nutrient pollution of groundwater is a serious problem for both human and environmental 
health.  The contribution of septic tank effluent to this contamination has not been well 
studied and yet, the major nutrients associated with septic tank use, nitrogen and phosphorus, 
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have been tentatively associated with multiple human health problems:  blue baby syndrome 
(Knobeloch et. al., 2000) and multiple miscarriages in the case of nitrogen (MMWR, 2003), 
and liver and nerve damage, for phosphorous (IEC, 2003). Over 52% of the residents of 
North Carolina depend on groundwater for their drinking water supply (North Carolina 
Groundwater Association, 2003) and with approximately 48% of the state’s citizens using 
septic systems (U.S Department of Commerce, 1992) as their primary source of wastewater 
treatment, some investigation of the potential impacts of septic systems is long overdue. 
 
The nitrogen in effluent leaving septic tanks is about 75% ammonium nitrogen and 25% 
organic nitrogen (Otis et. al., 1974). The North Carolina Division of Environmental Health 
has found the ammonium nitrogen form to be 75 to 95% of the total nitrogen in septic tank 
effluent (NCDENR, 2003). The nitrogen content in septic tank effluent is about 40 to 80 Mg 
L-1 (Walker et. al., 1973). Groundwater contamination with nitrogen from on-site systems is 
due to poor purification of the effluent as a result of insufficient biochemical and physical 
process e.g. denitrification, ammonium adsorption (Andreoli et. al., 1981). According to 
Wilhelm et. al., (1994), nitrate-nitrogen causes most of the primary adverse impacts from on-
site systems. Nitrate is highly mobile in soil and leaches through aerobic soil profiles to the 
water table and into the groundwater. In the absence of denitrification, nitrate can flow with 
the groundwater into adjacent surface waters that serve as groundwater discharge zones and 
can result in nitrogen contamination of surface waters from on-site systems (Buetow, 2002). 
 
Approximately 85% of the phosphorus in septic tank effluent is in the orthophosphate form 
(Reneau and Pettry, 1976). The phosphorus content of septic tank effluent has been found to 
be 3 to 20 Mg L-1 (Robertson et. al., 1998, Whelan, 1988). Groundwater contamination with 
phosphorus from on-site systems is due to poor adsorption and precipitation processes e.g. 
surface precipitation, anion exchange etc.  In the soil, phosphate removal occurs due to 
adsorption of phosphate by hydrous oxides of aluminum, carbonate, iron and manganese  
(NCDENR, 1999).   
 
Considering this, threats to human health from drinking water and the environmental threats 
to adjoining surface water due to groundwater contamination by nutrient loadings from on-
site systems cannot be ignored. This may be especially crucial in areas where people depend 
exclusively upon on-site systems for wastewater treatment or where there are high densities 
of on-site systems relative to other potential sources of nutrients. There are already 
regulations in many localities for reducing nutrients originating from urban, agricultural and 
suburban land uses. But due to lack of knowledge regarding nutrient loadings from on-site 
systems in North Carolina, no reduction has been implemented for this source within any 
river basin in the state (e.g., the Neuse River Basinwide Nutrient Reduction Plan (NCDENR, 
1997)). In some other locations, such as nutrient sensitive watersheds in Delaware, planning 
is underway to implement nutrient reduction from on-site systems technologies to help 
achieve TMDLs within selected watersheds (Hoover et. al., 2003).  
 
This study makes a first attempt at quantifying the potential nutrient loadings due to on-site 
systems on both a river basin and sub-basin basis in North Carolina. Two major products are 
created.  First, a state map identifying the densities of septic system usage on a river 
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basin/sub-basin basis.  This allows the identification of potentially critical areas for further 
assessment of septic effluent impacts. Second an analysis of potential nutrient loadings by 
sub-watershed is developed.  This analysis is developed from population values and therefore 
provides a more detailed display of the geographic distribution of potential loadings.  

METHODS AND MATERIALS 
 
The 1990 census collected information on the method of wastewater dispersal used at 
residential homes. The 2000 census did not include information on the method of wastewater 
disposal. Hence the 1990 census data was aggregated for all the river basins and sub-basins 
of North Carolina.  
 
Data Sets Used 
 
The GIS census block boundary layer for North Carolina was obtained from the 
Topologically Integrated Geographic Encoding and Referencing (TIGER) line files that were 
developed by US Department of Commerce, Bureau of the Census data. TIGER/line files 
were based predominantly on the US Geological Survey 1:100,000 scale digital line graph 
files with a state plane coordinate system and NAD83 datum. 
 
The watershed boundary layer was obtained from the North Carolina Center for Geographic 
and Information Analysis (NCCGIA). The watershed boundary layer, 1: 24,000 scale, has a 
state plane coordinate system and NAD83 datum. 
 
Methodology 
 
Due to dissimilar boundaries between watershed coverage and block group coverage these 
two coverages could not be overlain directly. A normalization procedure (normalization of 
the census block data by land area) was used to transfer the number of septic systems from 
census blocks to major watersheds/subwatersheds. For this assessment it was assumed that 
housing units using on-site systems and the corresponding population were distributed 
uniformly across census block groups. It was also assumed that each house using an on-site 
system had only one on-site system. While these assumptions are not always valid, they 
provided a method suitable for large-area analysis. Then, population density as well as on-
site system density for each census block was calculated. These normalized values were used 
to re-aggregate the census data by the major watershed/subwatershed boundaries. 
 
The process of re-aggregation of census data by the major river basin/sub-basin boundaries 
was the key point for determination of cumulative number of septic systems within each 
major river basin/sub-basin area. The normalized census block group coverage and the sub-
basin coverage were overlain to create a “unionized” coverage containing unique polygons. 
This combined coverage contained polygons for every bisected block group and major river 
basin/sub-basin across the state. In addition, each individual polygon maintained an 
identifier, as an attribute, for its sub-basin membership as well as for its census block group 
membership. Because of these identifiers, it was possible to sum densities of housing unit 
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using septic systems by common identifiers e.g. subwatershed’s id. The total number of 
septic systems in each polygon was then determined by multiplying the total number of 
septic systems with the total area of each polygon. The sum of the total number of septic 
systems of all the polygons that fell within the boundaries of a major 
watershed/subwatershed gave the total number of septic system in that major 
watershed/subwatershed. Such polygons could be identified with their unique membership 
ids (Pradhan et. al., 2003). A detailed graphic display and description of the normalization 
procedure was provided by Pradhan et. al., 2003. The ARC/INFO 8.1 and ArcView GIS 3.2 
software developed by Environmental Systems Research Institute was used for this study to 
handle spatial attribute data.  
 
Determination of Nutrient Loadings from On-site Systems 
 
The potential nutrient loading was calculated here as the worst-case scenario and was the 
total discharge of nitrogen and phosphorus applied to the soil from on-site systems. It did not 
account for any loss of nutrients through denitrification, plant uptake and other soil 
processes. The amount of nitrogen in septic tank effluent was estimated to be 4.5 kg person-1 
yr-1 (Alhajjar et. al., 1989; Buetow, 2002). The amount of phosphorus in septic tank effluent 
was estimated to be 0.58 kg person-1 yr-1 (UNEP, 2003). For the Neuse river basin, Buetow 
had found it to be 0.64 kg person-1 yr-1 from his study of septic systems in North Carolina 
(Buetow, 2002). For this study Buetow’s value of 0.64 kg person-1 yr-1 was used for 
phosphorus loading, as it was more relevant. 
 
At the river basin/sub-basin level, the population using on-site systems was the total 
population living within a river basin boundary multiplied by the proportion of housing units 
using on-site systems within that river basin/sub-basin.  
Total potential nitrogen loadings and phosphorus loadings per river basin/sub-basin were 
calculated by multiplying total number of people using on-site systems by the factor 4.5 and 
0.64, respectively.  
 
Determination of Density of Septic Systems 
 
The area mentioned in this paper is the land area only which was obtained by subtracting area 
covered by water from the total area (land + water). Density of septic systems was then 
calculated as septic systems km-2 land. A weighted average was used to calculate densities at 
the river basin scale. 

RESULTS AND DISCUSSIONS 
 
North Carolina has 17 river basins, 134 major sub-basins and 5,696 census block groups. The 
smallest river basin, the Savannah River basin, was only 443 km2 whereas the largest basin, 
the Cape Fear River basin, was 23,833 km2 in size. Similarly, size ranged significantly at the 
sub-basin level. The smallest sub-basin, WOK5, in the White Oak River basin was just 38 
km2, whereas the largest sub-basin, LTN2, was 2,650 km2, and occurred within the Little 
Tennessee River basin. The number of housing units using on-site systems ranged from 
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3,198 housing units (Savannah River basin) to 263,299 housing units (Yadkin River basin) at 
the river basin level. At the sub-basin level, the range of housing units using on-site systems 
varied from 79 (sub-basin SAV1 of the Savannah River basin) to 52,742 (sub-basin YAD4 of 
the Yadkin River basin).  
 
On-site systems are used extensively for household wastewater treatment in North Carolina. 
According to the 1990 census, 48% of the total housing units and population in North 
Carolina’s watersheds used on-site systems. In addition, approximately 2% of the population 
used other systems such as privies, outhouses and straight pipes (Figure 1).  
 
There was a large variation in on-site system usage. It ranged from 39% to 82% of the 
population on a river basin basis. More than half of the population used on-site systems in 12 
out of 17 river basins in North Carolina. Nearly 80% of the population in the Hiwassee, Little 
Tennessee and Savannah River basins used on-site systems but these river basins had the 
lowest overall population densities in the state and therefore the overall number of on-site 
systems was relatively small. On the other hand, less than 45% of the housing units used on-
site systems in the Cape Fear, Neuse and Catawba River basins. But these river basins had 
high population densities. Therefore, the number of on-site systems was large in these river 
basins even though the usage was low on a percentage basis. 
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Figure 1. Distribution of housing units using on-site systems, sewer systems and other means for North 
Carolina’s river basins.
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In 1990, there were 1,365,536 on-site systems serving over 3 million people in North 
Carolina (U.S. Department of Commerce, 1992). In the 1990’s and early 2000’s, the number 
of new systems operation permits and certificates of completion ranged annually from 36,715 
to 54,575 with an average of approximately 45,000 per year (NCDENR, 2003). Therefore, it 
is estimated that the number of on-site systems increased to more than 1.8 million by 2002, 
assuming approximately 10,000 on-site systems were converted to centralized sewers each 
year. Note that data is not available to calculate the actual number of on-site systems that 
were converted to sewers. 
 
On-site System Density 
 
The Catawba River basin had the highest on-site system density with 20 systems km-2. This 
river basin also had the highest population density amongst all the river basins of North 
Carolina; there were 126 people km-2. It was the only major river basin in the state that had a 
basin-wide average of more than 15.4 on-site systems km-2 (> 40 systems mi-2) throughout its 
watershed in 1990. All of the remaining river basins had average septic system densities in 
1990 that were between 3.8 and 15.4 on-site systems km-2 (10-40 systems mi-2). 
 
Both the Catawba and White Oak River basins were in the top three watersheds in the state 
regarding on-site system density, population density and potential nutrient loading rate (kg of 
nutrient km-2) from on-site systems. Hence, it could be expected that on-site system nutrient 
loadings may be more substantial in these watersheds than others, although the effects of 
soils, groundwater hydrology, etc. must also be considered. The Yadkin River basin also had 
a high on-site system density and potential nutrient loading rate as well as the largest total 
potential nutrient loading of any watershed. 
 
In contrast the Chowan River basin had the lowest on-site system density and consisted of 
mostly rural areas with few major highways and limited numbers of cities, waterfronts or 
recreational areas that were not served by public sewers. Most of the land, about 89 %, was 
forest or agriculture. The population density was only 18 people km-2 in comparison to the 
state average of 53 people km-2. 
 
The U.S. Environmental Protection Agency (EPA, 1977) suggested that septic system density 
was related to groundwater contamination problems when observed on a regional scale. They 
categorized density into three groups: low (< 3.8 systems km-2 or < 10 septic systems mi-2), 
medium (3.8 – 15.4 systems km-2 or 10-40 septic systems mi-2) and high (> 15.4 systems km-

2 or > 40 septic systems mi-2). The on-site system density values suggested by EPA do not 
indicate alone that regional contamination is imminent since factors such as soils, geology, 
groundwater dynamics, denitrification potential, phosphorus adsorption potential of soil and 
other factors must also be considered. 
 
All 17 major watersheds in North Carolina were in within the medium or high-density 
categories suggested by EPA (1977). Only the Catawba River basin had an on-site system 
density in 1990 (20 on-site system km-2) that exceeded the density that EPA (1977) suggested 
to indicate a high likelihood of regional groundwater contamination problems. In addition, 
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the White Oak, Yadkin, Watauga, Broad and French Broad watersheds had on-site system 
densities between 13 to 15 systems km-2 as of 1990 and may soon, if not already, exceed 15.4 
on-site systems km-2. Hence, from a worst-case scenario approach these six river basins were 
those most susceptible to pollution from on-site system and merit further investigation of 
soil, groundwater combinations so as to determine actual loadings of nitrogen and 
phosphorus. 
 
There was substantial variation in density of on-site systems on a sub-basin scale (Figure 2) 
throughout the state. Individual sub-basins within five of these six watersheds discussed 
above had high on-site system densities. There were also individual sub-basins in the 
Pasquotank, Cape Fear and Neuse River basins with high densities. One sub-basin had a 
density exceeding 115 on-site systems km-2 (299 systems mi-2). Oftentimes, high-density 
sub-basins were adjacent to shellfish harvesting waters, water supply watersheds, beaches 
and swimming waters or important groundwater aquifers. Detailed on-site systems 
distribution maps for the 134 sub-basins are available (Pradhan et. al., (In review)). 
 
On-site system density was higher in sub-basins with more urbanized areas than in those with 
less urbanized areas. This was due to high population density in the scattered urban fringe 
areas, which were not served by public sewer systems. So even when the on-site system 
percentage usage was not particularly high (<50%) in a predominantly urban sub-basin the 
number of on-site systems was large due to the overall population density. Therefore, despite 
the fact that the on-site system percentage usage was highest in rural areas, on-site system 
density was greatest in urban areas. 
 
For example, the CTB34 sub-basin (included the city of Charlotte) in the Catawba River 
basin had extensive public sewers and a corresponding high population density of 535 people 
km-2. But it still had a high on-site system density of 23 systems km-2. Similarly the NEU2 
sub-basin (included the cities of Raleigh, Durham and Cary) in the Neuse River basin had an 
on-site system density of 19 systems km-2 and a population density of 220 people km-2. Even 
though most of the population in these cities had access to public sewers, substantial 
densities of on-site systems occurred in their urban fringes. In general, basins and sub-basins 
including major highways, urban fringes, waterfronts and/or recreational areas had higher on-
site system densities than rural areas. 
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Density of septic systems  for 134 sub-basins in North Carolina 
1990 census block group data
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Sub-basin PAS56 of Pasquotank River basin had the highest on-site system density at a sub-
basin level in the state with 115 on-site systems km-2. This sub-basin was spread across the 
Barrier Island Outer Banks area adjacent to the Atlantic Ocean. It contained major 
recreational areas like Kitty Hawk, Wright Brothers Memorial etc. and cities like Nags Heads 
and Kill Devil Hills. Since many of these systems seasonally serve large populations that 
exceed the capacity of typical homes, the nutrient loadings would be expected to be quite 
substantial during the summer season. 
 
Sub-basin WOK3 of the White Oak River basin had the second highest on-site system 
density at sub-basin level with 37 on-site systems km-2. Like sub-basin PAS56, this sub-basin 
was also located along the Atlantic Ocean coastline and had numerous beach cities like 
Morehead City, Beaufort, Atlantic Beach and Newport. 
 
The third and fourth highest on-site systems densities on a sub-basin scale were found in the 
Catawba River basin in sub-basins CTB37 (37 systems km-2) and CTB36 (36 systems km-2) 
respectively. Sub-basin CTB37 and CTB36 had a population density of 239 people km-2

. 
Sub-basin CTB37 contained portions of Bessemer City and South Gastonia. Sub-basin 

Figure 2. Density distribution of on-site systems on a sub-basin scale in North Carolina. 
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CTB36 contained part of Gastonia and Bessemer City. These are located near the major city 
of Charlotte, NC. 
 
Potential Nutrient Contributions from On-site Systems Statewide 
 
The total potential nutrient loading from on-site systems in North Carolina was 
approximately 16 million kg yr-1 based upon 1990 census data. Of this total nutrient loading 
about 14 million kg yr-1 was potential nitrogen loading and 2 million kg yr-1 was potential 
phosphorus loading. However, if there were 1.8 million on-site systems in use by 2002 and if 
each system served an average of 2.3 people, then nearly 19 million kg of nitrogen and 3 
million kg of phosphorus were generated annually by 2002 and applied to the soils of the 
state.  
 
The total potential nutrient loading from on-site systems on a statewide basis may 
numerically seem large. However, compared to other potential nutrient loading sources such 
as agriculture, lawn fertilizer, atmospheric deposition and storm water this number is 
relatively small on a statewide basis. There may be individual basins, or sub-basins, however, 
in which on-site system potential nutrient contributions may be large relative to these other 
sources. Therefore, it may be useful to use on-site system density as well as potential nutrient 
loading on both basin-wide and sub-basin-wide scales as screening tools to identify where 
further more detailed assessment of loading is recommended. 
 
The Yadkin River, Cape Fear River, Catawba River and Neuse River basins were the 
potentially largest nutrient contributors in the state (Figure 3). The Yadkin, Cape Fear, 
Catawba and Neuse River basins combined contributed nearly two-thirds  (>10 million kg yr-

1) of the on-site system potential nutrient loadings. The remaining one-third of the potential 
nutrients was contributed within the remaining 13 river basins. 
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Cumulative potential nutrient (nitrogen and phosphorus) loading 
for 17 river basins of North Carolina 

1990 census block group data
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Potential nutrient loading on a river basin scale was the result of the size of the river basin, 
on-site system density and the population using on-site systems in that river basin. The Cape 
Fear River basin was the largest river basin in North Carolina but potentially contributed 
fewer nutrients than the Yadkin River basin, which was the second largest river basin in 
North Carolina. That was the case because the Yadkin River basin had a higher on-site 
system density and population using on-site systems than the Cape Fear River basin. The 
potential nutrient loading rate on a unit area basis (nutrient loading km-2) was highest in the 
Catawba River basin followed by Yadkin and White Oak River basins. 
 
Figure 4 illustrates potential nutrient contributions from each of the 134 major sub-basins in 
North Carolina. The highest potential nutrient loading at a sub-basin level was from sub-
basin YAD4 of the Yadkin River basin at over 624,069 kg yr-1. Also, river basins that did not 
have the largest potential nutrient loadings on a complete watershed basis, had sub-basins 
with substantial potential nutrient contributions. For instance, the French Broad River basin 
potentially contributed 1,040,648 kg yr-1of nutrients, an intermediate value on a full 
watershed scale. But at the sub-basin level, sub-basin FRB2 potentially contributed 562,114 
kg yr-1of nutrients, which was the second highest in the state at the sub-basin level.    

Figure 3. Cumulative potential nutrient loading for North Carolina’s river basins. 
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The Catawba, Cape Fear, Neuse, Yadkin, White Oak and French Broad River basins each 
had at least one sub-basin that potentially contributed more than 204,117 kg of nutrients yr-1. 
These high nutrient contributing sub-basins were primarily located in developing areas, along 
major highway corridors, in beach communities and in areas surrounding surface waters such 
as large lakes, sounds, rivers, beaches etc. For example sub-basin YAD4 contained the city of 
Winston-Salem and other small cities located along highway I-40. Sub-basin FRB2 contained 
the cities of Asheville and Hendersonville, and highways I-40 and I-26. 
 
Many of the beach communities along North Carolina’s Barrier Islands had very high 
densities of on-site systems and high potential nutrient loading rates, on a unit area basis (kg 
km-2). However, they did not have high total potential nitrogen loadings. The aerial extent of 
these sub-basins was generally so small that the cumulative potential nitrogen loading was 
not as great as within larger sub-basins despite the high densities. However, local impacts 
potentially could be substantial due to the relatively high densities of systems. 

Figure 4. Cumulative potential nitrogen loading for North Carolina’s sub-basins. 
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CONCLUSIONS 
1. Basins that had a high percentage use of on-site systems generally did not have high 

septic system densities nor high nutrient loadings due to their rural character. 

2. Potential nutrient loading was mainly influenced by density of population using septic    
systems, density of septic systems and size of the watershed. 

3. The overall potential nutrient loading due to on-site systems did not seem substantial 
on a statewide basis when compared to other potential nutrient sources. 

4. Sub-basins with high potential nutrient contributors were primarily located at 
developing areas, along major highway corridors, in beach communities and in areas 
surrounding surface waters such as large lakes, sounds, rivers, beaches etc. 

5. Density distribution of septic systems and potential nutrient loading results from this 
study can be used as a screening tool to identify the most critical areas for further 
assessment. More detailed on-site system density distribution and potential nutrient 
loading maps for each of 17 major river basins in North Carolina are provided by 
Pradhan et. al., (In review). 

6. Sub-basins with either high septic system densities and /or larger potential nutrient 
loadings are the areas where further investigation is recommended to assess the actual 
nitrogen and phosphorus loadings due to on-site systems. 
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Table A-1: Broad River Basin (Number of sub-basins =6). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

BRD1 182 4,047 3,228 5,681 4,531 18 31 80 45,309 248 

BRD2 512 24,166 16,138 57,469 38,378 32 112 67 383,776 749 

BRD3 137 4,160 3,776 8,202 7,446 28 60 91 74,456 545 

BRD4 426 22,886 14,115 56,104 34,602 33 132 62 346,017 813 

BRD5 178 13,597 9,735 34,075 24,395 55 191 72 243,951 1,369 

BRD6 73 4,084 2,631 7,612 4,903 36 105 64 49,031 674 

sum/wt.avg 1,508 72,940 49,622 169,144 114,254 33 112 68 1,142,540 758 
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Table A-2: Cape Fear River Basin (Number of sub-basins = 24). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

CPF1 189 10,406 6,894 25,967 17,203 37 138 66 172,031 912 

CPF2 555 118,229 22,342 279,024 52,729 40 503 19 527,288 950 

CPF3 262 28,146 12,899 66,653 30,547 49 255 46 305,467 1,168 

CPF4 327 8,679 7,491 20,246 17,473 23 62 86 174,732 534 

CPF5 250 43,911 8,138 102,016 18,907 33 408 19 189,066 756 

CPF6 74 24,028 3,697 57,976 8,920 50 781 15 89,198 1,201 

CPF7 406 16,006 8,920 39,761 22,158 22 98 56 221,576 546 

CPF8 178 41,747 11,386 101,444 27,669 64 569 27 276,687 1,553 

CPF9 445 23,365 14,924 55,805 35,644 34 125 64 356,436 800 

CPF10 447 8,984 7,330 21,132 17,241 16 47 82 172,408 386 

CPF11 132 9,136 4,029 22,247 9,810 31 169 44 98,104 745 

CPF12 243 6,640 4,014 16,035 9,693 16 66 60 96,932 398 

CPF13 220 9,674 6,733 23,958 16,675 31 109 70 166,750 757 

CPF14 484 24,691 12,792 67,601 35,023 26 140 52 350,226 724 

CPF15 598 91,449 34,690 247,783 93,993 58 415 38 939,927 1,573 

CPF16 433 6,491 3,961 14,812 9,038 9 34 61 90,383 209 

CPF17 502 29,978 13,551 57,480 25,982 27 114 45 259,824 517 

CPF18 492 16,522 9,854 39,918 23,808 20 81 60 238,075 484 

CPF19 739 16,543 11,236 40,591 27,570 15 55 68 275,698 373 

CPF20 341 2,636 1,999 5,260 3,990 6 15 76 39,896 117 

CPF21 119 3,061 1,937 7,596 4,807 16 64 63 48,070 403 

CPF22 828 16,038 11,283 39,158 27,548 14 47 70 275,480 333 

CPF23 790 27,755 13,769 64,592 32,043 17 82 50 320,430 406 

CPF24 147 28,591 11,296 51,790 20,462 77 351 40 204,620 1,387 

sum/wt.avg 9,202 612,703 245,162 1,468,846 588,930 27 160 40 5,889,304 640 
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Table A-3: Catawba River Basin (Number of sub-basins = 9). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

CTB30 517 19,413 15,053 43,071 33,398 29 83 78 333,979 646 

CTB31 559 38,148 22,530 90,401 53,391 40 162 59 533,908 955 

CTB32 644 66,328 44,570 153,102 102,880 69 238 67 1,028,795 1,596 

CTB33 211 15,518 11,603 40,610 30,364 55 192 75 303,635 1,438 

CTB34 326 193,585 19,443 451,594 45,357 60 1,385 10 453,566 1,391 

CTB35 560 44,278 28,965 110,830 72,501 52 198 65 725,007 1,294 

CTB36 97 23,858 9,011 60,151 22,718 93 618 38 227,182 2,333 

CTB37 107 26,392 10,216 66,144 25,603 96 620 39 256,032 2,398 

CTB38 176 9,018 7,245 25,624 20,587 41 146 80 205,867 1,170 

sum/wt.avg 3,198 436,538 168,636 1,041,527 406,797 53 326 39 4,067,971 1,272 
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Table A-4: Chowan River Basin (Number of sub-basins = 4). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

CHO1 572 10,127 6,658 25,036 16,460 12 44 66 164,600 288 

CHO2 494 9,102 5,556 22,788 13,911 11 46 61 139,108 282 

CHO3 100 2,173 1,896 4,483 3,912 19 45 87 39,121 389 

CHO4 135 4,308 2,031 10,265 4,838 15 76 47 48,379 359 

sum/wt.avg 1,301 25,710 16,141 62,571 39,121 14 48 63 391,208 301 
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Table A- 5: French Board River Basin (sub-basin = 7). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

FRB1 247 10,712 7,409 21,738 15,035 30 88 69 150,345 609 

FRB2 773 105,144 49,780 229,605 108,707 64 297 47 1,087,066 1,406 

FRB3 138 3,005 2,608 7,037 6,107 19 51 87 61,066 441 

FRB4 499 9,076 7,248 20,533 16,398 15 41 80 163,979 329 

FRB5 535 22,702 13,849 44,060 26,879 26 82 61 268,788 502 

FRB6 470 15,161 11,767 30,232 23,464 25 64 78 234,640 500 

FRB7 158 3,252 2,502 6,058 4,661 16 38 77 46,614 295 

Sum 2,820 169,052 95,163 359,263 201,250 34 127 56 2,012,498 714 
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Table A-6: Hiwassee River Basin (Number of sub-basins = 2). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

HIW1 195 4,291 3,858 7,453 6,701 20 38 90 67,006 343 

HIW2 431 9,854 7,748 19,287 15,166 18 45 79 151,662 352 

sum/wt.avg 626 14,145 11,606 26,741 21,867 19 43 82 218,667 349 



 

84

Table A-7: Little Tennessee River Basin (Number of sub-basins = 4). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

LTN1 370 15,000 12,428 21,031 17,425 34 57 83 174,245 471 

LTN2 1,023 19,104 14,725 38,038 29,319 14 37 77 293,193 287 

LTN3 155 1,246 1,192 1,928 1,844 8 12 96 18,439 119 

LTN4 221 3,226 2,664 6,152 5,079 12 28 83 50,786 229 

sum/wt.avg 1,770 38,577 31,009 67,148 53,666 18 38 80 536,664 303 
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Table A-8: Lumber River Basin (Number of sub-basins = 10). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

LBR50 324 11,998 6,195 26,392 13,627 19 82 52 136,272 421 

LBR51 470 22,451 11,803 59,769 31,423 25 127 53 314,231 668 

LBR52 170 6,565 4,305 18,238 11,958 25 107 66 119,582 703 

LBR53 445 12,396 9,405 31,802 24,129 21 71 76 241,285 542 

LBR54 220 5,913 4,169 15,765 11,116 19 72 71 111,156 506 

LBR55 387 14,900 7,885 39,619 20,967 20 102 53 209,668 542 

LBR56 188 2,433 1,711 5,604 3,941 9 30 70 39,413 210 

LBR57 552 9,564 7,205 22,242 16,755 13 40 75 167,554 304 

LBR58 306 9,083 5,528 21,745 13,235 18 71 61 132,349 433 

LBR59 251 21,698 18,405 20,903 17,731 73 83 85 177,309 706 

sum/wt.avg 3,312 117,002 76,612 262,080 164,882 23 79 63 1,648,819 498 
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Table A-9: Neuse River Basin (Number of sub-basins = 14). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

NEU1 756 65,816 30,318 162,810 74,998 40 215 46 749,978 991 

NEU2 676 164,229 32,711 385,895 76,861 48 571 20 768,614 1,138 

NEU3 132 8,899 7,221 23,538 19,099 55 179 81 190,989 1,450 

NEU4 294 9,167 7,449 21,869 17,770 25 75 81 177,700 605 

NEU5 495 39,491 17,514 101,797 45,146 35 206 44 451,463 911 

NEU6 315 16,494 10,707 41,666 27,047 34 132 65 270,472 859 

NEU7 1,007 46,382 21,162 115,347 52,628 21 115 46 526,278 523 

NEU8 230 4,786 3,183 11,732 7,801 14 51 66 78,012 340 

NEU9 332 11,935 5,628 28,926 13,639 17 87 47 136,394 411 

NEU10 524 27,586 11,048 67,909 27,198 21 130 40 271,983 519 

NEU11 444 6,060 4,435 14,506 10,616 10 33 73 106,164 239 

NEU12 216 13,790 7,793 33,673 19,028 36 156 57 190,285 881 

NEU13 139 2,095 1,967 4,281 4,020 14 31 94 40,195 289 

NEU14 62 402 365 813 737 6 13 91 7,366 119 

sum/wt.avg 5,621 417,132 161,500 1,014,761 396,589 29 181 39 3,965,894 706 
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Table A-10: New River Basin (Number of sub-basins = 3). 
 

 
 
Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate
 

(sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 
 
 
NEW1 349 16,245 10,278 34,510 21,835 29 99 63 218,350 625 
 
 
NEW2 249 5,684 4,610 11,845 9,608 19 48 81 96,082 387 
 
 
NEW3 154 3,946 2,840 7,587 5,462 18 49 72 54,617 355 
 
 
sum/wt.avg 752 25,874 17,729 53,941 36,905 24 72 68 369,049 491 
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Table A-11: Pasquotank River Basin (Number of sub-basins = 7). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

PAS50 375 12,366 5,666 31,118 14,258 15 83 46 142,579 380 

PAS51 607 4,053 3,076 8,192 6,218 5 13 76 62,184 102 

PAS52 396 8,008 6,348 18,216 14,441 16 46 79 144,411 365 

PAS53 345 3,772 2,585 8,803 6,032 7 26 69 60,319 175 

PAS54 322 8,039 6,837 15,218 12,943 21 47 85 129,426 402 

PAS55 74 3,968 3,715 3,956 3,704 50 54 94 37,037 503 

PAS56 38 14,352 11,414 12,216 9,715 299 320 80 97,152 2,543 

sum/wt.avg 2,156 54,558 39,642 97,719 67,311 18 45 69 673,107 312 
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Table A-12: Roanoke River Basin (Number of sub-basins = 10). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

ROA1 446 18,450 15,199 45,738 37,678 34 102 82 376,777 844 

ROA2 230 9,316 6,284 22,443 15,139 27 98 67 151,392 658 

ROA3 339 22,317 11,700 53,858 28,236 35 159 52 282,357 833 

ROA4 238 4,585 3,571 11,709 9,118 15 49 78 91,180 383 

ROA5 326 9,207 5,848 21,579 13,706 18 66 64 137,060 420 

ROA6 311 8,291 5,310 19,563 12,529 17 63 64 125,289 403 

ROA7 174 5,623 4,612 8,275 6,788 26 47 82 67,879 390 

ROA8 502 17,874 6,337 43,469 15,413 13 87 35 154,126 307 

ROA9 549 11,154 5,720 27,553 14,129 10 50 51 141,290 257 

ROA10 306 4,036 2,497 10,010 6,193 8 33 62 61,927 202 

sum/wt.avg 3,421 110,853 67,078 264,197 158,928 20 77 60 1,589,278 465 
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Table A-13: Savannah River Basin (Number of sub-basins = 2). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

SAV1 72 1,882 1,303 1,650 1,156 18 23 70 11,562 160 

SAV2 99 2,277 1,894 2,322 1,931 19 24 83 19,313 196 

sum/wt.avg 171 4,159 3,198 3,971 3,088 19 23 78 30,875 180 
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Table A-14: Tar Pamlico River Basin (Number of sub-basins = 8). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

TAR1 640 22,166 13,953 56,072 35,297 22 88 63 352,973 551 

TAR2 661 40,818 15,216 101,992 38,021 23 154 37 380,206 575 

TAR3 422 18,916 7,545 48,687 19,419 18 115 40 194,193 460 

TAR4 893 13,746 8,805 35,561 22,777 10 40 64 227,768 255 

TAR5 295 26,122 8,660 66,000 21,880 29 223 33 218,801 741 

TAR6 243 5,654 3,378 14,203 8,485 14 59 60 84,847 350 

TAR7 1,003 17,878 12,429 37,752 26,245 12 38 70 262,449 262 

TAR8 360 2,271 2,067 4,133 3,763 6 11 91 37,628 105 

sum/wt.avg 4,518 147,570 72,052 364,400 175,887 16 81 48 1,758,866 389 
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Table A-15: Watauga River Basin (Number of sub-basin = 1). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

WAT1 205 10,248 7,018 15,984 10,945 34 78 68 109,453 535 

sum/wt.avg 205 10,248 7,018 15,984 10,945 34 78 68 109,453 535 
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Table A-16: White Oak River Basin (Number of sub-basin = 5).  
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

WOK1 327 7,686 5,770 17,181 12,898 18 52 75 128,980 394 

WOK2 426 38,163 14,004 130,154 47,762 33 306 37 477,618 1,122 

WOK3 171 27,192 16,550 38,114 23,196 97 223 61 231,964 1,355 

WOK4 106 4,337 3,283 8,879 6,720 31 83 76 67,203 631 

WOK5 15 480 463 789 760 32 54 96 7,605 518 

sum/wt.avg 1,045 77,858 40,069 195,117 91,337 38 187 47 913,369 874 
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Table A-17: Yadkin River Basin (Number of sub-basins = 17). 
 

Sub basin Basin Sum total Sum total Sum total Population  Septic density Population density Septic systems usage N-loading N-loading rate 

  (sq.mi) housing units septic population using septic (per sq.mi) (people/sq. mile) (% population) (lbs/yr) (lbs/sq. mi/yr) 

YAD1 826 27,199 21,863 62,954 50,604 26 76 80 506,035 613 

YAD2 818 37,468 29,841 90,549 72,118 36 111 80 721,180 882 

YAD3 198 15,259 11,103 36,316 26,425 56 183 73 264,247 1,334 

YAD4 708 142,532 52,742 326,149 120,688 74 461 37 1,206,880 1,704 

YAD5 129 4,899 3,661 11,783 8,806 28 91 75 88,056 680 

YAD6 907 38,665 27,169 94,640 66,502 30 104 70 665,016 733 

YAD7 237 42,869 19,317 101,086 45,550 81 426 45 455,498 1,921 

YAD8 273 9,121 6,824 18,688 13,981 25 68 75 139,815 511 

YAD9 388 16,744 13,417 41,771 33,472 35 108 80 334,723 863 

YAD10 400 6,200 4,554 15,446 11,345 11 39 73 113,453 283 

YAD11 277 29,230 14,146 78,110 37,803 51 282 48 378,026 1,366 

YAD12 434 50,249 23,879 124,955 59,380 55 288 48 593,804 1,367 

YAD13 201 12,511 6,507 29,767 15,482 32 148 52 154,817 769 

YAD14 530 21,874 13,027 58,072 34,584 25 110 60 345,840 653 

YAD15 351 7,863 4,847 20,460 12,613 14 58 62 126,125 360 

YAD16 329 17,071 8,476 41,596 20,654 26 126 50 206,540 628 

YAD17 152 3,389 1,925 8,635 4,903 13 57 57 49,035 322 

sum/wt.avg 7,159 483,142 263,299 1,160,976 634,909 37 162 55 6,349,093 887 
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Figure A-3. Cumulative Potential Nitrogen Loading in the Cape Fear River Basin. 
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Figure A-4. Density of Septic Systems in the Cape Fear River Basin. 
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Figure A-5. Cumulative Potential Nitrogen Loading in the Catawba River Basin. 
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Figure A-6. Density of Septic Systems in the Catawba River Basin. 
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 Figure A-8. Density of Septic Systems in the Chowan River Basin. 
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 Figure A-13. Cumulative Potential Nitrogen Loading in the Little Tennessee River Basin. 
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 Figure A-15. Cumulative Potential Nitrogen Loading in the Lumber River Basin. 
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 Figure A-17. Cumulative Potential Nitrogen Loading in the Neuse River Basin. 
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Figure A-18. Density of Septic Systems in the Neuse River Basin. 
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Figure A-19. Nitrogen Loss due to Stream Transport. 
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 Figure A-20. Cumulative Potential Nitrogen Loading in the New River Basin. 
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 Figure A-22. Cumulative Potential Nitrogen Loading in the Pasquotank River Basin. 
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Figure A-23. Density of Septic Systems in the Pasquotank River Basin. 
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 Figure A-24. Cumulative Potential Nitrogen Loading in the Roanoke River Basin. 
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Figure A-25. Density of Septic Systems in the Roanoke River Basin. 
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 Figure A-26. Cumulative Potential Nitrogen Loading in the Savannah River Basin. 
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Figure A-27. Density of Septic Systems in the Savannah River Basin. 
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 Figure A-28. Cumulative Potential Nitrogen Loading in the Tar Pamlico River Basin. 
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Figure A-29. Density of Septic Systems in the Tar Pamlico River Basin. 
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 Figure A-30. Cumulative Potential Nitrogen Loading in the Watauga River Basin. 
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Figure A-31. Density of Septic Systems in the Watauga River Basin. 
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 Figure A-32. Cumulative Potential Nitrogen Loading in the White Oak River Basin. 
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Figure A-33. Density of Septic Systems in the White Oak River Basin. 
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Figure A-34. Cumulative Potential Nitrogen Loading in the Yadkin River Basin. 
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Figure A-35. Density of Septic Systems in the Yadkin River Basin. 
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CHAPTER 2: 
 
 

Predicting fate and transport of nitrogen derived from on-site systems 
 in small watersheds using the SWAT model 

 
 
 
Abstract 
 

The number of on-site wastewater system (septic system) users increases every year 

due to a combination of continuous urban sprawl and the high cost of central sewer systems. 

The impact of on-site systems on the quality of groundwater and surface water is relatively 

unknown. Quantifying nitrogen export from on-site systems to adjacent surface waters is a 

challenging task due to limitations of small watershed scale hydrologic models for tracking 

the fate and transport of nitrogen derived from on-site systems. Field studies that can provide 

similar information are time consuming and expensive. In addition, field studies provide 

information only regarding existing conditions in the watershed and therefore do not easily 

facilitate prediction of changes in nitrogen export with changing development densities. The 

first objective of this study was to refine a watershed scale hydrologic model, the GIS 

interface Soil and Water Assessment Tool (SWAT) model, to predict nitrogen exports to 

surface waters from septic systems. The second objective was to estimate the changes in 

export of nitrogen to surface waters as housing densities increase in small watersheds. In an 

attempt to address this, the Hoods Creek watershed, located in the lower Coastal Plain of 

North Carolina, was chosen as a study site. All the houses in the watershed have on-site 

systems for treatment of wastewater and data was available from prior field research 

conducted in the watershed on the nature of its hydrology and nutrients composition of 
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surface water and groundwater. Considering the small size of the watershed (179 hectares), 

high resolution (5m x 5m) digital elevation model (DEM) derived from LIDAR (Light 

Detection and Ranging) data was used to construct a detailed topography of the watershed. 

Each house in this study was considered as a single non-point source, and nitrogen from 

systems serving these homes was modeled as subsurface loading in the soil using the SWAT 

model. This study provides initial information about the appropriateness of using the SWAT 

model to simulate fate and transport of nitrogen derived from on-site systems in small 

watersheds and is the first attempt on using LIDAR input data with the SWAT model. The 

predicted nitrogen exports to sub-basin outlets was very close to the field observed data. The 

model predicted that the percentage of nitrogen lost during export of nitrogen to sub-basin 

outlets was 74% for sub-basin 4 and 79% for sub-basin 7, whereas the field observed 

percentage of nitrogen lost was 76% for sub-basin 4 and 86% for sub-basin 7. Further 

calibration of model is recommended for different topographies, soil types and hydrology. 

The current density of development in the Hoods Creek watershed was 1.3 on-site systems 

per hectare, a high density of on-site systems according to US EPA (1977). The export of 

nitrogen from on-site systems to the watershed outlet was calculated to be 119 kg/yr, 0.5 

kg/ha/yr per septic system, compared to an undeveloped watershed (333kg/yr versus 214 

kg/yr). Depending upon the type of land use land cover and soil, up to 30.3 kg/ha of the 

nitrogen was lost through denitrification and plant uptake at the current density of 

development. The model predicted that a change in housing density of two times and five 

times the current density would increase nitrogen export to surface waters to 439 kg/year and 

785 kg/year, respectively. Different results would be expected for watersheds that have soils 

with less denitrification potential. 
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Introduction 
 

An on-site wastewater treatment system (septic system) is commonly used to treat 

household wastewater for houses not connected to public sewer systems. On-site systems 

disperse wastewater into the soil where physical, chemical and biological treatment processes 

remove pathogens and many of the potential chemical pollutants in sewage effluent. It is hard 

to say who, where and when the first on-site wastewater treatment system was used. 

According to Cotteral and Norris (1969), the septic tank for primary treatment of domestic 

wastewater was introduced in France about 1870 and in the United States in 1884. The 

number of on-site systems is increasing every year. For example, there were approximately 

17 million (USEPA, 1980) housing units using on-site systems in 1970 and 27 million in 

1990 (U.S. Census Bureau, 1999) in the United States. People living in rural non-farm 

residences depend almost exclusively upon individual on-site systems for treatment of 

household wastewaters. Even within suburban and developing urban fringes, on-site systems 

are used extensively. For instance, the density of septic systems in North Carolina ranges up 

to 1.1 systems/ha (115 systems/sq.km) for major sub-basins (Pradhan et al, 2004) and can be 

even greater within small watersheds. The high cost of centralized sewer systems and 

continuing urbanization/suburbanization are the two major reasons behind the popularity of 

on-site systems.  

Anthropogenic nutrient contributions to surface water and groundwater are causing 

coastal waters to be at risk of euthrophication (Lee and Olsen, 1985; Giblin and Gaines, 

1990). On-site systems could be one of the major anthropogenic sources of nutrients 

(Buetow, 2002; Robertson and Blowes, 1995) in a watershed. Little is known, however, 
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about the extent to which nutrients released from septic systems into ground water are 

discharged into surface waters. The three-dimensional MODFLOW ground water flow model 

from the US Geological Survey has been used along with GIS to quantify septic system nitrogen 

loadings to receiving waters (Sham et al., 1995). In addition, Weintraub et al. (2004) used the 

WARMF model as a tool for tracking fate and transport of nutrients from on-site systems, but 

no allowance was made in either method for nitrogen lost due to denitrification and plant uptake 

prior to discharge into surface waters.  

As a result of this lack of knowledge, no requirements exist for removal of on-site 

system derived nutrients in many nutrient sensitive watersheds. For instance, in the Neuse 

River basin, a 30% reduction is required for nitrogen from all other sources to maintain water 

quality, but there is no requirement for reduction of septic system derived nitrogen 

(NCDENR, 1997). 

The objective of this study was to adapt and refine a watershed scale GIS-based 

hydrologic model to quantify nitrogen loading from on-site systems in small watersheds. The 

latest version of the Soil and Water Assessment Tool (SWAT 2003) was selected for this 

purpose. The inputs for model simulation were created using the ArcView interface software 

for SWAT (called AVSWAT-X). The SWAT model has good potential to handle fate and 

transport of nitrogen derived from nonpoint sources since it can estimate denitrification and 

plant uptake of nitrogen. In addition it can estimate the amount of nitrogen exported to 

watershed outlets via base flow of waste water impacted ground water into the stream as well 

as nitrogen exported to streams via subsurface lateral flow above the aquifer.  
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There is no limitation for the size of the watershed that can be assessed using the 

SWAT model (Arnold, 2003). However, it has traditionally been used for relatively large 

watersheds. This model has been used to predict fate and transport of pesticides (Neitsch et. 

al., 2002a), to model hydrologic processes (Manguerra and Engel, 1998; Peterson and 

Hamlet, 1998; Shrinivasan et. al., 1998; Cho and Lee, 2001; Van Leiw et. al., 2003), to 

evaluate management effects on point and nonpoint source pollution (Engel et. al., 1993; 

Santhi et. al., 2002), and to simulate daily and monthly stream discharge (Spruill et. al., 

2000).  

This chapter describes the first attempt to use the SWAT model to quantify nitrogen 

exports to streams from on-site systems in small watersheds (Arnold, 2003). The results 

obtained from this research will also illustrate the best simulation methods for predicting the 

effects of an increase in the density of housing units that utilize on-site systems upon 

nitrogen export at the discharge point of small watersheds.  

Materials and Methodology 

Study site 

The Hoods Creek watershed, located in lower Coastal Plain Physiographic Province 

of eastern North Carolina, was chosen as a study site (Figure 2.1). The Hood’s Creek 

watershed is a small watershed draining approximately 179 hectares of land. It is located 

south of the Trent River near its confluence with the Neuse River at New Bern, North 

Carolina. This is a newly developed area with 227 housing units.  All of the houses in this 

watershed rely upon on-site systems for household wastewater treatment (Chagaris, 2003).  
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Figure 2.1. Hoods Creek watershed with spatial distribution of different soils.
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The predominant soil series within the Hood’s Creek watershed is the Autryville 

loamy sand, particularly in the developed portions of the watershed. About 64% of the soils 

are mapped as Autryville loamy sand, 8% as Goldsboro fine loamy sand, and 7% as 

Masontown mucky fine sandy loam by the NRCS (Goodwin, 1989). The Autryville soil 

series is a well drained sandy soil that is suitable for installing septic systems (NCDENR, 

2004); although it does include more clayey layers approximately at a depth of 95 cm 

(SSURGO, 2003), resulting in a perched water layer and lateral flow. Another significant soil, 

particularly in the developed portions of the watershed, is the Masontown mucky fine sandy 

loam. This is a mineral-organic soil that has a very high organic carbon content and occurs 

primarily within riparian areas adjacent to Hoods Creek.  Major land use land covers within the 

watershed were evergreen forest (55%) and residential medium low density (33%). Hood’s 

Creek flows to the nutrient sensitive Trent River.  

Model description 

The SWAT (Soil and Water Assessment Tool) model (Arnold et al., 1998) is a 

watershed scale hydrologic model  (see Appendix 2-1 for diagrams illustrating the model 

format). It is a continuous time model that operates on a daily time step. This model was 

designed to predict the impact of land management on water, sediment, and agricultural 

chemical yield in ungauged basins. This model is physically based, computationally efficient 

and capable of continuous simulation over long time periods.  

The model divides an entire watershed into subwatersheds based on land slope using 

the eight-direction pour point model (Shrinivasan and Engle, 1991). Sizes of the 
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subwatersheds depend upon the threshold drainage area (i. e, minimum drainage area 

required to form the origin of a stream). Subwatersheds may contain a number of hydrologic 

response units (HRU), which are combined land areas within the sub-basin with unique soil 

type, land use land cover and management practices.  Flow, sediment, and nonpoint source 

loadings from each HRU in a sub-watershed are summed by the SWAT model and the 

resulting loads are routed through channels to the watershed outlet.  

In order to accurately predict movement of nutrients, the hydrologic cycle simulated 

by the model must be able to represent true conditions occurring in the field. The water 

balance equation given below describes the hydrologic cycle as used in the SWAT model. 

                          t 
SWt = SW0 + Σ (Rday - Qsurf – Ea – Wseep – Qgw) -------------  (Neitsch et al., 2002b) 
              i=1 
 
SWt  = final soil water content (mm), SW0  = initial soil water content on day i (mm),    

t = time (days), Rday  = amount of precipitation on day i (mm),  Qsurf  = amount of surface 

runoff on day i (mm),  Ea  = amount of evapotranspiration on day i (mm), Wseep = amount of 

water entering the vadose from the soil profile on day i (mm), Qgw  = amount of return flow 

on day i. 

The Natural Resources Conservation Service Curve Number (CN) method is used to 

estimate surface runoff in the SWAT model. The hydrologic components of the model have 

been calibrated for several watersheds (Arnold and Allen, 1996; Arnold et al., 1998; Saleha 

et al., 2000). Arnold et al. (1999) performed a comprehensive calibration of stream flow 

using AVSWAT across the United States. 
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The SWAT model tracks five different nitrogen pools in the soil to model nitrogen 

movement.  Biochemical transformation and movement of nitrogen in and out of these five 

pools is shown in Figure 2.2.  Fertilizer application, nitrogen fixation, and rain are the major 

sources of nitrogen input to the soil in the SWAT model. Plant uptake, leaching, and 

denitrification are the methods of nitrogen loss from soils modeled by SWAT. The model 

handles nitrogen uptake by plants using a supply and demand approach. Nitrogen lost 

through denitrification is calculated as a function of water content, temperature, presence of a 

carbon source and nitrate. Movement of nitrate (NO3-N) through surface runoff, subsurface 

flow and percolation is modeled as a product of the average daily concentration of nitrate in 

soil layers and volume of water in each flow path. The nutrient simulation aspect of the 

model has been calibrated to some extent by Engel et al. (1993); Jacobson et al. (1995); Saleh 

et al. (2000); and Santhi et al. (2001) in various watersheds.  

 

 

 
 

 

 

 

 

 

Figure 2.2. SWAT soil nitrogen pools and movement of nitrogen in and out of the five 
nitrogen pool (Adapted from Neitsch et al., 2002b).   
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Nitrogen that is not lost from the soil profile via denitrification or plant uptake, can be 

leached and moved vertically to the underlying groundwater system. The groundwater 

system in SWAT is modeled as a two layer system, including a surficial aquifer that 

discharges base flow to ground water outlets such as streams and a deep confined aquifer that 

does not discharge to adjacent streams. The most recent version of SWAT (SWAT 2003) 

uses a half-life decay approach to account for nitrogen loss in the upper surficial aquifer with 

a default value for nitrogen of 180 days. Nitrogen moved vertically through the upper 

surficial aquifer to the deeper confined aquifer is assumed to be “lost” from the system for 

the purposes of calculation. 

Model parameterization 

Model input files were created by using the ArcView interface AVSWAT-X software 

(Di Luzio et. al., 2004). The interface was designed to work with 2003 version of the SWAT 

model and with ArcView version 3.x (ESRI, 1996). Digital elevation model (DEM), soil, 

land use land cover (LULC) and weather data are the required spatial data for preparation of 

model inputs. Table 2.1 shows the data sets used for model simulation. 

Low resolution STATSGO NRCS mapping datasets and USGS derived DEM data 

have been traditionally used with the SWAT model. Since the SWAT model has traditionally 

been used with large watersheds, these types of low resolution input data have been 

considered appropriate. However, because of the small size of the Hood’s Creek watershed, 

high resolution spatial data like soil survey geographic (SSURGO) data and DEM derived 
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from LIDAR elevation data were used for this study. The SSURGO data available for this 

study site has yet to be certified by USDA, NRCS. Therefore, some modifications were made 

in the SSURGO spatial data as well as in SSURGO tabular data in order to make it 

compatible for direct use by the AVSWAT-X model (Appendix 2-2). For the purpose of this 

study, a DEM was derived from 5m x 5m resolution LIDAR elevation data using the inverse 

distance weighting (IDW) interpolation technique (Appendix 2-3). This is the first use of 

DEM derived from LIDAR data in the SWAT model (Arnold, 2003).  

The geographical location of each housing unit in the Hoods Creek watershed was 

determined using digital orthophotos. All of the houses in the Hood’s Creek watershed were 

manually digitized as polygons and imported to the model as a shapefile (Appendix 2-4). 

Each housing unit was considered as a single non-point source. It was assumed that the on-

site wastewater system was located at the house location for the purposes of the model 

simulation.  

Septic system effluent was introduced as a subsurface discharge into the first layer of 

the soil for the model simulations. We assumed that the nitrogen released from septic tanks 

(usually as NH4
+ or organic-nitrogen) to the septic system drainfields was converted to the 

nitrate in the soil nitrogen beneath the drainfield trenches due to aerobic soil conditions 

above the water table (Hinson, 1994, Humphrey, 2002 and Buetow, 2002. Hence, using the 

management operation of the SWAT model, effluent from on-site systems was applied as a 

NO3-N fertilizer input. The fraction of fertilizer applied to the top 10 cm of soil was set to 

0.01. This method (i.e. “fertilizer” input) was used since there is currently no direct method 

to input on-site system derived nitrogen using the SWAT model. Nitrogen contributions per 
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housing unit were estimated assuming 2.5 people (U.S. Census, 2000) per housing unit and 

an average nitrogen loading of 4.5 kg per person per year (Alhajjar et. al., 1989; Buetow, 

2002).   

Table 2.1. Description of input data sets used for model simulations. 
 
Data set Scale Projection  Unit Source 
Soil coverage 1:24,000 State plane Meter USDA, NRCS, Raleigh 
LIDAR    Not projected Meter FEMA (http://www.ncfloodmaps.com) 
Land use land cover 1:24,000 State plane Feet NCCGIA (http://www.cgia.state.nc.us/) 
Digital Orthophoto  1:24,000 Not projected Feet Craven County mapping office 
Hydrography 1:24,000 State plane Feet NCCGIA (http://www.cgia.state.nc.us/) 
Weather (Daily precipitation 
and temperature) 

 5-km away 
 from site 

     http://hurricane.ncdc.noaa.gov/CDO/cdo
 

 

Model simulations and calibration 

The SWAT model was used in this study for a completely different objective than the 

original purpose of the model. The SWAT model was simulated using four different levels of 

hydrologic response units within subwatersheds in order to determine the best model 

adaptation for tracking the fate and transport of nitrogen derived from on-site systems (Table 

2.2). In this study, each septic system was considered as a single non-point source and the 

nitrogen loading from on-site systems to the soil was modeled as subsurface loading. Similar 

nitrogen inputs were given to each simulation and nitrogen loading from each housing unit 

was input as NO3-N fertilizer (Appendix 2-4).  

The following summarizes the simulations used to determine the proper level of 

HRUs as well as soil and land use inputs for the model: 
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Simulation A:  The simulation included only one dominant soil and land use land 

cover within each of 19 sub-basins in the Hoods Creek watershed. Septic systems were not 

accounted for other than by the total number of systems (total NO3-N input) for each of the 

19 sub-basins identified by SWAT from the 5m x 5m LIDAR DEM input. 

Simulation B:  The simulation included multiple HRUs within each sub-basin. Single 

HRUs were created for each unique land use land cover and soil combination. Threshold 

levels for land use land cover and soil differences were set to 20% and 10%, respectively. 

Specifically, that means any land use land cover type and soil type that occurred throughout 

more than 20% and 10% of a sub-basin was separately considered in the model simulations 

as unique HRUs. Septic systems were not accounted for other than by the total number of 

systems (total NO3-N input) for each of the 19 sub-basins. 

Simulation C: The simulation created a separate HRU for each septic system using 

the dominant land use land cover and soil type within each sub-basin. Septic system spatial 

locations were input as one HRU for each septic system. 

Simulation D: The simulation created a separate HRU for each septic system using 

all types of land use land cover and soil that occurred throughout more than 20% and 10% 

within each sub-basin, respectively. Septic system spatial locations were input as one HRU 

for each septic system. 
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 Table 2.2. Summary of model simulation parameters. 

Simulation Model Inputs 
1 HRU per sub-basin Dominant land use land cover Dominant soil within A 
(19 sub-basins 19 HRUs) within sub-basin sub-basin  

Multiple HRU per sub-basin Multiple land use land covers Multiple soils within B 
(19 sub-basins 51 HRUs) within sub-basin (20% min.)  sub-basin (10% min) 

1 HRU per septic system Dominant land use land cover Dominant soil within C 
(19 sub-basins 227 HRUs)  within sub-basin sub-basin 

1 HRU per septic system Multiple land use land covers D 
(19 sub-basins 227 HRUs)  within sub-basin (20% min.) 

Multiple soils within 
sub-basin (10% min) 

 

Simulations A and B were conducted using the AVSWAT-X model.  Simulations C 

and D were performed from a Microsoft DOS command prompt using the SWAT 2003 

executable program because the AVSWAT-X model can not create additional hydrologic 

response units with identical soil and land use land coverages. 

For all four simulations the same threshold drainage area (4.26 hectares) was used to 

generate subwatersheds. These subwatersheds were then further subdivided into HRUs, 

according to Table 2.2. For simulation B, multiple HRUs within a sub-basin were created by 

specifying the threshold level for land use and land cover to be 20% and soil to be 10%. This 

approach allowed all soil type and land use land cover types occurring within the 

subwaterseds that contained housing units to be included in the simulation. For simulation C, 

sub-basins that originally had one hydrologic unit per sub-basin were further subdivided such 

that the number of HRUs equaled the number of housing units present in that subwatershed. 

In simulation D, subwatersheds with multiple hydrologic response units were used for further 

subdivision. For this simulation, the soil and land use land cover types that occurred in each 
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sub-basin were distributed proportionally for the multiple HRU SWAT calculations within 

each of the sub-basins. 

Initially all four models were simulated using default model input parameters and run 

from January 1st 1994 to December 31st 2003. Then the runoff Curve Number (CN) input was 

adjusted within the range of the tabulated curve numbers provided by SWAT for that land 

use land cover condition to reflect urban land use conditions and vegetative cover conditions 

within the watershed (Appendix 2-5). The purpose was to minimize the differences between 

observed and predicted stream flow using hydrologic field data from the Hood’s Creek 

watershed collected by Humphrey (2002). After this adjustment, the predicted nitrogen 

exports from sub-basin 4 and sub-basin 7 to the respective sub-basin outlets were obtained 

from each simulation. These predicted nitrogen exports for sub-basin 4 and 7 were then 

compared with observed nitrogen exports from Buetow (2002), who measured mass nitrogen 

loading from homes within these sub-basins in the Hoods Creek watershed. The comparisons 

of measured mass reductions of nitrogen values within sub-basin 4 and sub-basin 7 were 

made on a percentage basis (% of nitrogen removed) since that was the type of field data 

available from Buetow (2002). Finally, the simulation (A, B, C or D) with the closest 

predicted and observed nitrogen exports to the watershed outlet was selected for further 

modification.  

Model refinement 

The simulation (i.e. simulation B) that was calibrated in sub-basins 4 and 7 as best 

matching the observed field nitrogen removal data was then further refined and used to 
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model effects of increasing density of development on nitrogen delivery (i.e. export) to the 

outlet for the entire Hoods Creek watershed.  

After flow adjustment, the half-life of nitrate in the ground water (i.e. parameter 

HLIFE-NGW with a SWAT default value of 180 days) was modified using field values. The 

actual nitrogen half-life in ground water for these soils was determined to be 127 days (Table 

2.3) using field data available for on-site systems that were intensely monitored (Buetow, 

2002) within sub-basin 4 and sub-basin 7 (Appendix 2-6). However, no adjustment for initial 

mineral nitrogen was made, because the model estimates the initial concentration of mineral 

nitrogen based on the soil properties at the individual sub-basin/hydrologic response units.  

Table 2.3. Values assigned to inputs used in model calibration. 
 

Variables To 
calibrate Value assigned  

CN2 (SCS curve number) Flow 
Within the range of tabulated values 
provided in SWAT user’s manual. 
 (Appendix 2.4) 

HLIFE-NWG (Half-life of nitrate in 
groundwater) Mineral N 127 days 

 
 
Results and Discussions 
 

There were 19 sub-basins and 227 housing units in the Hoods Creek watershed. Sub-

basin 13 was the largest sub-basin (30.4 hectares) in this watershed and sub-basin 19 was the 

smallest sub-watershed (0.02 hectares). The houses in the Hoods Creek watershed were 

concentrated in sub-basins 1 to 14. There were no houses is sub-basins 15, 16, 17, 18 and 19. 

Sub-basin 12 had the highest density of development (4.7 houses/hectare i.e 470 houses/sq. 

km). Sub-basin 10 had the lowest density of development (0.9 houses/hectare i.e 90 
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houses/sq.km) for sub-basins that included housing. The overall septic system density 

throughout the Hoods Creek watershed was 1.6 houses/hectare (160 houses/sq.km) excluding 

the undeveloped sub-basins in the watershed, or an overall density of 1.3 houses/hectare (130 

houses/sq.km) including the entire watershed area. Therefore, using the EPA (1977) criteria 

discussed earlier in Chapter 1, this watershed had a high density of septic system (e.g. >15 

systems/km2).  

Model calibration in sub-basins 4 and 7 

 In simulation A, there was only one hydrologic response unit (HRU) per sub-basin, 

whereas in simulation B there were multiple hydrologic response units within each sub-basin. 

The number of hydrologic units was based on the number of unique combinations of land use 

and soil type within sub-basins for simulation B. The nitrogen removal percentage predicted 

by simulation B was closer to the observed value than results from simulation A (Table 2.4). 

Subdividing sub-basins into areas with unique land use and soil combinations enabled the 

model to reflect differences in environmental conditions that existed in the watershed, 

including hydrology, soils and vegetation. Evidently, when simulated using multiple HRUs 

within a sub-basin, as in B, the model was able to account for nitrogen loss due to 

denitrification from two different soils, Autryville and Masontown. Masontown mucky fine 

sandy loam soils are very poorly drained soils with high organic matter contents and high 

denitrification potentials (Table 2.4).  Even though inputs for simulation A included both soil 

types, the SWAT model only used the characteristics of the dominant soil (Autryville) in 

determining denitrification effects. For each HRU in simulation B, runoff was predicted 

separately and routed to obtain the total runoff for the watershed. Therefore this approach  
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gave a better physical description of the water balance in a sub-basin and this effect may 

have also been instrumental in the improved accuracy of modeling using simulation B. 

Nitrogen removal predicted by simulation A was the same as for simulation C (Tables 

2.4 and 2.5). This occurred despite the fact that simulation A had only one HRU per sub-

basin while simulation C included a separate HRU for each on-site system (i.e. 15 HRUs in 

sub-basin 4 and 8 HRUs in sub-basin 7). Even though additional HRUs were established the 

model was unable to simulate the spatial locations of these HRUs in simulation C. Evidently 

SWAT used the characteristics of the dominant land use land cover and dominant soil in the 

sub-basin during model calculations for simulation C. Simulation C, therefore, provided no 

better assessment than the simpler simulation A. Adaptation of the SWAT model computer 

code to allow consideration of spatial distribution of additional HRUs representing individual 

septic systems should be considered by the developer of SWAT. 

As with simulations A and C, simulations B and D resulted in the same percentage of 

nitrogen arriving at the outlets of subwatersheds 4 and 7. However just as with simulation C, 

simulation D required a tremendous amount of time to create the associated management 

(.mgt) files, hydrologic response unit (.hru) files and sub-basin (.sub) files needed to run the 

model. For simulations C and D, a total of (227*3=681) files were created prior to running 

the model. Hence, although simulations B and D gave the same results, simulation B was 

selected as the best of the four approaches to model the fate and transport of nitrogen derived 

from on-site systems in small watersheds using the SWAT model.  However, it should be 

noted that all four simulation methods predicted nitrogen exports to the sub-basin outlets that 

varied by only 5% -23% with the field observed values. 
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Table 2.4. Fate and transport of nitrogen derived from on-site systems in sub-basin 4 and sub-basin 7 from simulation A and B. 
                  

N inputs (kg/ha/yr) N outputs (kg/ha/yr) N lost (%)  
Simulation HRUs in 

sub-basin LULC Soil type Area 
(ha) Septic 

systems Rain F-MN A-MN DNIT NUP NSURQ NLATQ NGW Predicted Observed  
Sub-basin 4                        

A 1 URML NC049AuB 9.0 19.0 12.9 2.8 3.9 18.8 8.6 0.9 1.0 12.0 66 77 
B 2 URML NC049AuB 7.0 19.0 12.9 2.8 3.9 18.8 8.6 0.9 1.0 12.0 
    URML  NC049MM 2.0 19.0 12.9 2.7 29.3 53.5 8.5 1.4 0.2 2.7 

73 77 

Sub-basin 7 
A 1 URML NC049AuB 5.0 18.2 12.9 2.7 3.9 18.2 8.6 1.0 1.5 11.3 66 86 
B 2 URML NC049AuB 3.0 18.2 12.9 2.7 3.9 18.2 8.6 1.0 1.5 11.3 
    URML NC049MM 2.0 18.2 12.9 2.7 29.0 51.0 8.5 1.4 0.3 2.7 

78 86 

                 
                 
Table 2.5. Fate and transport of nitrogen derived from on-site systems in sub-basin 4 and sub-basin 7 from simulation C and D. 
                  

N inputs (kg/ha/yr) N outputs (kg/ha/yr) N lost (%)  
Simulation HRUs in 

sub-basin LULC Soil type Area 
(ha) Septic 

systems Rain F-MN A-MN DNIT NUP NSURQ NLATQ NGW Predicted Observed  
Sub-basin 4                        

C 15 URML NC049AuB 0.6 19.0 12.9 2.8 3.9 18.8 8.6 0.9 1.0 12.0 66 77 
D 12 URML NC049AuB 0.6 19.0 12.9 2.8 3.9 18.8 8.6 0.9 1.0 12.0 
  3 URML  NC049MM 0.6 19.0 12.9 2.7 29.3 53.5 8.5 1.4 0.2 2.7 

73 77 

Sub-basin 7 
C 8 URML NC049AuB 0.6 18.2 12.9 2.7 3.9 18.2 8.6 1.0 1.5 11.3 66 86 
D 5 URML NC049AuB 0.6 18.2 12.9 2.7 3.9 18.2 8.6 1.0 1.5 11.3 
  3 URML NC049MM 0.6 18.2 12.9 2.7 29.0 51.0 8.5 1.4 0.3 2.7 

78 86 

                  
URML = Residential medium low density, NC049AuB = Autryville loamy sand, NC049MM = Masontown mucky fine sandy loam     
F-MN = Mineralization of fresh organic to mineral N, A-FM = Movement of nitrogen from the active to organic pool to nitrate pool,    
DNIT = Denitrification, NUP = Plant uptake, NSURQ = Nitrate in surface runoff, NLATQ = Nitrate in lateral 
flow, NGW = Nitrate in base flow.      
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Enhancement of simulation results after model  calibration 

Once simulation B was selected as the best approach for modeling nitrogen 

contributions from on-site systems, the model was further calibrated in sub-basins 4 and 7 by 

altering the half-life of nitrate in groundwater from the SWAT 2003 default value of 180 

days to 127 days based upon field measurements. This modification improved the prediction 

capability (Table 2.6), therefore, we used this enhancement for the next step. This refined 

simulation model was then used throughout the entire Hoods Creek watershed (not just sub-

basins 4 and 7) to predict the effects of development and of increasing housing density upon 

cumulative nitrogen loading from on-site systems and its delivery (export) to surface water at 

the watershed outlet (Table 2.7).  

 
Table 2.6. Results from the simulation B, after model calibration and enhancement.     
             

HR
U N inputs (kg/ha/yr) N outputs (kg/ha/yr) %  N lost 

 Septic 
system Rain F-MN A-MN DNIT Plant 

uptake NSUR NLATQ NGW Predicted Observed 

Sub-basin 4 

1 19.0 12.9 2.8 3.9 18.7 8.6 0.9 1.0 11.4 

2 19.0 12.9 2.7 29.4 53.5 8.5 1.4 0.2 2.6 
74 77 

Sub-basin 7 

1 18.2 12.9 2.7 3.9 18.3 8.6 1.1 1.5 10.7 

2 18.2 12.9 2.7 29.2 50.9 8.5 1.4 0.3 2.6 
79 86 

 

Effects of development upon nitrogen loadings 

Changes in overall density of septic systems within a watershed can result from a 

number of activities. One is the initial conversion of raw agricultural and forested lands into 

developed lands via subdivisions. Another way density can change is the continued 
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conversion of the remaining forested and agricultural lands in a watershed into developed 

lands (build-out of existing lands). Another way density can increase is further subdivision or 

rebuilding on existing lots at a higher density, such as via replacement of 2 or 3 bedroom 

cottages with 6-8 bedroom rental units, condomiums, resort homes, etc. The potential 

nutrient exports to surface waters from septic system density increases is of interest to 

researchers, regulatory agencies, planners, citizens and environmental groups (Hoover et al., 

2003). AVSWAT is already used by regulatory personnel to determine TMDLs (Total 

Maximum Daily Loads) and potential effects of land use changes. But the model has not 

been applied, as yet, for regulatory decisions regarding on-site systems. Hence the 

availability of a model such as AVSWAT that can be used for predicting nutrient exports to 

surface waters from on-site systems in small watersheds is of value to determine potential 

water quality effects. 

Urban land use types can be categorized as high density residence (>20 houses/ha), 

medium density residence (2.5-10 houses/ha), medium low density residence (>1 to 2.5 

house/ha) and low density residence (<1 house/ha) (Neitsch et al., 2002c). Increase in 

development density transforms the urban land use type from a lower category to a higher 

category. One result is that the percentage of impervious area increases as more land in the 

watershed is used to build homes, parking lots, roads etc. Another result of density increase is 

higher nutrient inputs loadings into the watershed and resultant higher nutrient exports to 

streams when septic systems are used (Table 2.7). 
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Nitrogen loading to the watershed increased with increases in density of housing 

units. Results from an average of 10 years of model simulation throughout the entire 

watershed showed that nitrogen exported to the watershed outlet also increased with 

increasing development density, although to a lesser extent than inputs (i.e. loading applied) 

(Table 2.7). The model predicted that the Hoods Creek watershed contributed 214 kg of 

nitrogen to surface waters in the Trent River at the Hoods Creek watershed outlet without 

any development. At the current development density, nitrogen exports from 227 housing 

units increased 119 kg/yr or 56%. Therefore, on average, each septic system contributed 0.52 

kg of additional nitrogen per year at the watershed outlet compared to the undeveloped 

watershed. This contribution to surface water at the Hoods Creek watershed outlet compares 

favorably to the nitrogen input from each septic system (e.g. 11.25 kg/yr). Therefore, 

numerically the amount of nitrogen from on-site systems exported to the Hoods Creek 

watershed outlet was small at the current development density, but the percentage increases 

in nitrogen exported (i.e. 56%) was large. 

 
    Nitrogen lost 
(kg/ha/yr) through 

 
Average nitrogen exported 
(kg/ha/yr) to sub-watershed 
outlets from 

Total  
N-exported to 

watershed 
outlet (kg/yr)

 
 
Density of development 

 
N input 
(loadings)  from 
on-site systems 
(kg/yr)  

    DNIT 
 
   NUP 

 
  Run off 

 
 Lateral flow 

 
   Base flow 

  

No development             
(0 houses) 0 10.8 9.8 0.9 0.1 3.5 214 

Current development  
(227 houses) 

2,554 15.5 14.8 1.0 0.3 6.8 333 

Twice current density 

(454 houses) 
5,108 20.5 20.0 1.0 0.4 10.3 439 

Five times current density 
(1135 house) 

12,770 37.0 31.9 1.2 0.8 21.3 785 

Table 2.7.  Impact of development density on predicted nitrogen exports to Hoods Creek. 
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This watershed was only 1/8974th of the size of the entire nutrient sensitive Neuse 

River basin that has a plan requiring reduction of nitrogen loading by 30% to the estuary 

(NCDENR, 1997). From Table 2.7 it was evident that, when development density was 

doubled and then increased to five times the current density, nitrogen exports to the 

watershed outlet increased by 105 % and 267% compared to the undeveloped watershed. 

These nitrogen export increases were 32% and 136% compared to the current density of 

development. However, nitrogen exported to the outlet was not increased by two times and 

five times, even though the nitrogen inputs (loadings) were increased by those amounts. 

These increases in development density would increase nitrogen exports to the Neuse 

River estuary, counter to the watershed goal of reducing (rather than increasing) the nitrogen 

load by 30% in the Neuse River estuary. However, the effects of increased development 

density upon nitrogen loading could be minimised by using advanced types of on-site 

technology, which input less amounts of nitrogen into the drainfield than traditional 

conventional systems, for new development (Hoover et al, 2003; Hoover, 2004).  In addition, 

the adaptation of the SWAT model to facilitate evaluation of on-site system impacts will be 

useful for determining whether the current nitrogen exports to surface waters from on-site 

systems can be reduced by upgrading existing conventional on-site systems to newer, more 

advanced pretreatment system types as recently proposed for nutrient sensitive watersheds in 

Delaware (Hoover et al, 2003). 

Nitrogen lost through plant uptake and denitrification played a significant role in 

reducing the nitrogen exports from on-site systems in this watershed according to the model 

predictions (Table 2.7). On the average 30.3 kg/ha/yr were removed by denitrification and 
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plant uptake throughout the watershed at the current density of development. The removal 

rate increased to 68.9 kg/ha/yr at the highest density of development evaluated. In the Hoods 

Creek watershed, there are 11 different types of soils. Excluding the Autryville loamy sand, 

all other soils in this watershed belonged to the “B” and higher soil hydrologic group. Most 

of these soils had a high denitrification potential and the Autryville soil had a moderate 

denitrification potential. As nitrogen inputs increase in the watershed, nitrogen lost through 

denitrification should also increase. Denitrification and plant uptake at higher development 

densities (Table 2.7) increased proportionally compared to the current development density. 

This resulted in similar nitrogen export contributions per on-site system at the watershed 

outlet, e.g. 0.50 kg/system, at the highest development density.  

Overall, the fate and transport of nitrogen predicted by the SWAT model in the 

Hoods Creek watershed indicated relatively minor surface water contributions from on-site 

systems (nitrogen export to streams) at the current development density in these soils. The 

nitrogen applied by the septic tanks in a sub-basin (nitrogen loading) was compared to the 

nitrogen predicted to be delivered to the sub-basin outlet (nitrogen export) for each sub-basin 

and the percent of nitrogen removed was calculated for each sub-basin as well as for the 

Hoods Creek watershed as a whole. The greatest percentage of nitrogen reduction was 

predicted during movement of sewage effluent within sub-basin 9 to its sub-basin outlet 

(91% reduction). That is, 91% of the nitrogen loading applied by the septic systems was 

removed prior to export to the sub-basin outlet. The least percentage lost was predicted for 

sub-basin 16 (42% reduction). Additional reductions in nitrogen exports occurred from one 

sub-basin outlet to the next one. Over 95% of the estimated yearly input of 2,554 kg of septic 



 
155

system derived nitrogen was removed within the watershed prior to its discharge into the 

Trent River at the watershed outlet.  

 However, the soils and riparian areas in this part of the lower Coastal Plain have 

substantial denitrification potential. This might not be the case for other watersheds in the 

middle Coastal Plain, upper Coastal Plain, Piedmont and Mountain areas of the state that 

generally have more aerobic soil and groundwater conditions (Hoover, 2004). As a result, 

nitrogen exports to surface water from those watersheds could be higher than from this one at 

similar development densities. A model such as the AVSWAT model used here could be 

adapted to also predict fate and transport within small watersheds in these physiographic 

provinces.  

Conclusions 

The SWAT model was used to study fate and transport of nitrogen derived from on-

site systems in a small watersheds at a high resolution. The model was simulated using four 

different scenarios with different numbers of hydrologic response units within a 

subwatershed both with and without unique combinations of land use land cover and soils. 

Based on nitrogen prediction results and time considerations for these simulations, there was 

one simulation method that was recommended for current use. The model simulated using 

multiple hydrologic response units within a watershed with unique land use land cover and 

soil type was the best approach to quantify fate and transport of nitrogen derived from on-site 

systems. This approach, simulation B, best predicted nitrogen export. However, all 
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simulation approaches evaluated here gave fairly reasonable results within 77% to 95% of 

field observed values. 

Usage of septic systems increased in the range of 176% to 331% in the Neuse River 

basin from 1970 to 1990 (NCDENR, 1999). So nitrogen inputs from on-site systems to the 

soils in the Neuse River Basin was also increased similarly. However, nitrogen export or 

delivery from these on-site systems to surface waters in the Neuse River basin and other river 

basins within the state have been overlooked due to the lack of knowledge as a result of 

limitations in models to predict fate and transport of nitrogen from on-site systems. The GIS 

tool developed here will potentially enable concerned parties to assess the impacts expected 

due to varying development densities (using septic systems) in small watersheds where 

SSURGO soil data and LIDAR elevation data are available. For the Hoods Creek watershed 

in the Lower Coastal Plain Physiographic Province, over 95% of the septic system derived 

nitrogen was predicted to be removed prior to export to the stream. Hence, the expected 

nutrient impacts were minimal here (for individual on-site systems). However, the 

cumulative effects of many on-site systems at high development densities could be 

substantial. And, other more aerobic soil and ground water systems may give different 

results. 

This study provided initial information about the appropriateness of the SWAT 2003 

model to quantify fate and transport of nitrogen derived from on-site systems in small 

watersheds. However, additional research is needed to further validate the model in other 

more aerobic soil/groundwater conditions and to ascertain if the results obtained here will 
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change with changes in the size and location of the watershed as well as resolution and 

source of the DEM input datasets.  

In order to use the SWAT 2003 model for the purpose of estimating nutrient exports 

to streams from on-site systems in small watersheds, physical modification of the model to 

some extent would make it more useful. Some suggestions for model modifications from this 

study included: 

1. Addition of an input parameter more relevant to septic system effluent is 

recommended in the fertilizer application section of management operation. 

2. Provide the ability to apply sewage effluent in the second soil layer using the model, 

since septic systems often are installed 0.6-1.0 meter below the ground surface. 

3. Allow simulation of spatial locations of each housing unit as a non-point source. 
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Appendix: 2-1 

Schematic representation of SWAT model 
 
 
 
 

Figure B-1. Schematic framework of the AVSWAT-X system (Adapted from Di Luzio et 
al., 2004).  
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Figure B-2. HRU/sub-basin command loop in SWAT model (Adapted from Neitsch 
et al., 2002b). 
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Figure B-3. Schematic of pathways available for water movement in SWAT model (Adapted from Neitsch et al., 2002b). 
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 Appendix: 2-2 

Incorporation of SSURGO data to the model 
 

The Soil Survey Geographic (SSURGO) data was obtained from USDA, NRCS, 

Raleigh NC. The SSURGO dataset represents electronically the most detailed level of soil 

mapping conducted by the Natural Resources Conservation Services. GIS-based vector data 

format and a tabular data source are the two principle data components present in a complete 

package of SSURGO dataset. A tabular data source is stored in 61 different ASCII text files. 

All the required parameters to run AVSWAT-X model is present in ‘chfrag’, ‘chhorizon’ and 

‘comp’ text files.  

 The vector data format is the graphical representation of the distribution of soil. This 

component is available either as a shapefile or coverage. Each shapefile consists of unique 

attribute table, which provide list of different polygons that represent the different soil type. 

Different soil types are uniquely defined in the attribute table by a numerical code, referred to 

as map unit key or mukey. The mukey value field provides a many-to-one relationship from 

the graphical aspect to the tabular data sources. 

Considering the size of the Hoods Creek watershed, the more detailed SSURGO soil 

dataset was preferred over the STATSGO soil dataset. The SSURGO dataset is the most 

detailed level of soil mapping conducted by the NRCS and available in electronic form. 

Mapping scale for SSURGO dataset generally ranged from 1:12,000 to 1:63,360 whereas the 

scale for the STATSGO dataset is 1:250,000. The level of spatial detail in STATSGO and 

SSURGO datasets for the Hoods Creek are shown in Figure B-4 and Figure B-5 respectively. 
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Figure B-5. Hoods Creek with SSURGO dataset. 

Figure B-4. Hoods Creek with STATSGO dataset. 
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AVSWAT-X software can directly use STATSGO dataset and SSURGO dataset 

version 2 to create model inputs. But the SSURGO dataset available for Craven County at 

this time was not compatible with AVSWAT-X model. The following sequence illustrates 

the steps needed to incorporate the unverified SSURGO dataset into the AVSWAT-X model. 

1. Launch ArcView. 

2. Load “Projector mod” extension.  

3. Unproject shapefiles. 

4. Rename shape files as features.sbn, features.sbx, features.shp, features.dbf and 

features.shp. All five files related to shapefile must be renamed to features with 

appropriate extensions; otherwise model will not recognize them. 

5. Add a new field to the features.dbf table and name as “stmuid”. Derive values for this 

field using State ID (i.e NC) + Soil Survey ID (i.e 049) + Map unit ID (i.e soil classes 

eg. AuB, WaB). 

6. Copy and paste tables “chfrag.txt”, “chhorizon.txt” and “comp.txt” into a separate folder.  

7. Convert the format of files from pipe delimited format into .dbf format using 

Microsoft Access. 

8. Create two new folders and name as nc and 049 at AvSwatDB/AllUs/ssurgo/nc/049 

location of the AVSWAT-X model.  

9. Save tabular files (“chfrag.dbf”, “chhorizon.dbf” and “comp.dbf”) and feature files 

(features.sbn, features.sbx, features.shp, features.dbf and features.shp.) in the 049 folder. 

10. Load the SSURGO extension tool to the AVSWAT-X after watershed delineation and 

bring SSUGRO soil database into the model. 
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Appendix: 2-3 

Converting raw LIDAR data into a DEM 

1. Go to http://www.ncfloodmaps.com/ and click on the icon called digital flood maps. 

2. Click on Craven County and zoom in until the tiles are visible. Hoods Creek belongs 

in tile numbers 5478 and the 5477 (the tile right below 5478).  

3. Click on elevation download button and then to the tile. Three different forms of 

elevation data was available to download: Bare Earth Data, 20 ft. DEM and 50 ft. 

DEM data. 

For tile 5478 

Bare Earth : BE3720547800WC20020901.zip  2.8 MB 

20 Ft. DEM : D23720547800WC20020510.zip  551.4KB 

50 Ft. DEM : D53720547800WC20020510.zip  145.4KB 

For tile 5477 

      Bare Earth: BE3720547700WC20020901.zip  1.7 MB 

      20 Ft. DEM: D23720547700WC20020510.zip  598.1KB 

      50 Ft. DEM: D53720547700WC20020510.zip  169.2KB 

4. Down load files for Bare Earth LIDAR elevation data. Elevation data are in the 

ASCII file format so convert them to shape file.  

5. Launch ArcView and add LIDAR elevation data table as a delimited text file in the 

project manager window. 

6. Open view and click on view menu bar and choose add event theme. Assign table = 

BE3720547800WC20020901, X field = X and Y field = Y. 



 
169

7. Convert add event theme to the view to shape file. Elevation data are in ASCII file 

format so change them to .dbf file format.  

8. Repeat steps 6 and 7 to the other set of data too.  

9. Once the points are converted to shapefiles for both tiles, merge them using the Geo 

Processing Wizard.  

10. In order to create a grid with unit meter, the unit of shapefiles, which is US Survey 

feet, needs to be converted to meter. 

11. To convert unit of shapefiles from US Survey feet to meter 

a. Load projector!mod Extension in ArcView 3.2. 

b. Click on view menu and then properties, set map unit to feet (since data 

needed to be converted is in feet) then click OK. 

c. Click on Projector!mod Extension icon  

      Select projection extension as  

I. Category = State plane 1983 

II. Type = North Carolina 

III. Out put unit = meter 

                          Select output projection extension as  

I. Category = State plane 1983 

II. Type = North Carolina 

                   d.    Add newly created shapefile as a theme to the view.  

12. Projector!mod extension converts only X and Y values into meter, Z value is still in 

feet.  

13. To convert Z value to meter 
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a. Add new field to the attribute table of newly created shapefile and name the 

field as ‘Z-meter’. 

b.  Click on the first row of the file just created. 

c. Click on Select None button. 

d. Select calculate from field menu bar. 

e. Create calculation expression as; [Z-meter] = [Z]/3.28 

14. To create DEM from mass point (in ArcView 3.2) 

a. Load spatial analyst 

b. Select Interpolate grid from Surface menu bar 

c. Fill ‘output grid specification’ dialog box as 

I. Interpolate grid extent = same as newly created shapefile 

II. Output grid cell size = 5 meter 

III. Hit OK 

d. In ‘Interpolate surface’ dialog box, choose   

I. Method = IDW 

II. Z value field = Z 

III. Nearest neighborhood 

IV. Number of neighbor = 12 

V. Power = 2 

VI. Barrier = No barriers 

VII. Hit OK 

15.   Convert surface created from shapefile as a grid in a desired location. This is the 

digital elevation model that will be used in SWAT model to delineate the watershed. 
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Appendix: 2-4 

Digitizing housing units from digital orthophoto 
 

Spatial distribution of houses in the Hoods Creek watershed was determined using 

digital orthophoto. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B-6. Aerial view of Hoods Creek watershed. 
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1. Open ArcView and add digital orthophoto to the view as image data source. 

2. Set view unit as well as map unit before digitization. 

3. Click on view menu bar and select add theme and choose feature type as polygon. 

4. Select draw polygon icon from button bar and draw a outline around each house 

separately. 

5. Make sure none of the polygons are selected before assigning true X and Y coordination 

values. 

6. Export attribute table with polygon features and their X-cord and Y-cord to the known 

directory as ‘delimited text’. 

7. Add the exported table to the project manager window. 

8. Click on view menu bar and select ‘add event theme’. 

9. Assign right parameters in add event theme window (Table = name of table needs to be 

worked on, X-field = X-cord and Y-field = Y-cord). 

10. Convert the theme to a shapefile.  

11. Import digitized house to the SWAT model as shapefile. 
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Appendix: 2-5 
 

SWAT simulation methodology 

        Prior to model simulation, the collected input data needs to be manipulated. First 

convert all the data sets to metric units to be consistent with input requirement of the 

AVSWAT-X model.  Since most of the data collected were already projected in State Plane 

NAD 83 meter, the other datasets were also re-projected to the same projection.  

Simulation A 

 
1.Create a SWAT project 
 

1. Launch ArcView. 

2. Load the AVSWATX extension checking the button labeled “AVSWATX-

extendable) within the ArcView Extension dialog. 

3. Create a new project from the AVSWATX project manager. 

 

2.Watershed delineation 
 
DEM set up: 
 

1. Load DEM (grid format), set the DEM vertical and horizontal units as meter in DEM 

property dialog box. 

2. Manually define the area of interest with the help of the Focusing watershed area tool.  

3. Click the box beside the Burn-in option and defined the hydrography layer. 

4. Apply the preprocessing of DEM to remove sinks. 

Stream definition: 
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1. Assign the threshold area.  (Threshold area = 4.26095 hectares was used for this 

project) 

Outlet and inlet definition: 

1.   Click on the add button in outlet and inlet dialogue box and select the main watershed 

outlet. 

2. Apply the sub-basin parameter calculation. 

3. Hit OK once the watershed delineation and stream/sub-basin parameter calculation is 

completed. 

3. Addition to SSURGO data tool 

1. Click on AVSWATX menu bar and select AVSWAT main interface dialogue. 
 

2. Select extension button and double click on SSURGO data tool. 
 
4. Land use/soil characterization 
 

1. Load the land use and land cover data layers (grid format) in watershed view. 

2. Reclassify land use land cover data layer within the watershed area using a click and 

drop tool or a look up table. (Note: All the “NOCL” land use classes, not classified 

land use class, were replaced and assigned new land use class based on digital 

orthophoto. Grid value 81 = URML, 82 = URML, 91 = URML and 91 = FRSE). 

3. Load SSURGO dataset. 

4. Link SSURGO map to the soil database using ‘Stmuid’  (state map unit ID). 

5. Reclassify soil data layer within the watershed area using a look up table. 

6. Overlay two map layers by clicking on overlay button.  

5. HRUs definition 

1. Select HRUs definition from AVSWAT menu bar. 
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2. Select and apply dominant land use/soil distribution option.. 

6. Input files creation  
 

Daily precipitation data and temperature data were obtained from the nearest weather 

station (New Bern airport) from the website http://hurricane.ncdc.noaa.gov/CDO/cdo.  

1. Import precipitation data and temperature data. 

2. Use default weather generator to simulate solar radiation data, wind speed data and 

relative humidity data using measured rainfall and temperature values.  

3. Select the built all default item from the input menu on the SWAT view to write default 

input values for watershed configuration file (.fig), soil input (.sol), weather generator 

input (.wgn), subbasin general input (.sub), HRU general input (.hru), main channel input 

(.rte), groundwater input (.gw), water use input (.wus), management input (.mgt), soil 

chemical input (.chm), pond input (.pnd) and stream water quality input (.swq). 

4. The management file (.mgt) was edited for this study in such a way that the model 

would be able to track the fate and transport of nitrogen derived from on-site systems. 

7. Editing management input data (.mgt) 

1. Select sub-basin data from edit input drop down menu bar. 

2. Click on .mgt in the select input file list. 

3. Edit general management information first and then operation specific information. 

Editing general management information: 

1. Select no land cover growing as the initial land cover status. 

2. Use default values for BIOMIX (0.20), BIO_MIN (0.00), USLE_P (1.00), FILTERW 

(0.00). 
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Figure B-7. Management operation dialog box. 

 
3. Residential medium/low density land use land cover type was assigned to all sub-

basin with houses. For sub-basins with housing units the curve number was assigned 

based on land use land cover type and hydrologic soil groups, these groups, that is A, 

B, C and D are used to describe hydrologic cover conditions, were represented by 

numeric values 46, 65, 77 and 82, respectively, to provide appropriate values for the 

curve number in the model input parameters. The default CN was used for the sub-

basins without housing units. Curve number was adjusted for one hydrologic group of 
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soil at a time, keeping rest the constant. Stream flow from the outlet of sub-basin 2 for 

year 2000 was used to compare predicted flow and observed flow values from 

Humphrey (2002)(Table B-1). However, Humphrey’s (2002) assessment of total flow 

could not be measured with substantial accuracy due to the methodology he used 

(periodic estimates of flow through a pipe culvert flowing beneath a road). More 

accurate assessments, such as via weirs, etc were not available for this watershed. 

Therefore, the predicted total flows from the model in Table B-1 agree fairly well 

with the available field data. That is, the measured and the predicted flow volume 

were within the same order of magnitude of each other. There was also additional 

surface water added to Hoods Creek from a large pumping well serving a quarry 

during part of Humphrey’s measurement period. The percentage of runoff volume 

ranged from 10% to 12% for all simulations, which matched with typical values, 

assigned for Coastal Plain physiograhpic province of North Carolina (North Carolina 

Division of Water Resources, 2002). 

 

 

Hydrologic soil group Simu
lation Land use 

A B C D 
Total flow 

L/min 
Urban medium/low density default default default default 1 
Forest  default default default default 

1,974 

Urban medium/low density 46 default default default 2 
Forest  default default default default 

1,966 

Urban medium/low density 46 65 default default 3 
Forest  default default default default 

1,969 

Urban medium/low density 46 65 77 default 4 
Forest  default default default default 

1,972 

Urban medium/low density 46 65 77 82 5 
Forest  default default default default 

1,977 

   Observed  field value 
                                                                        8,334 

Table B-1. Adjustment of curve number with respect to hydrologic soil group 
and land use can cover. 
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Edit operation specific information: 

Schedule operation specific information by date.  

1. Plant/begin growing season operation 

 

 

 

 

 

 

 

Land use land 
cover 

Soil type Hydrologic group Assigned CN 

AGRL NC049MM D 82 
AGRL NC049AuB A 46 
AGRL NC049StA B 65 
FRSE NC049AuB A 46 
FRSE NC049StA B 65 
FRSE NC049MM D 82 
FRSE NC049GoA B 65 
FRSE NC049Ly C 77 
FRST NC049NoB B 65 
FRSD NC049AuB A 46 
FRST NC049AuB A 46 
URML NC049GoA B 65 
URML NC049MM D 82 
URML NC049AuB A 46 
URLM NC049NoB B 65 

Table B-2. Curve number assigned for sub-basin with houses. 

Figure B-8. Input parameters for plant/begin growing season application. 
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2. Fertilizer application operation 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
3. Tillage operation 

 

Figure B-10. Input parameters for tillage operation. 

Figure B-9. Input parameters for fertilizer application. 
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4. Harvest and kill operation 

 

 

 

 

 

 

 

 

   Figure B-11. Input parameters for harvest and kill application operation. 

 

 

Year Operation Crop Month Day 
1 Fertilizer application   January 3 

1 Fertilizer application   February 3 

1 Tillage   February 15 
1 Fertilizer application   March 3 
1 Fertilizer application   April 3 
1 Fertilizer application   May 3 
1 Fertilizer application   June 3 
1 Fertilizer application   July 3 
1 Fertilizer application   August 3 
1 Harvest and kill   August 15 

1 Plant/begin growing season Bermuda grass 
/Forest September 3 

1 Fertilizer application   October 3 
1 Fertilizer application   November 3 
1 Fertilizer application   December 3 

 

Table B-3. Operation specific information scenario used for all simulations. 
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8. Execute SWAT simulation 

1. Select run simulation model from simulation drop down menu. 

2. Set up period of simulation as  

Starting date = January 1st 1994 

Ending date = December 31st 2003 

3. Hit run SWAT button. 

 
Simulation B: 

1. Create a SWAT project 
 
Repeat same steps as in simulation A. 

2. Watershed delineation 
 
Repeat same steps as in simulation A. 

3. Addition of SSURGO data tool 

Repeat same steps as in simulation A. 

4. Land use/soil characterization 
 
Repeat same steps as in simulation A. 
 
5. HRUs definition 

1. Select HRUs definition from AVSWAT menu bar. 

2. Select and apply multiple land use/soil distribution option. 

3. specify land use % = 20 and soil % = 10. 

6. Input files creation  
 
Repeat same steps as in simulation A. 

7. Editing management input  
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Repeat same steps as in simulation A. 
 
8. Execute SWAT simulation 

Repeat same steps as in simulation A. 

Simulation C: 

For this simulation use all input files created in simulation A were used with some 

modifications. Using sub-basin 7 as an example the process will be described. Sub-basin 7 

has eight housing units and only one HRU. Therefore eighth separate HRUs must be created, 

one HRU per house. 

1. Copy “txtinout” from simulation A and create new folder. The path for this folder is 

C:\AVSWATX\<name of the project >\scenarios\default\txtinout 

There are 490  ASCII files. The files need to be modified for this purpose are sub-basin 

configuration file (fig.), management file (.mgt), sub-basin file (.sub) and HRU file (.hru). 

2. .hru files 

 

 

 

 

 

 

 

 

  

Figure B-12. Hydrologic response unit input file. 



 
183

 Since we need to make eight HRUs in this sub-basin, change HRU_FR = 1/8  = 

0.125.  The fraction of the total watershed for each HRU needs to be edited in each .hru  file. 

These files can be created using UTIL program or a text editor of your choice and save 

naming them sequentially e.g. 000070001.hru, 000070002.hru, 000070003 ------------ 

000070008.hru. 

3. mgt files 

4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-13. Management general input file structure. 
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Since the same management rotation will be used for each houses in this sub-basin, copy 

and paste the .mgt file eight times and save them naming sequentially as 000070001.mgt, 

000070002.mgt ----------------- 000070008.mgt. 

 

4. .sub files 

Change the total number of HRUs modeled in the sub-basin from 1 to 8 (HRUTOT = 8). 

HRUTOT should be changed to the total number of houses that you have for that 

particular sub-basin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-14. Sub-basin input file structure. 
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       At the end of the file there is one command line. Add seven more lines with unique .hru 

file and .mgt file, one line per HRU. The same .sol, .chm and .gw will be used in this 

simulation because there is only one type of soil throughout the entire sub-basin. 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure B-15. Modified sub-basin file to create 8 HRUs in the sub-basin with 
dominant soil and land use land cover. 
 
 
 
5. .fig files 

In order to run model just for sub-basin 7, move sub-basin 7 line at the top and leave a blank 

line after that.  
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Figure B-16. Watershed configuration file. 

 

5. Add executable SWAT 2003 to the “txtinout” folder. 

 

6. Run model using MS DOS command prompt. 
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Figure B-17. Command prompt screen. 

 

Simulation D: 

Modify .mgt, .hru and .sol files in  “txtinout” folder from those in simulation B.  

There will be two sets of .hru file, .mgt file and .sol file, because multiple land use land cover 

and soil type were choose for this simulation.  

1. .hru files 

Create 8 hru files, 5 from 000070001.hru with urban medium low density and Autryville soil  

and 3 from 000070002.hru files with urban medium low density and Masontown soil. 
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Figure B-18. HRU general input file, with urban medium low density and Autryville 
soil, for sub-basin 7.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-19. HRU general input file with urban medium low density and Masontown 
soil, for sub-basin 7. 
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2..mgt files 

 

 

 

 

 

 

 

 

 

 

 

      
 
 

Figure B-21. Management input file for the HRU with urban medium low density and 
Masontown soil. 

Figure B-20. Management input file for the HRU with urban medium low density and 
Autryville soil.        
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Create 8 .mgt files, 5 for soil NC049AuB and 3 for Nco49MM and save them as            

000070001.mgt, 0000702_1.mgt, -----  0000705_1.mgt for Autryville soil.000070002.mgt, 

0000702_2.mgt and 0000703_2.mgt for Masontown soil  

3. .sol files 

Create 8 .sol files, 5 from 000070001.sol and 3 from 000070002.sol files. 

 

 

Figure 2-18. screen 

 

 

Figure 2-18. screen 

 

 

 
 

 

 

 

 

 

 

 

 
 

Figure B-22. Soil input file (Autryville loamy sand). 

Figure B-23. Soil input file (Masontown mucky fine sandy loam). 
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4. .sub files 

As mentioned in step 4 of simulation C, change the total number of HRUs modeled in the 

sub-basin from 1 to 8 (HRUTOT = 8). HRUTOT should be changed to the total number of 

houses that you have for that particular sub-basin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the end of the file there is one command line. Add six more lines with unique .hru   

file ,.mgt file and .sol file, one line per HRU.  

 

 

 

Figure B-24. Sub-basin general input file. 
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 5. From this point on follow the same steps as in simulation C. 

 

 

Figure B-25. Modified sub-basin input file to create 8 HRUs within a sub-basin.



 193

 
Appendix 2-6 

 
Half-life period calculation from field data 

 
 
Groundwater velocity = 0.21 m/day (Humphrey, 2002) 

 
 
 
 

Table B- 4.   Percentage of nitrogen lost during its movement from source to outlet. 
 

Distance (m) Total mass at Time taken to travel Mass lost % 
 distance X (mg) distance X (days)  

       0         0.049             0.00           0.00 
       3         0.051           14.30          -4.08 
       11         0.046           52.40           6.12 
       22         0.030         104.80         38.78 
       37         0.012         176.20         75.50 
 
* This field data was adapted from Buetow, 2002. 

 
 
 
   
 
 
 
 
 
 
 
 

 

Figure B-26. Percentage of nitrogen lost with respect to time. 
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CHAPTER 3: 
 
 

Effect of source and resolution of digital elevation models in hydrologic 
modeling of small watersheds using the SWAT model 

 
 
 
Abstract 
 

The digital elevation models derived from LIDAR elevation data and U.S. Geological 

Survey elevation data with 5m, 30m and 90m resolutions were used to study the sensitivity of 

SWAT model outputs to digital elevation model (DEM) source and resolution inputs. Size of 

the watershed delineated, flow volume from the entire watershed and the predicted nitrogen 

export to the watershed outlet by the model were affected by both source and resolution of 

the digital elevation model for a small watershed (Hoods Creek, NC) with relatively flat 

topography. In comparison to a previously calibrated model using 5m LIDAR DEM, the 

SWAT model predictions of nitrogen exported to the watershed outlet were overestimated by 

19% using 30m LIDAR DEM, and underestimated by 11% using 90m LIDAR DEM. 

Similarly, predictions of nitrogen exported to watershed outlet were overestimated by 55 to 

209% using USGS DEM, depending upon DEM resolution. However, nitrogen exports (on a 

per hectare basis) agreed with results obtained from the previously calibrated model using 

5m LIDAR DEM for all simulations except that using USGS 90m DEM. Hence, the 

predicted size of watershed was the primary controlling factor that influenced predictions of 

total nitrogen exported to the outlet. The size of the watershed was over predicted by 7% 

with the LIDAR 30m DEM and under predicted by 25% 90m DEM, when compared to the 

5m LIDAR DEM input. Watershed sizes were over predicted by 43% to 104% using USGS 
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DEM, depending upon resolution. For LIDAR DEM, the average slope of the watershed 

decreased and average slope length increased with decreasing DEM resolution. This effect 

was not consistent for the USGS DEM. Comparison of watershed elevation outputs using 

30m LIDAR DEM and 30m USGS DEM inputs showed differences of +/- 5m, which was 

significant considering the relatively small elevation change (approximately 9m) that 

occurred in the relatively flatly sloping watershed. As a result, USGS DEM is not 

recommended for hydrologic modeling in small watersheds that have flat landscapes. 

However, since LIDAR elevation data is rarely available, USGS DEM may have to be 

utilized in some cases. In those cases, the highest resolution DEM that is available should 

always be used, but not be any lower than 30m resolution. Both 30m and 90m LIDAR DEM 

inputs gave reasonably accurate predictions of nitrogen exports to the watershed outlet 

compared to the previously validated model outputs using 5m LIDAR DEM inputs. 

However, the 90m LIDAR DEM input resulted in inaccurate watershed size and location 

predictions. Hence 90m LIDAR DEM inputs are not recommended. Either 5m LIDAR DEM 

or 30m LIDAR DEM are the recommended inputs for modeling small watersheds with 

relatively flat topography (<10m elevation change) using the SWAT model. 

 
Introduction  
 

A digital elevation model (DEM) is a numeric representation of the topography of the 

earth’s surface. The most common way to represent elevation data digitally is by using a 

regularly spaced grid model in which elevation is estimated for each cell. The United States 

Geological Survey (USGS) collects and processes elevation data and distributes it in digital 
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formats. They produce DEM using elevation data derived from existing contour maps, 

digitized elevation and photogrammetric stereo-models based on aerial photographs and 

satellite remote-sensing images. 

As a result of the growing interest in landscape scale modeling, high resolution, high 

accuracy elevation data have been produced using advanced technology like light detection 

and ranging (LIDAR) and ASTER (advance spaceborne thermal emission and reflection 

radiometer). LIDAR technology collects positional (x = longitude, y = latitude) and elevation 

(z) data at uniform intervals, independent of terrain relief, and results in a very dense network 

of elevation data. A digital elevation model of the ground surface can be generated using 

these highly precise and highly accurate positional and elevation data points (Lohr, 1998; and 

Lefsky et al., 2002). LIDAR DEM was used in Chapter 2 for calibrating the SWAT (Soil and 

Water Assessment Tool) model to track fate and transport of nitrogen derived from on-site 

systems. However, the LIDAR DEM has limited availability throughout North Carolina and 

other areas. Therefore, due to the limitation in availability of LIDAR DEM and considering 

the high cost of LIDAR DEM, USGS DEM might be a better choice for modeling some 

watersheds. The average cost range of getting LIDAR elevation data is $1,000 to $2,000 for a 

square mile at 2-3 meter posting (NOAA, 2003). 

With increasing availability of various types of DEMs and their use in hydrologic 

modeling applications, the effects of DEM data resolution on model predictions is of concern 

to many researchers. A study done by Zhang and Montgomery (1994) using TOPMODEL 

showed that resolution of digital elevation models had a significant effect on computed 

topographic parameters (size of watershed delineated) and hydrograph. Wolock and Price 
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(1994) concluded that both DEM map scale and data resolution affected the on prediction of 

the depth to the water table and the ratio of overland flow to total flow and peak flow from 

TOPMODEL.  

Fairly little research has been done to determine the sensitivity of the SWAT model to 

digital elevation data resolution. The SWAT model (Arnold et al., 1998) is a watershed scale 

hydrologic model. It is a continuous time model that operates on a daily time step. This 

model was designed to predict the impact of land management on water, sediment, and 

agricultural chemical yield. SWAT modeled runoff volume was found to be sensitive to 

DEM data resolution by Cho and Lee (2001). Their study showed that runoff volume 

increased as DEM resolution got coarser. Similarly, watershed delineation, nutrient export 

and stream network aspects of the SWAT model output were found to be most sensitive to 

input DEM data resolution (Cotter et al. 2003). However, no attempt has been made to 

evaluate the effects of different sources and resolutions of DEM upon nutrient export on a 

small watershed scale. 

Hoods Creek is a small stream flowing to the Trent River that discharges into the 

Neuse River estuary. Since this estuary is defined as impaired water the state of North 

Carolina has established a goal of reducing nitrogen loading by 30% to the estuary 

(NCDENR, 1997). Accurate assessments of nutrient exports from current development, as 

well as from potential future development, are valuable for regulatory decision making. The 

SWAT model is being used for determining TMDL (Total Mass Daily Load) limits for 

watersheds. Hence, it is useful to understand the relative effects of DEM source and DEM 
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resolution inputs upon nutrient output predictions from watershed scale models such as 

SWAT.  

The relative nitrogen export from on-site wastewater treatment systems (septic 

systems) to the watershed outlet in the Hoods Creek watershed outlet was previously 

determined in Chapter Two. For those predictions a very high resolution DEM (5m x 5m) 

was derived from LIDAR elevation data. In that study, the SWAT model was calibrated by 

comparing results predicted by the model to observed field data. The predicted nitrogen 

exports obtained using the 5m x 5m LIDAR DEM agreed well with the field derived nitrogen 

export values. 

The objective of this paper was to assess sensitivity of the SWAT simulation results 

using digital elevation models obtained from two different sources (DEM from U.S. 

Geological Survey data and a DEM derived from LIDAR elevation data) with different grid 

sizes, or resolutions. The purposes were (1) to determine whether either coarser resolution 

LIDAR DEM and/or the less accurate USGS DEM could be used to accurately predict 

nitrogen exports from small watersheds and (2) to assess the effects of source and resolution 

of DEM on hydrologic model parameters. Hence, the effect of varying spatial resolutions of 

DEM derived from LIDAR elevation data, (5m x 5m, 30m x 30m and 90m x 90m) and the 

effect of varying spatial resolution of USGS DEM (5m x 5m, 30m x 30m and 90m x 90m) on 

nitrogen export to the watershed outlet of a relatively small watershed was studied.  

Comparisons were also made between the results obtained using different sources of data 

(USGS DEM vs. LIDAR DEM) at similar resolutions. 
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Methods and Materials 

Study site 

The Hoods Creek watershed, located in the lower Coastal Plain Physiographic 

Province of eastern North Carolina, was chosen as a study site (Figure 3.1). The Hoods 

Creek watershed is a small watershed draining approximately 179 hectares of land. It is 

located south of the Trent River near its confluence with the Neuse River at New Bern, North 

Carolina. This is a newly developed area with 227 housing units.  All of the houses in this 

watershed relied upon on-site wastewater treatment systems (i.e. septic systems) for 

household wastewater treatment (Chagaris, 2003). The predominant soil within the 

developed portions of the Hoods Creek watershed is Autryville loamy sand. Significant areas 

of Masontown mucky fine sandy loam soil also exist  in the riparian areas along Hoods Creek 

in the developed portion of the watershed.  Major land use land covers within the watershed 

are evergreen forest (55%) and medium low residential density (33%).  

Development of the DEM  

 A LIDAR dataset obtained from the North Carolina flood mapping program (NC 

Flood Mapping Program, 2004) was used to create the LIDAR DEM. Varying resolutions of 

digital elevation models were developed using 5m x 5m, 30m x 30m and 90m x 90m grids. 

These were established using an inverse distance weighted (IDW) linear interpolation 

technique (for detail, see Appendix 2-2 in Chapter 2). The 30m x 30m and 90m x 90m U. S. 

Geological Survey DEM were obtained from the North Carolina State University library (D. 

H. Hill Library). Then a 5m x 5m USGS DEM was resampled from 30m x 30m USGS DEM 
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Figure 3.1. Size and shape of the watershed delineated using 5m x 5m  
resolution LIDAR DEM. 
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using a bilinear interpolation method. The bilinear interpolation technique determines the 

new value of a cell based upon a weighted distance average of surrounding cells. 

The best SWAT model simulation method for determining nitrogen export from the 

Hoods Creek watershed developed in Chapter Two was used as the benchmark in this study.  

This method involved model simulation with multiple hydrologic response units (HRUs) 

within each sub-basin. Threshold levels for land use land cover and soil differences were set 

to 20% and 10%, respectively (see Chapter 2). Specifically that means any land use land 

cover type and soil type that occurred throughout more than 20% and 10%, respectively, of a 

sub-basin were separately considered in the model simulations as unique HRUs. Spatial 

locations of the septic systems were not accounted for other than that total number of systems 

(total NO3-N input) located within each of the sub-basins. The sensitivity of the SWAT 

model to aggregation of various DEM data resolution and sources of DEM was studied by 

changing the grid size of DEM input while keeping all other input parameters constant. The 

effects of source/resolution of DEM on various hydrologic and nutrient aspects of SWAT 

output results were noted. 

Results and Discussions 
 

      Variation in sources of DEM (LIDAR vs. USGS) and resolutions of DEM affected the 

watershed delineation and predictions of nitrogen exported at the watershed outlet for Hoods 

Creek compared to the previously calibrated 5m x 5m LIDAR DEM derived results (Table 

3.1). In general, watershed size was about 45% larger when using the USGS DEM 

(regardless of resolution) than for the LIDAR DEM, except for the 90m x 90m results. The 



 
202

USGS DEM also produced more sub-basins, larger flows and greater predicted nitrogen 

export to the Hoods Creek outlet than LIDAR DEM. 

Table 3.1. Effect of source and resolution of DEM on SWAT outputs. 

DEM DEM  Watershed Number of  
Average 
 slope Average slope Stream flow 

 N03-N exported to 
watershed outlet  

source resolution area (ha) sub-basins (m/m) length (m) m3/min. (kg/yr) (kg/ha/yr)

LIDAR 5 x 5 179 19 0.04 88 1,903 333 1.9 

  30 x 30 191 16 0.02 115 2,034 396 2.1 

  90 x 90 134 13 0.01 122 1,584 296 2.2 

USGS 5 x 5* 256 33 0.01 121 2,304 517 2.0 

 30 x 30 280 36 0.01 121 3,117 518 1.9 

  90 x 90 366 34 0.004 120 3,372 1,030 2.8 

 

 

Effect of DEM resolution on watershed delineation (shape and size) 

Resolution of the digital elevation model affected the overall size and shape of the 

watershed, the number of sub-basins and number of hydrologic units (Figures 3.1, 3.2, 3.3, 

3.4, 3.5 and 3.6). These figures clearly show how size and shape of the modeled watershed, 

along with the soil types occurring within the watershed, changed with respect to DEM 

resolution. All of these outputs were derived by the SWAT model based upon the DEM.  

The shape of the watershed remained similar for the 5m x 5m and 30m x 30m LIDAR 

DEM, although substantial elevation information was lost using the 30m x 30m LIDAR 

DEM (Figures 3.1 and 3.2). This can be observed by the edge effect at the margins of the  

 

* USGS 5m x 5m was resampled from USGS 30m x 30m resolution DEM.
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Figure 3.2. Size and shape of the watershed delineated using 30m x 30m  
resolution LIDAR DEM. 
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Figure 3.3. Size and shape of the watershed delineated using 90m x 90m  
resolution LIDAR DEM. 
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Figure 3.4. Size and shape of the watershed delineated using 5m x 5m          
resolution USGS DEM. 
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Figure 3.5. Size and shape of the watershed delineated using 30m x 30m         
resolution USGS DEM. 
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Figure 3.6. Size and shape of the watershed delineated using 90m x 90m           
resolution USGS DEM. 
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30m x 30m LIDAR watershed shown in Figure 3.2. This edge effect could account for a 

substantial part of the increased watershed size.   

In addition to a more pronounced edge effect, the 90m x 90m LIDAR DEM 

watershed had a substantially different shape, in contrast to the other LIDAR DEM outputs 

(Figure 3.3).  Note that the entire southern portion of the watershed is missing at the 90m x 

90m resolution using the LIDAR DEM. That southern portion is extremely flat and was 

obviously included by the SWAT model into a different watershed (different than the Hoods 

Creek watershed) when modeled using the coarser resolution LIDAR DEM dataset. As a 

result, the predicted watershed size was much smaller than for the higher resolution LIDAR 

DEM (5m x 5m and 30m x 30m) and the predicted nitrogen export at the watershed outlet 

was reduced. Hence, it is very likely that high resolution DEM is necessary when modeling 

small watersheds with relatively flat landscapes.  

With the exception of the 30m x 30m DEM, watershed area decreased by 25% as 

resolution of the LIDAR DEM decreased from 5m x 5m to 90m x 90m. Numbers of sub-

basins and soil types within the watershed decreased as the resolution of LIDAR DEM 

decreased even with using same threshold area of 4.3 hectares, i.e. minimum area required 

for the origin of a stream. In the case of the USGS DEM, the size of the modeled watershed 

increased by 9% and 43% as DEM resolution decreased from 5m to 30m and 90m, 

respectively. However, the watershed area results obtained in this study did not follow the 

same trends observed by other researchers. Cotter et al. (2003), while using the SWAT 

model, found that the watershed area decreased with a decrease in DEM resolution. A similar 

pattern was also found by Zhang and Montgomery (1994) using TOPMODEL. It was not 
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clear why the same trend was not observed in this study. However, in both of these prior 

efforts, DEM derived from U.S. Geological Survey data were used and the size of the 

watersheds was much larger than the size of the watershed evaluated here. Average slope of 

Hoods Creek watershed was less than the watersheds used for those other studies. It is not 

clear whether Cotter et al. (2003) used default threshold areas assigned by the SWAT model 

(the threshold areas assigned by SWAT vary with DEM resolution) or whether they kept the 

threshold area constant for all resolutions as was done here. 

Effect of DEM resolution on hydrologic parameters and nitrogen export 

Average percent slope of the watershed decreased whereas the average slope length 

increased as the DEM became coarser for the LIDAR DEM (Table 3.1). The average slope of 

the watershed was reduced by 50% at 30m LIDAR DEM and by 75% at 90m LIDAR DEM 

compared to the 5m LIDAR DEM. Due to the decreased slope and increased slope length the 

stream flow volume also decreased as the LIDAR DEM got coarser (5m to 90m). Nitrogen 

export at the watershed outlet was also reduced similarly. However, nitrogen exported at 30m 

LIDAR DEM was higher than that of 5m LIDAR DEM probably due to the larger overall 

size of the modeled watershed. The trend of decrease of slope, flow volume and nutrient 

export and increasing slope length with coarser DEM was consistent with the results obtained 

by Cotter et al. (2002) and by Cho and Lee (2001). 

USGS DEM with 5m resolution and 30m resolution gave the same slope percentages, 

slope lengths and nitrogen export at watershed outlet. This may be possibly due to the fact 

that 5m USGS DEM was created by resampling 30m USGS DEM. However, the shapes of 

the watersheds delineated by the 5m and 30m USGS DEM were quite different in shape and 
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size (Figures 3.4 and 3.5). As USGS DEM resolution decreased from 5m to 90m, stream 

flow increased by 8% and nitrogen export increased substantially, nearly doubling. However, 

nitrogen exports (on a per hectare basis) agreed with results obtained from calibrated model 

using (5m x 5m DEM) except for the simulation using USGS 90m DEM. Hence, the 

predicted size of watershed was the primary controlling factor that influenced the predicted 

total nitrogen export to the watershed outlet. 

Compared to the resolution of the 5m LIDAR DEM used in the calibrated model 

(Chapter 2), nitrogen exported to the watershed outlet was over predicted by 19% using the 

30m LIDAR DEM, under predicted by 11% using the 90m LIDAR DEM and substantially 

over predicted by approximately 55 to 209% using USGS DEM, depending upon the DEM 

resolution.  

LIDAR DEM compared to USGS DEM  

LIDAR DEMs are more detailed and accurate with a horizontal accuracy of 15 to 20 

cm and a vertical accuracy of 5 to 10 cm (Shrestha et al., 1999) compared to the USGS 

DEM, which has root mean square error (RMSE) of approximately +/- 7m.  The level of 

accuracy using the LIDAR DEM far exceeds that of 30m x 30m USGS DEM. A comparative 

example of the Hoods Creek watershed delineated with 30m x 30m LIDAR DEM and 30m x 

30m USGS DEM is presented in Figure 3.7. This figure shows how the LIDAR DEM 

characterized the topography in substantial detail and represented the terrain gradients very 

well over short distances. Compared to the LIDAR DEM, the USGS DEM was not detailed 

and resulted in very smooth terrain gradients. The USGS DEMs were created by using a 

more limited number of data points than the LIDAR DEM and hence it is likely that they did 
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not represent the topography correctly.  For instance, the elevation differences obtained by 

subtracting the USGS DEM elevations from the LIDAR DEM elevations are presented in 

Figure 3.8. The elevation differences between these two data sets were +/- 5 meters, a 

substantial difference considering the generally flat character of the ground surface in the 

watershed and its small size. Consider that the +/- 5 meter difference between LIDAR DEM 

and USGS DEM elevation is within the same order of magnitude for the total elevation 

differences of the land surface throughout the watershed (e.g. approximately 9 meters). In 

general, larger elevation differences between the two were found in the northern part of the 

watershed, where landscapes were more strongly sloping. There the USGS DEM under 

predicted elevations on bluffs adjacent to the confluence of Hoods Creek with the Trent 

River. In flat areas along Hoods Creek, the USGS DEM over predicted elevations compared 

to LIDAR DEM (e.g. for the riparian buffers along the creek). 

The effectiveness of DEM is limited by the spacing of the original data used to 

construct it. The 5m x 5m USGS DEM was created by resampling the 30m x 30m USGS 

DEM since USGS data is not available at the highest resolution studied. Decreasing grid size 

beyond the limit of the original survey data such as for 5m x 5m USGS DEM, does not 

improve the land surface representation by the DEM. For instance, compare the watershed 

delineation for the 5m LIDAR DEM (Figure 3.1) with the 5m USGS DEM (Figure 3.4) and 

consider the differences in the outputs predicted from these (Table 3.1). 

It is evident from Table 3.1 that the SWAT outputs were affected by not only the 

resolution of the DEM but also by the source of the DEM. The representation of the land  
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Figure 3.7. Watershed created by 30m x 30m LIDAR DEM and 30m x 30m USGS DEM. 
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Figure 3.8. Elevation difference between 30m x 30m LIDAR DEM and            
30m x 30m USGS DEM. 
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surface by the DEM was based on the source from which the DEM was derived. At 5m, 30m 

and 90m resolutions the watersheds created using USGS DEM were 43%, 47% and 173% 

larger than were created using 5m, 30m and 90m resolution DEM derived from LIDAR 

elevation data. Therefore, the USGS data consistently over predicted watershed size 

compared to LIDAR DEM prediction.  

Watershed shapes predicted using the USGS DEM (Figures 3.4, 3.5 and 3.6) was also 

substantially different than those predicted from LIDAR DEM at similar resolutions. 

Watersheds are delineated based on DEM, which is surface topography, in SWAT such that 

the entire area within a watershed flows to one point, the outlet. The outlet is located at 

lowest elevation within the area. The study watershed was in the lower Coastal Plain, an area 

with flat topography. Therefore, to delineate small watersheds in that environment the input 

DEM should be highly accurate so as to accurately represent the true topography.  Where the 

DEM was not detailed enough to differentiate slight variations in elevation within such flat 

areas, the watershed size and location created by the model was inaccurate. 

Conclusions 

The resolution of the DEM had a significant effect on representing true topography 

and simulating elevation related parameters such as, slope, slope length, flow volume and the 

hydrologic information. For hydrologic modeling in small watersheds with flat land surfaces, 

resolution as well as the source of data from which DEM was derived had a great effect on 

output predictions using the SWAT model. For small watershed modeling higher resolution 

LIDAR DEMs gave better representations of the true topography and provided better 
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predictions of nutrient exports using the SWAT model. This may not be true for modeling 

large watersheds or for areas with more vertical relief. However, the 90m LIDAR DEM input 

resulted in an incorrect watershed size and location predictions. Hence 90m LIDAR DEM 

inputs are not recommended. Either 5m LIDAR DEM or 30m LIDAR DEM are the 

recommended inputs for modeling small watersheds with relatively flat topography (<10m 

elevation change) using the SWAT model. 

If LIDAR DEM is not available every effort must be made to use the highest 

resolution USGS DEM available, certainly no less than 30m DEM. As expected, resampling 

of DEM from lower resolution DEM (30m) to higher resolution DEM (5m) didn’t increase 

the accuracy of the DEM, nor the model predictions. 
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