
 

 

 

 

 

 Report No. 496 

 

 

 

 

ASSESSING CONTROLS ON NUTRIENT LOADING AT THE WATERSHED 

SCALE THROUGH DATA-DRIVEN MODELING 

 

By 

Daniel R. Obenour1 and Helena Mitasova2  

 

 

1. Department of Civil, Construction, and Environmental Engineering 

North Carolina State University 

Raleigh, North Carolina 

 

2. Department of Marine, Earth, and Atmospheric Sciences 

North Carolina State University 

Raleigh, North Carolina  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

UNC-WRRI-496 

 

 

 

 

The research on which this report is based was supported by funds provided by the North 

Carolina General Assembly and/or the US Geological Survey through the North Carolina 

Water Resources Research Institute. 

 

The views and conclusions contained in this document are those of the authors and 

should not be interpreted as necessarily representing the official policies, either expressed 

or implied, of the U.S. Government, the North Carolina Water Resources Research 

Institute or the State of North Carolina. 

 

This report fulfills the requirements for a project completion report of the North Carolina 

Water Resources Research Institute. This report has not been peer reviewed. The authors 

are solely responsible for the content and completeness of the report. Completion of this 

grant requirement in no way impacts the authors’ ability to publish final peer reviewed 

results.  

 

 

WRRI Project No. 20-07-W 

February 7, 2022 



1 
 

Assessing Controls on Nutrient Loading at the Watershed Scale through 
Data-Driven Modeling 
 
 
Final Report 
 
 
Daniel R. Obenour (principal investigator), Associate Professor   
Dept. of Civil, Construction, & Environmental Eng. 
North Carolina State University,  
Campus Box 7908, Raleigh NC 27695-7908 
 
Helena Mitasova, Professor 
Dept. of Marine, Earth and Atmospheric Sciences       
North Carolina State University  
 
 
NC WRRI project 20-07-W 
 
 
7 February 2022 
  



2 
 

Abstract 

Anthropogenic nutrient loading is a critical driver of water quality throughout North Carolina 
and much of the world. Nutrient (nitrogen and phosphorus) loading has increased over the last 
century due to fertilization of crops and green spaces, as well as waste from humans, pets, and 
livestock. The most salient outcome of nutrient loading is eutrophication of lakes and coastal 
waters, often leading to harmful algal blooms and hypoxia, which jeopardize water supplies, 
wildlife habitats, and public recreation. While sources of nutrients have been identified and many 
control measures have been proposed, there remains a need to quantitatively assess these sources 
and controls, particularly at the watershed scale.  In this project, we develop a modern, data-
driven approach to characterizing nutrient sources and control strategies, using the Falls and 
Jordan Lake watersheds of North Carolina as our study area.  The approach leverages large 
databases of water quality, hydro-meteorology, and watershed attributes, which have been 
developed by federal, state, and local governments over the last few decades.  The approach also 
advances a “hybrid” watershed model that integrates a mechanistic representation of nutrient fate 
and transport within a Bayesian framework, so that prior knowledge of loading and transport 
rates is updated through data-driven inference with quantified uncertainties. As an integral part 
of this effort, we develop a comprehensive geospatial database on watershed development, 
buffers, and stormwater management regions.  We then use the Bayesian hybrid modeling 
approach to assess nitrogen and phosphorus export from lands with different forms of 
development and stormwater management.  Results generally support the hypothesis that 
stormwater management has been effective. Streamside vegetated buffers are associated with 
approximately 36% and 37% reductions in TN and TP, respectively; and post-construction 
SCMs are associated with 43% and 52% reductions in TN and TP, respectively.  Finally, we 
apply the model to assess hypothetical urban growth scenarios.  These future scenarios indicate 
that stormwater management (SCMs and buffers) will substantially reduce (but not fully 
compensate for) the impacts of continuing urban development.   
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1. Introduction 
 
In North Carolina, the water quality of many lakes, reservoirs, and coastal water bodies is 
threatened by nutrient pollution (Paerl et al., 1998; Touchette et al., 2007). Nutrient enrichment 
typically leads to an accumulation of organic matter, referred to as eutrophication. Particularly 
severe cases of eutrophication promote toxic algal blooms (e.g., Michalak et al., 2013) and fish 
kills associated with depleted bottom-water oxygen levels (e.g., Paerl et al., 1998).  In less severe 
cases, eutrophication produces nuisance algae levels that discourage recreation and degrade 
drinking water supplies (Knappe, 2004; Dodds et al., 2008). This water quality degradation is 
motivating development of nutrient standards and watershed management plans across NC and 
worldwide (NCDEQ, 2014). To develop proper nutrient standards and efficient watershed-scale 
management strategies, quantitative and reliable information on source loading rates and the 
efficacy of best management practices (BMP) is critical.  

Falls and Jordan Lakes (Figure 1) are the two largest water supply reservoirs in the rapidly 
growing Triangle region of NC. Concerns over eutrophication in these reservoirs have resulted in 
state-level policy action, including adoption of the Falls Lake Rules (NCDENR, 2010), aiming to 
curtail and reverse the increasing nutrient loads from the lake’s urbanizing watershed through 
stormwater control measures. While some controls have been applied (e.g., DeBusk et al., 2010), 
both reservoirs remain highly eutrophic (Touchette et al., 2007) and portions of these reservoirs 
are considered impaired due to excessive algal concentrations (NCDEQ, 2018). Also, while there 
have been numerous studies to quantify the effectiveness of individual stormwater controls and 
the restoration of particular streams, there has been very limited assessment of stormwater 
management strategies (e.g., construction and structural controls, maintaining stream buffers) at 
the watershed scale. In fact, such an analysis was an unfulfilled goal of previous Jordan Lake 
watershed modeling (as discussed in TetraTech, 2014). However, an improved representation 
and evaluation of stormwater management strategies is possible through watershed-scale 
modeling that synthesizes data over large spatial and temporal scales, covering times and 
locations with and without stringent watershed development rules. An improved assessment can 
also be facilitated by the extensive monitoring data collected throughout these watersheds in 
recent decades, and new geospatial techniques for efficiently extracting model-relevant inputs 
from the lidar surveys, aerial imagery, and other geospatial data layers. Analyses over longer 
time scales are critical for understanding the impacts of land use change and climate variability, 
and for providing predictions relevant to both stream and reservoir water quality management, as 
lakes and reservoirs integrate loads over time (Jensen et al., 2006; Lin & Li, 2011).   

To better leverage existing datasets, this study advances a “hybrid” (mechanistic-statistical) 
modeling approach that adopts nutrient fate and transport processes within a probabilistic, data-
driven framework. The model uses decades of watershed and water quality data to update our 
knowledge of system processes, and then to apply this knowledge (i.e., updated rate coefficients) 
in scenarios relevant to watershed management. Furthermore, by leveraging Bayesian techniques 
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(Qian et al., 2005), uncertainty is rigorously quantified to characterize the confidence in model 
predictions, informing risk-based management (Reckhow, 1994; NRC, 2001). Compared to 
highly mechanistic models like SWAT (Douglas-Mankin et al., 2010) that can be challenging to 
calibrate (Beven, 2006), the proposed approach focuses on data-driven inference of the most 
management-relevant rate parameters with uncertainty quantification. 

 
Figure 1: Study area showing 26 incremental watersheds (a.k.a., LMS watersheds), which are delineated 
at flow and water quality monitoring sites. Note that these watersheds are further subdivided at the HUC-
12 scale for performing nutrient routing and retention within the model. 

This study aims to provide a quantitative understanding of how upstream stormwater 
management practices alter watershed nutrient (nitrogen and phosphorus) loading and transport. 
Understanding the effectiveness of management measures is critical in determining pollutant 
removal credits for upstream communities and in evaluating potential scenarios of loading under 
future watershed development. This is also critical for tracking and adaptively managing surface 
water systems where episodes of hydroclimatic extremes may obscure the benefits of watershed 
management in the short-term. Particular research questions include: 

1. What are the primary factors controlling the spatial variability in nonpoint source loading 
rates for N and P?  Candidate factors include land use, age of construction, presence of 
vegetated stream buffers, canopy cover, livestock density, and implementation of 
stormwater controls. 

2. What are the contributions of various point and nonpoint N and P sources to downstream 
reservoirs and how do these contributions vary among wet and dry years? 

Legend: 
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3. How will the magnitudes of N and P loading to downstream reservoirs change under 
plausible future watershed development and management scenarios identified by regional 
water resources managers? 

 

2. Methods 
2.1 Watershed management database 
The project leverages large public databases of water quality, hydrometeorology, land use, 
natural resources and anthropogenic features, which have been developed by federal, state, and 
local governments over the last few decades. Several datasets, including land use, livestock, 
point source (i.e., WWTP), and water quality have been previously developed by the project 
team, as described in Obenour & Strickling (2018) and Miller et al. (2021).  Here, we focus on 
the development of new datasets specific to this project. 

We developed a watershed management database which includes streams, riparian buffers, 
stormwater control coverage, and vegetation layers. The features were derived from 10-meter 
resolution digital elevation models (DEMs), 60-meter resolution land use data, 30-meter 
resolution satellite data (Landsat), and vector data from the North Carolina Department of 
Environmental Quality (NCDEQ). 

The 10-meter resolution DEM (https://sdd.nc.gov/) developed by the North Carolina Risk 
Management Office in Coordination with the NC Department of Transportation was derived 
from QL2 LiDAR data. The LiDAR data in the Jordan and Falls Lake watersheds (Figure 2) 
were collected in 2014 for all counties in the study area except for Forsyth County data that were 
collected in 2016.  

We used the National Wall-to-wall Anthropogenic Land use Trends (NWALT) dataset 
developed by the USGS National Water-Quality Assessment (NAWQA) program. The NWALT 
dataset provided 19 classes of anthropogenic land uses over five time periods (1974, 1982, 1992, 
2002, 2012) at 60-meter resolution referenced in NAD 1983 Albers Equal-Area Conic projection 
with units in meters (Falcone, 2015). The time periods align with the U.S. Department of 
Agriculture (USDA) Census of Agriculture data collection years (Falcone, 2015). NWALT was 
our chosen land use data for the Falls and Jordan lake watersheds because of its temporal extent. 
We resampled and reclassified NWALT data into three classes representing undeveloped (semi-
developed, low use, and wetlands), urban (residential, transportation, industrial, and commercial 
development), and agricultural (pasture and crop), as shown in Figure 3. The NWALT data were 
downscaled with nearest-neighbor resampling to match the spatial resolution of the 10-meter 
DEM. 

https://sdd.nc.gov/
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Figure 2: 10-meter resolution DEM with streams derived from the DEM using a flow accumulation 
threshold of 3000 grid cells.  Subwatersheds used in the model are also shown.  The black area to the left 
of the legend shows a histogram of elevation for the study area. 

 

Figure 3: Aggregated NWALT land use classes: undeveloped, urban, and agricultural.  



9 
 

One objective of this study is to determine which developed lands drain to streams through 
vegetated buffers.  For this purpose, streams, drainage direction, flow accumulation, and 
watersheds were developed from the 10-meter DEM using the r.watershed module implemented 
in GRASS GIS (https://grass.osgeo.org/grass78/manuals/r.watershed.html; GRASS 
Development Team, 2020). The algorithm was parameterized to use multiple flow directions 
(MFD) and a 3000 cell (0.3 km2) threshold indicating the minimum size of an exterior watershed 
basin. This threshold was selected because it produced stream segments with a mean length near 
1 km, allowing for a detailed characterization of segment drainage areas (Figure 4). The 3k 
segments were used to derive 30-meter riparian buffers (15 m on both sides; NCDEQ, 2017a) for 
each NWALT year. Additionally, a minimum length threshold of 30 m was applied to first-order 
streams to ensure streams segments were not generated smaller than the total width of a riparian 
buffer.   

 

Figure 4: Derived stream-segment drainage areas for Durham and surrounding area. 

https://grass.osgeo.org/grass78/manuals/r.watershed.html


10 
 

The percent of undeveloped land within each stream segment’s 30-meter buffer area was 
determined using the NWALT dataset.  Based on preliminary model runs, buffered areas with at 
least 70% undeveloped land were considered “vegetated”.  Comparisons based on 70%-90% 
thresholds are shown in Results. 

Another objective of this study is to explore the effects of vegetation cover in urban areas. To 
assess vegetation within our study area, we used Google Earth Engine to compute the 
Normalized Difference Vegetation Index (NDVI) of Landsat images (using Surface Reflectance 
for Landsat TM+ sensor and Top of Atmosphere Reflectance for Landsat MSS sensor). We 
average over the growing season (April-October from https://phenology.cr.usgs.gov/viewer/) for 
3 years around each NWALT year. For MSS sensor images, we used the open-source msslib 
library (https://github.com/gee-community/msslib) to fetch image collection, remove clouds and 
shadows, and compute NDVI. 

We used the average growing-season NDVI to classify areas as vegetated or non-vegetated. 
First, we defined an NDVI threshold for vegetated/non-vegetated. Since vegetation health and 
greenness vary year-to-year, we needed to determine a unique threshold for each NWALT year. 
To get a baseline for healthy vegetation in each period, we mask the NDVI layer by Conserved 
and Very Low Use areas (NWALT classes 50 and 60).  This step assumes that Conserved or 
Very Low Use areas are vegetated. Then, we take the 10th percentile of the resulting NDVI 
values as the threshold. Values above the threshold are vegetated; values below are non-
vegetated. We identified this optimal threshold by comparing the accuracy and extent of the 
resulting vegetated areas to four known vegetated areas (parks in Raleigh, Greensboro and 
Burlington).  After classifying the NDVI raster as above or below the threshold, we overlayed 
the vegetation layer with a development mask (NWALT classes 21-27). The resulting raster is a 
binary raster where 1 is urban and vegetated and 0 is other. 

Another objective of this study is to assess the influence of post-construction stormwater control 
measures (SCMs) on nutrient export.  Areas with post-construction SCMs were defined using the 
NCDEQ stormwater permitting map (https://deq.nc.gov/about/divisions/energy-mineral-and-
land-resources/stormwater/stormwater-program/maps-permit-data). Various programs have been 
implemented across the study area starting from 1992 (Figure 5). These requirements indicate 
that high-density developments require structural SCMs (e.g., wet ponds, bioretention). 
Alternatively, low density developments must limit their built-upon area, maximize dispersed 
flow, and ensure that stormwater conveyances are vegetated (NCDEQ, 2017b). The density 
threshold for structural SCMs varies across different programs (6%, 12%, or 24% built upon 
area). Where program start dates were unavailable from NCDEQ, we either determined it by 
contacting the local (e.g., city) stormwater department or matched stormwater structures 
identified through aerial imagery to NC OneMap building footprint dates 
(https://www.nconemap.gov/; https://arcg.is/1ua8vn).  In this study, we considered any 
urbanization (from NWALT, as described above) occurring after the stormwater program start 
date within a given region (Figure 5) to include SCMs. 

https://phenology.cr.usgs.gov/viewer/
https://github.com/gee-community/msslib
https://deq.nc.gov/about/divisions/energy-mineral-and-land-resources/stormwater/stormwater-program/maps-permit-data
https://deq.nc.gov/about/divisions/energy-mineral-and-land-resources/stormwater/stormwater-program/maps-permit-data
https://www.nconemap.gov/
https://arcg.is/1ua8vn
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Figure 5: Post-construction stormwater permitting map categorized by their effective dates. 

2.2 Watershed model development  
The hybrid model is comparable to the USGS SPARROW model (Schwarz et al., 2006), but is 
enhanced to include temporal variability related to watershed development and 
hydrometeorology, as well as Bayesian inference (Wellen et al. 2012). The original model 
formulation is described in detail by Strickling & Obenour (2018) and Miller et al. (2021).  In the 
following paragraphs, we briefly describe the principal components of the original model, as 
well as how it has been enhanced to assess the efficacy of stormwater management practices. 

The Falls and Jordan basins are divided into “incremental watersheds” delineated at load 
monitoring sites (LMSs, Figure 1). The hybrid watershed model predicts the change in instream 
nutrient load 𝑦𝑦�𝑖𝑖,𝑡𝑡 (kg/yr) across each incremental watershed i for each annual time increment t: 

𝑦𝑦�𝑖𝑖,𝑡𝑡 = ��𝛽𝛽𝑠𝑠 ∗ 𝑝𝑝𝑖𝑖,𝑡𝑡𝛾𝛾𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑤𝑤𝑖𝑖,𝑡𝑡,𝑠𝑠
𝑇𝑇 ∗ �1 − 𝑟𝑟𝑖𝑖,𝑠𝑠,𝑡𝑡��

𝑆𝑆

𝑠𝑠=1

− 𝑧𝑧𝑖𝑖,𝑡𝑡 ∗ 𝑟𝑟𝑖𝑖,𝑧𝑧,𝑡𝑡       (1)  

where 𝑤𝑤𝑖𝑖,𝑡𝑡,𝑠𝑠
𝑇𝑇 is a (transposed) vector of location-specific nutrient sources of type s (e.g., urban 

land, point source, livestock) and 𝛽𝛽𝑠𝑠 is the export rate for the source type (kg/yr/hectare or 
kg/yr), and S is the total number of source types. The export rate is modified by the precipitation 
anomaly 𝑝𝑝𝑖𝑖,𝑡𝑡 and adjustment coefficient 𝛾𝛾𝑝𝑝𝑖𝑖𝑝𝑝 and nutrient retention within streams and 
waterbodies (𝑟𝑟𝑖𝑖,𝑠𝑠,𝑡𝑡). Furthermore, 𝑦𝑦�𝑖𝑖,𝑡𝑡 incorporates main-stem retention 𝑟𝑟𝑖𝑖,𝑧𝑧,𝑡𝑡 of loads from 
upstream incremental watersheds (𝑧𝑧𝑖𝑖,𝑡𝑡). Stream and waterbody retentions are based on first order 
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decay relationships considering mean depth, surface area, and residence time (Kelly et al., 1987; 
Howarth et al. 1996; Birgand et al. 2007). Within each incremental watershed, sources are 
distributed spatially throughout the stream network at a Hydrologic Unit Code (HUC) 12 scale. 

At the outlet of each incremental watershed (Figure 1), daily watershed loads are estimated using 
the USGS’s WRTDS concentration imputation program (Hirsch et al., 2010) and aggregated to 
time increments relevant to the hybrid model (i.e., seasonal). The uncertainty associated with 
imputation of missing concentration data is quantified based on a subsampling procedure 
(Strickling & Obenour, 2018). These statistical estimates (covering ~1990 to present) are 
essentially the “observations” for calibration of the hybrid watershed model. We have identified 
26 LMSs (Figure 1; Miller et al., 2019).  

The parameters in Eqn 1 (e.g., 𝛽𝛽𝑠𝑠) are probabilistically estimated (i.e., calibrated) through 
Bayesian inference (Gelman et al., 2014) implemented in R (R Core Team, 2013). Where 
available, academic literature is incorporated as Bayesian prior information (i.e., prior 
probability distributions). For additional details on priors and the Bayesian formulation, see 
Miller et al. (2019; 2021).  

In this study, we enhance the hybrid model to accommodate stormwater management practices. 
We model the effects of buffers, stormwater controls, and vegetation cover (over urban areas) as 
removal efficiencies (κb, κs, κc respectively), such that the relevant sources in Eqn 1 are 
multiplied by (1-κ).  Buffers are applied to both urban and agricultural lands, while (urban) 
stormwater controls and canopy cover are relevant to only urban lands. Prior distributions reflect 
a probabilistic expectation of the removal efficiency, as determined from existing literature 
(Table 1). For buffers, the mean expectation for TP and TN removal are 35% and 30%, 
respectively, based on state guidance (NCDEQ, 2017a). The prior standard deviation of κb was 
derived from the variability across previous studies, as reviewed by Zhang et al. (2010). For 
post-construction SCMs, we reviewed literature on wet ponds, since they are the most common 
structural control in our study area.  Specifically, the priors for κs were determined from multiple 
synthesis studies (i.e., Winer, 2000; Barrett, 2008; Koch et al., 2014) and regional studies of 
individual systems (i.e., Wu et al., 1996; Borden et al., 1998; Hathaway et al ., 2007a; Hathaway 
et al., 2007b; Winston et al., 2013). Other control measures like wetlands and bioretention are 
expected to have similar removal rates, within the bounds of uncertainty in our prior. For the 
urban vegetation effect, there is limited existing literature, so we used a fairly wide prior 
centered on zero (Table 1).    
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Table 1. Model parameters nutrient removal efficiencies of stormwater management practices with their 
prior distribution. 

Parameter Description Prior distribution 

  TP TN 

κb buffer efficiency N(0.35,0.1) N(0.3,0.1) 

κs SCM efficiency N(0.5,0.1) N(0.3,0.2) 

κc vegetation efficiency N(0,0.25) N(0,0.25) 
  

2.3 Future scenarios  
Using the calibrated model, we analyzed two hypothetical future scenarios focused on urban 
growth: 

1. A 20% increase in urban lands across all subwatersheds, assuming that no stormwater 
management practices (buffer and SCM) are implemented. 

2. A 20% increase in urban lands across all subwatersheds, assuming that buffers and SCMs 
are required for all new development.  

With these increases in urbanized lands, we reduced the undeveloped and agricultural land in 
each subwatershed proportionally.  
 

3. Results 
3.1 Watershed management database 
This study resulted in new geospatial data layers, particularly for the characterization of stream 
buffers, urban vegetation, and SWC requirements.  A list of relevant data products is provided in 
Appendix B.  Figures 6 and 7 highlight general NWALT land uses and the growth in urban area 
over the study period. 

The classification of streams as buffered or unbuffered (a.k.a. vegetated or unvegetated) is shown 
in Figure 8.  Areas draining to streams through vegetated buffers are shown in Figure 9 and 10.  
As expected, major urban areas (e.g., Greensboro, Burlington, Durham; Figure 1) correspond to 
the regions with lowest vegetated buffer coverage.  There are some watersheds around the north 
end of Jordan Lake marked as unbuffered in 2012.  This may be related to lake edge effects and 
imperfections in NWALT.  In any case, most of the land in this area is undeveloped land (Figure 
6), and buffers are only used for classifying developed lands in the watershed modeling. 
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Figure 6: Land use map for Durham and surrounding area, highlighting urban expansion over the study 
period. 



15 
 

Figure 7: Land use map for entire study area, highlighting urban expansion over the study period. 

Changes in buffer coverage over time are shown in Figure 11 for both urban and agricultural 
areas. In general, results suggest that there has been a slight decrease in the percent of urban land 
draining through vegetated stream buffers over the study period.  This is consistent with the total 
length of buffered streams dropping from 7460 km to 7220 km from 1974 to 2012. 

Areas with and without vegetative cover were also determined for all NWALT years (Figure 12 
provides an example for 2012).  Urban areas are most commonly associated with vegetation 
removal.  At the same time, there is substantial variability across the study area, with the urban 
areas of Orange County (e.g., Chapel Hill) having a larger percent vegetated cover. 
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Figure 8: Stream buffer status (vegetated vs. unbuffered) for Durham and surrounding area.  In the model, 
we use a 70% threshold (at least 70% of the buffer area must be undeveloped) to be considered vegetated.  
Thus, all streams shown in green are considered vegetated.  More stringent thresholds (80% and 90%) are 
shown for comparison.  At a 90% threshold, only streams with the lightest shade of green would be 
considered vegetated. 
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Figure 9:  Segment watersheds draining through vegetated stream buffers in 1974, 2012, and both years, 
based on the 70% threshold.  Results are shown for Durham and surrounding area. 
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Figure 10:  Segment watersheds draining through vegetated stream buffers in 1974, 2012, and both years, 
based on the 70% threshold.  Results are shown for the entire study area. 

 

 

Figure 11: Percent of urban and agricultural lands that are buffered/unbuffered over time, for different 
vegetation thresholds.  As noted above, we use the 70% threshold in the modeling. 
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Figure 12:  Areas with and without vegetated cover (as determined from Landsat NDVI analysis) in 2012.  
Only results for urban areas are used in the modeling, as rural areas are largely vegetated. 

 

2.2 Watershed modeling results 
We compare five different versions of the watershed model: 

1. Base model, without consideration of buffers, SCMs, or urban vegetation 
2. Vegetation model, which considers the influence of vegetation coverage (only) on urban 

nutrient export. 
3. Buffer model, which considers the influence of buffers (only) on urban and agricultural 

nutrient export. 
4. SCM model, which considers the influence of SCMs (only) on urban nutrient export. 
5. Buffer+SCM model, which combines the influence of both buffers and SCMs on 

nutrient export. 

Parameter (i.e., rate) estimates for each model were determined through systematic Bayesian 
inference.  The resulting estimates with credible intervals (CIs) and are shown in Tables 2 and 3 
(for Buffer, SCM, and Buffer+SCM models) and Appendix C (for Base and Vegetation models). 
For brevity, the following discussion is based primarily on the mean parameter estimates, with 
little consideration of uncertainties.  However, uncertainties should be considered when 
evaluating the risks associated with different management strategies in producing desired 
outcomes. 



20 
 

The parameters κb, κs and κc indicate the effects of buffers, SCMs, and urban vegetation, 
respectively.  The TN Buffer model indicates 61% buffer removal efficiency, and the TN SCM 
model indicates 45% SCM removal efficiency.  However, there is some correlation between 
SCM and buffer coverage.  The SCM+Buffer model considers both forms of management 
together, and results indicate 36% TN removal in buffers and 43% in SCMs.  In comparison, the 
SCM+Buffer model for TP indicates 37% removal in buffers and 52% in SCMs.  The urban 
vegetation model shows small vegetation effects and large uncertainties (Appendix C), 
suggesting that urban vegetation does not have a substantial impact on nutrient loading in our 
study area. 

Export coefficients (ECs) represent nutrient export for mean precipitation conditions. Model 
results show that urban lands tend to have the greatest export rate (per area) for both TN and TP 
(except for TN buffer model, which has approximately equal urban and agricultural export; 
Table 2). Agriculture has the next largest rate of nutrient export. The models that include stream 
buffers tend to have higher agricultural ECs, because vegetated stream buffers (that intercept 
most agricultural land, Figure 11) provide compensating reductions.  Undeveloped land (e.g., 
forest) has the lowest ECs across all model versions.  Livestock ECs are generally consistent 
with expectations (cows seem a little high).  In general, livestock make up a small portion of 
overall loading in our study area (Miller et al., 2019). 

Precipitation impact coefficients (PICs) determine how responsive nutrient export is to varying 
precipitation conditions. In all models, agriculture has the highest PIC while urban land PICs are 
more than two times lower. The PICs for other land uses and livestock are between the PIC 
values of urban and agricultural lands. Overall, PICs are fairly consistent across different model 
versions for both TN and TP. 

Nutrient retention is parameterized using a loss rate for streams (ωs) and a mass transfer 
coefficient for waterbodies (ωwb), as described in Miller et al. (2019). While stream loss rates are 
similar in the TN and TP models, the waterbody loss rate is approximately three times higher in 
the TP models than in the TN models.  Retention rates appear fairly robust to changes in the 
management practices included in the various model versions.  Interannual variability in 
retention is accounted for using a retention PIC. This parameter suggests that one standard 
deviation change in precipitation results in about 7% change in TN loss rate and about 11% 
change in TP loss rates.  

2.3 Current and Future scenarios  
To assess the spatial variability in nutrient loading under current conditions, we calculated the 
amount of TN and TP exported from nonpoint sources (land uses and livestock) for each 
subwatershed using the mean precipitation, mean posterior parameters, and 2017 land covers 
(Figures 13 and 14).  Since urban lands are the largest loading contributor (per unit area), 
subwatersheds within cities tend to have the highest export.  We also calculated nutrient losses 
(i.e., retention) throughout our study area (Figures 15 and 16), prior to reaching the major 
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downstream reservoirs (Falls and Jordan Lake).  In general, retention was greatest where 
upstream impoundments intercepted with long residence times intercepted loads. 

Hypothetical future changes in nutrient loading were determined for the two scenarios described 
in Section 2.3.  While both scenarios show substantial increases in nutrient export, the increases 
associated with scenario 1 (urban growth without stormwater management practices) are much 
greater than in scenario 2 (urban growth with SCMs and vegetated buffers).  The overall increase 
in nutrient export in the first scenario is 9.3% for both TN and TP, while in the second scenario 
the increase is just 3.3% for TN and 2.7% for TP.  

Table 2. Mean parameter estimates for the TN model along with 95% credible intervals (CI) 

Parameter Description Unit Buffer SCM SCM+Buffer 

   Mean 95% CI Mean 95% CI Mean 95% CI 

κb buffer efficiency - 0.61 0.24-0.92 - - 0.36 0.15-0.55 

κs SCM efficiency - - - 0.45 0.10-0.83 0.43 0.08-0.80 

βag Agriculture EC kg/ha/yr 8.8 4.4-14.9 4.0 2.0-6.0 5.7 2.9-8.8 

βur Urban EC kg/ha/yr 8.8 6.6-11.1 7.6 5.0-10.0 7.8 5.0-10.1 

βund Undeveloped EC kg/ha/yr 0.7 0-1.7 0.8 0.1-1.7 0.7 0.1-1.6 

βch Chicken EC kg/an/yr 0.01 0-0.02 0.01 0-0.02 0.01 0-0.02 

βh Hog EC kg/an/yr 0.04 0.01-0.08 0.04 0.01-0.08 0.04 0.01-0.08 

βcw Cow EC kg/an/yr 2.7 0.2-4.9 2.9 0.4-4.9 2.7 0.2-4.9 

βps Point source DC - 0.89 0.79-0.98 0.83 0.73-0.92 0.83 0.73-0.92 

ωs Stream loss rate d-1 0.05 0.02-0.09 0.04 0.01-0.07 0.04 0.01-0.08 

ωwb Reservoir loss rate m/yr 12.8 9.9-15.5 12.6 9.9-15.5 12.5 9.7-15.5 

γag Agriculture PIC - 3.9 2.4-5.1 4.0 2.2-5.5 4.1 2.4-5.4 

γur Urban PIC - 1.3 0.7-2.0 1.3 0.7-2.3 1.3 0.6-2.3 

γund Undeveloped PIC - 2.6 0.2-5.9 2.9 0.4-6.1 2.7 0.3-5.6 

γch Chicken PIC - 2.4 0.2-4.9 2.5 0.3-5.7 2.3 0.2-5.0 

γh Hog PIC - 2.2 0.3-4.9 2.3 0.2-5.1 2.2 0.2-4.8 

γcw Cow PIC - 1.5 0.1-4.1 1.5 0.1-4.1 1.5 0.1-4.0 

γret Retention rate PIC - 0.07 0-0.17 0.06 0-0.16 0.06 0-0.17 

σε Model residual SD kg/yr 0.07 0.07-0.08 0.07 0.07-0.08 0.07 0.7-0.08 

σLMS LMS random effect SD kg/yr 1.2 0.7-2.0 1.5 0.9-2.4 1.5 0.9-2.4 
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Table 3. Mean parameter estimates for the TP model along with 95% credible intervals (CI) 

Parameter Description Unit Buffer SCM SCM+Buffer 

   Mean 95% CI Mean 95% CI Mean 95% CI 

κb buffer efficiency - 0.38 0.19-0.58 - - 0.37 0.17-0.56 

κs SCM efficiency - - - 0.52 0.33-0.71 0.52 0.32-0.72 

βag Agriculture EC kg/ha/yr 1.2 0.8-1.7 0.9 0.6-1.1 1.2 0.8-1.6 

βur Urban EC kg/ha/yr 1.3 1.0-1.6 1.2 1.0-1.5 1.3 1.0-1.5 

βund Undeveloped EC kg/ha/yr 0.08 0.01-0.17 0.07 0.01-0.16 0.08 0.01-0.16 

βch Chicken EC kg/an/yr 0.004 0-0.008 0.004 0.001-0.008 0.004 0-0.009 

βh Hog EC kg/an/yr 0.02 0-0.04 0.02 0-0.04 0.02 0-0.04 

βcw Cow EC kg/an/yr 0.3 0-0.9 0.3 0-0.9 0.3 0.01-0.9 

βps Point source DC - 0.96 0.87-1.05 0.95 0.86-1.04 0.96 0.87-1.05 

ωs Stream loss rate d-1 0.04 0.01-0.08 0.04 0-0.08 0.05 0.01-0.09 

ωwb Reservoir loss rate m/yr 37.1 28.3-47.6 36.7 27.5-47.0 36.7 27.6-47.2 

γag  Agriculture PIC - 3.8 2.8-4.8 3.8 2.8-4.8 3.8 2.8-4.8 

γur Urban PIC - 1.6 0.9-2.4 1.6 0.9-2.5 1.6 0.9-2.4 

γund Undeveloped PIC - 2.5 0.4-4.8 2.6 0.6-4.7 2.6 0.5-4.9 

γch Chicken PIC - 2.7 0.6-5.3 2.7 0.7-5.1 2.7 0.5-5.2 

γh Hog PIC - 2.4 0.3-4.9 2.4 0.3-4.9 2.3 0.3-4.7 

γcw Cow PIC - 2.6 0.5-5.1 2.7 0.4-4.9 2.6 0.4-4.8 

γret Retention rate PIC - 0.12 0.01-0.24 0.12 0.01-0.24 0.12 0.02-0.24 

σε Model residual SD kg/yr 0.15 0.14-0.17 0.15 0.14-0.17 0.15 0.14-0.17 

σLMS LMS random effect SD kg/yr 1.3 0.7-2.4 1.4 0.8-2.5 1.3 0.8-2.4 
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Figure 13: Estimated areal TN export from nonpoint sources (land uses and livestock) under current 
condition. Point source loads are shown separately as dots. 

 

Figure 14: Estimated areal TP export from nonpoint sources (land uses and livestock) under current 
condition. Point source loads are shown separately as dots. 
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Figure 15: Estimated TN retention in streams and waterbodies (prior to reaching downstream lakes: Falls 
and Jordan Lakes).   

 

Figure 16: Estimated TP retention in streams and waterbodies (prior to reaching downstream lakes: Falls 
and Jordan Lakes).   
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Figure 17: Estimated areal TN export from nonpoint sources (land uses and livestock) under scenario 1 
(20% urban growth with no stormwater management). Point source loads are shown separately as dots. 

 
Figure 18: Estimated areal TN export from nonpoint sources (land uses and livestock) under scenario 2 
(20% urban growth with SCMs and vegetated buffers). Point source loads are shown separately as dots. 
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Figure 19: Estimated areal TP export from nonpoint sources (land uses and livestock) under scenario 1 
(20% urban growth with no stormwater management). Point source loads are shown separately as dots. 

 

Figure 20: Estimated areal TP export from nonpoint sources (land uses and livestock) under scenario 2 
(20% urban growth with SCMs and vegetated buffers). Point source loads are shown separately as dots. 
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4. Discussion 
This study leverages a unique model and dataset to develop data-driven estimates of nutrient 
loading rates, transport rates, and the effectiveness of watershed management strategies.  The 
watershed-scale calibration inherently integrates surface and surficial nutrient pathways to 
streams, which is critical to comprehensive management, especially given the increasing 
emphasis on infiltration as a means of stormwater quality control (Clark & Pitt, 2007; NCDEQ, 
2017a). The watersheds upstream of Falls and Jordan Lake in central NC (Figure 1) have been 
subject to intensive data collection by NC DEQ and partners over multiple decades (~1990 to 
present), which helps facilitate this approach. 

Our model characterizes the likely effects of stormwater management practices including 
buffers, SCMs, and urban vegetation. Since integrating urban vegetation cover did not have a 
great impact on nutrient loading, we focused on the other two management practices. Our results 
show that for both TP and TN, SCMs tend to have higher efficacy than buffers, and the efficacy 
of both management practices are likely higher than the prior expectation, especially for TN. 
However, our models show lower buffer removal rates compared to individual or synthesis 
studies for both TN and TP (Lowrance and Sheridan, 2005; Zhang et al., 2010). The higher 
buffer removal efficiency from previous literature may be explained by the fact that most of the 
experimental studies were conducted on plot fields with agricultural source areas where all 
inflows go through buffers. In practice, it is likely that some stormwater short-circuits buffers as 
concentrated flows (e.g., through stormwater drain pipes or ditches).  

Comparing SCM removal rates with the previous studies shows more variation. The mean TN 
removal of 43% (Table 1) is higher than one of the synthesis studies (Winer, 2000) while 
approximate to the other two synthesis studies used to define the prior for this parameter (i.e., 
Barrett, 2008; Koch et al., 2014). In addition, the SCM removal rate for TP is lower than the 
synthesis study of Barrett (2008) but roughly similar to Winer (2000). We notice that the 
standard deviation of SCM efficiency (also buffer efficiency) is still large (similar to the prior 
SD), indicating that substantial uncertainty remains. This may be due to variability in watershed 
management practices across the study area (e.g., sizing criteria, maintenance requirements) as 
well as imperfections in our geospatial representation of these practices. 

Comparing removal rates between the TN and TP models shows that while buffer removal 
efficiency is similar for TN and TP, the SCM removal rate is higher for TP than TN.  This 
difference can be explained by their difference in removal processes. The main removal 
mechanism for TN is likely denitrification, while deposition and burial is the main mechanism 
for TP removal. Since phosphorus can be adsorbed to sediment, there is greater settling potential, 
as can also be seen in a comparison of the reservoir loss rates for TP and TN (ωwb; Tables 2 and 
3). Buffers may rely more on biological processes, where denitrification provides an advantage 
for TN removal.  
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5. Summary   
In this study, we tested the effects of urban vegetation coverage, vegetated stream buffers, and 
post-construction stormwater control requirements on export from developed land.  The tests 
were conducted using a parsimonious mechanistic model coupled with a data-driven (Bayesian) 
inference framework.  Based on in-stream nutrient loading data from 26 monitoring locations 
and the spatio-temporal variability in precipitation, point sources, and watershed development, 
the modeling results characterize nutrient export and retention rates with uncertainty 
quantification.  We find that both vegetated buffers and stormwater control requirements are 
associated with significantly reduced nutrient loading (both TP and TN) while urban vegetation 
cover did not have a statistically credible effect.  In a model that combines the effects of 
vegetated buffers and stormwater controls, they were associated with 36% and 43% TN 
reductions, respectively. For TP, they were associated with 37% and 52% reductions, 
respectively.  At the same time, the uncertainties in these estimates were substantial, with an 
average coefficient of variation (SD/mean) of 30%.  The combined effect of buffers and 
stormwater controls on urban lands are estimated to be 64% and 70% for TN and TP, 
respectively.   

 

6. Conclusions and Recommendations 
This study provides evidence for the importance of both vegetated stream buffers and post-
construction stormwater control measures in significantly reducing nutrient export, particularly 
from urban areas.  Also, similar to Miller et al. (2019), the updated models continue to show that 
undeveloped (e.g., forested) lands export several times less nutrients than urban lands, even 
when urban lands include stormwater management measures.  Thus, maintaining natural lands 
appears to be the most effective way to control nutrient loading to downstream reservoirs.  
Where urbanization occurs, requiring both vegetated buffers and post-construction stormwater 
controls substantially lessens the negative effects of urbanization on nutrient loading. 

Other factors, such as the age and density of urban development may also influence nutrient 
export.  Future research could focus on adding such factors to the modeling framework.  
Furthermore, more complex parameterizations of vegetated buffers and stormwater controls 
could be considered (beyond the fractional removal efficiencies used here).  Such enhancements 
could potentially refine our estimates of nutrient export for different types of watershed 
development, but are not expected to affect the general conclusions provided in the previous 
paragraph.  In addition, the future scenarios considered in this report are fairly simple (20% 
urban growth across all subwatersheds), and can be potentially enhanced with stakeholder input 
and more sophisticated urban growth models (e.g., Meentemeyer et al., 2013; Petrasova et al., 
2016).  
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Appendix A: List of acronyms 
 

CI  Credible interval 

EC  Export coefficient 

GIS  Geographic information system 

HUC  USGS hydrologic unit code (a watershed designator) 

LMS  Load monitoring site 

NCDEQ North Carolina Department of Environmental Quality 

NCDENR North Carolina Department of Environment and Natural Resources (predecessor 
to NCDEQ). 

NWALT U.S. National conterminous Wall-to-wall Anthropogenic land use Trends 

NDVI Normalized difference vegetation index 

PIC Precipitation impact coefficient 

SCM Stormwater control measure (generally referring to post-construction [permanent] 
stormwater controls in this study) 

SD Standard deviation 

TN Total nitrogen 

TP Total phosphorus 

USGS U.S. Geological Survey 

WRTDS Weighted Regression on Time, Discharge, and Season (a USGS program) 

WWTP Wastewater treatment plant (i.e., point source) 
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Appendix B: List of products 
 

Presentations: 

Karimi, K., White, C., Mitasova, H., and Obenour, D. (accepted, in progress) “Assessing the 
efficacy of BMPs on controlling nutrient loading through Bayesian watershed modeling.” NC 
WRRI Annual Conference, Raleigh, NC, March 2022. 

Karimi, K., White, C., Mitasova, H., and Obenour, D. (accepted, in progress) “Modeling 
assessment of watershed nutrient management: initial results and potential scenarios.” NC 
Stormwater Consortium (SWC), online, February 2022. 

Karimi, K., Miller, J., Sankarasubramanian, A., and Obenour, D. (2021) "Contrasting annual 
versus summer phosphorus loading and retention rates using a hybrid Bayesian watershed 
model”. American Water Resources Association (AWRA) Annual Conference, online, 
November 2021. 

Obenour, D., and Mitasova, H., (2020). “Assessing Controls on Nutrient Loading at Watershed 
Scale through Data-Driven Modeling.” NC Stormwater Consortium (SWC), online, July 2020. 

 

Publications: 

Karimi, K., White, C., Mitasova, H., and Obenour, D. (in progress).  “Assessing watershed 
nutrient management efficacy through Bayesian watershed modeling.”  

 

Dissertations: 

Karimi, K., (in progress, 2023) “Assessing spatio-temporal variability in watershed nutrient 
loadings using statistical-mechanistic modeling”, PhD thesis, North Carolina State University. 
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Datasets: 

Project datasets are available upon request.  Contact drobenour@ncsu.edu.  We will also include 
these data in an online repository at the time of publication (Karimi et al., In progress). 

Name Type Resolution Years Source  ESPG Description 

Streams 
Vector, 
Raster 10m NA 

DEM-
derived 6542 

The streams were generated using 
r.watershed implemented in GRASS 
GIS using multiple flow direction and 
a basin threshold of 3000 cells. 

Land Use Raster 10m 

1974, 
1982, 
1992, 
2002,  
2012 

NWALT-
derived 6542 

The land use layers contain three 
classes (Urban, Undeveloped, and 
Agriculture) that were derived for 
each available NWALT year. 

New Urban 
Development Raster 10m NA 

NWALT-
derived 6542 

An urban land use layer reporting the 
development year, from 1974 to 
2012 based on NWALT. 

Vegetated 
Cover Raster 10m 

1974, 
1982, 
1992, 
2002, 
2012 

Landsat-
derived  6542 

The vegetation layer shows urban 
and rural vegetated cover. 

Vegetated 
Land Use Raster 10m 

1974, 
1982, 
1992, 
2002, 
2012 

Landsat-
derived 6542 

The vegetated land use layer with six 
thematic classes: vegetated urban, 
unvegetated urban, vegetated rural, 
unvegetated rural, vegetated water, 
unvegetated water. 

Riparian 
Buffers Raster 10m 

1974, 
1982, 
1992, 
2002, 
2012 

DEM-
derived 6542 

30-m riparian stream buffers (15m 
per side) for each stream segment.  
Based on the Streams layer (above). 

Buffered 
Contributing 
Areas Raster 10m 

1974, 
1982, 
1992, 
2002, 
2012 

DEM-
derived 6542 

Contributing drainage area to each 
stream segment. 

Stormwater 
Control Areas 

Vector, 
Raster 10m current 

NCDEQ-
derived 6542 

Various stormwater control 
jurisdictions with estimated start 
dates. 

Precipitation Raster 4 km 
1895-
present PRISM  

monthly precipitation data averaged 
across incremental watersheds 
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Appendix C: Additional model outputs 
 

Table A1. Base models and models characterizing the effects of urban vegetation cover for TN and TP.  
Parameters mean estimates are shown along with their CI.  

Parameter Unit Base Urban vegetation 

  TN TP TN TP 

  Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 

κc - - - - - 0.06 -0.41-0.50 0.07 -0.40-0.55 

βag kg/ha/yr 4.9 2.8-7.0 0.9 0.6-1.2 4.5 2.5-6.6 0.8 0.6-1.1 

βur kg/ha/yr 7.3 4.7-9.5 1.2 0.9-1.5 8.0 5.7-10.5 1.3 0.9-1.6 

βund kg/ha/yr 0.8 0.1-1.8 0.07 0.01-0.15 0.6 0-1.5 0.07 0.01-0.16 

βch kg/an/yr 0.01 0-0.02 0.004 0-0.008 0.01 0-0.02 0.004 0-0.009 

βh kg/an/yr 0.04 0.01-0.08 0.02 0-0.04 0.04 0.01-0.08 0.02 0-0.04 

βcw kg/an/yr 0.6 0-1.0 0.3 0-0.9 2.9 0.4-4.9 0.3 0-1.0 

βps - 0.84 0.74-0.94 0.86 0.68-1.02 0.88 0.77-0.97 0.96 0.87-1.05 

ωs d-1 0.03 0-0.06 0.04 0.01-0.08 0.04 0.01-0.08 0.04 0.01-0.08 

ωwb m/yr 12.8 9.8-16.0 38.0 28.5-49.3 12.9 10.2-15.7 37.4 28.2-48.1 

γag - 3.8 2.6-5.1 3.6 2.6-4.6 4.0 2.6-5.2 3.8 2.7-4.8 

γur - 1.4 0.7-2.4 1.6 0.9-2.5 1.3 0.7-2.1 1.6 0.9-2.5 

γund - 2.2 0.2-5.0 2.2 0.3-4.1 2.6 0.3-5.9 2.6 0.4-4.7 

γch - 2.0 0.2-4.2 2.2 0.4-4.2 2.4 0.3-5.3 2.7 0.5-5.1 

γh - 1.9 0.2-3.9 1.9 0.3-3.8 2.2 0.3-4.8 2.4 0.4-4.6 

γcw - 1.8 0.2-4.0 2.3 0.3-4.3 1.5 0-4.0 2.7 0.6-5.0 

γret - 0.07 0-0.17 0.13 0.02-0.25 0.07 0-0.17 0.12 0.02-0.24 

σε kg/yr 0.07 0.07-0.08 0.15 0.14-0.17 0.07 0.07-0.08 0.15 0.14-0.17 

σLMS kg/yr 1.4 0.8-2.3 1.9 0.9-4.1 1.3 0.8-2.1 1.4 0.8-2.5 
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