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Executive Summary 
 
 The Albemarle-Chowan, Roanoke, and Tar-Pamlico watersheds have displayed 
degradation in water quality in recent history. To address concerns about the effects of poor 
water quality, the North Carolina Chapter of The Nature Conservancy (TNC) is interested in 
identifying where nutrients are concentrated across the landscape, and identifying the best 
management practices (BMP’s) available to address pollutants. To find where pollutant levels 
are highest, we used InVEST and SPARROW models, and converted raw outputs into hot spots, 
providing a smaller region for The Nature Conservancy to focus management actions. Within the 
agriculturally dominated hot spots, we identified 4 best management practices, riparian buffers, 
cover crops, ditch retention structures, and peatland restoration, as implementation options 
available to The Nature Conservancy. Scenarios run within InVEST models for each best 
management practice quantified the scope of action needed and estimated the reduction in 
nutrient concentrations from implementation. The results of these scenarios showed that TNC 
will have to address tradeoffs between efficiency and overall impact from best management 
practices. For example, cover crops were found to be the least efficient at removing nitrogen per 
acre, but due to the large amount of land available to plant cover crops on, this BMP has the 
largest potential for reducing nitrogen overall. To aid TNC in finding landowners to approach 
about using BMP’s, we ran a parcel prioritization, and identified landowners with large parcels 
containing large amounts of agriculture, peatland, and close to land that is already protected. The 
results of these analyses will help inform TNC staff as they take steps to improve water quality 
in the Albemarle-Pamlico region.   
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Introduction 
 
Problem Statement:  
 Like many watersheds and estuarine systems in the United States and globally, the 
Albemarle-Pamlico watersheds are sensitive to nutrient inputs. The combination of 
anthropogenic activity, rising temperatures from climate change, and frequent extreme weather 
events makes management of nutrients like nitrogen and phosphorus increasingly important 
(Paerl et al. 2018). These conditions along with the occurrence of nutrient related events such as 
algal blooms and fish kills calls for better management of nutrient sources, particularly non-point 
sources. State governments, local governments, and NGO’s working to address this problem do 
not have a standardized system for prioritizing efforts to reduce nutrient inputs. The spatial and 
temporal variability of nutrient inputs compounds the difficulty of addressing this issue. 
Collection of water quality data indicates pollutant loads within various waterways, but does not 
provide information about the specific locations of sources upstream. The approach explored in 
this project can help managers find sites with high nutrient outputs to implement best 
management practices efficiently.  
 
The Nature Conservancy: 

The Nature Conservancy has been working in North Carolina for the last 41 years. Their 
broad conservation work in the state has spanned from the Blue Ridge Mountains to the coast. 
Within the Albemarle-Pamlico system, they own lands in the Roanoke and Chowan basins, and 
along the coast. Their prior investment along with the diversity of ecosystems and species 
characteristic to the region make this an area of current interest to The Nature Conservancy. Staff 
are involved in numerous conservation projects in the Albemarle-Pamlico watersheds, including 
long leaf pine restoration, rewetting peatlands, and creating oyster reefs for coastal stability (The 
Nature Conservancy 2017).  
 
Project Overview:  

There is concern within the Nature Conservancy that increasing upper watershed 
development and agriculture are having detrimental impacts on downstream water quality in the 
Albemarle-Pamlico watersheds. Due to these concerns, staff at The Nature Conservancy 
developed a set of objectives to address through this project. The overall goal is to improve 
ecosystem health in the Albemarle-Pamlico region. Under this umbrella, they would like to 
understand trends in pollutants, take steps to reduce pollutants, increase connectivity, restore 
critical habitat, and efficiently implement management actions. 

 To determine the state of water quality in the Albemarle-Pamlico region, an assessment 
of spatial variations in nutrient loading was conducted. Analyses were performed using InVEST 
models, which quantify nutrient loads spatially. Model outputs were verified using preliminary 
SPARROW results provided by the USGS.  

Outputs from InVEST and SPARROW models were converted to hot spots that indicate 
regions with especially high concentrations of each nutrient. The hot spots provided guidance on 
where The Nature Conservancy should focus their resources at a smaller spatial scale. Once hot 
spots were determined, as series of scenarios were run in InVEST to mimic the management 
actions The Nature Conservancy can utilize.  
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To further guide future work within the hot spots, a parcel prioritization was conducted. 
A list of parcels and landowners of particular interest in each hot spot was provided to The 
Nature Conservancy team.  
 
Study Area: 

The Albemarle and Pamlico Sounds make up the second largest estuarine ecosystem in 
the United States (the Albemarle-Pamlico Estuarine System) after the Chesapeake Bay, and are 
fed by the Albemarle-Chowan, Neuse, Roanoke, and Tar-Pamlico watersheds. This analysis 
excluded the Neuse watershed, because extensive research on the Neuse and the best 
management practices available within that watershed has already been conducted (or is 
currently in progress). In comparison, less research has been dedicated to the Albemarle-
Chowan, Roanoke, and Tar-Pamlico in the last 20 years (Julie DeMeester, Water Program 
Director, TNC personal communication, September 2018). The Albemarle-Chowan, Roanoke, 
and Tar-Pamlico watersheds span from the mountains of southern Virginia to the coast of 
northeastern North Carolina (Figure 1). The total area of the combined watersheds is 14,752,807 
acres.  

With 9,115 miles of estuary shoreline and a diverse range of wetlands, pocosins, forests 
and rivers, there are many significant ecological features in the Albemarle-Pamlico basin 
(NCDEQ 2018). On land, portions of the Albemarle-Pamlico basin contain habitat for species 
ranging from migrating birds to red wolves to venus fly traps. One of the most recognizable 
species is the Bald Cypress tree that grows directly out of the water. Some of the oldest Bald 
Cypress trees in the world, at 800 years old, reside within this region. The water systems are 
important for anadromous fish migrations, freshwater mussels including the endangered Tar 
River spinymussel, and shellfish (EPA 2018,  URI 2018). North Carolina hosts more submerged 
aquatic vegetation than any other state besides Florida, with 99% of it contained in the 
Albemarle-Pamlico system. The region also contains the state’s two largest natural lakes; Lake 
Mattamuskeet and Lake Phelps. The lakes are accompanied by 2.8 million acres of wetlands, 
including the largest area of pocosin wetlands in the world (NCDEQ 2018).  

The Albemarle-Pamlico basin is additionally important for human needs, with the basin 
draining from 43 counties in North Carolina and 38 counties in Virginia. The watersheds supply 
drinking water to towns across eastern North Carolina and southeastern Virginia. The estuary 
system serves as a spawning ground for species of fish and shellfish important to the fishing 
industry, with half of the juvenile fish habitat for the eastern United States located in the 
Albemarle-Pamlico system. The recreational and commercial value of fisheries in North Carolina 
totaled at approximately $1.7 billion annually (Van Houtven et al. 2016). Tourism and recreation 
serve as economic drivers as people come to see the natural resources contained in the region, 
with an estimated value of $1.3 billion per year in the four coastal counties alone (NCDEQ 
2018). The combined value of all types of outdoor recreation in the region totaled to $4.3 billion 
(Van Houtven et al. 2016).  
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Figure 1. Our study area consists of three major watersheds; the Albemarle-Chowan, Roanoke, 
and Tar-Pamlico. 

 
The Albemarle-Pamlico’s extensive ecological and economic resources make 

understanding the water quality highly important. The 1990’s and early 2000’s were a period of 
intensive study in the region. The USGS collected large amounts of water quality data across the 
four major basins (USGS 2016). The mainly forested Albemarle-Chowan basin had the lowest 
nutrient concentrations, while the heavily developed Neuse had the highest. Data also showed 
that a 30 to 50% reduction in summertime nitrogen and phosphorus would be necessary to meet 
guidelines. Suspended sediment loads had decreased since the 1980’s, allowing more light to 
penetrate streams. Concentrations of nitrogen and phosphorus also displayed declines, although 
not to levels low enough to prevent algal blooms. Declines from this time period are attributed to 
improvements to agriculture and wastewater treatment practices, and a ban on phosphate 
detergents. Phosphorus concentrations are a particular challenge in this region due to natural 
phosphate deposits. Even with declines, nitrogen concentrations in coastal plain ground water 
were elevated, with the highest amounts in the inner coastal plain where agriculture is prevalent 
(Spruill et al. 1998).  

The Neuse watershed has continued to be intensively studied after the early 2000’s, with 
studies showing some declines in nitrogen, but concentrations remaining highly variable with 
location and weather conditions (Lebo et al. 2012).  There has been less intensive analysis on 
broad nutrient trends in the remaining watersheds (Albemarle-Chowan, Roanoke, and Tar-
Pamlico) since the early 2000’s, but a series of algal blooms and fish kills indicate that nutrient 
levels are elevated, leading to a return in interest in this region. For example, the Albemarle 
system did not have algal blooms for 35 years prior to 2015, but has experienced several between 
2015 and 2018 (Figure 2), causing the NCDEQ to examine water quality trends at several 
gauging stations. The exact causes of these algal blooms have not been identified, but data shows 
increases in nitrogen and water temperature from 2000 to 2015 (Powell 2017). Additional work 
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has been done to monitor chlorophyll-a levels, which were adopted by the NC Environmental 
Management Commission and set not to exceed 40 μg/L in slow moving water bodies in the 
Neuse and Tar-Pamlico watersheds. Chlorophyll-a water quality standards are used as a proxy to 
manage nitrogen inputs since total nitrogen is not directly regulated (Keith 2014).  

 

 
Figure 2. Locations of North Carolina 2014 impaired waters, fish kills from 2016 to 2018, and 
algal blooms from 2015-2018. Source: NCDEQ GIS Online Database. 

 
Pollutants:  
 Pollution is on the rise globally due to human influence, and is impacting the nation’s 
estuaries. In 2007, U.S. estuaries were evaluated for nutrient impacts based on influencing 
factors such as land use, eutrophic condition (presence of chlorophyll a, detrimental algae, etc), 
and predicted future conditions. Sixty five percent of the estuaries were at moderate to high risk 
of eutrophication related problems, with the mid-Atlantic being the most impacted (Bricker et al. 
2008).  
 The U.S. Environmental Protection Agency attributes rises in nutrient pollution to five 
major sources; agriculture, stormwater, wastewater, fossil fuels, and products used in the home. 
Agricultural pollution comes from animal waste, excessive application of fertilizer, and soil 
erosion. Stormwater contamination results from precipitation running across hard surfaces in 
developed regions, while wastewater contamination arises from limited capabilities of 
wastewater treatment systems. Fossil fuels are responsible for release of pollutants directly into 
the air through combustion, and products commonly used in households including detergents, 
soaps, cleaning products, and fertilizers also contribute significantly to pollution (EPA 2017).  
 The fact that normal human habits are major causes of pollution make the challenge of 
minimizing them particularly difficult. A rising human population increases demand on 
agriculture production, and a shift away from fossil fuels requires major changes to policy and 
public opinion. Our tendency to harden surfaces, produce large amounts of waste, and the use of 
harmful products in our homes are all unlikely to see drastic shifts soon. Nutrient impairments 
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are often related to non-point source pollution, which is challenging to manage because it is 
widespread and sources can vary with time due to land-use, human activities, and runoff 
conditions. Practitioners must be creative in how they address non-point source pollutants, with 
changes often taking place at state or local scales (EPA 2018). For example, farmers in North 
Carolina that produce animals or are located in watersheds that are sensitive to nutrients must 
create nutrient management plans, which are certified by the NC Soil and Water Conservation 
Commission (Tanner 2019).  
 While there are numerous pollutants that need to be addressed, this project focuses on 
nitrogen and phosphorus. There are many water bodies in this region on the 303(d) list of 
impaired waters for chlorophyll a and turbidity (Figure 2), which are closely tied to nitrogen and 
phosphorus (NCDEQ 2018). These pollutants also have significant amounts of data available for 
studying them, are associated with problems like algal blooms and fish kills, and several models 
exist to analyze them (Powell 2017). We also narrowed our focus to addressing these pollutants 
in predominantly agricultural settings due to results from preliminary hot spot analyses shown 
later.  
 

A. Nitrogen 
Nitrogen is a natural element found in the air and soil on earth that is necessary for plant 
growth. To maximize crop yields, nitrogen is commonly applied to agricultural fields as 
fertilizer or animal manure. When it rains, excess nitrogen can be transported from fields 
to nearby water bodies, and stimulate higher rates of algal growth. When the algae dies 
and decomposes, it uses up dissolved oxygen in the water, causing water to have lower 
concentrations of oxygen than normal, resulting in eutrophication. Resident species are 
adversely affected by lower oxygen, and in some cases it leads to “fish kills,” where high 
numbers of fish are killed at once. Aside from biodiversity losses, high concentrations of 
nitrogen in drinking water are harmful to human health (USGS 2017).  

B. Phosphorus 
Phosphorus is similarly applied to crops through fertilizers and manure to increase crop 
yields. However, it becomes attached to sediment particles making phosphorus transport 
to water bodies more closely tied to sediment erosion than nitrogen’s. It has comparable 
effects on water quality as nitrogen, leading to eutrophication and the resulting harms to 
local biodiversity (USGS 2018).  

 
InVEST Models: 

To evaluate the effects of nitrogen and phosphorus on water quality, the Natural Capital 
Project’s Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST 3.6.0) nutrient 
delivery ratio model was used. This is a free, open source software that determines annual export 
of nitrogen and phosphorus using publicly available data. The model utilizes mass balance 
equations to approximate how nutrient mass moves over a landscape and into streams (Figure 3). 
It is most suited for examining long-term, landscape-scale trends over relatively large study areas 
because it includes datasets for nonpoint source pollution, but not point source, and is not 
calibrated against water quality data (Sharp et al. 2016).  

InVEST was selected for this project over other models because it is relatively easy to 
use and provides spatial estimates. The open source nature of the data inputs make it feasible for 
staff at The Nature Conservancy to replicate or expand this work in the future, and it has an 
added benefit of allowing manipulation for scenarios to reflect potential climate or land use 
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changes. This flexibility was particularly relevant to this project, so management actions 
available to The Nature Conservancy could be simulated.  

The InVEST Nutrient Delivery Ratio model has been widely utilized in studies around 
the world. Studies vary greatly by geographic scope and intended use for the research. A 
countrywide study in the United Kingdom showed that the InVEST model was able to predict 
the relative rank of nutrient loads between watersheds. However, the accuracy of the raw 
numbers varied, making them more appropriate for assessing trends (Redhead et al. 2018). A 
2016 watershed-scale study on watersheds in Maine and New Hampshire used the nutrient 
delivery model to justify costs of conservation actions (Berg et al. 2016). 

The nutrient delivery ratio model calculates export from each pixel using this equation:  

 
It then sums the output from each watershed defined by the user with this equation, which 

can be visualized in Figure 3:  

 

 
Figure 3: Example of how nutrient loads are calculated for each pixel in an InVEST nutrient 
delivery ratio model. Source: InVEST User Guide.  

 
Nutrient loads are determined through user specified nitrogen or phosphorus export and 

retention rates by land cover type. The model also processes a digital elevation model and 
precipitation data to determine how water will flow across the landscape (Sharp et al. 2016).  
 
SPARROW Models: 
 Spatially referenced regressions on watershed attributes (SPARROW) models combine 
water quality data collected at USGS gauging stations with data on watershed attributes and 
contaminant sources to provide annual averages in pollutant loads (Figure 4). The model is a 
nonlinear mass balanced regression with spatial inputs varying by model. The model inputs are 
separated into transport and source variables, and pollutant loads are provided for each individual 
catchment as well as how they amass over the landscape. Transport variables are typically 
physical characteristics of a watershed, such as slope, soil permeability, climate, and drainage 
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patterns. Source variables are the producers of pollutants, such as fertilizer inputs, impervious 
surface, livestock production, and atmospheric deposition. Through the calibration process, each 
input variable is analyzed for significance and uncertainty is determined (Preston and Saad, 
2019).  
 

 
Figure 4: Example of geospatial data used in a SPARROW model. Source: Preston & Saad, 
2019.  
 
 SPARROW models have been widely used in the United States, with iterations 
completed for all the major watersheds. A 2009 study on the southeastern United States showed 
that nitrogen trends were influenced by climate and soil type at a regional scale, but also local 
landscape characteristics (Hoos and McMahon, 2009). In North Carolina, a SPARROW nitrogen 
model for the Cape Fear, Neuse and Tar-Pamlico watersheds was developed in 2002. 
Researchers found an inverse relationship between soil drainage and stream size with nitrogen 
loads, indicating that regions with better drainage and smaller streams remove nitrogen from the 
landscape faster. The Cape Fear and Neuse were found to have higher loads than the Tar-
Pamlico, which is attributed to the amount of agriculture present in each watershed (McMahon et 
al. 2003).  
 A SPARROW model for all North Carolina watersheds is anticipated for release in May 
of 2019 and can be used alongside InVEST models to inform Nature Conservancy management 
decisions. This iteration of SPARROW will include models for nitrogen, phosphorus, and 
sediment (Ana Garcia, Research Hydrologist, USGS personal communication, February 2019).  
 
Model Comparison:  
 InVEST and SPARROW models have different strengths. SPARROW models are more 
accurate due to the calibration against water quality data and can provide information about 
specific pollutant sources. Conversely, InVEST models tend to under predict nutrient load 
information by not accounting for point sources, but have the ability to run scenarios based on 
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management decisions. For this project, the timing of the North Carolina SPARROW release 
played an important role in deciding which model to use and when. Since draft SPARROW 
results weren’t shared until March, and publicly available results won’t be published until May, 
most work for this project was completed in InVEST and preliminary SPARROW results were 
used for comparison. The timeline provided an opportunity to evaluate if the simpler InVEST 
models could be used to produce accurate hot spots in the Albemarle-Pamlico region.  
 
Hot Spots: 
 The scale of the Albemarle-Chowan, Roanoke, and Tar-Pamlico watersheds makes it 
infeasible for The Nature Conservancy to focus management across the entire study area. To 
maximize efficiency of management interventions, smaller portions of the study area with the 
highest amounts of nitrogen and phosphorus export need to be identified. Additionally, we have 
more confidence in InVEST model’s ability to accurately predict relative trends in nutrient loads 
than in the numerical outputs. To narrow the geographic focus, a hot spot analysis was used. Hot 
spots are defined as areas with significantly higher concentrations of nutrients than the 
surrounding region. Hot spots often occur in locations where flowpaths containing nutrients 
converge, and at the terrestrial to aquatic interface. Their size can range from highly localized to 
global (McClain et al. 2003). Knowledge of hot spot locations has influenced siting of nutrient 
reduction actions in agricultural landscapes. For example, some programs encourage farmers to 
situate constructed wetlands and plant vegetation in specific locations downstream from areas of 
high nutrient concentrations (Ulo et al. 2016).  
 
InVEST Scenarios: 
 An additional challenge related to pollutant reduction in agricultural systems is there is a 
wide variety of best management practices that can reduce nitrogen and phosphorus, but these 
BMPs range in effectiveness and costs. The appropriate BMP is often site specific, so providing 
general recommendations is difficult. Additionally, the cooperation of farmers is necessary for 
BMP implementation. Practices shown to be highly effective at removing pollutants might not be 
a favorable option to farmers (Brian Boutin, Program Director, TNC personal communication, 
January 2019). Keeping this in mind, the North Carolina Cooperative Extension Service provides 
information about numerous options available to farmers instead of recommending one or a 
handful of practices (Osmond & Line 2017).   
 The Nature Conservancy has a few management options available to target nutrients in an 
agricultural context. Scenarios designed to be run in InVEST focused on the four main 
interventions available: riparian buffers, cover crops, ditch nutrient retention structures 
(controlled drainage), and rewetting peatlands. Additional management options, such as a 
program dedicated to fertilizer application methods, were considered outside the current 
capabilities of The Nature Conservancy at this time, and therefore not included as scenarios 
(Julie DeMeester, Water Program Director, TNC personal communication, September 2018).   

A. Riparian buffers 
Riparian buffers are vegetation or natural land cover adjacent to bodies of water. 

They can act as a filter for nutrients when water flows through them, particularly in the 
subsurface (Mayer et al. 2007). Out of the Albemarle-Chowan, Roanoke and Tar-Pamlico 
watersheds, the only watershed with riparian buffer regulations is the Tar-Pamlico. Here, 
a minimum 15 meter (50 foot) vegetation buffer on each side of the stream is required, 
with the 9 meters (30 feet) closest to the water body remaining undisturbed, and the 6 
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meters (20 feet) furthest from the water body as managed vegetation. However, the 
regulations included exceptions for structures and agriculture that were already present 
within riparian buffers as of 2000, meaning that many stream reaches of within the Tar-
Pamlico drainage basin are still not vegetated (NCDEQ 2018). There is concern that 
riparian buffers are not popular with landowners because they require removing land 
from production to convert to forest. Additionally, the effectiveness of riparian buffers in 
this specific system is unclear due to drainage networks that may bypass buffers (Brian 
Boutin, Program Director, TNC personal communication, October 2018).  
 Research conducted in 2011 on several southeastern coastal plain watersheds 
including the Albemarle-Pamlico watersheds found that 34% of in stream nitrogen could 
be removed if riparian buffers were implemented in all agricultural areas (Christensen et 
al. 2013). A study on streams in two counties in the Tar-Pamlico basin found that a 15-
40m buffer is necessary to be effective for moderately well drained soils. Wet soils 
require a larger buffer, at 40-85m to achieve similar nitrogen reductions (Philips 1989).  
 A recent report reviewing numerous field studies indicated that riparian buffers 
are effective at removing nitrogen, phosphorus, and sediment from North Carolina’s 
waterways. Due to pairing of phosphorus and sediment, practitioners warn that regions 
subject to high rates of erosion can have amounts of sediment that overwhelm buffers, 
and reduce buffer success, so they should be paired with other nutrient management 
strategies (McCallie 2016).  
	  	  

B. Cover crops 
Using winter cover crops instead of leaving soil bare reduces the amount of 

nutrients leaching out of agricultural systems. This is well documented for nitrogen, with 
reductions ranging from 40-70% (Tonitto et al. 2006), but further research is required to 
understand the extent of reductions in phosphorus leaching. 

 Cover crop programs have been documented in agricultural regions across the 
United States. The Iowa State Nutrient Reduction Strategy highlights using cover crops 
as a major part of their future nutrient reduction projects. They estimate that nitrogen 
could be reduced by 28% and phosphorus by 50% if cover crops were planted on corn 
and soybean fields (Iowa Department of Agriculture 2019). The Maryland Agricultural 
Water Quality Cost Share (MACS) Program is already established, and planted 362,000 
acres of cover crops in the 2011-2012 growing season. These cover crops prevented 
approximately 2.58 million pounds of nitrogen and 86,000 pounds of phosphorus from 
reaching Maryland’s waters (Bryant 2013). The North Carolina Extension Service has 
recommendations for NC farmers about which cover crops to utilize. Their 
recommendations are separated by winter and summer cover crops, and by legumes and 
non-legumes. Their information can guide North Carolina farmers about which cover 
crops might work for them (Roos, 2012).  
 

C. Ditch retention structures 
Best management practices (BMPs) for nutrient retention in ditches take several 

forms. Generally, they are designed to slow the movement of water, allowing more time 
for pollutants to be removed from water. Options include vegetated ditches, slope and 
flow path alterations and water control structures. Research has shown that ditch BMP’s 
can be effective for removal of nitrogen, phosphorus and sediment (Needleman et al. 
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2007). A 2011 study on agriculture BMPs including ditch retention structures found that 
sediment loads could be reduced by 54-85% from the baseline (Zhang 2011).  
 

D. Peatland Restoration 
There’s an estimated 5 million acres of drained wetlands in North Carolina, with 

the majority in the Coastal Plain. Drainage around Lake Phelps and Lake Mattamuskeet 
began in the late 1700’s with rates of drainage increasing in the 1800’s due to North 
Carolina government encouragement to aid agriculture and forestry production. These 
actions led to a 53% reduction in the state’s wetlands, mostly in the Coastal Plain. In the 
1970’s public perception from environmental concerns shifted, causing a decline in rates 
of wetland drainage. Alteration of the landscape at this scale has caused changes in the 
hydrology and wetland function (O’Driscoll 2012).  

A study located in Cumberland County, North Carolina showed that restored 
wetlands can regain their benefits from prior to being drained. Researchers compared 
recently restored wetland to reference ecosystems and agriculture. The restored wetland 
displayed hydrology similar to the reference, and had lower total nitrogen and total 
phosphorus outflows than the agricultural system (Bruland et al. 2003).  

Aside from changing hydrology, draining wetlands releases huge amounts of 
carbon dioxide that was previously sequestered in soils. There are currently programs in 
place through the American Carbon Registry to restore historically drained wetlands that 
take advantage of these additional benefits. This program uses payments for carbon 
sequestration determined by their carbon accounting methods as an incentive for 
landowners to rewet peatlands. Landowners enroll in this program voluntarily and receive 
carbon credits, which can be sold to generate revenue (American Carbon Registry 2019).  

Peatland restoration projects are currently underway in the Albemarle-Pamlico. 
The U.S. Fish and Wildlife Service has been working on an extensive peatland rewetting 
project in the Pocosin Lakes National Wildlife Refuge for the last 25 years. Their goal is 
to restore natural pocosins to about 32% of the refuge’s 110,106 acres by building water 
control structures to prevent drainage (USFWS 2016).  

 
Landowners: 

Identifying the landowners within the nutrient hot spots who own large amounts of 
property within important habitat areas will give staff at The Nature Conservancy a sense of how 
many people they need to contact for implementing management strategies (Brian Boutin, 
Program Director, TNC personal communication, February 2018). Targeting the people with the 
largest amount of land and the most agricultural features will help TNC be efficient in using their 
resources to maximize reductions in pollutant delivery to local surface waters. 
 
Methods 
 
InVEST Models: 

To run the model, inputs for landcover, annual precipitation, elevation (digital elevation 
models), nutrient runoff, and subsurface retention are required (Table 1). We used catchments for 
our watersheds because their relatively small size provides an appropriate level of detail. 
Catchments are the land surface that flows to a water feature, and are slightly different from the 
larger watersheds (aka drainage basins), which consist of the total upslope area that flows to a 
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point, including from within the water feature (McKay et al. 2012). Further detail about nitrogen 
and phosphorus behavior for each land cover type is provided in a biophysical table added 
separately for each nutrient (Tables 2 and 3).  

A typical run of an InVEST model took approximately 60 hours on a computer with 
average processing capabilities. To avoid long waiting times, a RAPID virtual machine with 
more processing power was created. InVEST runs were reduced to about 19 hours on the RAPID 
machine. Each iteration of InVEST produced around 50GB of outputs, so data storage needs 
exceeded the storage available on a standard computer. Outputs were transferred to an external 
hard drive prior to subsequent runs of InVEST because a lack of storage space causes InVEST to 
fail in the middle of a run.  
 
Table 1. The spatial inputs and parameters used in the nutrient delivery ratio InVEST model.  

Nutrient Delivery Ratio Inputs 

Spatial Input Type 
Value 
Range Source 

Digital Elevation Model Raster (10m) 0-1282.57m National Elevation Dataset 

Landcover Raster (30m) 0-95 
Multi-Resolution Land 
Characteristics 

Nutrient Runoff Proxy 
(Annual Precipitation) Raster (90m) 

930.41-
1676.1mm PRISM 

Catchments Shapefile NA U. S. Geological Survey 
 Parameter       
Threshold flow 
accumulation Integer 1000   
Borselli k parameter Integer 2 Sharp et al. 2016 
Subsurface Critical 
Length Integer 30 Sharp et al. 2016 
Subsurface Retention 
Efficiency Integer 0 Sharp et al. 2016 
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Table 2. Nitrogen biophysical table specifying nitrogen loads and retention efficiency by land 
cover type.  

Land Use 
Code Land Use Description 

Nutrient 
Load 

Retention 
Efficiency Source 

0 Ocean 0 0  Sharp et al. 2016 
11 Open Water 0 0  Sharp et al. 2016 
21 Developed, Open Space 23.9 0  Line et al. 2002 
22 Developed, Low Intensity 23.9 0  Line et al. 2002 

23 
Developed, Medium 
Intensity 30.5 0  Line et al. 2002 

24 Developed, High Intensity 30.5 0  Line et al. 2002 
31 Barren 12.4 0  Dodd et al. 1992 

41 Deciduous Forest 11.4 0.6 
 Line et al. 2002, 
Breeman et al. 2002 

42 Evergreen Forest 11.4 0.6 
  Line et al. 2002, 
Breeman et al. 2002 

43 Mixed Forest 11.4 0.6 
  Line et al. 2002, 
Breeman et al. 2002 

52 Shrub/scrub 8.6 0.3 

Reckhow et al. 
1980, Howarth 
1996 

71 Grassland 8.6 0.3 

Reckhow et al. 
1980, Howarth 
1996 

81 Pasture/hay 8.6 0.3 

Reckhow et al. 
1980, Howarth 
1996 

82 Cultivated crops 53.5 0.1 Breeman et al. 2002 
90 Woody Wetlands 3.8 0.6 Dodd et al. 1992 
95 Herbaceous Wetlands 3.8 0.6 Dodd et al. 1992 
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Table 3. Phosphorus biophysical table 

Land Use 
Code Land Use Description 

Nutrient 
Load 

Retention 
Efficiency Source 

0 Ocean 0 0  Sharp et al. 2016 
11 Open Water 0 0  Sharp et al. 2016 
21 Developed, Open Space 4 0.02  Sharp et al. 2016 
22 Developed, Low Intensity 4 0.02  Sharp et al. 2016 

23 
Developed, Medium 
Intensity 4 0.01  Sharp et al. 2016 

24 Developed, High Intensity 4 0.01  Sharp et al. 2016 
31 Barren 0.1 0.02   Sharp et al. 2016 
41 Deciduous Forest 0.21 0.05  Dodd et al. 1992 
42 Evergreen Forest 0.21 0.05  Dodd et al. 1992 
43 Mixed Forest 0.21 0.05  Dodd et al. 1992 
52 Shrub/scrub 0.255 0.05  Sharp et al. 2016 
71 Grassland 0.255 0.02  Sharp et al. 2016 
81 Pasture/hay 0.75 0.02  Jeje 2006 
82 Cultivated crops 2.7 0.02  Sharp et al. 2016 
90 Woody Wetlands 0.21 0.05  Sharp et al. 2016 
95 Herbaceous Wetlands 0.21 0.05  Sharp et al. 2016 

 
InVEST model results are produced in shapefile formats that provide the total export of 

the nutrient of interest in kilograms per year from each catchment, and raster format with the 
nitrogen export per pixel. Shapefile results were used for additional analyses, with the attribute 
titled “export_n_total” for nitrogen and “export_p_total” for phosphorus serving as an input into 
next steps. 
 
 
 
Hot Spots: 
 Nutrient delivery ratio data were imported into ArcGIS Pro (Version 2.2.0) for analyses. 
Hot spots were derived using the Hot Spot Analysis (Getis-Ord Gi*) tool. The tool creates z-
scores for each unit, which is a standardization method that divides each output’s difference from 
the mean by the standard deviation, and clusters them into hot or cold bins based on confidence 
level and spatial proximity. The search radius is specified by the tool user, and determines how 
far from each feature the tool will look before placing the feature into a group. Thus, a feature 
with a high score that does not have other features with high scores within the search radius will 
not fall into a hot spot. Separate hot spots were created for nitrogen and phosphorus using a 
10,000m search radius. 

Hot spots were attributed to being caused by either development or agriculture. 
Municipalities are already required to address nutrient loadings in stormwater and wastewater 
treatment, but actions to reduce nutrients from agricultural systems are generally left to 
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individual landowners. Therefore, we focused only on hot spots ascribed by agriculture in this 
project, and of those concentrated in the two largest and easternmost hotspots.  

Hot spots were also created using the Hot Spot Analysis (Getis-Ord Gi*) tool for the 
SPARROW modeling results provided by the USGS (Gurley et al. 2019). Since SPARROW 
analyses were completed for nitrogen, phosphorus, and sediment, hot spots were created for all 
three pollutants. A larger search radius was needed for the SPARROW results due to the greater 
range in the data, so a 40,000m search radius was used.    
 
Scenarios: 
 Once hot spots were identified, manipulations to the data inputs to the InVEST model 
were performed to simulate the available management options. All alterations to the data were 
done within the easternmost hot spots under the assumption that The Nature Conservancy would 
concentrate conservation efforts in these regions. For the scope of this project, no alterations 
were made to the digital elevation model and precipitation data, or the catchment delineations. 
Instead, changes were made to the land cover layer or biophysical table as appropriate. The 
altered hot spots were recombined with the baseline conditions outside the hot spots before each 
scenario was run, so the InVEST model always ran across the entire study area. 
 

A. Riparian buffers 
While designing a riparian buffer scenario, the width of the buffer and location of new forest 
were considered. Due to constraints from local landowners, who are often reluctant to 
convert agricultural land to forest, a 15 meter (0.5 pixels), 30 meter (1 pixel), and 45 meter 
(1.5 pixels) buffer on either side of the stream were created to address all potential widths 
that landowners might consider. The 15 meter scenario is the closest to the existing 50 ft 
buffer requirements in the Tar-Pamlico, and future buffer requirements in the other 
watersheds might follow with the same distance. Since implementing buffers can be 
challenging, we decided the most efficient places to focus efforts were where agriculture 
fields directly intersected streams, and the largest reductions in nutrient exports were possible 
(Brian Boutin, Program Director, TNC personal communication, October 2018).  
 The buffers were designed by extracting water and agricultural land pixels in the hot 
spots, and converting any agricultural land pixels directly adjacent to water pixels into forest. 
This layer was then combined back into the original NLCD layer for the entire three 
watersheds, and the InVEST model run again. Changes within the hot spots were then 
normalized by area and quantified at a catchment level. 
 
B. Cover crops 
A literature review was conducted to find how much cover crops reduce nutrient leaching. 
The body of literature for nitrogen is extensive, and cover crops were found to reduce 
nitrogen leaching by 40-70% (Tonitto et al. 2006). To simulate the high and low ends of the 
possible reductions in InVEST, the value of nitrogen export in the biophysical table was 
decreased by 40% and 70% for two separate model iterations. Changes were normalized by 
catchment size. A similar body of research does not exist for phosphorus, so a cover crop 
scenario was not run for phosphorus.  
 
C. Ditch retention structures  
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A scenario to run in the nutrient delivery ratio InVEST model could not be designed. The 
available data did not give accurate information on drainage areas, and directionality of ditch 
networks could not be accurately determined from pre-existing datasets that we had access 
to. As a proxy to inform management, the locations of ditch-stream intersections were found 
using NHD data. The lengths of ditches in each catchment were normalized by catchment 
size to show where ditch density was highest.  
 
D. Peatland Restoration 
To design a peatland restoration scenario, the regions of pocosins, depressional swamp 
forest, hardwood flats, pine flats, and bottomland hardwoods mapped by the NC Division of 
Coastal Management and within hot spots were identified (Figure 5). This map includes areas 
of wetlands that have been drained, cutover, or cleared. Pixels of agriculture within peatland 
were converted back to wetland to run the InVEST scenario. Changes were found for each 
catchment and normalized by catchment area.  

 
Figure 5: Areas of peatland within the hot spots of focus. 
 
Landowners: 
 To identify the landowners that staff at The Nature Conservancy should consider 
approaching to implement best management practices, I ran a parcel prioritization. All the 
parcels intersecting a hot spot were selected, and then any parcels less than 150 acres in the 
southern hot spot and less than 100 acres in the northern hot spot were discarded to reduce the 
number of landowners that were included to a more manageable size. The sizes differed due to 
the number of parcels within each hot spot. Removal of parcels less than 150 acres was 
necessary in the southern hot spot to reduce the number of parcels included below 1000. I then 
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found the acres of agriculture, acres of peatland, length of ditches (km), and distance to the 
nearest protected area for every parcel. Each attribute was normalized by the maximum value, so 
that each attribute had a score between 0 and 1. For example, the largest parcel had a value of 1 
for the parcel size attribute. Distance to the nearest protected area was inverted, so that parcels 
adjacent to protected areas had a score of 1. An average value was taken for each parcel that 
incorporated the 5 attributes of focus.  
 To accompany the parcel prioritization, I completed a landowner prioritization. Methods 
were very similar to the parcel prioritization, except parcels were grouped by landowner, so that 
all the parcels belonging to one landowner received the same score. Having both results allows 
TNC to be aware of all the parcels a particular landowner has, and evaluate the potential impacts 
a certain landowner could have if they adopted best management practices.  
   
 
Results and Discussion 
 
InVEST Models:  
 The baseline nitrogen export from the nutrient delivery ratio by catchment ranged from 0 
to 21,946 kilograms a year (Figure 6). Phosphorus export had a smaller range, with a minimum 
of 0 kilograms a year and a maximum of 3,283 kilograms a year (Figure 7). The InVEST results 
aggregated to a catchment level do not display a spatial pattern that is easily interpretable for 
prioritizing management actions.    
 

 
Figure 6: Raw results of nitrogen export (kg/yr) from InVEST aggregated by catchment.  
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Figure 7: Raw results of phosphorus export (kg/yr) from InVEST aggregated by catchment. 
 
Hot Spots:  
 Hot spots created in GIS provide a clear pattern to managers for where to focus 
management actions. Overall, the nitrogen and phosphorus hot spots produced by converting 
InVEST results overlapped by 72%. Once the focus was narrowed to the two major agricultural 
hot spots, the overlap increased to 84%. Focusing on the two major agriculture hot spots reduced 
the area of focus from 32,449 catchments to 1618 catchments, or from 14,752,807 acres to 
1,368,903 acres, which is 9% of the total watersheds. As expected, these two hot spots were 
characterized by a high percentage of agriculture land cover. They were made up of 33% 
agriculture, while the entire watersheds were comprised of only 12% of agricultural lands.  
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Figure 8: Hot spots created from InVEST nitrogen export data layer. Hot spots are regions with 
outputs significantly above the mean, while cold spots are regions with outputs significantly 
below the mean.  
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Figure 9: Hot spots created from InVEST phosphorus export data layer. Hot spots are regions 
with outputs significantly above the mean, while cold spots are regions with outputs significantly 
below the mean.  
 

The hot spots produced from InVEST outputs were then compared to hot spots produced 
from SPARROW outputs. A larger search radius specified in the Hot Spot Analysis tool for the 
SPARROW results led to the creation of bigger hot spots than those created for InVEST results. 
The larger search radius for SPARROW outputs was necessary for the spatial arrangement of the 
nutrient exports from each catchment. The smaller search radius of 10,000 meters, which was 
used for InVEST results, produced no pattern for SPARROW data. As shown in Figure 10, the 
InVEST hot spots encompassed all regions within the study area where all three SPARROW 
derived hot spots overlapped, and the two hot spots of focus performed particularly well.  
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Figure 10: SPARROW derived hot spots in color compared to InVEST derived hot spots 
outlined in black.  
 
Scenarios: 

A. Riparian buffers 
Table 4. Nitrogen reductions when 45, 30, and 15 meter buffers are introduced. Percent 
decrease refers to the decrease found in hot spots only.  

 
  
 
 
 

Scenario 45m Buffer 30m Buffer 15m Buffer
Nutrient Nitrogen Nitrogen Nitrogen
Baseline Export (kg/yr) 2,365,628 2,365,628 2,365,628
Resulting Export (kg/yr) 1,624,785 1,729,412 1,869,004
Total Reduction (kg/yr) 740,843 636,216 496,624
New Forest (acres) 157,551 105,491 76,860
Reduction per Acre (kg/yr) 4.7 6.0 6.5
% Decrease 31% 27% 21%
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Table 5. Phosphorus reductions when 45, 30, and 15 meter buffers are introduced. 
Percent decrease refers to the decrease found in hot spots only. 

 
 

 
Figure 11. Changes in nitrogen export (kg/acre/yr) normalized by catchment area from hot spot 
catchments when 45m buffers are introduced.  
 

Scenario 45m Buffer 30m Buffer 15m Buffer
Nutrient Phosphorus Phosphorus Phosphorus
Baseline Export (kg/yr) 197,177 197,177 197,177
Resulting Export (kg/yr) 167,179 174,401 181,760
Total Reduction (kg/yr) 29,998 22,776 15,417
New Forest (acres) 133,973 98,649 64,088
Reduction per Acre (kg/yr) 0.22 0.23 0.24
% Decrease 15% 12% 8%
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Figure 12. Changes in phosphorus export (kg/acre/yr) normalized by catchment area from hot 
spot catchments when 45m buffers are introduced.  
 

Riparian buffers appear to be less efficient at removing phosphorus from agricultural 
systems than nitrogen. Only about 15% of phosphorus was removed from the system compared 
to approximately 30% of nitrogen for a 45m buffer (Table 4 & 5).  Similarly, for a 15m buffer, 
21% of the nitrogen was removed while only 8% of the phosphorus. However, there is still less 
phosphorus in the system overall because the initial amount of phosphorus was much lower than 
that of nitrogen. The removal of more nitrogen could be explained by the fact that nitrogen can 
be transformed to gas through denitrification processes, while phosphorus is usually transported 
with sediment. 

The pattern of catchments with the greatest nutrient reductions from buffers is similar 
between nitrogen and phosphorus. This is likely due to a high proportion of land in agriculture 
within those catchments.  
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Table 6. Reductions in nitrogen export when cover crops perform at 40-70% efficiency. 

 
 
 

B. Cover crops 
 Adding cover crops to agricultural systems is expected to decrease nitrogen export by 30 
to 53% depending on the specific cover crop used and the agriculture practice. There is less 
removal of nitrogen per unit in cover crops than in unit of added buffer. Additionally, there are 
more acres to alter in these hot spots when adding cover crops than when implementing buffers.  
 

 
Figure 13. Reduction in nitrogen export (kg/acre/yr) normalized by catchment area when cover 
crops are performing at 40% efficiency are implemented on all agriculture.  
 
 

40% Cover Crop Efficiency 70% Cover Crop Efficiency
Baseline Export (kg/yr) 2,365,628 2,365,628
Resulting Export (kg/yr) 1,654,844 1,121,755
Total Reduction (kg/yr) 710,784 1,243,573
Agriculture Altered  (acres) 520,003 520,003
Reduction per Acre (kg/yr) 1.4 2.4
% Decrease 30% 53%
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C. Ditch retention structures 
Within the hot spots, there are 2,316 places where ditches and streams intersect (Figure 

14). This number does not account for points where tile drainage systems release water and 
pollutants into streams. It also does not provide data on how much ditch is draining to a 
specific outlet or the ditch flow rate, which would help managers organize ditch 
prioritizations further.  

 

 
Figure 14. Ditch to stream drainage points within hot spots, based on the 2018 National 
Hydrography Dataset.  
 

There are 11,679 total kilometers of ditch within the hot spots. One of the smallest 
catchments, shown in the inset of Figure 15, has 32 kilometers of ditch, but with an area of 4.6 
square kilometers, the ditch density increases to 7. Catchment 1967611 has the highest ditch 
length with 589 kilometers. However, because this catchment is so large, there are only 2.3 km 
of ditch per square kilometer (Figure 16). 
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Figure 15. Ditch length (km) for each hot spot catchment normalized by catchment area.  
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Figure 16. Ditch length by catchment not normalized for catchment area. Catchment 1967611, 
shown in the inset, has the most ditch length with 589 kilometers. 

 
D. Peatland restoration 

The nitrogen derived hot spots encompassed 5,598 acres of agriculture with potential for 
restoration back to peatland, while the phosphorus derived hot spots contained 4,017 acres. 
Restoration to peatland was shown to be highly efficient at removing nitrogen, with a 
decrease of 9.6 (kg/yr) of nitrogen per acre converted to wetland (Table 7). Wetlands do not 
occur within all catchments of the hot spots, so no change is detected over large portions of 
the hot spots (Figure 17 & 18).  
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Table 7. Nitrogen and phosphorus reductions results from InVEST for implementing peatland 
restoration. 

 
 

	    
Figure 17. Decrease in nitrogen export (kg/acre/yr) for each nitrogen hot spot catchment when a 
peatland restoration is simulated and normalized by catchment area.  

Nutrient Nitrogen Phosphorus
Baseline Export (kg/yr) 2,365,628 197,177
Resulting Export (kg/yr) 2,311,908 196,298
Total Reduction (kg/yr) 53720 879
New Wetland (acres) 5,598 4,017
Reduction per Acre (kg/yr) 9.6 0.2
% Decrease 2% 0.4%

Peatland Restoration
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Figure 18. Decrease in phosphorus export (kg/acre/yr) when a peatland restoration is simulated 
and normalized by catchment area. 
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Landowners: 
 The northern hot spot contained 591 parcels greater than 100 acres in size. The highest 
scoring parcels are the Great Dismal Swamp owned by the U.S. government and Dismal Swamp 
state park owned by the State of North Carolina. They had scores of 0.58 and 0.57 respectively. 
The U.S. government was also the highest scoring landowner at 0.8.  

In the southern hot spot, there were 925 parcels larger than 150 acres in size. The U.S. 
government was the highest scoring individual landowner, with a score of 1. The U.S. 
government owned 17 out of the 30 highest scoring parcels. Of the 30 highest scoring parcels, 
the average size was 23,301 acres. The single highest scoring parcel was the Pocosin Lakes 
National Wildlife Refuge, with a score of 0.69.  
 In both hot spots, the highest scoring parcels are managed by the U.S. Fish and Wildlife 
Service, and peatland restoration projects are already underway on them (USFWS 2016).  
	  

 
Figure 19. Parcel optimization of the two largest hot spots in eastern North Carolina. Scores 
range of 0 to 1, with 1 being highest priority.  
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Conclusions and Recommendations 
 
 There is no perfect model available to show how nutrients and sediment are transported 
across a landscape. However, InVEST and SPARROW are two of the best options that currently 
exist. The hot spots from the InVEST nutrient delivery ratio models for nitrogen and phosphorus 
overlapped with hot spots produced from preliminary SPARROW results for nitrogen, 
phosphorus, and sediment, providing confidence that these regions are of valid concern for these 
pollutants. The InVEST hot spots are more conservative, and provide a more realistic geographic 
area for The Nature Conservancy to concentrate conservation strategies. Therefore, I recommend 
that The Nature Conservancy focus their time and efforts into implementing management in the 
InVEST produced hot spots.  
 The results of this project do not provide a definitive best option for which conservation 
strategy to implement in these hot spots. Riparian buffers, cover crops, and ditch retention are all 
effective possibilities to consider. Employment of the most appropriate best management 
practice will be context dependent, and limited by the willingness of the landowners to enact the 
various choices. For example, while riparian buffers were found to be more efficient than cover 
crops, they may be more challenging to implement due to unwillingness of farmers to convert 
working land to forest. Conversely, there is not one management strategy that has been shown to 
be less effective than the others, so The Nature Conservancy should implement any of the three 
when possible. 
 The opportunity for putting land into conservation easements or being bought outright 
also depends on the willingness of the landowners to partake in those actions. Regardless of the 
conservation action to be taken, The Nature Conservancy should start by contacting some of the 
landowners with the most acreage whose properties contain habitat types of special interest.  
 
Table 8. Nitrogen reductions for management actions. Displays tradeoff between reduction per 
acre, and potential for overall impact throughout the hot spots.  

 
 
Table 9. Phosphorus reductions for management actions. Displays tradeoff between reduction 
per acre and potential for overall impact throughout the hot spots. 

 
 
 The results of the parcel and landowner optimization for both the northern and southern 
hot spots showed that the U.S. government owns the most important parcels for conservation 
actions. Since restoration projects are already underway on many federally owned lands, The 

Management Action Nitrogen Reduction per Acre (kg/yr) % Reduction in Hot Spots
Peatland Restoration 9.6 2%

15m Buffer 6.5 21%
30m Buffer 6 27%
45m Buffer 4.7 31%
Cover Crop 1.4-2.4 30-53%

Management Action Phosphorus Reduction per Acre (kg/yr) % Reduction in Hot Spots
15m Buffer 0.24 8%
30m Buffer 0.23 12%
45m Buffer 0.22 15%

Peatland Restoration 0.2 0.4%
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Nature Conservancy might want to consider a program that focuses on private landowners to 
compliment the work the federal government is already doing.  
 
Impacts: 
 Removal of nitrogen, phosphorus, and sediment from water bodies in this region has the 
potential to significantly improve water quality. Agriculture is not the only source of these 
pollutants, but the high proportion of land in agriculture makes it an important contributor. By 
focusing on both nutrients and sediment, The Nature Conservancy can decrease the probability 
of eutrophication events and the occurrence of excess sediment in the system. There are 
anticipated local improvements to water quality as well as downstream benefits, which will 
positively impact biodiversity and aquatic habitat.  
 
Data Limitations: 
 InVEST models are best suited to understanding landscape scale trends, and less adept at 
predicting the exact amounts of export from a system. Our results are most proficient at 
providing information on relative differences between portions of the landscape. We 
acknowledge that some potentially important sources of pollutants are unaccounted for by 
relying solely on nonpoint sources.  
 SPARROW models provide better estimates of realistic pollutant loads by accounting for 
point sources and calibrating the models against water quality data. However, the calibration is 
only as accurate as the number of gauging stations within a study area. The Coastal Plain of 
North Carolina has relatively few gauging stations especially very close to the coast, leading to 
more uncertainty about pollutant loads in that region.  
 
Data Needs:  

Modelling water movement is inherently difficult and existing model options have 
different strengths and weaknesses. The limitations are inevitably exaggerated in the Coastal 
Plain of North Carolina due to the flat terrain, but are also currently exacerbated by the lack of 
USGS discharge gauging stations in the region near the coast. When models that need to be 
calibrated are created, the few gauges in this area make calibration challenging and leave more 
room for error.  

There is also an absence of data in a geospatial format on the existing ditch networks and 
riparian buffer extent in the North Carolina Coastal Plain. This applies to surface ditches as well 
as tile drainage networks. Better data on the locations of ditches, the area draining to them, and 
where they drain to would facilitate better understanding of the sources of nutrients in the region. 

Additionally, further research on the impact of cover crops on phosphorus retention is 
needed. The lack of data on cover crop efficiency at reducing phosphorus leaching makes it 
impossible or difficult to accurately simulate cover crop scenarios in models.   
 
Recommendations for Future Work: 
 Models such as InVEST and SPARROW are useful in providing information on general 
trends in nutrient concentrations over large spatial scales, and produce annual averages in 
nutrient export. While it is beneficial to understand where nutrients are concentrated broadly, this 
data would be complimented by utilizing models that excel in quantifying nutrient levels under 
circumstances other than average. Employing another model such as the Soil and Water 
Assessment Tool (SWAT), which has the ability to run scenarios reflecting flood events, low 
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flows, pollutants spills, etc. would provide more detailed information about specific situations. 
SWAT models might be more appropriate for answering some of The Nature Conservancy’s 
specific questions. For example, the causes of algal blooms might be more readily recognized in 
SWAT because the conditions associated with blooms can be reflected in the model.  
 This project used land cover data from 2011 because land cover data for 2016 was not 
available until April 2019. Rerunning analyses using updated land cover data will provide a more 
current estimate of hot spot locations and agriculture.  
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