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Introduction
This literature review, from the Environmental Finance Center at the University of North Carolina 
at Chapel Hill (EFC), is part of a larger set of reports looking at ways for stakeholders to effectively 
manage nutrients in Jordan Lake. To learn more about this project, got to https://efc.sog.unc.edu/
project/unc-nutrient-management-study.


 This report examines the cost effectiveness of different nutrient removal practices and, stated 
simply, aims to answer this question: If there is one more dollar available for nutrient removal in the 
Jordan Lake watershed, where should it be invested to remove the greatest amount of nutrients and 
have the greatest positive impact on water quality?


Recommendations
The EFC found that the two most cost-effective strategies, illicit discharge control program and 
wastewater treatment plant (WWTP) upgrade, address point sources while the other strategies 
address non-point sources.  It is highly unlikely that regulated Jordan Lake entities will be able to 
meet future rule requirements without investing in a portfolio of nutrient reduction strategies as 
there are insufficient opportunities for nutrient reduction with any one strategy.


The values in this literature review represent what one may typically expect a nutrient removal 
strategy to cost on a per-pound basis. As described in the methodology details below, however, 
calculating these values involves estimations and any comparisons must be made with caution. This 
analysis is a summary of the choices available for nutrient removal as well as a rough comparison 
of the costs of each of those choices; it should not be used to select or rule out a technology or 
measure based solely on cost.  The best nutrient reduction strategy will be highly specific to the 
entity implementing the strategy and the location in which the strategy is applied.



https://efc.sog.unc.edu/project/unc-nutrient-management-study

https://efc.sog.unc.edu/project/unc-nutrient-management-study
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Nutrient Removal Strategies
The EFC reviewed the available scientific and practitioner literature about the cost-effectiveness of 
nutrient removal strategies. Studies containing information from North Carolina and the Southeast 
were prioritized, but other relevant studies were also incorporated to obtain as complete a 
picture as possible. The strategies looked at fell into two categories: physical strategies and policy 
strategies. Table 1 summarizes findings.  Strategies are listed in alphabetical order and by type:


As mentioned above, this report should not be used to select or rule out a technology or measure 
based solely on cost.  The best nutrient reduction strategy will be highly specific to the entity 
implementing the strategy and the location in which the strategy is applied.


Table 1: Costs per Pound and Reduction Efficiencies of Nutrient Removal Strategies
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Methodology
To obtain these values, the EFC conducted a literature review comparing 19 stormwater control 
measures, including best management practices (BMPs) and other construction projects, in 
addition to policies and programs cities and towns may enact. A total of 13 studies were evaluated 
(see list in references). If a study contained more than one value for a given measure, the research 
team averaged the values within that study under the assumption that all values within each 
study were derived using similar methodologies. (This helps reduce the effects of random errors.) 
Figure 1 and Figure 2 visualize findings for nitrogen and phosphorus, respectively, with each dot 
representing the average cost-effectiveness found by one study for one measure. 


The research team then looked for concordance across studies for each measure. These 
consistencies, which highlight clustering of values across studies, are circled within Figure 1 and 
Figure 2, and the values in Table 1 are averages of those within these circles. (Where two circles are 
shown, we found that the values were in approximately two groups, and wherever there are ranges 
in Table 1 reflects this.) These values represent the most prevalent cost effectiveness estimates 
by excluding outliers. The higher costs of outliers may be attributed to study methodologies 
that included land acquisition, design, and/or operations and maintenance costs in addition to 
capital installation costs (see Table 2 in the Appendix). In an ideal world, all these costs would be 
incorporated into each measure’s cost-effectiveness number, but not enough studies include all 
these costs.


In order to compare cost-effectiveness of strategies in this report, this report uses dollars/pound 
($/lb.)  figures wherever possible. The relative efficacy of physical stormwater control measures 
depends on the concentration of nutrients in the runoff entering the stormwater control measure 
(SCM). All else held constant, the SCM cost of nutrient removal ($/lb.) is lowest if the concentration 
of nutrients entering the SCM is highest. In short, the locations of SCMs matter. In studies that 
specified cost-effective estimates for A/B (soils with good drainage) and C/D soil types (soils with 
poor drainage), the research team used only the estimates for A/B soils, in order to be able to 
“compare apples to apples” as much as possible. 


The values captured here are what is seen in the literature about cost effectiveness. Actual 
cost-effectiveness on the ground will be highly dependent on the siting of a measure—situated 
upstream or downstream, intercepting high concentrations or low concentrations of nutrients, 
placed on good soil or poor soil, etc.
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Figure 1: Cost effectiveness of phosphorus removal, one value per study, with circles 
highlighting consistencies


Cost-Effectiveness of Phosphorus Removal BMPs and Programs


Each point on this chart represents the 
average cost-effectiveness based on a single 
study in our literature review.
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Figure 2: Cost effectiveness of Nitrogen removal, one value per study, with circles 
highlighting consistencies


Cost-Effectiveness of Nitrogen Removal BMPs and Programs


Each point on this chart represents the 
average cost-effectiveness based on a single 
study in our literature review.
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Co-benefits
Many of these strategies have very important co-benefits, such as improving air quality, providing 
habitat for animals, and providing recreation space for residents. Co-benefits are also commonly 
referred to as ancillary benefits. However, co-benefits such as these can be difficult to quantify, 
particularly when one is not evaluating the siting of a specific SCM in a specific location. The 
Community-enabled Lifecycle Analysis of Stormwater Infrastructure Costs (CLASIC) tool is one way 
to quantify these co-benefits on a project and location-specific basis. If several potential SCMs are 
being considered for a specific site and nutrient removal levels and costs are approximately equal, 
this tool could help incorporate the value of co-benefits into the decision-making process. The 
CLASIC tool is currently in beta testing and is expected to be released in late 2019 by the Water 
Research Foundation.1 


Strategy Costs and Efficiencies
The subsequent sections, Structures and Policies, include definitions of each of the stormwater 
control measures studied.  Numbers for average reductions and expected reduction ranges are 
intended to find consistencies among studies included in this literature review.  The EFC determined 
that outlier data points are not consistently due to components of cost included or not included 
such as design, capital/ installation, operations and management, and land.  


Structures2 


Bioretention


Bioretention basins are areas with designed soil filters and vegetation. Bioretention basins capture, 
store, treat, and infiltrate stormwater. They reduce the flow rate and volume of stormwater 
outflow. 


1. The Water Research Foundation. (2019). Rolling Out “Community-enabled Lifecycle Analysis of Stormwater 
Infrastructure Costs” (CLASIC) Tool. Webinar.
2. The main source for all structure descriptions is: 
DEQ Stormwater Design Manual, https://deq.nc.gov/about/divisions/energy-mineral-land-resources/
energy-mineral-land-permit-guidance/stormwater-bmp-manual



https://deq.nc.gov/about/divisions/energy-mineral-land-resources/energy-mineral-land-permit-guidance/stormwater-bmp-manual 

https://deq.nc.gov/about/divisions/energy-mineral-land-resources/energy-mineral-land-permit-guidance/stormwater-bmp-manual 
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Dry Pond


Dry ponds are detention ponds designed to control stormwater flow rates and volumes using 
outlet controls. Stormwater treatment is achieved through sedimentation. Dry ponds only contain 
water following storm events.


Infiltration Systems


Infiltration systems are designed to capture, store, and infiltrate stormwater. These systems may 
be on-grade or subsurface.


Level Spreader—Vegetative Filter Strip


A level spreader-filter strip is a concrete structure designed to disperse stormwater outflow over 
a grassed strip of land, designed to slow the velocity of, filter, and infiltrate the stormwater.


Permeable Pavement


Permeable (porous) pavement is pavement which has voids to allow stormwater infiltration. The 
pavement sits on a designed aggregate bed which filters the stormwater. Permeable pavement 
may be pavement with entrained voids or a paver system with unsealed connections between 
pavers. 
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Proprietary Structures


Proprietary structures are water quality units which are installed as part of a stormwater 
management system and designed to remove suspended solids and nutrients from stormwater. 
Proprietary structures may be used in sites with limited space. 


Sand Filters


Sand filters are designed to capture and filter stormwater through a sand bed. They may or may 
not infiltrate the stormwater and may be on-grade or subsurface. 


Stormwater Wetlands


Stormwater wetlands are constructed wetlands designed for stormwater treatment (in particular, 
flow rate and volume management). Vegetation is designed and installed to mimic natural 
vegetation in the area.


Treatment Swales


Treatment swales are vegetated, open channels which filter and infiltrate stormwater in addition 
to slowing the flow rate. Check dams may be included to further slow stormwater and increase 
infiltration. Treatment swales have average removal efficiencies of 44% for phosphorous removal 
and 38% for nitrogen.
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Riparian Buffer


Riparian buffers are required, 50-foot vegetated buffers surrounding certain qualifying wetlands, 
including streams, lakes, reservoirs, and ponds. Riparian buffers slow the stormwater flow rate, as 
well as promote filtration and infiltration. 


Stream Restoration


Stream restoration is the process of improving the environmental health of a stream or river in 
order to increase its biodiversity and protect its ecosystem. 


Wastewater Treatment Plant Upgrades


Wastewater treatment plants (WWTPs) may retrofit or add to their existing primary treatment 
systems to increase their nutrient removal efficacies. Secondary treatment may include biological 
nutrient removal systems including trickling filters and activate sludge.3


Wet Pond


A wet pond reduces peak runoff flow by capturing runoff from a storm and then releasing it slowly 
over time. Wet ponds remove suspended solids by allowing them to settle while the runoff is held 
in the pond. Suspended solids are also diluted because wet ponds always have water in them.


3. Summers, Robert. Wastewater treatment, regulation and financing in Maryland. 
Maryland Department of the Environment. Retrieved from: http://www.umces.edu/
sites/default/files/Summers_MarylandDepartmentEnvironment_0.pdf



http://www.umces.edu/sites/default/files/Summers_MarylandDepartmentEnvironment_0.pdf

http://www.umces.edu/sites/default/files/Summers_MarylandDepartmentEnvironment_0.pdf
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Policies/Programs


Pavement Removal/Disconnected Impervious Surfaces


Pavement removal reduces the area of impervious surfaces, decreasing the flow rate of stormwater 
and allowing for infiltration in the new pervious surfaces. Disconnected impervious surfaces are 
impervious surfaces whose runoff is directed to pervious surfaces to achieve flow rate attenuation 
and infiltration. 


Illicit Discharge Control Programs


Illicit discharge control programs eliminate unpermitted discharges to watersheds. 


Land Conversion


Land conversion is the process by which the vegetative cover of land (including agricultural land) 
is changed to increase the nutrient retention. 


New Development Stormwater Nutrient Management Requirements


Nutrient management programs are those which may limit the flow rate, volume, or nutrient 
concentration of stormwater runoff leaving a site. 
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Street Sweeping


Street sweeping can remove leaves and other debris, both organic and inorganic, which can be 
conveyed to catch basins and contribute to nutrient concentrations. 


Urban Forestation


Urban forestation is the creation of wooded areas within urban bounds. It captures stormwater, 
slows flow rates, and reduces outflow volumes. Treatment is achieved through filtration and 
infiltration. 


Land Conservation Note


Land conservation is different from many of the stormwater control measures discussed 
above. Where BMPs and nutrient management policies reduce the concentration of nutrients in 
stormwater, land conservation prevents the increase of nutrient concentrations in stormwater. It 
is therefore not included in graphical comparisons to other stormwater control measures. 


However, Chapter 5 (Point and Nonpoint Source Reductions) of Minnesota’s Nutrient Reduction 
Strategy estimates that conservation easements and land retirement have a nitrogen reduction 
efficiency of 83% and phosphorus reduction efficiency of 56%, and that such programs have a cost 
of $6-$110 per acre per year.4


4. Minnesota Pollution Control Agency. The Minnesota Nutrient Reduction Strategy. Chapter 5: Point and 
Nonpoint Source Reductions. Retrieved from https://www.leg.state.mn.us/docs/2014/other/140284.pdf



https://www.leg.state.mn.us/docs/2014/other/140284.pdf
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Appendix
Table 2: Data Points in This Literature Review with Components of Cost Estimates and Sources 
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UNC Nutrient Management Study - In Situ Observational Study of Jordan Lake 
Final Report: 7/1/2017 – 6/30/2019 


 


Hans Paerl, Nathan Hall,  


UNC-CH Institute of Marine Sciences 


8/8/2019 


Background and Objectives 


Jordan Lake receives water input from the Haw River, Upper New Hope and Lower New Hope 
watersheds. Associated with these water inputs are nutrients, sediments and, in some cases, 
significant debris. The Haw River watershed is mixed agricultural, rural and urban while the Upper 
and Lower New Hope watersheds are principally urban.   The primary outflow from the lake occurs 
over the Jordan Lake Dam and comprises the starting point of the Cape Fear River.  The Haw 
River drains the Haw River watershed and discharges into the southern, Haw River arm of Jordan 
Lake approximately 5 miles upstream of the Jordan Lake Dam.  The Haw River provides 70 – 90 
percent of the annual flow into the lake.  The Upper and Lower New Hope watersheds drain into 
the New Hope Creek arm of Jordan Lake which extends approximately 17 miles upstream from 
the Dam.  The Haw River arm and the New Hope Creek arm are naturally separated by a narrow 
channel referred to as the “s-bends” or “narrows”.  The New Hope Creek arm is further subdivided 
by two causeways with relatively narrow bridge openings, one where NC Highway 64 crosses the 
lake and the other where Farrington Road crosses the lake. 


Jordan Lake has been a highly productive reservoir since its creation, and the upper New Hope 
arm of the lake above the Highway 64 causeway consistently violates NC standards for chlorophyll 
a (>40 µg L-1). High phytoplankton biomass levels threaten the quality of lake water for use by the 
Town of Cary, and may also negatively impact aquatic life (e.g. due to hypoxia, poor water clarity 
etc.).  


As part of the UNC Nutrient Management Study, we initiated a multi-part observational and 
experimental program in January, 2017 to help clarify the impacts of watershed input on key 
processes controlling water quality in Jordan Lake and to help inform management actions 
designed to improve water quality in the lake. This observational and experimental program was 
continued during project year 2 (July 2017 to June 2018) with three specific objectives  


1.) to identify water circulation and exchanges in the lake, in particular, the extent to which 
the large volume of nutrient and sediment laden Haw River water affects water quality of 
the New Hope Creek arm of the lake; 


2.) to better quantify the response of important water quality parameters in the lake to a range 
of forcing conditions (variations in flow, seasonal variations of temperature and light, etc) 
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via high frequency (e.g., hourly) in situ observations to complement the less frequent (e.g., 
monthly) sampling done by the NC Division of Environmental Quality; and 


3.) to better quantify phytoplankton dynamics, including effects of nutrient and light limitation 
on the production of high phytoplankton biomass levels that are causing the lake to be out 
of compliance with state water quality standards. 


 


The Paerl laboratory focused on objective number three and utilized a series of bioassay 
experiments, field measurements, and laboratory analysis on Jordan Lake water to: 


• determine the limiting nutrient/s (N, P, or N and P) for phytoplankton growth  
• determine the level of nutrient reductions necessary for reducing algal biomass in the lake 
• determine the significance of light limitation in constraining algal growth by directly 


measuring the photosynthesis versus irradiance relationship  
provide laboratory and field measurements in support of future water quality modeling 
work  


Methods: 


A total of seven nutrient addition/ nutrient dilution bioassay experiments have been conducted 
during project years 1 and 2. Six of the seven experiments were conducted on water collected 
near NCDEQ station CPF086F on the upper New Hope R. arm. In May 2018, an experiment was 
conducted on water from station CPF055C on the Haw R. arm of the lake.  


Water for the bioassays was collected using a diaphragm pump into ten - 20L polyethylene 
carboys.  The carboys were quickly transferred to a darkened truck bed and transported to UNC-
IMS.  Upon arrival (approximately 14:30) the carboys were placed in the outdoor incubation 
ponds to maintain ambient temperature and light conditions.  The following morning water from 
the carboys was homogenized in a 300L fiberglass tub prior to dispersing into 4L Cubitainers ® 
and performing experimental nutrient addition and dilution treatments. 


Nutrient additions consisted of a full factorial design of N and P additions, including a control 
with no nutrients added, an N treatment (0.63 mg L-1 N-NO3


-  plus 0.07 mg L-1 N-NH4
+), a P 


treatment (0.155 mg L-1 P-PO4
-3) and a N plus P treatment (0.63 mg L-1 N-NO3


- plus 0.07 mg L-1 
N-NH4


+ plus 0.155 mg L-1 P-PO4
-3).  For the first six experiments, addition treatments were 


made to whole lake water as well as to lake water diluted by 10, 30, and 50 percent with a major 
ion solution that contained all the major salts of Jordan Lake water less N and P. The last 
experiment in April 2019 contained no dilution treatments.  


Total phytoplankton biomass and biomass of the dominant phytoplankton classes, and nutrient 
concentrations were measured on days 0, 1, 3, and 6.  Total phytoplankton biomass was 
fluorometrically measured as chlorophyll a was measured (Peierls et al. 2012), and class-specific 
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accessory pigments were measured by high pressure liquid chromatography (HPLC) (Pinckney 
et al. 1998). Nutrient concentrations (nitrate+nitrite, ammonium, total dissolved nitrogen, 
phosphate, silicate, total P, and total N) were measured colorimetrically (Peierls et al. 2012). 
During the last three bioassay experiments, rates of nitrogen fixation were measured via 
acetylene reduction according to Piehler et al. (2002) and assuming an acetylene to N2 reduction 
ratio of 4:1.  


Phytoplankton growth in the nutrient addition and dilution bioassays was tracked by 
measurements of chlorophyll a (Chl a) and accessory photopigments on day 0, day 1, day 3, and 
day 6 of the experiment. Chlorophyll a (Chl a), representing total phytoplankton biomass was 
measured fluorometrically (Peierls et al. 2012), and accessory photopigment data representative 
of the dominant phytoplankton classes were measured by HPLC.  Phytoplankton growth rates (µ 
in units d-1) at each time point during the experiment were calculated as:  


Equation 1.    µ=ln(Ct/C0)/t  


where ln is the natural logarithm, t is the length of time elapsed since the beginning of the 
experiment, Ct is the Chl a concentration at time t, and C0 is the initial Chl a concentration.  
Using growth rates rather than biomass allows determination of the phytoplankton growth 
response that is not impacted by the reduction of biomass in the dilution treatments.  Growth 
expressed in this manner is also consistent with the phytoplankton growth rates in many 


eutrophication models and therefore will facilitate 
incorporation of experimental results into such models.  At 
each time point in the experiment, the effects of treatments 
on phytoplankton growth rates were analyzed using a three 
way ANOVA with dilution treated as a continuous variable 
and the addition or omission of N or P treated as categorical 
variables. 


Water samples collected for each bioassay and water 
collected opportunistically by Dr. Richard Luettich’s lab 
(UNC-CH IMS ) during excursions to maintain AVP and 
ADCP equipment were used to measure the relationship 
between light availability and phytoplankton 
photosynthesis.  Immediately upon delivery of lake water to 
UNC-CH IMS (~ 4.5 hours after collection), aliquots of 
water were dispensed into 20 mL borosilicate glass 
incubation vials.  Photosynthesis was measured by 14CO2 
incorporation at 42 different light levels that span the range 
of light levels known to limit phytoplankton photosynthesis. 
The light gradient was produced using two photosynthetrons 
(Lewis and Smith 1987) which consist of a white light 


Figure 1. Photosynthetron set up for 
measuring the light vs. 
photosynthesis relationship. Note 
light increases from left to right 
within rows and also varies within 
columns. 
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source, and a range of light reducing filters to produce 21 light levels per photosynthetron, and 
an aluminum heat sink that surrounds each vial to control temperature (Figure 1).  Light delivery 
to water samples within each vial was measured using a Biospherical Instruments Model QSL-
100 irradiance meter with a QSL-101 4 π sensor. Water was circulated through the heat sink to a 
temperature-controlled water bath to maintain the water temperature present at the time of 
collection (8-31 °C).  Samples were incubated in the photosynthetron for 1 hour and 
photosynthesis was determined by the amount of 14CO2 incorporated according to standard 
methods. Photosynthesis was normalized by Chl a to express observed productivity in units of 
carbon produced per unit of phytoplankton biomass.  Photosynthesis and light measurements 
were fit to a hyperbolic tangeant model (Equation 2) developed by Jassby and Platt (1976)  


Pb = Pb
max tanh(αI/ Pb


max)    Eq. 2 


where Pb is the biomass normalized photosynthetic rate, Pb
max is the light-saturated 


photosynthetic rate, α is the initial light limited slope, and I is photosynthetically active radiation 
(PAR) in units µmol photons m-2 s-1. 


On 15 May 2019, an experiment was conducted to test the influence of nitrogen limitation on the 
relationship bewteen photosynthesis and irradiance. A surface water sample from Farrington was 
sampled at ~12:00 EST on 15 May 2019 and returned to IMS at ~16:30 EST. The sample was 
split into two 1 L cubitainers that are 80% transparent to PAR. To one cubitainer, ammonium 
and nitrate were added to a final concentration of 20 µmol/L each, for a total of 40 mmol 
dissolved inorganic nitrogen addition. The other cubitainer served as a control. The cubitainers 
were then placed in the IMS pond under three layers of neutral density screening and were 
retrieved at 12:00 EST the next day (16 May 2019) to measure the relationship between 
photosynthesis and irradiance. Subsamples from each treatment were incubated simultaneously 
using one photosynthetron (21 light levels) for each treatment. Bootstrapping with replacement 


was used to generate 95% confidence intervals 
around the Pb


max and α values and non-
overlapping confidence intervals indicate a 
low likelihood that observed differences were 
by chance.   


Depth profiles of important water quality 
parameters were collected at the time and 
location of the bioassay water samples and 
during servicing of the in situ moorings.  In 
each case, temperature, conductivity, pH, 
dissolved oxygen, in vivo fluorescence, and 
PAR were measured at 0.5 m depth intervals.  
Discrete water samples were also collected at 
1 m depth intervals during the bioassay 


Figure 2. Graphical description of an empirical model 
formulation of the relationship between 
photosynthetically active radiation and biomass 
normalized photosynthetic rate. 
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sampling and at surface, mid-depth and near bottom during the servicing trips.  Upon return to 
IMS, these were analyzed in the laboratory for dissolved nutrients and chlorophyll a. 


Nutrient budgets: Daily average loads of total N and total P for the major tributaries to Jordan 
Lake and the Haw River outflow were calculated using the weighted regressions on time, 
discharge, and season (WRTDS) model (Hirsch et al. 2010) on USGS gaged discharge and 
monthly concentration data collected by NC DEQ’s Ambient Monitoring System. Table 1. gives 
site information for gages and DEQ’s monitoring program sites. For each station, the full record 
of flow and nutrient data of at least 15 years of data were used to fit the WRTDS model but only 
the period 2011 – 2016 was used to construct the nutrient budget. Daily data from this period 
were averaged to generate daily load estimates of N and P into and out of Jordan Lake. Loads 
from ungaged tributaries (~15% of watershed area) were calculated by assuming that flow and 
nutrient loading per watershed area were identical to the Morgan Creek watershed (TetraTech 
2002). Atmospheric deposition of N was estimated based on 2016 annual averages of nitrate and 
ammonium from National Atmospheric Deposition Program site NC41. Atmospheric P 
deposition was not measured but was assumed negligible. The nutrient budgets were used to 
calculate total maximum daily loads of N and P to establish acceptable water quality conditions 
according to (Havens and Schelske 2001), and described in detail with the results below. 


 


Table 1. List of water quality, flow gage, and atmospheric deposition stations used in constructing a 
nutrient mass balance for Jordan Lake for the period 2011-2016. 
Water Body Parameter Type Station ID Site Description Latitude Longitude 
Lake Water quality CPF086C Morgan Cr. 35.82 -79.00 
 Water quality CPF086F above Farrington Rd. 35.79 -79.01 
 Water quality CPF081A1C New Hope Cr. 35.82 -78.99 
 Water quality CPF087B below Farrington Rd. 35.79 -79.02 
 Water quality CPF087D above HWY 64  35.74 -79.02 
 Water quality CPF0880A above narrows 35.71 -79.03 
 Water quality CPF055C Haw R. arm  35.69 -79.08 
 Water quality CPF055D Haw R. arm 35.67 -79.08 
 Water quality CPF055E near dam  35.66 -79.07 
Tributaries Water quality B405 Haw River outflow 35.65 -79.07 
 Water quality B210 Haw River inflow  35.77 -79.14 
 Water quality B367 B367 Northeast Cr. 35.86 -78.94 
 Water quality B304 B304 New Hope Cr. 35.88 -78.97 
 Water quality B390 B390 Morgan Cr. 35.86 -79.01 
 Gaged flow USGS 2098197 Haw River outflow 35.65 -79.07 
 Gaged flow USGS 2096960 Haw River inflow  35.77 -79.14 
 Gaged flow USGS 2097314 New Hope Cr. 35.88 -78.97 
Atmospheric N deposition NADP NC41 Finley Farm 35.73 -78.68 
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Results: 
Nutrient limitation: The initial growth rate response from the first to the second day of the 
experiments is likely most representative of the in situ nutrient limitation status of the 
phytoplankton community in Jordan Lake (Figure 3). 


 


Figure 3. Figure 3. Initial phytoplankton growth responses from day one to day two of seven bioassay 
experiments with nutrient addition and dilution treatments in seven bioassays. C = control. N = N 
addition, P = P addition, N + P = both N and P addition. Figure columns represent the different dilution 
levels from whole water (0%) to 50% dilution with a major ion solution. Bars and error bars are means 
and standard deviations of triplicate values for each treatment. Pie graphs to the right indicate the 
composition of the N pool at the beginning of each experiment. 
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The initial growth response of five of the seven nutrient addition bioassays clearly indicated that 
N was the primary nutrient limiting phytoplankton growth during the spring through fall in 
Jordan Lake. In the absence of N addition, growth was negative during five of the seven 
experiments. Addition of nitrogen prevented biomass loss but did not allow biomass to increase 
without also adding P, indicating that N and P were close to “co-limiting”. With the exception of 
the May 2018 and April 2019 experiments, in treatments with only P additions, biomass declined 
at a similar rate to the controls that received no nutrient additions. During the May 2018 and 
April 2019 experiments, nutrients were replete and phytoplankton growth was strong in all 
treatments including the controls. 


In five of the six experiments that included nutrient dilutions, diluting the nutrient pools had 
either no significant effect or even a stimulatory effect on phytoplankton growth. The lack of a 
significant negative response to nutrient dilution during the 2017 experiments was likely because 
at the time and location in the lake during those experiments the vast majority of nutrients were 
contained within the phytoplankton or as recalcitrant dissolved organic forms rather than in 
bioavailable dissolved forms within the water. Nutrient concentrations measured at the beginning 
of the 2017 experiments confirmed that dissolved inorganic nitrogen (DIN) levels were low 
(~0.1 mg/L) and phosphate concentrations were below the limits of detection.  Nearly all (97-99 
%) nitrogen was either in the particulate pool, likely as phytoplankton, or in the dissolved 
organic N pool with only 1-3% of nitrogen as bioavailable dissolved inorganic nitrogen. Such 
low inorganic nutrient but high phytoplankton biomass conditions are typical of long residence 
time water bodies with high nutrient loads such as the upper New Hope River arm of Jordan 
Lake (Swaney et al. 2008).  


The primary source of nutrients sustaining phytoplankton growth was likely remineralization of 
phytoplankton derived organic matter, which can maintain constant biomass levels over time, but 
cannot lead to an increase in biomass without a corresponding decrease in cell quota (Sunda and 
Shertzer 2012). Despite very low initial phosphate concentrations, it appeared that the supply of 
recycled N exerted a primary control on phytoplankton growth. The ability to maintain high 
growth under low phosphate conditions results from the ability of phytoplankton to strongly 
modulate their internal stores of P in response to decreases in availability (Flynn 2010), and due 
to the relatively faster rates of cycling of P compared to N (Clark et al. 1998; Monteiro and 
Follows 2012). In several of the experiments but particularly noticeable in October 2017, 
dilutions actually increased phytoplankton growth rates. This is likely because diluting out the 
nutrient pools also dilutes out the grazer populations and releases grazing pressure proportionally 
to the dilution factor (Landry and Hasset 1982). In the April 2017 and August 2018, N additions 
alone do not produce a positive growth response without additionally adding P. This indicates 
that the phytoplankton growth requirements for N and P were very close to being balanced (i.e., 
N and P co-limitation), and that by adding N, the phytoplankton were forced to P limitation. This 
is consistent with the strong positive growth achieved in the N plus P treatments and is common 
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when the biomass of a phytoplankton community is fueled by nutrient cycling mediated by 
grazing (Flynn 2010).  


In contrast, during the May 2018 and April 2019 experiments appreciable fractions, ~50 and 
20%, of the N pool were in the form of bioavailable, dissolved inorganic N (Figure 3). These 
nutrient conditions are typical during periods of high spring runoff as occurred prior to both 
experiments. Growth rates were strongly positive regardless of whether or not nutrients were 
added, and it was the only experiment where growth was negatively impacted by diluting the 
ambient nutrient pool.  Diluting the ambient nutrients by 50% resulted in an approximate 40% 
decrease in growth within the control treatments where no nutrients were added. Nutrient 
limitation imposed by the 50 % dilution was partially alleviated by N addition which indicates 
again that N was the primary growth-limiting nutrient.  


Although N was the 
primary nutrient 
limiting in situ 
growth, after a period 
of six days, P 
additions did increase 
the phytoplankton 
growth rate in the July 
2017 and August 
2018 experiments 
(Figure 4). Even in an 
N limited 
phytoplankton 
community, 
stimulation by P alone 
can occur when P 
additions stimulate 
the growth of 
cyanobacteria that are 
capable of using 
atmospheric nitrogen 
via the process of N2-


fixation. Although N2-
fixation was not 
measured during the 
July 2017 experiment, 
microscopic 


Figure 4. Evidence for stimulation of nitrogen fixing cyanobacteria by experimental 
P additions during the July 2017 and August 2018 nutrient addition bioassay 
experiments. Bars and error bars represent means and standard deviations of 
triplicates. 







9 
 


examination of samples from the experiment did indicate that P addition had stimulated N-fixing, 
cyanobacteria having obvious heterocysts (specialized non-photosynthetic cells for N2-fixation).  


N fixation was directly measured during the August 2018, October 2018, and April 20109 
bioassay experiments and confirmed that additions of P stimulated N fixation (Figure 5). 


Surprisingly, N fixation was stimulated regardless 


of whether P was added in concert with N. The N 
fixation rates measured during the August 2018 P 


addition were more than an order of magnitude higher than the highest rates observed during the 
October 2018 and April 2019 experiments. Based on a typical chlorophyll a to N ratio for 
phytoplankton of 1000 nmol N per µg chlorophyll a (Li et al. 2010) the measured rate of ~400 
nmol/L/h multiplied by a 14 h light period could produce enough bioavailable N to sustain 


Figure 5. Nitrogen fixation rates measured 
during nutrient addition bioassays in August 
2018, October 2018, and April 2019 from 
water collected at Farrington. Symbols and 
error bars represent means and standard 
deviations of triplicates. C = control, N = N 
addition, P = P addition, and N + P = both N 
and P addition.  


Figure 6. Nitrogen fixation rates measured on 
unmanipulated water collected from four sites 
in Jordan Lake. Bars and error bars represent 
means and standard deviations of triplicates. 
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growth of ~ 6 µg/L chlorophyll a per day. Therefore, the measured rate of N fixation can more 
than explain the ~8 µg/L growth of chlorophyll a in the P treatment during the last three days of 
the experiment.  


N fixation measurements were additionally made on three dates from unmanipulated water 
samples collected opportunistically by Dr. Luettich’s laboratory at the four temperature profile/ 
ADCP sites. On 16 Aug 2018, the highest N fixation measurement on a natural, unmanipulated 
sample (~ 20 nmol N/l/h) was observed at the Farrington bridge site (Figure 6). N fixation during 
at other stations and dates was less than 5 nmol N/l/h. Given the aforementioned typical N to 
chlorophyll ratio in phytoplankton, the measured rate of ~20 nmol/L/h extrapolated to a daily 
rate with a 14 h light period could only sustain the production of 0.28 µg/L chlorophyll a per 
day, or about 1 % of the typical chlorophyll a stock.  


Species level phytoplankton community composition data collected by NCDEQ over the past 
eight years indicate that N fixing cyanobacteria is usually less than ten percent of total 
phytoplankton biomass (Figure 7). However, during summer N fixing cyanobacteria can 
episodically constitute half or more of the phytoplankton biomass at locations throughout the 
lake. Given the episodicity of peaks in N fixing biomass, we caution that our three ambient 
measurements cannot adequately constrain the importance of N fixation to the N budget, 
phytoplankton production, and phytoplankton community composition of Jordan Lake. 


Establishing nutrient reduction targets using a simple mass balance approach:  


Inputs of total N and total P from tributaries and due to atmospheric deposition are presented in 
Table 2. The Haw River comprises about 90% of the flow to Jordan Lake but only about two 
thirds of the nutrient loading due to the higher nutrient concentrations of the smaller tributaries 


Figure 7. Time series of total phytoplankton and N-fixing cyanobacteria biomass as biovolume at four 
stations in Jordan Lake from 2011-2018. 
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of the New Hope arm. Water inflow estimates over the six year period were ~6% less than gaged 
outflow, and about a third of the difference can be explained by the ~15 million gallon per day 
withdrawal by the Town of Cary. Atmospheric deposition contributed only about 2% of the TN 
load. Total N and P loads to the lake (Min) totaled 6682 kg N/d and 741 kg P/d. Losses due to the 
Haw River outflow were calculated based on gaged outflows multiplied by lake-wide average 
nutrient concentrations and (Mout) totaled 4821 kg N/d and 189 kg P/d. The much higher fraction 
of retained P (74%) compared to retained N (28%) is typical of reservoirs due to the high 
fraction of sediment bound P loaded to the reservoir and to the highly particle reactive nature of 
soluble P forms (e.g. o-phosphate) within the lake.  The difference between loads in and losses 
due to outflow defines the net sedimentation term (Msed) according to equation 3, and equaled 
1861 kg N/d and 552 kg P/d.  


Net sedimentation 
encompasses all processes that 
lead to removal of N and P 
from the water column 
including sedimentation of 
particulate forms, but also 
transfer to higher trophic 
levels, and for N removal as 
gaseous forms via 
denitrification. The net 
sedimentation is assumed 
proportional to the average 
nutrient concentration in the 
lake (Clake) scaled by lake 
surface area (A) and a net 


sedimentation velocity (Knet) (Equation 4). Lake area and sedimentation velocity are assumed 
constant so that only changes in the average lake nutrient concentration drive changes in net 
sedimentation. If flow into the lake is assumed equal to flow out, then substituting Q x C 
(Equations 5 and 6) for loads in and out and C


lake
× A × K


net
 for Msed in Equation 3 and 


rearranging yields Equation 8. Thus, the change in nutrient concentration in the lake is 
proportional to the average incoming nutrient concentration scaled by a term (Q/(Q+AKnet)) that 
represents the relative importance of losses due to river flow versus net sedimentation. When 
sedimentation is small, the concentration in the lake responds strongly to changes in external 
loads, but as the relative importance of sedimentation increases, increasingly large changes in 
external loading are required to effect a change in lake-wide average nutrient concentrations. If a 
target lake-wide average nutrient concentration can be determined, then Equation 8 can be used 
to determine the external loading (Min) necessary to achieve that concentration.  


Table 2. Components of the nutrient mass balance for N and P 
over the period 2011-2016.  
Tributary Total N Total P  
Haw R. load 4505 (kg/d) 559 (kg/d) 
Morgan Cr. load 191 (kg/d) 16 (kg/d) 
Northeast Cr. load 153 (kg/d) 18 (kg/d) 
New Hope Cr. load 304 (kg/d) 43 (kg/d) 
Other creeks load 1297 (kg/d) 105 (kg/d) 
Atmospheric load 145 (kg/d) 0 (kg/d) 
Total Load In (Min) 6682 (kg/d) 741 (kg/d) 
   
Haw R. Load Out (Mout) 4821 (kg/d) 189 (kg/d) 
Net Sedimentation (Msed) 1861 (kg/d) 552 (kg/d) 
Lake Area (A)  53 x106 (m2) 53 x106 (m2) 


Lake-wide Average 
Concentration 


1.03 (mg/L) 0.064 (mg/L) 


Sedimentation Rate 0.03 (m/d) 0.16 (m/d)  
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Target nutrient concentrations were 
determined based on the relationships between 
TN and TP with chlorophyll a measured at 
stations throughout the lake by NC DEQ’s 
Ambient Monitoring Program. The current 
water quality standard for NC surface waters 
states that the concentration of chlorophyll a 
should not exceed 40 µg/L in greater than 10% 
of collected samples. Based upon this standard 
and the allowed 10% exceedance, quantile 
regressions for the 90th quantile of chlorophyll 
a were used to determine the average in lake 
total N and total P concentrations that will 
maintain the 90th quantile of chlorophyll a 
below 40 µg/L (Figure 8). For TN and TP, the 


target concentrations identified were 0.78 mg N/L and 0.04 mg P/L. To reach these targets, the 
average inflowing TN concentration would need to be reduced by 24% from 1.71 mg/L to 1.30 
mg/L. Average inflowing TP concentration would need to be reduced by 33% from 0.19 to 0.13 
mg/L. These results are similar to conclusions drawn from the nutrient dilution bioassays that 
indicated reductions of 30-50% would be needed to significantly reduce phytoplankton biomass 
levels.   


This implementation of the mass balance approach assumed that the concentration at the outfall 
was equal to the average lake-wide nutrient concentration (Equation 4; Havens and Schelske 
2001). In reality, significant gradients occur within the lake due to the spatial distribution of 
sources and the sedimentation processes that occur as water is transported toward the dam. As a 
result, TN is about 30% higher and TP is 10% lower in the outflowing Haw River than the lake-
wide average. Nutrient reductions calculated using measured Haw River outfall loads (Equation 
6) instead of the lake-wide average concentration increased the TN reduction necessary to meet 
the chlorophyll a standard to 41% but decreased the necessary TP reduction to 28% of the 
current load.  


A second critical assumption is the constancy of the sedimentation velocity. As nutrient inputs 
change the structure of the ecosystem including ratios of dissolved and particulate fractions, 
buoyancy of dominant phytoplankton groups, and ratios of benthic to water column production 
can all change with impacts on the net sedimentation velocity (Havens and Schelske 2001). 
Fortunately, in the long term, oligotrophication resulting from nutrient reductions should lead to 
increases in the net sedimentation velocity, and therefore, help maintain acceptable water quality 
conditions once they are established (Jeppesen et al. 2005; Havens and Schelske 2001). 
However, internal loading from legacy nutrients deposited in the sediments may delay water 
quality improvement for years to decades following load reductions (Jeppesen et al. 2005).  
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Overall, the bioassay experiments indicated that N was the primary limiting nutrient with 
secondary co-limitation by P, a condition observed in numerous eutrophic freshwater lakes and 
reservoirs (Elser et al. 2007; Paerl et al., 2016). Although N is the primary limiting nutrient, four 
of the seven experiments indicated that increasing the availability of P could stimulate 
cyanobacterial N fixation and partially compensate for N deficits. Although this process has been 
shown to occur when P is added, it is currently unclear to what extent external reductions in N 
loading might be compensated for by N fixation (Paerl et al. 2016). Both N and P should be 
considered when developing nutrient reduction strategies to reduce phytoplankton biomass of 
Jordan Lake. The May 2018 nutrient dilution experiment and nutrient mass balance approach 
indicated that reductions of N and P in the range 25-40% will likely be required to control 
phytoplankton growth.  


Light limitation: For all twelve 
photosynthesis versus irradiance assays, 
photosynthesis normalized to Chl a (Pb) 
increased rapidly with PAR up to 20-80 µmol 
photons/ m2/s and began to saturate at higher 
values as Pb


max was reached (Figure 9). Pb
max 


is proportional to the maximum 
phytoplankton specific growth rate which can 
be readily calculated by division by the 
carbon to Chl a ratio (Cloern et al. 1995). 
Pb


max ranged by more than an order of 
magnitude from 0.42 to 4.95 g C/ g chl a/ h 
(Table 3) and averaged 2.9 g C/ g chl a/ h, 
typical values for natural, temperate-climate 
phytoplankton assemblages (Gallegos 2012). 
Pb


max displayed a seasonal cycle (Figure 10) 
with a maximum in the late spring to summer 
and minimum in the late fall and winter. The 
seasonal cycle and strong correlation of Pb


max 
with temperature (Figure 11) are typical for 
natural phytoplankton assemblages and are 
driven by the temperature dependence of 
enzymatic reaction rates (Figure 11) 
(Gallegos 2012). The slope of the light 
limited portion of the curve (α) varied from 
0.05 to 0.11 and averaged 0.079 g C/ g chl 


a/ h/(µmol photons m2/s/). These α values are on the high end of the expected range for natural 
phytoplankton samples (Boyer et al. 1993; Lewis et al. 1995) and indicate that Jordan Lake 
phytoplankton are highly efficient at utilizing the low levels of light present in its turbid, 


Figure 8. Quantile regressions of chlorophyll a on 
total N and total P from NC DEQ's Ambient 
Monitoring System data from 2011-2016. Red lines 
indicate the TN or TP concentration that corresponds 
to when the 90th percentile of chlorophyll a equals 
the state standard of 40 µg/L.  
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phytoplankton rich waters. 


 
Figure 9.. Results from twelve experimental measurements of phytoplankton photosynthetic rate versus 
light intensity. Data for 16 May 2019 are pooled data from the N addition and control treatments of the 
N addition experiment. 


The value of Pb
max divided by α, commonly called Ik , provides the irradiance at which 


photosynthesis is nearly saturated. Ik ranged from 20 to 82 µmol photons/m2/s and averaged 39 
µmol photons/m2/s (Table 3). As a daily average, incident irradiance is generally between about 
500 µmol photons/m2/s during the summer to 200 µmol photons/m2/s during the winter (Figure 
12). Based on the wealth of temperature profiles and light attenuation data collected at the four 
thermistor chain stations, significant temperature gradients often occur in the upper 2- 3 m of the 
water column (Figure 13) and the  PAR extinction coefficient at different areas in the lake ranges 
from -1.5 to -2/m (see Figure 22 of report by Luettich, Whipple, Seim, and Gilchrest). The 
average light level of the upper mixed layer can be calculated according to equation 9  


 
Iavg = I0(1-exp(-k*Zuml))/(k*Zuml)     Equation 9 
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where Iavg is the average light level within the upper mixed layer of depth (Zuml) based on the 
incident irradiance (I0) and light extinction coefficient (k). Approximating the depth of the upper 
mixed layer as 2.5 m, and the extinction coefficient as -1.75/m, equation 9 gives a daily average 


upper mixed layer average that ranges 
from about ~45 µmol photons/m2/s in 
the winter to ~110 µmol photons/m2/s 
in the summer. These average upper 
mixed layer irradiance values are higher 
than Ik and indicate that despite strong 
light limitation, phytoplankton in the 
upper mixed layer should be capable of 
photosynthesizing at near maximum 
rates.   


What selective forces would 
generate a phytoplankton community 
that is adapted to significantly less 
light than they routinely experience? 


The answer may be two-
fold. First, nutrient 
loading events are also 
accompanied by high 
sediment loads and the 
resulting turbidity can 
greatly increase light 
attenuation (see Figure 
16 of report by Luettich, 
Whipple, Seim, and 
Gilchrest). 
Phytoplankton capable 
of growth under very 
low light levels would 
have a significant 
growth advantage 
allowing them to 
exploit these new 
inputs and out compete less shade adapted taxa. Secondly, while the shallow upper mixed layer 
is well lit, the lower layer is only very dimly lit. The ability to maintain modest photosynthetic 
rates below the thermocline provides a mechanism for survival until cells are re-entrained into 
the upper mixed layer (Richardson et al. 1983).  


Figure 10. Seasonality of the light saturated photosynthetic 
rate (Pb


max) in Jordan Lake in comparison to results from 
Gallegos (2012). 


Figure 11. Scatterplots of the light saturated maximum photosynthetic rate (PB
max) 


against temperature, inorganic nutrients, and chorophyll a. 







16 
 


The Jordan Lake Nutrient Response 
Model developed by TetraTech 
(2002) is based on the Water Quality 
Analysis and Simulation Program 
(WASP) and assumes an Ik near 500 
µmol photons/ m2/s.  Therefore, the 
current water quality model has 
strongly overestimated the degree of 


light limitation experienced by 
phytoplankton in Jordan Lake.  


Using parameter values that are 
specific to the phytoplankton 


community of Jordan Lake will provide a much more accurate representation of light limitation 
of phytoplankton growth than the literature values used in the current water quality model and 
can greatly affect model outcomes. As an example, consider a simple model of phytoplankton 
growth following a pulse loading event has raised the nitrate concentration to 1 mg/L but has 
also increased the light attenuation to an extinction coefficient of -5/m. The water column is 
assumed 3.5 m deep to approximate the deeper areas of the upper lake above Farrington Rd. The 


Table 3. Parameters describing the hyperbolic tangeant relationship between phytoplankton 
photosynthesis and light intensity, and environmental parameters relevant to phytoplankton growth.  
Location Date Pb


max  α Ik Temp Chl a DIN PO4 
Farrington 4/24/2017 4.95 0.11 45 20 42 150.8 < 0.6 
Farrington 7/24/2017 4.27 0.05 83 30 55 54.7 6.0 
Farrington 9/8/2017 4.60 0.09 49 25 66 31.4 4.2 
Farrington 10/9/2017 4.61 0.11 41 22 59 5.4 5.2 
Haw 4/30/2018 1.45 0.07 20 17.5 6 455 23.2 
Farrington 8/1/2018 3.37 0.07 51 29.5 54 14.3 6.3 
Hwy 64 8/16/2018 3.06 0.08 40 31 23 9.4 4.1 
Farrington 10/22/2018 1.92 0.07 27 19 33 19.6 9.0 
Hwy 64 1/29/2019 0.88 0.05 16 8.5 42 384 7.5 
Hwy 64 2/8/2019 0.42 0.02 24 9 41 NA NA 
Farrington 4/22/2019 2.01 0.06 35 22 14 174.2 2.8 
Farrington 5/16/2019 2.91 0.07 39 25 35* 813 10.8 
Pb


max is the light saturated maximum biomass normalized photosynthetic rate (g C/ g Chl a/h), α is the 
slope of the light limited portion of the curve (g C/ g Chl a/h/ mmol photons/m2/s), Ik is the light level 
at which phytoplankton start to become saturated (µmol photons/m2/s). Temp is water temperature 
(°C), and Chl a, DIN and PO4 are all in units µg/L. NA = not assessed. * indicates that this Chl a 
measurement was the average from the N addition (37 µg/L) and control treatment (33 µg/L) for the 
N addition experiment on 5/15/2019. 
 
 


Figure 12. Daily average incident photosynthetically active 
radiation during 2018 measured by the US Forestry Service at 
the Duke Forest, Remote Automated Weather Service (RAWS) 
site DKFN7. 
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relationship between irradiance and photosynthesis is modeled in two ways: 1) using the Jassby 
and Platt (1976) formulation from Equation 2 with average values for Pb


max = 2.9 and α = 0.079 
determined during this study, and 2) equation 10 using the formulation by Di Toro et al. (1971) 
utilized by the WASP model that forms the basis of the Jordan Lake Nutrient Simulation Model 
(Tetra Tech 2002) 


Pb = Pb
max *(I/Isat).*exp(1-I/Isat)      Equation 10  


where Isat is the light level at which photosynthesis 
saturates. Isat was set to 500 to match the 
parameterization of the Jordan Lake Nutrient 
Simulation Model (Tetra Tech 2002), and Pb


max was 
assumed equal to the average measured value from 
this study. The principal difference between the two 
formulations is that the Di Toro et al. (1971) 
formulation decreases modeled photosynthesis at 
light levels higher than Isat to simulate 
photoinhibition. However, this effect of formulation 
on modeled productivity is insignificant compared to 
the effect of modeling severely overestimating Isat. 
Nitrate uptake is determined by Monod uptake 
kinetics with a half saturation for nitrate of 28 µg/L. 
Rates of both productivity and nutrient uptake were 
scaled by dividing by respective maximum rates to 
give the productivity (Pb


scaled) and nutrient uptake 
rate (Vscaled) on a scale from 0 to 1 (Equations 11 and 
12). Maximum growth rate (µmax) was assumed 
equal to 0.058/h based on dividing Pb


max with a 
reasonable C: Chl a ratio of 50 (Cloern et al. 1995). 
Growth rate was then determined as the product of 
the maximum growth rate, the scaled photosynthetic, 
and nutrient uptake rates according to equation 13. 
Change in Chl a was modeled according to first order 
growth kinetics according Equation 14, and loss of 
nitrate occurred at the rate of Chl a growth 
multiplied by a stoichiometric conversion factor of 
14 (Equation 15). The system of equations was 


Figure 13. Histograms of the depth of the 
upper mixed layer at the four thermistor 
chain locations in Jordan Lake. Upper mixed 
layer depth was defined as occurring from 
the surface to the first depth at which a 
temperature gradient greater than 0.5 °C/ 
m occurred. 







18 
 


solved using the Euler method. Though simple, the principles of the model are the same as in the 
Jordan Lake Nutrient Simulation Model.  


Pb
scaled = tanh(αI/ Pb


max)    or     (I/Isat)exp(1-I/Isat)   Equation 11 


Vscaled = N/(N + KN)       Equation 12 


µ = µmax × Pscaled × Vscaled      Equation 13 


dChl a/dt = µ × Chl a       Equation 14 


dN/dt = -14 × µ × Chl a       Equation 15 


Results demonstrate the large difference in model response governed by how light limitation is 
parameterized (Figure 14). Using a parameterization that accounts for strong adaptation leads to 
a much faster growth rate with Chl a concentration exceeding the NC water quality standard of 


40 µg/L in about 6 d. With the current 
parameterization, biomass develops and 
nitrate is consumed much more slowly and it 
takes about twelve days to exceed the 
standard. Beyond a few weeks, the models 
converge as nutrients are consumed and the 
developing bloom is increasingly nutrient 
rather than light limited. It is clear that large 
improvements in modeling such events can 
be gained by more accurately portraying the 
shade adaptation of phytoplankton. 
However, more accurately portraying the 
productivity in the deeper areas of the lake 
may also lead to new insights into 
phytoplankton production, nutrient 
assimilation, and regeneration patterns in the 
lake.  


Interactions of light and nutrient 
limitation: The experiment designed to test 
the impact of nitrogen limitation on the shade 
adaptation of phytoplankton failed to reveal 
any significant differences in photosynthetic 
response between phytoplankton that received 
an N addition and a control treatment (Figure 


15). However, inorganic nitrogen concentrations of the water sampled for the experiment were 
very high (>0.8 mg/L, Table 3). With such high DIN concentrations already present it is highly 


Figure 14. Model output using parameterizations of 
the relationship between photosynthesis and 
irradiance measured in this study versus the 
parameterization currently assumed in the WASP 
model upon which the current Jordan Lake Nutrient 
Simulation Model is built. 
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unlikely that the phytoplankton were N limited, and a response to an additional (0.56 mg/L = 40 
µmol/L) would not be expected. This experiment has been repeated in August 2019 but the 
results were not available at the time of writing this report. There were no observed significant 
relationships between maximum photosynthetic rate and nutrient concentrations across the 
twelve dates when both nutrients and light/photosynthetic response was measured (Figure 11).  


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


 


Figure 15. Photosynthesis versus irradiance curves with and without the addition of 40 µmol/L 
dissolved inorganic nitrogen. Values in parentheses for Pb


max and α are the 95% confidence intervals. 
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Important management implications of our work include: 


• Nutrient addition bioassays indicate that phytoplankton in the upper New Hope Creek 
arm of the lake and the Haw arm are primarily N limited from spring through fall. 
Additional stimulation by P was common, and during summer stimulation by P alone is 
possible due to stimulation of N-fixing cyanobacteria likely co-limited by N and P. This 
suggests that efforts to reduce phytoplankton biomass will need to address both N and P 
input reductions.  


• Based on the dilution bioassays and nutrient mass balance approaches, reductions in the 
range of 25-40 % for N and about 30 % for P will be necessary to reduce chlorophyll a 
levels that will meet the current standard of 40 mg/L with a 10 % allowable exceedance 
frequency. 


• Jordan Lake phytoplankton are much better adapted to growing in low light than 
represented by the current Jordan Lake Nutrient Response Model. The robust 
parameterization of the light versus photosynthesis relationship will greatly improve 
future water quality modeling efforts. This will enable more robust predictions of 
questions such as how fast can phytoplankton respond to pulses of nutrients from the 
tributaries given that such pulses are also associated with high loads of suspended 
particulates and color.  
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Summary 


Lake circulation, temperature structure and water quality parameters were observed using in-situ 
sensors between May 2017 and January 2019.  A range of conditions were captured, including 2 summer 
seasons, an extreme cold event, and 4 major discharge events (Haw River discharge > 1000 m3/s). 
Current and temperature profiles were monitored at four locations, near the inflow of the Haw River, in 
the narrows, and at the Highway 64 and Farrington Road causeways, recording observations 
approximately every 10 minutes.  Automated Vertical Profilers (AVPs), which are small floating platforms 
that collect wind observations and profiles of water temperature, conductivity, pH, dissolved oxygen, in 
vivo chlorophyll florescence and turbidity, recorded profiles every 30 minutes.  Two AVPs were deployed 
at three locations over the sampling period, near the Haw River inflow, near the water intake for the 
town of Cary, and in the New Hope arm uplake of the Farrington Road causeway.  The observations 
document the seasonal variation in temperature, thermal stratification and water quality of the lake, 
and reveal several modes of circulation.  Thermal stratification was established at all measurement 
locations by mid-April and persisted into September.   During times of thermal stratification and typical 
river discharge, a strong thermocline develops a few meters below the surface, separating cooler, low 
dissolved oxygen and high turbidity water below from warmer, higher in vivo chlorophyll florescence, 
and highly variable dissolved oxygen and pH water above the thermocline.  Winds blowing along the 
main axis of the lake drive an exchange flow in the New Hope arm, with water above the thermocline 
flowing in the same direction as the wind, and water below the thermocline flowing in the opposite 
direction.  The major discharge events disrupt the thermal stratification, and Haw River water typically 
flows away from the dam through the narrows into the New Hope arm of the lake, causing water level 
to rise, by as much as 5 m during the sampling period.  Both the wind-driven and discharge driven 
circulations demonstrate that flow in the New Hope arm often has a component away from the dam, 
complicating estimates of residence time for that portion of the lake.  During fall and winter when little 
thermal stratification was observed, water quality parameters were constant over depth, and the wind-
driven exchange flows were less energetic. Seiches, or natural oscillations of the lake, were also 
observed, and produce a flow that will help mix the lake.  Most prominent was a 3 hour oscillation seen 
throughout the lake.  An examination of transport between segments of the lake found clear evidence 
of transport of Haw River water into the New Hope arm, and that storage of water associated with 
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higher lake levels plays an important role in the volume balance of the lake.  Light penetration measured 
at a number of sites in the lake found the depth where 1 percent of the ambient light remained was 2-3 
m, with no obvious season cycle. 


1. Background and Objectives 
B. Everett Jordan Lake is a reservoir west of Raleigh and south of Durham in Chatham County, NC, 
Figure 1.  It is owned and operated by the US Army Corps of Engineers, which dammed and flooded the 
Haw River and New Hope River between 1973 and 1983.  The reservoir receives water input from the 
Haw River, Upper New Hope and Lower New Hope watersheds, Table 1.  Associated with these water 
inputs are nutrients, sediments and, in some cases, significant debris.  The Haw River watershed is mixed 
agricultural, rural and urban land use while the Upper and Lower New Hope watersheds are principally 
urban.  The primary outflow from the lake occurs over the Jordan Lake Dam and comprises the starting 
point of the Cape Fear River.  The Haw River drains the Haw River watershed and discharges into the 
southern Haw River arm of Jordan Lake approximately 5 miles upstream of the Jordan Lake Dam.  The 
Haw River provides 70 – 90 percent of the annual flow into the lake.  The Upper and Lower New Hope 
watersheds drain into the New Hope arm of Jordan Lake which extends approximately 17 miles 
upstream from the Dam.  The Haw River arm and the New Hope arm are naturally separated by a 
narrow channel referred to as the narrows.  The New Hope arm is further subdivided by two causeways 
with relatively narrow bridge openings, one where NC Highway 64 crosses the lake and the other where 
Farrington Road crosses the lake. 


Table 1.  Watersheds draining into Jordan Lake, (Tetra Tech, 2014) 
 Haw River Upper New Hope Lower New Hope TOTAL 
Acres 859,185 147,485 71,861 1,078,531 
Percent of Total 79.7 13.7 6.7 100 


 


As part of the UNC Nutrient Management Study, we initiated a multi-part observational program in 
January, 2017 to help clarify the impacts of watershed input on key processes controlling water quality 
in Jordan Lake and to help inform management actions designed to improve water quality in the lake.   


Specific objectives of this work are: 


1.) to identify water circulation and exchanges in the lake, in particular, the extent to which the 
large volume of water entering via the Haw River influences the New Hope arm of the lake;  


2.) to better quantify the response of important water quality parameters in the lake to a range of 
forcing conditions (variations in flow, temperature, light and wind) via high frequency (e.g., 
hourly) in situ observations to complement the less frequent (e.g., monthly) sampling done by 
the NC Division of Environmental Quality; and 
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3.) to better quantify phytoplankton dynamics, including nutrient limitation and productivity, in 
Jordan Lake that are causing the lake to be out of compliance with state water quality standards. 


This report covers the first two of these objectives.  A companion report by Paerl and Hall presents 
progress toward objective 3.  Data collected during this study, analysis routines and additional graphics 
are available at the Jordan Lake and Watershed project on the Hydroshare website: 
https://www.hydroshare.org/. 


 


2. Data Collection Plan and Methodology 
2.1 Water Circulation and Exchange 


Acoustic Doppler current profilers (ADCPs) were deployed to measure water velocities through the 
water column at four locations along the lake, the lower Haw River, the narrows, the highway 64 bridge 
and the Farrington Rd bridge, (red circles in Figure 2a, 2b).  Each ADCP is mounted on a bottom stand   


Figure 1.  Map of B. Everett Jordan Dam and Lake 
source https://commons.wikimedia.org/wiki/File:B._Everett_Jordan_Lake_Map.png 
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with the instrument pointed upward (Figure 3) sampling the water column above.  They were 
programmed to store 3-minute averaged water velocities every 10 minutes, with a vertical resolution of 
0.5 m.  The instruments were deployed on April 20, 2017 and recovered/redeployed in early October 
2017.  Recovery / redeployment involves pulling up each instrument, bringing it to shore, downloading 
data, reprogramming, and redeploying it, typically the following day.  A second recovery / redeployment 
was conducted in mid-April 2018 for the instruments in the narrows and under Hwy 64 bridge, and in 
early May 2018 for the instruments in the Haw and under the Farrington Rd bridge.  A final recovery for 
all instruments occurred in December 2018.  During the first recovery, it was discovered that the 
instrument in the lower Haw River failed to operate, due to what was believed to be a programming 
error.  Therefore, it was reprogrammed and redeployed at that location.  Unfortunately, the instrument 
also failed during the second deployment.  Thereafter it was removed and returned to the manufacturer 
for servicing.  In order to capture some velocity data in the lower Haw, the ADCP that was initially under 
the Farrington Rd bridge, was moved to the lower Haw in early May 2018.  In addition, some of the data 
downloaded during the second recovery of the instrument under the Hwy 64 bridge was corrupted and 
unintelligible.  A third deployment met with better success for all but the Hwy 64 ADCP which failed 
prior to recovery.  A summary showing the timeline of deployments of the ADCPs as well as the AVPs 
(described below) is given in Figure 4.  Observations span a broad range of conditions but simultaneous 
observations at all locations were only achieved during late summer 2018. 


Figure 2a.  Locations for ADCPs and thermistor 
strings in the lower portion of Jordan Lake 


Figure 2b.  Locations of ADCPs and thermistor string (circles) 
and the nutrient limitation bioassays (NC DEQ DWR station 
CFR086F) in the New Hope Creek arm of Jordan Lake. 
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Figure 4 - timeline of AVP and current profiler deployments in Jordan Lake.	
 


3.2 In Situ Water Quality Parameters 


Near each ADCP we deployed a mooring to measure temperature, irradiance, conductivity and water 
depth to aid in understanding thermal stratification and light extinction.  Each mooring consists of two 
parts, one suspended below a surface float and the other attached to the bottom using a taught line and 
submerged float, (Figure 5).  This arrangement allowed the full water column to be sampled while 
allowing for a possible change in lake level of as much as 30 ft.  Each mooring contained approximately 
20 HOBO temperature sensors (Figure 5) spanning the water column at 0.5 m intervals.  A conductivity 
sensor was included at 2.2 m below the surface and the upper few HOBOs also included light sensors.  
Pressure sensors were included on top of the surface float (to measure atmospheric pressure) and at the 
top and bottom of the surface and bottom mooring components to determine total water depth and 
position of the sensors over depth as total water depth varied with lake level.  Data was collected every 
6 – 12 minutes.  Due to fouling of the light and conductivity sensors, the part of the mooring attached to 
the surface float was recovered and cleaned monthly.  At that time, vertical profiles of  


Figure 3.  Acoustic Doppler Current Profiler (ADCP) in a typical mounting 
stand. 
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photosynthetically active radiation (PAR), (Li-Cor model LI-193 spherical sensor) and water quality 
indicators (Endeco-YSI multi-parameter probes models 6600 or EX02) were made from the attending 
boat to assist with calibration of the moored sensors and further enhance the data set.  Water samples 
were also collected at surface, mid-depth and near bottom for laboratory analysis by Paerl and Hall. 


The moorings were successfully recovered and redeployed in early October 2017 and mid-April 2018, 
with final recovery and removal in January 2019.  With only a few exceptions the sensors collected 
observations for the intended time periods.  Temperature data from all sensors on each mooring have 
been aggregated to provide information on temperature over depth and time and mapped onto a 0.5 m 
grid every 6 minutes for subsequent analysis.  Tracking of the relative depths of the surface and bottom 
moorings made use of the pressure measurements. 


Water quality and meteorological data were also measured in a semi-continuous manner using two 
Autonomous Vertical Profilers (AVP), Figure 6.  This floating platform has a computer controlled winch 
system that allows it to remotely raise and lower a multi-parameter probe and collect vertical profiles of 
key water quality properties including water temperature, conductivity, in vivo fluorescence, dissolved 
oxygen concentration, turbidity and pH.  The AVPs were programmed to perform profiles every 30 
minutes and data were collected with a vertical resolution of approximately 4 cm.  The profilers also 
measured wind speed and direction and had onboard cameras to record visual images of the lake.  Data 
were transmitted after each profile via cell phone to the Institute of Marine Sciences and displayed in 
near real time at the website: jordanlakeobservatory.unc.edu.  One AVP was deployed in the lower Haw 
River from May 17, 2017 through July 26, 2017 and from April 2018 until the present.  It was deployed in 
the upper section of the lake above the Farrington River causeway from July 26, 2017 until April 2018 
(Figure 7).  A second AVP was deployed in late 2017 near mid-lake, in the vicinity of the water treatment 
plant for the town of Cary (Figure 7).  The deployment timelines are also presented in Figure 4. 


Figure 5.  Moorings and typical Hobo sensor 
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Figure 6. Autonomous Vertical Profiler (AVP) 


 


                         
 


                


 


Figure 7c. AVP mid-lake deployment location 


Figure 7a. AVP deployment location in the lower Haw 
River 


Figure 7b. AVP deployment location in the 
northeast portion of Jordan Lake 
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3. Results 
The AVP, ADCP and mooring observations provide a rich description of the vertical structure of water 
properties at several locations, changes in these properties over time, and circulation present in the 
lake.  This section describes these observations, first presenting an overview of the seasonal variation, 
then exploring common patterns seen in the daily observations.  Plots of all observations on monthly 
time scales are presented in the appendix.  Stick plots of winds use the convention of pointing in the 
direction winds are blowing toward.  Also, turbidity is presented using a log scale to accentuate the large 
dynamic range of this parameter.   


3.1 Seasonal variation of lake inflows, discharge and in-lake conditions 


The monitoring program lasted about 20 months, from mid-April 2017 until late January, 2019, 
capturing nearly two full seasonal cycles.  Winds during this period were largely seasonal, being largest 
in magnitude and most variable in direction during fall and winter months and lighter and more typically 
out of the southwest during spring and summer.  The wind rose depicted in Figure 8 from the White Oak 
Creek AVP, using data collected over 2018, demonstrates the preferred orientation of the winds along 
the axis of the New Hope arm.   


The discharge from the Haw River, the 
largest river entering Jordan Lake, 
exceeded 1000 m3/s on 4 occasions, 
associated with a May 2017 storm, a late 
June 2017 storm, Hurricane Florence in 
September 2018, and a late November 
2018 storm (Figure 9).  Discharge over 
the dam, letting water out of the lake, 
typically begins soon after inflow 
discharge peaks, but at rates of 400 m3/s 
or less.  As a result of the difference in 
timing and rate of release, water level 
usually rises in Jordan Lake after large 
discharge events, typically about 1 m.  
Hurricane Florence, in September 2018, 
was exceptional because flooding already 
occurring in the lower Cape Fear River basin led the US Army Corps of Engineers to delay release of 
water from the lake, causing water level in the lake to rise by 5 m (Figure 9). 


Figure 8 – wind rose for the White Oak Creek AVP 
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Figure 9 – Wind, discharge, lake water level and depth-average along-channel velocity over the time of the field program. 
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The lowest panel of Figure 9 shows the magnitude and direction of the depth-average flow at each of 
the ADCP locations.  By convention positive flow is away from the dam, and negative flow is toward the 
dam.  The flow is generally small (less than 0.05 m/s) except during major discharge events.  For each 
event, flow is away from the dam (positive on the plot) at the narrows and at the Highway 64 and 
Farrington causeways.  Only the Haw River ADCP measured strong flow towards the dam during major 
discharge events suggesting that discharge coming down the Haw River caused water to back up into 
the remainder of the lake.  Flow at all sites is directed towards the dam when river inflow is small and 
discharge at the dam is relatively large.  


The last half of 2017 experienced little rain in the lake watershed, resulting in little inflow to the lake, 
and slowly dropping lake levels over this time period, with water levels ending the year nearly 1.5 m 
below the control value (marked by the dashed line at 66 m). A similar but shorter low-flow period 
occurred during summer 2018, resulting in a 0.5 m drop in lake level below the control value.  Thus 
water level in the lake varied significantly, by more than 6 m, during the measurement program. 


Maximum water temperature at the four mooring sites (Figure 10) varied from highs over 30 °C during 
July in 2017 and 2018 to lows of 2-3 °C seen in early January 2018, the latter associated with a strong 
extratropical cyclone (‘bomb’) that caused the lake to freeze over for about a week.   Temperature 
increases during spring 2018 were more rapid than in spring 2017, and warm conditions were more 
persistent in 2018, plateauing at 30 °C for nearly 3 months, compared to only a month in 2017.  
Temperature decreases during fall 2017 and 2018 occurred at comparable rates; during the decrease 
the temperatures in the upper reaches of the New Hope arm were often cooler than the temperatures 
in the narrows or near the Haw River during 2017, whereas in 2018 conditions were coolest near the 
Haw River. 


The vertical change in temperature at each mooring (Figure 10), a measure of the thermal stratification, 
was greater than 5 °C during May through August of both years, and was noticeably larger, reaching 
10 °C, during summer 2018.  Stratified conditions were more persistent during fall 2018 than during fall 
2017, possibly associated with the large discharge events which occurred that fall and caused the lake 
levels to increase dramatically.  The temperature difference at the Farrington site was less than the 
other sites during summer, possibly because of its smaller total water depth.  
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Figure 10 - time series of maximum temperature at each of the four mooring sites and b) maximum vertical 
temperature change at the 4 sites. 


The 30-day smoothed variation of a number of water properties from the White Oak AVP is shown in 
Figure 11.  These plots illustrate how properties vary over a year of time and with depth, where the 
depth has been stretched (as 100*z/H, where H is total depth and z is vertical position) to account for 
the changing water level of the lake.  Temperatures above 20 °C begin in early May and last until mid-
October, and are accompanied by pronounced oxygen depletion in the bottom third of the lake, 
decreased turbidity, and surprisingly, decreased in vivo chlorophyll-a florescence.  The acidity of the 
water, as measured by the pH, also appears to reach a minimum in the bottom waters during this time, 
though the unusually high pH in the surface waters likely relates to high primary productivity, despite 
the low chlorophyll-a florescence.  From January to early May of 2018 chlorophyll-a florescence is 
relatively high, as is pH, dissolved oxygen, turbidity and specific conductivity.  Similar seasonal patterns 
were observed at the other 2 AVP deployment sites. The summertime decrease in chlorophyll a in vivo 
fluorescence does not arise from a true decrease in chlorophyll a which actually exhibits an annual 
maximum in late summer (Wiltsie et al. 2018). Most likely the summertime depression in vivo 
fluorescence arises from the seasonal shift in composition from dominance by eukaryotes in the cooler 
seasons to cyanobacteria in the warmer seasons (see accompanying phytoplankton report by Paerl and 
Hall). A large fraction of the chlorophyll a within cyanobacteria is contained within light harvesting, 
antennae complexes that do not fluoresce. The result is that the amount of fluorescence per unit 
chlorophyll a decreases when cyanobacteria dominate the phytoplankton assemblage.  
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Figure 11 - time-depth variation of water quality parameters at the White Oak Creek AVP over 2018. 


 


3.2 Structure and circulation patterns 


We next describe typical modes of circulation and the accompanying temperature and water quality 
distributions seen in the lake.  These modes of circulation typically occurred over days to weeks.  
Identified are periods when lake levels are relatively steady and water motion is driven by the winds; 
periods when discharge into the reservoir increases abruptly, leading to large changes in lake level and 
to changes in thermal structure and water quality parameters; and the presence of periodic motions, 
identified as seiches or natural oscillations, whose character varies with position in the lake and also 
with the degree of thermal stratification. 
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3.2.1 Wind driven flow 


During normal flow warm weather conditions, the lake stratifies thermally with a relatively sharp 
thermocline two to three meters below the surface (Figure 12, left panel).  Algal biomass, as 
represented by in vivo chlorophyll fluorescence, is concentrated above the thermocline and diurnal 
cycles of dissolved oxygen and pH suggest significant primary productivity is occurring in this part of the 
water column during mid-day.  Oxygen levels are depleted and turbidity is highest below the 
thermocline. 


 


Figure 12.  Water quality parameters observed by the AVP deployment in the lower Haw River (left) during July 
2017, a period of normal flow, warm weather conditions, and from the New Hope arm (right) during December 
2017, a period of normal flow, cool weather conditions.  Vertical scale indicates Height Above Bottom. 


Current observations during warm, stratified conditions often exhibit oppositely-directly flow over 
depth, with the surface layer moving in the direction of the wind and flow beneath it moving in the 
opposite direction.  Figure 13, left panel, which displays observations from the Highway 64 mooring, 
shows this nicely.  The change in flow direction is roughly 2 meters below the lake surface and 
corresponds to the depth of the thermocline.  Current speeds are relatively strong, being 0.1 m/s in 
either direction. 


During fall and winter, as the lake cools, little thermal stratification is present and the water quality 
fields exhibit little change vertically, but do still change with time (Figure 12, right panel).  Some of the 
highest chlorophyll-a fluorescence values are observed during these conditions; values for December 
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2017 in Figure 10 exceed 100 µg/l.  Flow reversals with depth can still occur but the magnitude of the 
flow is muted, being only 0.01-0.02 m/s (Figure 13, right panel). 


 


Figure 13 – from top to bottom: winds, depth-averaged current and water level, currents, temperature, and 
discharge from the Highway 64 mooring for (left) July 2017 and for (right) December 2017. 


The much more vigorous flow observed during thermally stratified conditions has significant 
implications for exchange between sub-basins of the lake and for the residence time of waters in the 
lake.  The prevalent summer wind towards the NE will push surface waters towards the northern end of 
the New Hope arm, but at the same time cause water below the thermocline to move toward the dam.  
It is likely that the warm waters will pool and downwell in the New Hope arm, effectively flushing this 
portion of the lake despite little inflow from rivers and creeks. Winds towards the south will push warm 
surface waters towards the dam and draw deeper, cooler and oxygen-poor waters towards the north 
end of the lake.  The deeper waters may also be high in nutrient concentrations (from exchange with 
bottom sediments) and may fuel increases in primary productivity.  During unstratified conditions the 
wind-driven circulation is much weaker and this mode of water exchange will be less important. 


3.2.2.  Major discharge events 


As is clear from Figure 9, discharge into the lake from the Haw River and other minor rivers and creeks is 
typically very low, with brief but large discharge events occurring several times a year.  The major 
discharge events have a number of impacts on the lake, beyond a rise in water level that can 
dramatically increase the volume of water held in the lake (see section on transports below).   
Remarkable amounts of floating debris often accompany these events, with both natural and human 
sources (Figure 14).  The debris impacted the Haw River AVP, preventing it from profiling, until the 
debris could be removed.  This debris ends up along the shore and on the lake bottom.  Semi-annual 
cleanup events are organized to help remove tires, plastics, and other trash from the shore, e.g.,  
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Figure 14.  Pictures of debris near the AVP on June 20, 2017 during the second major discharge event. 


cleanjordanlake.org.  The extent that the debris directly impacts water quality in the lake appears to be 
largely undocumented. 


The response of the lake to Hurricane Florence in September 2018 is used as an example of the impact 
of major discharge events.  River discharge from the Haw peaked at over 1500 m3/s on September 17, 
2018 and the river water was 3-5 °C cooler than the lake water; it is obvious when it arrivesdat the Haw 
and narrows moorings as cooler water (Figure 15).  Currents at the Haw mooring were toward the dam 
(negative), whereas currents in the narrows were away from the dam (positive), demonstrating how the 
flow ‘backs up’ into the New Hope arm when major discharge events occur.  Water levels rose almost 
5 m in the lake in response to the inflows, and only began to fall in late September when release of 
water over the dam began.
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Figure 15 - depth-averaged current and water level, currents, temperature and discharge at the Haw mooring (left) 
and the narrows mooring (right) during September 2018, encompassing the passage of Hurricane Florence. Winds 
are from the Sanford airport. 


Water associated with the major discharge event was more turbid and of lower specific conductivity, 
pH, and in vivo fluorescence than the prevailing conditions at the AVP sites (Figure 16).  The Haw River 
water initially flowed into the lake along the bottom (note colder temperatures, lower conductivity and 
high turbidity near bottom on 9/16) although it quickly impacted the entire water column.  The physical 
change that these events imposed on the water column was extreme and persisted in this case for 
approximately two weeks, after which turbidity levels returned to more normal values, the water 
column re-stratified thermally, and a diurnal cycle re-emerged typical of normal flow conditions as 
described above. 


Similar time histories were observed for the other major discharge events.  All disrupted the vertical 
properties throughout the lake and were associated with flow away from the dam in the New Hope arm 
of the lake (Figure 9).  One source of variability between events was the strength of stratification prior 
to the discharge event, and the temperature (density) of the inflow relative to the lake conditions.  The 
2017 events began as mid-water intrusions because the river water temperature was in the middle of 
the range of temperature values present in the lake.  Another variation between events was the time 
until return to prior conditions, which was a week or less for smaller discharge events.  The timing of 
water release over the dam had a significant impact on the time to return to prior conditions as well.   


3.2.3 External and internal seiches 


The ADCP data also reveal bursts of regular oscillations; these often correlate to rapid changes in wind 
direction and produce a clear signature in the depth-averaged current record.  Figure 17 shows data 
from the Highway 64 and Farrington moorings from February 2018 that illustrate this phenomenon.  
About 6 times over the month there were one to several day occurrences of 0.05-0.15 m/s currents that 
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were essentially uniform over depth and which oscillated with a period of roughly 3 hours. The current 
bursts occured simultaneously at the mooring sites and three hour oscillations were also present in the 
pressure 


 


Figure 16 - AVP data (wind, temperature, conductivity, pH, dissolved oxygen, chlorophyll-a florescence, turbidity) 
from the lower Haw River (left) and White Oak (right) for September 2018 when Hurricane Florence impacted the 
lake. 


records for all but the Highway 64 mooring.  Taken together these observations strongly suggest an 
external seiche which is being excited by the changing winds.  These motions are free oscillations of the 
lake in which the lake surface rises at one end and falls at the opposite and forces water motions from 
the high water level end to the other that are essentially uniform with depth.  The lack of a signal in the 
pressure record at Highway 64 suggests this location is a node, or point with no vertical motion, within 
the lake.  Though the net movement of water produced by the seiche is likely small, the associated 
currents are quite strong, more than 0.1 m/s, and may play an important role in stirring or mixing the 
lake, especially near the causeways.   


There may also be longer period internal seiches.  In this case the thermocline within the lake tilts, 
similar to the lake surface, but for these motions the currents flow in opposite directions above and 
below the thermocline.  This type of motion was described in section 3.2.1 as a wind-forced response.  
This seiche is most obvious in the ADCP observations from the Haw and narrows moorings as alternating 
bands of positive and negative flow that appear to move upwards through the water column over a span 
of a day or two (Figure 18); the absence of a large signal at the other ADCP sites may indicate a 
complicated structure to the seiche (e.g. anti-nodes of thermocline displacement at the causeways) or 
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that it exists only in the southern reaches of the lake.  The internal seiche can also play an important role 
in vertically mixing the lake, as the change in velocity across the thermocline may promote turbulent 
mixing. 


 


Figure 17 - depth-averaged current, depth-resolved current, temperature and discharge from (left) Highway 64 and 
(right) Farrington moorings during February 2018.  Winds are from the Sanford airport 


 


Figure 18 - depth-averaged current, depth-resolved current, temperature and discharge from (left) the Haw and 
(right) narrows moorings from June 2018.  Winds are from the Sanford airport. 
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3.2.4 Time averaged velocity profiles 


The velocity measurements collected with the doppler profilers can be averaged over the deployment 
periods as a way to examine the circulation and exchange in the lake.  The averages were formed by first 
normalizing the depth, as was done for the AVP data in Figure 11.  The normalization addresses the large 
change in water levels in the lake.  A number of conclusions can be drawn from the averaged profiles 
(Figure 19): 1) that the winds and major discharge events force a circulation in the lake; 2) that there 
was significant variation in the average flow between deployments, with deployment 2 exhibiting the 
weakest flows; and 3) that the vertical variation in flow was different between sites but consistent over  


 


Figure 19 - averaged velocity profiles at the 4 mooring locations (each column)  over the 3 deployment periods 
(each row). 


the deployment periods.  The vertical variation in flow is worth further examination.  If only driven by 
river flow into the respective arms of the lake, a nearly constant velocity over depth would be expected, 
with a decrease to zero in the lowest meter above bottom.  Only the flow in the narrows is similar to this 
expectation, and even here, the mid-depth minimum seen in deployments 1 and 3, and the uplake flow 
seen near the bottom in deployment 2, indicate other forces are driving the flow.  All Farrington profiles, 
and the Haw deployment 3 profile, have the strongest flows at the bottom, toward the dam, and weaker 
or reversed flow near the surface.  These strongly suggest an exchange flow, likely wind driven, at least 
for Farrington, that is moving surface water away from the dam.  Interestingly, at Highway 64 during 
deployments 1 and 3 the opposite sense of exchange is seen, with weakest flow towards the dam at the 
bottom, and strongest at the surface.  These depictions of the flow make it clear that the circulation in 
the lake is more complicated than a plug flow model of water moving down the respective arms of the 
lake at a speed determined by the riverine inflow to that arm. 
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3.3 Transport estimates 


An effort was made to estimate a volume balance of the entire lake as well as transports between the 
segments of the lake.   


The entire lake balance evaluated if the gauged inflows from the river and creeks equaled the release 
over the dam for time intervals that began and ended at the same lake level to avoid the need to 
account for water storage or loss in the analysis.  We evaluated this over several time periods during the 
duration of the deployment and found the transport into the lake was typically about 90 percent of the 
flow over the dam, consistent with some small fraction of inflow not being accounted for by the gauged 
inflows, either from ungauged streams, or from inflow to the gauged rivers downstream of the gauge 
locations.  


Calculation of transports between 
lake segments from September 15 
– September 21, 2018 captures 
the passage of Hurricane 
Florence.  The interval stretched 
from before the storm until the 
maximum water level (Figure 20) 
corresponding to a period of high 
flow in the lake. 


The lake was defined as 4 
segments – below the narrows, 
above the narrows to the 
Highway 64 causeway, between 
Highway 64 and the Farrington Rd 
causeway, and above Farrington 
Rd.  Using GIS estimates of the 
surface area of each segment 
(and assuming the surface areas 
did not depend on the water 
level), the gauged inflows and 
outflows, and the change in water 
level, estimates of the volume 
exchanged between segments 
were computed.  Time series of 
the gauged inflows and outflows  


Figure 20 – (top row) time series of volume transport calculated at the doppler profiler locations over rising water 
during Hurricane Florence; (middle) gauged discharges into and out of the lake; (bottom) water level change. 
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and change in water level are presented in Figure 20 while the result of the volume exchange 
calculations  are depicted schematically in Figure 21. 


The segmented volume balances indicate that a large fraction of the discharge from the Haw River flows 
through the narrows and into the New Hope arm of the lake.  For the example shown in Figure 21, 219 
x106 m3 flowed through the narrows into the upper arm of the lake, compared to 247 x 106 m3 in gauged 
discharge from the Haw River, or about 90% of the total discharge over the rising water portion of the 
event.  A large fraction (roughly half) of this volume is ‘stored’ in the segment between the narrows and 
the Highway 64 causeway, with the rest moving farther up the lake.  A little more than half of the flow 
proceeding under the Highway 64 causeway was ‘stored’ between there and the Farrington Rd 
causeway, with the rest moving into the uppermost segment of the lake, above Farrington Rd.  Overall 
this method yielded a reasonable balance, with only a small residual unaccounted for (1.149 x106 m3 
Figure 21).   


One questionable aspect of this analysis is the assumption that the surface area of the lake does not 
change with water level.  The relationship between lake level and surface area, derived from 
topographic maps from before the reservoir was filled, indicates that the lake surface area and volume 
increase substantially for large water level rises above the control level, (Weiss et al., 1984).  For the 
Hurricane Florence event, the 5.2 m rise in water level should have resulted in roughly a doubling of the 
lake volume, from 265 x 106 m3 to more than 500 x 106 m3.  Unfortunately, the change in area of the lake 
with water level is only available for the lake as a whole, and not for the individual segments.  Repeating  


 


Figure 21 – schematic representation of the volume balance calculation over rising water levels during Hurricane 
Florence. The key in the upper right indicates color coding of values for the connections between lake segments. 
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the volume exchange calculation assuming the area increase with water level for each segment was 
proportional to its fraction of total area at the control level, substantially increased the unaccounted for 
residual over that reported in Figure 21.  We expect this is partially due to the relationship between 
surface area and water level varying between segments.  Unfortunately this information is not readily 
available and we are therefore unable to assess how much uncertainty may be due to other factors. 


An independent estimate of transports between the segments of the lake was made using the doppler 
profiler measurements.  Height-dependent cross-sectional area at each cross-section was multiplied by 
the time series of measured velocities as a function of height above the bottom to produce transport 
time series (in m3/s), Figure 20.  Integrating these over the same analysis interval yielded transport 
estimates that were surprisingly different than those computed based on the volume exchange.  We 
have expressed the ratio of the transport from the volume exchange divided by the transport from the 
doppler profilers as a scaling factor in Figure 21.  This scaling factor varies from 0.91 for the Haw doppler 
profiler, to 4.8 for the narrows doppler profiler.  The ratio indicates that the Haw profiler transport was 
about 10% greater than the gauged discharge from the Haw River while in the narrows the profiler 
estimate of transport was only 21% of the volume balance estimate.  The calculation was repeated for 
two other major discharge events and the scaling factors were quite consistent.  The calculation was 
also performed for falling lake water levels after a major discharge event and the scaling factors were 
much different except at Highway 64, which was between 0.85 and 1.07 for all cases.  


Part of the explanation for the discrepancy at the narrows probably results from a complicated cross-
channel current structure at the narrows ADCP deployment site.  The deployment is on a channel bend, 
and it is likely that the velocity core shifts from one side of the channel to the other with flow direction.  
This change would explain the relatively good correspondence between transport estimates when water 
is moving towards the dam versus the poor correspondence when water is moving away from the dam.  
The scaling factors at the Highway 64 and Farrington moorings were between .6 and 1.7, for all cases 
considered, suggesting these sites of constricted flow are more readily converted to transports.  


The transport study has important implications for estimates of residence times in various segments of 
the lake.  For an event like Hurricane Florence, which doubles the volume of the lake within a week and 
which clearly mixes the lake over depth, the typical methods for calculating residence of water parcels, 
i.e., dividing the lake volume by the discharge rate, are not appropriate.  An accounting for the change in 
stored volume as lake level changes must be included, as is done in residence calculations of estuaries 
with a significant tidal prism.  Future work is needed to reduce our uncertainty in segment exchange 
rates and would benefit from segment by segment data on the water level vs surface area relationship 
in the lake. 


3.4 Light profiles 


Light sensors were deployed on the moorings because light intensity plays a critical role in primary 
productivity.  Despite monthly cleanings, biofouling compromised the measurements, especially from 
late spring to early fall, introducing gaps in the time series of measurements.  Nevertheless, thousands 
of valid light profiles were collected at the mooring sites to help characterize the light penetration in the 
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lake waters.  Light levels are typically well described by an exponential decay, ebz, where b is the 
extinction coefficient.  The distribution of extinction coefficients from the mooring locations are peaked 
at values between -1 and -2 m-1 (Figure 22), with the most negative values at Farrington and the least at 
the narrows.  Median euphotic depths (1 percent light level) are 2.6 m for the Haw river and Highway 64 
moorings, 3.1 m for the narrows, and 2.3 m for the Farrington mooring.  For comparison, in open ocean 
waters with low plankton concentrations the 1 percent light level can be greater than 100 m.  The gappy 
nature of the time series makes it difficult to identify any seasonal pattern to the light levels, though 
minimum penetration (shallowest light levels) was prevalent August-October 2017. 


 


 


Figure 21 - distributions of extinction coefficients for the 4 mooring sites. 


 


  







24 
 


References 


Weiss, C, D. Francisco and P. Campbell, 1984. Water quality study, B. Everett Jordan Lake, NC, Year 1 
(Dec. 1981-Nov. 1982), US Army Corps of Engineers, Wilmington District, 329 pp. 


Wiltsie, D., A. Schnetzer, J. Green, M. Vander Bourgh, and Elizabeth Fensin. 2018. Algal blooms and 
cyanotoxins in Jordan Lake, North Carolina. Toxins 10: 92; doi:10.3390/toxins10020092 


Appendix 


 







25 
 


   


Figure A1. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for April 2017.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A2. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for April 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A3. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for April 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A4. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for April 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A5. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for May 2017.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A6. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for May 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A7. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for May 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A8. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for May 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A9. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the haw in Jordan Lake for May 2017.  Also presented are discharge and computed volume flux at several 
locations in the lake. 
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Figure A10. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for June 2017.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A11. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for June 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A12. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for June 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A13. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for June 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A14. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the haw in Jordan Lake for June 2017. 
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Figure A15. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for July 2017.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A16. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for July 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A17. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for July 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A18. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for July 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A19. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the haw in Jordan Lake for July 2017.  
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Figure A20. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for July 2017.  
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Figure A21. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for August 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A22. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for August 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A23. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for August 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A24. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for August 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A25. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for August 2017.  
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Figure A26. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for September 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A27. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for September 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 







52 
 


 


  


Figure A28. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for September 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A29. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for September 2017.  
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Figure A30. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for October 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A31. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for October 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A32. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for October 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A33. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for October 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A34. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for October 2017.  
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Figure A35. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for November 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A36. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for November 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A37. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for November 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A38. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for November 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A39. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for November 2017.  
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Figure A40. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for December 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A41. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for December 2017.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A42. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for December 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A43. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for December 2017.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A44. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for December 2017.  
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Figure A45. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for January 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A46. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for January 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A47. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for January 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A48. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for January 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 







73 
 


 


  


Figure A49. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the white oak in Jordan Lake for January 2018.  
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Figure A50. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for January 2018.  
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Figure A51. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for February 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A52. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for February 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A53. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for February 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A54. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for February 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A55. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the white oak in Jordan Lake for February 2018.  
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Figure A56. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for February 2018.  
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Figure A57. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for March 2018.  Also presented are discharge and computed volume 
flux at several locations in the lake. 







82 
 


 


 


  


Figure A58. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for March 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A59. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for March 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A60. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for March 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A61. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the white oak in Jordan Lake for March 2018.  
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Figure A62. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for March 2018.  
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Figure A63. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for April 2018.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A64. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for April 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A65. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for April 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A66. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for April 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A67. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the white oak in Jordan Lake for April 2018.  
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Figure A68. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the haw in Jordan Lake for April 2018.  
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Figure A69. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the new hope in Jordan Lake for April 2018.  
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Figure A70. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for May 2018.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A71. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for May 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A72. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for May 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A73. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for May 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A74. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the haw in Jordan Lake for May 2018.  
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Figure A75. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the white oak in Jordan Lake for May 2018.  
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Figure A76. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for June 2018.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A77. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for June 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A78. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for June 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A79. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for June 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A80. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the haw in Jordan Lake for June 2018.  
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Figure A81. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at 
the white oak in Jordan Lake for June 2018.  
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Figure A82. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for July 2018.  Also presented are discharge and computed volume 
flux at several locations in the lake. 
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Figure A83. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for July 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A84. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for July 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A85. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for July 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A86. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
haw in Jordan Lake for July 2018.  
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Figure A87. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
white oak in Jordan Lake for July 2018.  
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Figure A88. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for August 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A89. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for August 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A90. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for August 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A91. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for August 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A92. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
haw in Jordan Lake for August 2018.  
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Figure A93. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
haw in Jordan Lake for August 2018.  
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Figure A94. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for September 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A95. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for September 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A96. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for September 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A97. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for September 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A98. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
haw in Jordan Lake for September 2018.  
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Figure A99. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
white oak in Jordan Lake for September 2018.  
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Figure A100. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for October 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A101. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for October 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A102. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for October 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A103. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for October 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A104. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
haw in Jordan Lake for October 2018.  
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Figure A105. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
white oak in Jordan Lake for October 2018.  
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Figure A106. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for November 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A107. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for November 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A108. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for November 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 







133 
 


 


  


Figure A109. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for November 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A110. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
haw in Jordan Lake for November 2018.  
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Figure A111. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
white oak in Jordan Lake for November 2018.  
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Figure A112. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for December 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A113. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for December 2018.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A114. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for December 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A115. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for December 2018.  Also presented are discharge and 
computed volume flux at several locations in the lake. 
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Figure A116. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
haw in Jordan Lake for December 2018.  
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Figure A117. Wind velocity, temperature, specific conductivity, pH, in vivo fluorescence, and turbidity at the 
white oak in Jordan Lake for December 2018.  
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Figure A118. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the haw in Jordan Lake for January 2019.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A119. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the narrows in Jordan Lake for January 2019.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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Figure A120. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the highway 64 in Jordan Lake for January 2019.  Also presented are discharge and 
computed volume flux at several locations in the lake. 







145 
 


 


 


 


Figure A121. Wind velocity, depth-averaged along channel velocity, water depth, along channel velocity, and 
temperature at the farrington in Jordan Lake for January 2019.  Also presented are discharge and computed 
volume flux at several locations in the lake. 
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EXECUTIVE SUMMARY 


The Stormwater Engineering Group in the Department of Biological and 


Agricultural Engineering at NC State University conducted a series of research projects 


and activities as part of the Jordan Lake Nutrient Study and the North Carolina Policy 


Collaboratory. The following research activities were completed and are detailed below: 


(1) an assessment of the long-term water quality treatment performance of bioretention, 


(2) an examination of bioretention media to quantify changes in composition with age and 


identify maintenance needs, (3) a comprehensive review of literature on floating treatment 


wetlands, and (4) a column study to assess the potential treatment performance of 


various blends and depths of sand filters. 


The aging bioretention cell sustained, and in some cases improved, nitrogen and 


phosphorus removal following 17-years of continuous performance. Filter media samples 


indicated the top 8 inches of filter media were nearing phosphorus saturation, but with 4 


feet of filter media, lower depths would most likely continue to provide treatment. The field 


survey of bioretention media determined that clay and silt portions of bioretention media 


and phosphorus concentrations significantly increased with age while carbon-to-nitrogen 


ratio (C:N) significantly decreased. While 32% of survey bioretention cells appeared to be 


saturated with phosphorus, saturation is likely confined to the upper layers of media 


allowing deeper depth to continue treatment. Floating treatment wetlands are an 


increasingly popular retrofit to improve wet pond nutrient removal, particularly because of 


their ease of installation and relatively low-cost. Nutrient removal appears varied and 


dependent upon providing enough coverage and proper placement. Lastly, sand filter 
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columns appeared to outperform the credit assigned to them through NC DEQ, but 


additional data and field trials are needed to reach conclusions that are more definitive. 
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LONG-TERM WATER QUALITY PERFORMANCE OF BIORETENTION 


The research conducted as part of this study has been as an open access peer 


reviewed journal article in Sustainability (Johnson and Hunt 2019). The findings are 


summarized below, but the entirety of the research may be found in the article (Appendix 


A). 


Johnson, J.P. and Hunt, W.F. 
Published: Sustainability 


Volume 11, Issue 7, Pages 1-12 


Summary 
One of the most popular stormwater practices in (sub-)urban North Carolina is 


bioretention. While bioretention has been researched intensively to determine the most 


efficient designs, few long-term studies have attempted to assess the performance of 


older bioretention. However, previous research and design guidance for bioretention has 


predicted long-term water quality treatment. This study compared discharged 


concentrations and loads of nitrogen and phosphorus from a bioretention cell (1) post-


construction and (2) following 17 years of treatment. A conventionally-drained 


bioretention cell with lateral underdrains in Chapel Hill, North Carolina, USA, was first 


monitored post-construction for 10-months from 2002--2003 and, again following 


continuous use, for 14 months from 2017-2018. Estimated mass load reductions during 


the initial monitoring period were 40% for total nitrogen (TN) and 65% for total phosphorus 


(TP). Mass load reductions were increased 17 years after construction, with reductions 


of 72% and 79% for TN and TP, respectively. Plant growth, death, and decay over the 


17-year life of the bioretention cell are hypothesized to have contributed additional 


nitrogen assimilation and carbon to the fill media, serving as a catalyst for nitrogen 


treatment. Phosphorus removal remained relatively unchanged between the two 
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monitoring periods. Filter media samples indicated the top 8 inches of filter media were 


nearing phosphorus saturation, but with 4 feet of filter media, lower depths would most 


likely continue to provide treatment. If designed, built, and maintained correctly, 


bioretention appears to provide sustained treatment of stormwater runoff for nitrogen and 


phosphorus for nearly two decades, and likely longer. 


BIORETENTION MEDIA STUDY 


Introduction 
Previous research has typically focused on the hydrologic performance and 


pollutant removal capabilities of newly installed bioretention cells (BRCs) while basing 


long-term predictions on post-construction results. As BRCs are a biologically-active filter-


based system, changes in performance are expected over the life of an installation. 


Recent research has begun the process of understanding the impacts of aging on BRCs 


by comparing the nutrient removal capabilities in aging bioretention cells to post-


construction values (Johnson and Hunt 2019; Willard et al. 2017). Outside of water quality 


treatment in aging BRCs, little research has examined the filter media, and changes in its 


physical and chemical composition, that provides many of the treatment mechanisms that 


make bioretention such a popular SCM. 


In a comparative study of nutrient removal in a 17-year-old BRC in North Carolina, 


Johnson and Hunt (2019) attributed improved nitrogen removal to steady cycling of 


organic matter from the maturation of vegetation planted at the bioretention cells’ surface. 


McPhillips et al. (2018) associated low carbon to nitrogen (C:N) ratios in BRC media with 


nitrogen loss due to coupled mineralization and nitrification of organic nitrogen and 


recommended C:N be greater than 20 to promote immobilization. Komlos and Traver 
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(2012) concluded following media analysis in a nine-year-old rain garden that phosphorus 


removal would continue for an additional 20 years. Johnson and Hunt (2016) explored 


the spatial distribution of phosphorus and heavy metals in an 11-year-old BRC in 


Charlotte, NC, and reported notable accumulation of zinc and phosphorus solely within 


the pre-treatment area of the BRC. However, BRC media saturated with phosphorus has 


been shown to be a net source of the nutrient rather than to provide treatment (Hatt et al. 


2009b; Hunt et al. 2006). 


This study aimed to improve the understanding of dynamic temporal changes in 


bioretention media composition by exploring (1) the physical characteristics and (2) 


carbon and phosphorus concentrations in BRCs of various ages through a field survey of 


28 BRCs in central North Carolina. Comparing concentrations of nutrients in “new” and 


“aging” bioretention media will support phosphorus sorption predictions for media life and 


maintenance recommendations for maximum sustained nutrient removal. 


Methods and Site Descriptions 
Site Descriptions 


Twenty-eight BRCs within the nutrient sensitive Jordan Lake watershed in central 


North Carolina were selected for sampling (Figure 1; Table 1). Selected BRCs were 


chosen to create (1) an expansive geographical representation across eight municipalities 


in the Jordan Lake watershed, (2) a broad swath of bioretention ages, and (3) a relatively 


equal distribution of design variations for future analysis (e.g., media depth, vegetation 


type, and presence of forebay; Table 1). 
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Figure 1. Locations of sampled bioretention cells in central North Carolina.
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Table 1. Characteristics for sampled bioretention cells. 


Site ID 
Year 
Built 


Drainage 
Area (ac) 


% 
Impervious 


BRC Surface 
Area (ft2) 


Ponding 
Depth (in) 


Media 
Depth (ft) 


Vegetation 
Type Forebay 


Apex-BCB 2006 1.6 100 720 6 4 Trees No 
Apex-BCE 2005 3.7 100 1,675 15 4 Trees No 
Apex-PUB 2017 2.1 62.3 6,640 9 3 Shrubs No 
Apex-PW 2014 1.2 62.4 4,175 12 3 Shrubs No 
Apex-TO 2002 1.4 50.2 2,640 12 3 Trees Yes 
Apex-WAL 2011 3.5 41.4 7,577 12 2 Sod Yes 
BUR-AEA 2012  75 905 18 2 Sod No 
BUR-LCA 2013 0.8 60 3,819 11 3 Shrubs No 
BUR-LCB 2013 3.3 61 7,607 14 3 Shrubs No 
BUR-LCC 2014 0.8 62.6 2,332 9 2.5 Sod No 
BUR-OE 2015 3.5 56.9 8,591 11 2 Sod No 
CARR-BP 2010 6.8 20 1,526 10 3 Trees No 
CH-PP 2014 24.7 20 27,996 12 3 Shrubs No 
CH-UM 2001 0.3 100 970 9 4 Trees No 
DUR-AB 2008 1.0 63 2,492 12 3 Trees Yes 
DUR-DFA 2015 1.5 66.9 4,790 9 3 Shrubs Yes 
DUR-DFB 2015 2.9 56.5 7,957 9 3 Shrubs Yes 
DUR-JHS 2015 1.4 74.8 4,960 12 3 Trees Yes 
DUR-LW 2013 7.4 36.1 4,380 5 2.5 Trees Yes 
DUR-SHZ 2018 2.5 76 7,090 12 3 Sod Yes 
DUR-TS 2016 0.5 66.7 1,553 9 3 Shrubs Yes 
ELON-MP 2011  55 7,338 18 2 Sod No 
GSO-BC 2009 1.3 90 4,200 12 2 Sod No 
GSO-BFA 2007 1.6 73 5,080 9 4 Shrubs No 
GSO-BFB 2007 1.1 65 3,200 9 4 Shrubs No 
GSO-PH 2007 2.6 65.4 7,301 12 3 Trees No 
MCL-FIRE 2008 1.4 58 4,384 8 2 Sod No 
MCL-WC 2005 2.3 21.5 2,292 6 4 Trees No 
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Age, design, and watershed characteristics were collected using several methods. 


Construction dates, design plans and as-built plans for the sampled BRCs were provided 


by municipalities. In the absence of design plans, design and watershed characteristics 


were measured in the field or through GIS. Defining characteristics included age, land 


use, drainage area, land use, drainage area imperviousness, BRC surface area, drainage 


area:BRC surface area ratio, surface storage ponding depth, media depth, vegetation 


type, and whether a pre-treatment device was present. Design characteristics were used 


for future analysis. 


Sample Procedure 
Five soil samples were collected at each site using a 12-inch stainless steel soil 


probe. Bioretention cells were generally trisected length-wise for sampling to avoid 


skewing of data due to hotspots of accumulation (Johnson and Hunt 2016). In each 


section, three samples were collected within a 1-foot radius from the top 8 inches of soil 


media and composited for nutrient analysis as previous research has shown the majority 


of runoff-borne pollutants to collect in the top 8 inches of soil media (Komlos and Traver 


2012; Li and Davis 2008). One additional sample was collected from the top 2-feet at 


each of the three sample locations. The three samples were then composited into a single 


sample for nutrient analysis to compare concentrations in the top 2 ft to samples from the 


top 8 inches. Lastly, an additional sample was collected from the top 2 ft at each of the 


three sample locations. Those samples were then composited into a single sample for 


particle size analysis of the soil media. 


Sample Analysis 
Soil samples were analyzed for physical and chemical composition. Particle size 


distribution was analyzed following the ASTM hydrometer method at the NC State 
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University Stormwater Laboratory (ASTM International 2017). Soil sample bulk density 


was estimated using percent sand, silt, and clay and methods by Saxton and Rawls 


(2006). Soil samples were analyzed for total organic carbon (TOC), total nitrogen (TN), 


and total phosphorus (TP) at the Environmental Analysis Laboratory at NC State 


University using standard methods; Carbon:Nitrogen ratio (C:N), Mehlich-3 phosphorus 


(M3P), and phosphorus index (P-Index) were calculated. Mehlich-3 phosphorus is a 


common measure of bioavailable P in North Carolina, and is often reported as an index 


value (P-Index). Moreover, North Carolina BRC design requirements stipulate that BRC 


media installed in nutrient sensitive watersheds, such as the Jordan Lake watershed 


studied herein, be no higher than 30 (N.C. DEQ 2017a). As such, M3P was calculated 


from TP following guidance by Lammers and Bledsoe (2017). P-Index was then 


calculated from M3P (Hardy et al. 2014). While calculating M3P from TP and P-Index 


from M3P introduces uncertainty, both conversions are research based and the resulting 


P-Index values were within a reasonable range of previously reported P-Index values in 


North Carolina BRCs (Brown and Hunt 2011; Hunt et al. 2006, 2008; Line and Hunt 2009). 


Data and Statistical Analysis 
As the analysis herein is examining soil media on a temporal scale rather than a 


spatial scale, soil samples from the top 8 inches of soil media were averaged to offset 


potential skewing due to hotspots within individual bioretention cells. Previous research 


has shown hotspots of nutrient and sediment accumulation to occur near inlets or areas 


of localized depression and preferential flow paths (Johnson and Hunt 2016; Jones and 


Davis 2013; Muerdter et al. 2016). For categorical comparisons, BRCs were discretized 


into three individual groups based on age: (1) 1-5 years (n = 10), (2) 6-10 years (n = 8), 


and (3) 11+ years (n = 10). 
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Statistical analysis was performed using R statistical software. Bias corrected and 


accelerated bootstrapping was performed to determine the 95\% confidence interval 


about the median. Data were inspected for normality and log-normality and statistical 


comparisons utilized Wilcoxon signed rank non-parametric statistical analyses to 


compare differences between accumulation in the top 8 inches and the entire soil media 


column. Differences between groups were tested using pairwise Wilcoxon rank sum tests. 


Differences were considered significant at α = 0.05. 


Results and Discussion 
Physical Characteristics 


Of the 28 BRCs sampled, the textural classification of media in 22 was sand; the 


other six were loamy sand. Median percent sand, silt, and clay was 89%, 8%, and 3%, 


respectively, while mean percent sand, silt, and clay was 88 ± 4%, 8 ± 4%, and 3 ± 1%, 


respectively. As BRC media is designed to be sand-based, the lack of variation and high 


sand content in the results were expected. 


BRC media specifications in North Carolina prescribe a particle size distribution of 


75-85% sand, 8-15% fines, and 5-10% organic matter (N.C. DEQ 2017a). Previous 


guidance suggested up to 88% sand and 12% fines (N.C. DEQ 2009). The media 


sampled herein were sandier than NC standards. Twenty-two samples (78%) exceeded 


the current maximum sand threshold while four samples (14%) exceeded the current 


percent fines threshold. The greatest percentage of fines was two instances of 22% fines. 


The physical and chemical composition of bioretention media is a critical component of 


bioretention performance as it dictates the flow of water through the system and thus, the 


volume of runoff that can be captured for flood control and water quality treatment. 


Further, silt and clay content and mineralogy limits maximum permeability to provide 
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adequate contact time for pollutant removal and chemical sorption sites for additional 


treatment (Fassman-Beck et al. 2015). 


Wardynski and Hunt (2012) examined 41 BRCs in North Carolina and found 71% 


of sampled medias to be outside the specified ranges for particle size, with 46% of 


samples being too sandy and 24% too fine. The results herein agree with these authors’ 


assessment, particularly with respect to excess fines. It was anticipated that bioretention 


cells constructed in more impermeable watersheds would display a higher sand content 


in filter media as a study in Australia found a strong correlation between watershed 


imperviousness and sandier sediment in runoff (Perryman et al. 2011); however, neither 


the correlation nor differences in media physical characteristics and watershed 


imperviousness were statistically significant. 


Previous research has demonstrated the effective capture of sediment and 


particulate matter at the surface of bioretention, typically within the top 8 inches of media 


(Asleson et al. 2009; Hatt et al. 2009a; Li and Davis 2008). Wardynski and Hunt (2012) 


found a significant increasing trend in media fines content with age, which they attributed 


to the development of media guidance in 2005 defining maximum fines content. In 


agreement with previous research, fines content in bioretention media significantly 


increased with age (p = 0.023; Figure 2; Table 2). This trend is likely due to a combination 


of previous hypotheses: (1) sedimentation and trapping of fines in runoff has resulted in 


the accumulation of additional fines within the media and (2) fines content in newly 


installed BRCs is lower due to more regimented specifications for media. 
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Figure 2. Fines content of bioretention media discretized by age of bioretention. 


 


As the samples collected for particle size analysis in this study were taken from 


the top 2 ft of media, it is highly likely that the effect of accumulated sediment from the 


watershed would be diminished. Regardless, a significant trend in fines accumulation with 


age exists; however, while significant, the accumulation rate of fines is not alarming. The 


particle size distributions herein would not be deleterious to hydraulic functioning as the 


four BRCs with less than 85% sand at least 10-years-old and vegetated; mature 


vegetation has been shown to increase infiltration rates in bioretention, regardless of 


surface clogging (Hatt et al. 2009b; Virahsawmy et al. 2014). It is possible that 


accumulated fines could provide additional treatment opportunities for pollutant removal 


through the addition of sorption sites associated with clay mineralogy (Li and Davis 2016). 
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Carbon and Organic Matter 
TOC content in the soil media ranged from 0.1 to 5.9% by weight. TOC did not 


vary with depth in the media as average organic carbon content in the top 8 inches of 


media and the top 2 ft were both 2.0 ± 1.4%. While TOC in bioretention media did not 


significantly differ with age, median TOC for age categories 1-3 was 8.2%, 15.6%, and 


22.7%, respectively (Table 2Table 2. Summary statistics for analyzed characteristics for 


each age category.). 


As organic matter is a prescribed element of bioretention media mix, OM content 


in sampled BRC media was estimated (Nelson and Sommers 1996) for comparison to 


NC DEQ (2017a) recommended specifications. Organic matter content ranged from 0.7 


to 7.5% by weight with a median of 2.3% and a bootstrapped 95% confidence interval 


around the median of 1.6-3.6%. As it is estimated from TOC, OM content was higher in 


older BRCs, albeit not significantly. This increase in TOC and OM over time was 


expected, and is most likely due to vegetation senescence and the decomposition and 


routine replenishment of hardwood mulch as BRCs are maintained (Chen et al. 2013) 


Organic matter, and thus carbon, is vital to the removal of metals, hydrocarbons, 


and nutrients (Hunt et al. 2012). In particular, carbon serves as an electron donor in BRC 


media for denitrification, which is needed to complete the nitrogen cycle and remove 


nitrogen from BRCs via N2 gas (Knowles 1982). However, too much organic matter, and 


OM sourced from compost high in nitrogen and phosphorus, can result in the leaching of 


nutrients from BRCs (Clark and Pitt 2009; Hunt et al. 2006; Paus et al. 2014). As such, 


research-based design guidance recommends a BRC media to include 5% organic 


matter, by weight (Hunt et al. 2012; Peterson et al. 2015). Of the BRCs sampled herein, 
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only five were within 1% of the target threshold of 5% OM. The nine BRCs exceeding the 


target threshold contained less than 8% OM by weight. 


Table 2. Summary statistics for analyzed characteristics for each age category. 


Age 
Category Statistic 


% 
Sand 


% 
Clay 


% 
Silt 


TOC 
(% by wt) 


OM 
(% by wt) C:N 


TP 
(mg/kg) 


M3P 
(mg/kg) PI 


0 - 5 
Years 


Mean 90 3 7  13.8  2.4 21 138.5 16.2 19 
Median 89 3 8  8.2  1.4 21 65.6 7.7 9 
Std. Dev. 2 1 3  13.4  2.3 6 156.3 18.3 21 
Min 88 2 3  4.3  0.7 12 45.9 5.4 6 
Max 93 4 10  42.9  7.4 32 466.8 54.6 64 


6 - 10 
Years 


Mean 89 3 8  20.3  3.5 17 330.3 38.6 45 
Median 89 3 8  15.6  2.7 15 197.7 23.1 27 
Std. Dev. 5 2 4  11.8  2.0 5 284.6 33.3 39 
Min 78 1 2  6.5  1.1 12 126.2 14.8 17 
Max 93 6 16  40.6  7.0 26 952.5 111.4 130 


11+ 
Years 


Mean 86 4 10  23.8  4.1 15 301.4 35.3 42 
Median 86 4 10  22.7  3.9 17 312.9 36.6 43 
Std. Dev. 5 1 4  14.8  2.5 4 130.9 15.3 18 
Min 78 2 3  5.8  1.0 9 140.2 16.4 19 
Max 93 6 18  43.3  7.5 20 467.5 54.7 65 


 


C:N ranged from 8.7 to 32.4 with a median of 17.6 and mean of 18.1 ± 5.7. The 


highest C:N, 32.4, was observed at a 5-year-old BRC planted with shrubs with 3 ft of 


media. The lowest C:N was observed at a 14-year-old BRC planted with trees with 4 ft of 


media. C:N significantly decreased in aging BRCs (p = 0.007; Figure 3; Table 2). 
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Figure 3. C:N ratio compared to age of sampled bioretention cells. 


A decrease in C:N is not surprising, as (1) C:N in surface soils tends to decrease 


over time until reaching equilibrium with the C:N of microbes in the soil (Janssen 1996; 


Stevenson 1994) and (2) initial carbon content in the BRC media is quickly utilized in 


microbial respiration or leached from bioretention media following initial decomposition, 


particularly in mulched BRCs (Chen et al. 2013). As BRCs are typically vegetated and 


mulched, watershed inputs and vegetative senescence appears to be replacing carbon 


and resulting in a somewhat stabilized C:N in older BRCs. 


Notably, C:N was anticipated to be greater than what was observed in older BRCs 


(median of age category 3 C:N = 17). McPhillips et al. (2018) measured C:N in the top 8 


inches of a newly-retrofit BRC to be 21.8-25.4, while Willard et al. (2017) reported a 


maximum C:N at the surface layer of a seven-year-old BRC to be 44 with values in the 


top 12 inches of media ranging from 24-35; however, leaf compost in the BRC media and 


a 4-inch layer of mulch at the surface likely contributed to an elevated C:N. Few other 
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BRC studies have reported C:N values, but several authors do recommend BRC media 


to have a C:N greater than 20 to promote immobilization of nitrogen rather than 


mineralization (Chapin et al. 2011; Janssen 1996; McPhillips et al. 2018).  


It is possible that routine maintenance of BRC vegetation, such as pruning and/or 


regularly mowing (with clipping removal), has exacerbated the decline in C:N. Previous 


research has recommended that vegetation in BRCs be left to grow and naturally decay 


in-place (Chen et al. 2013; Willard et al. 2017). This would likely replenish carbon in the 


upper layers of BRC media (Chen et al. 2013; Johnson and Hunt 2019). 


That both carbon and C:N are decreasing also suggests that nitrogen is also being 


removed via nutrient uptake by plants, microbial assimilation, or coupled 


mineralization/nitrification and mobilization in subsequent storm events. It is likely that the 


degree of nitrogen loss is less than that of carbon assuming a priori that nitrogen 


accumulation rates are greater than that of carbon (due to nitrogen loads received in 


runoff, hence a decrease in C:N rather than an equilibrium). However, the rate at which 


C:N is decreasing is not substantial. The accumulation of nitrogen is the media is likely 


insignificant due to (1) mineralization/nitrification and (2) the weakness in sorption 


between nitrogen and the soil media (Li and Davis 2014). 


Phosphorus 
Total phosphorus concentrations significantly increased with age in sampled BRCs 


(p<0.001; Figure 4). TP concentrations ranged from 45.9-952.5 mg/kg with a median of 


180.8 mg/kg and a mean of 251.5 ± 205.8 mg/kg. The bootstrapped 95% confidence 


interval around the median was 127.2-377.4 mg/kg. The highest concentration of TP was 


in an 8-year-old BRC with sod and 2 feet of media. The lowest TP concentration was at 


a 5-year-old BRC with 3 feet of media. 
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Median TP concentration in the top 8 inches of media was 193.4 mg/kg and in the 


top 2 feet was 125.5 mg/kg; however, differences were not significant (Figure 4). While 


previous research has shown the majority of TP to accumulate within the top 8 inches, 


the top 2 feet included the top 8 inches, minimizing "dilution." 


 


Figure 4. TP concentrations discretized by age group in sampled BRC media. 


 


For comparison to current media specifications, total phosphorus concentrations 


were converted to a P-Index value following aforementioned methods by Lammers and 


Bledsoe (2017) and Hardy et al. (2014). P-Index values also significantly increased with 


age in sampled BRCs (p<0.001). P-Index values ranged from 6-130 with a median of 25 


and a mean of 35 ± 28. Median P-Index in the top 8 inches of media was 9, 27, and 43 


for age categories 1-3, respectively (Table 2). An increase in P-Index with age supports 


previous research demonstrating this trend in aging BRCs (Johnson and Hunt 2016, 


2019). Conversely, Willard et al. (2017) reported reductions in TP in a BRC following 7 
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years of treatment, which they attributed to a flushing effect due to low cation exchange 


capacity in the filter media. 


As the geochemical removal of dissolved phosphorus is driven by background 


concentration of P within media and the availability of sites for uptake (Li and Davis 2016; 


Lucas and Greenway 2008), knowing the current capacity of soil media allows prediction 


of future performance. As such, P-Index can be interpreted as an indicator of future 


sorption potential: a P-Index below 50 signifies that BRC media is low in phosphorus and 


has additional sorption capacity for future P loads, a P-Index between 50 and 100 


indicates that the soil media is nearing sorption capacity and may be leaching P, and a 


P-Index greater than 100 indicates that a media is completely saturated and is leaching 


P (Hardy et al. 2014; Hunt et al. 2006). In earlier studies, BRCs with a low-medium P-


Index have been shown to reduce P loads to receiving waters while high to very high P-


Index media have been a net source of P (Hunt et al. 2006, 2008; Johnson and Hunt 


2019; Line and Hunt 2009; Passeport et al. 2009). 


Of the BRCs sampled herein, nine (32%) had a P-Index value in the high to very 


high range (Figure 5). It is highly likely that treatment capabilities for these eight BRCs 


are impaired, and the BRC with a P-Index of 130 is a source of phosphorus to receiving 


waters. It is promising that the majority of BRCs sampled, including the two eldest, 


remained in the low-medium P-Index range, indicating sustained P removal of runoff. 


However, 50% of older BRCs 10-years-old had P-Indexes greater than 50. 
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Figure 5. Phosphorus index values for sampled BRCs. Thresholds for phosphorus 
sorption capacity and potential leaching are indicated. 


A key consideration when examining the P-Index values herein is the ability of 


deeper media to continue P sorption after the upper layers of filter media have reached 


saturation. Komlos and Traver (2012) examined orthophosphate removal in a rain garden 


over a nine-year monitoring period and noted at the end of monitoring that sorption 


capacity had only been reached in the top 4 inches of media while predicting an additional 


20+ years of phosphorus treatment in the lower depth of media. A P-Index of 69 is 


estimated in the top inch of media from Muerdter et al.’s (2016) examination of media in 


a seven-year-old BRC while samples from 6 to 16 inches were estimated to have a P-


Index value of 18, leading those authors to predict continued P sorption capacity in the 


deeper layers of media for the foreseeable future. As the aforementioned full column P-


Index values in this study included the top 8-inches, the top layer likely skewed top 2 feet 
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P-Index values to be higher, and it is hypothesized that outside of the highest P-Index 


value reported, most BRCs included in this study should continue to provide long-term 


phosphorus treatment. 


Conclusions and Recommendations 
Bioretention media surveyed in this study displayed significant changes in physical 


and chemical characteristics with age. However, the changes detailed herein show 


promising results and suggest that with minimal maintenance, bioretention media should 


continue to provide treatment of stormwater runoff for prolonged periods of time. The 


following conclusions and recommendations are drawn from these results. 


• Silt and clay content in BRC media significantly increased with age, most likely due 


to recent changes in media specifications and sedimentation of watershed 


sediment at the surface of BRCs. 


o While the amount of fines increased, 78% of sampled BRCs were sandier 


than NC DEQ (2017a) media specifications; thus, BRC media likely 


percolate sufficiently fast, thus providing hydrologic mitigation. 


• The median C:N of media samples was 17.6 and significantly decreased with age, 


below the threshold for nitrogen immobilization (C:N = 20) suggested by McPhillips 


et al. (2018). 


o It is recommended that a high quality carbon amendment, such as saw dust 


or biochar, be added to BRC media. The frequency of this addition could be 


synchronized with the scraping of the surface layer when the latter cakes 


(Hatt et al. 2008; Johnson and Hunt 2016). 
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• Phosphorus is accumulating in BRC media; however, generally, P-Index values 


are less than threshold indicating saturation and possible leaching and phosphorus 


removal should be sustained as deeper depths of BRC media "pick up the slack" 


once surface layers saturate. 


o As P removal efficiency and leaching potential can be predicted via P-


Indices, it is recommended that testing of media, including depths below 8 


inches, should be performed every 5-10 years to ensure media is not 


reaching sorption capacity. 
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FLOATING TREATMENT WETLANDS 


Introduction 
Wet ponds have been utilized throughout North Carolina, humid regions of the 


United States, and the world. A wet pond includes “a permanent pool of water for 


removing pollutants and additional capacity above the permanent pool for detaining 


stormwater runoff.” (N.C. DEQ 2017a). The influent to the pond passes first into a forebay, 


where initial velocity reduction and particulate settling occurs. Inflow then passes into the 


main pond, where stormwater mixes with water in the permanent pool, diluting pollutant 


concentrations and allowing further settling to occur. The basin’s outlet structure controls 


outflow from the basin such that stormwater is stored and slowly released at pre-


construction peak runoff rates. North Carolina design standards require a total storm 


drawdown in two to five days, such that outflow is slow enough to sufficiently attenuate 


the runoff flow, yet rapid enough that the basin is emptied before the next storm event 


(N.C. DEQ 2017a). 


Wet ponds are an effective stormwater BMP for attenuating peak flow and thereby 


reducing downstream flooding; however, their efficacy in improving water quality has 


been inconsistent in research. For example, Mallin et al. (2002) evaluated the 


performance of three wet ponds in Wilmington, NC, and found highly variable pollutant 


removal rates. While one pond showed significant reductions in nearly all pollutants 


sampled, another pond had no significant removal of nutrients, and yet another actually 


showed increased nutrient concentrations in the outflow. Similarly, variable results were 


found in several other NC-based studies, including Borden et al. (1998). 
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Because ponds treat relatively large watersheds, any means of improving their 


performance has the potential for widespread effect, particularly in nutrient sensitive 


watersheds like the Jordan Lake watershed. One relatively proven retrofit of wet ponds is 


the addition of floating treatment wetlands (FTWs). FTWs are a hydroponic system that 


employ vegetated floating mats or trays to provide nutrient treatment in surface water 


settings. FTWs are quickly becoming a popular retrofit to lakes and wet detention ponds 


as they allow sedimentation, do not compromise existing ability to mitigate peak flows, do 


not require heavy equipment to install, and provide improved habitat and biodiversity. 


Moreover, they are a cost-effective and ecologically friendly alternative to a full-scale 


design/build retrofit to reduce loads from existing wet ponds. 


Due to the low-cost/high-reward potential associated with FTWs, extensive 


research has explored their ecosystem services and treatment performance in recent 


years. While the preponderance of research features laboratory-based mesocosm 


studies, multiple field trials have demonstrated the effectiveness of FTWs as a value 


added retrofit for stormwater runoff (Borne 2014; Borne et al. 2013b; a; McAndrew et al. 


2016; Schwammberger et al. 2019; Tharp et al. 2019; Winston et al. 2013). 


Design 
FTWs are a hydroponic system that employ vegetated floating mats or trays to 


provide nutrient treatment in surface water settings (Figure 6). At the surface, FTWs are 


buoyed using a proprietary material or simply from connected sealed barrels or other 


flotation devices. The body of FTWs is made to support the weight of vegetation and 


substrate for plants, which are placed within the mats or trays and cover the majority of 


the surface. Below water level, plant roots are suspended in the water column to 
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provide treatment. FTWs are held within a general area of a wet pond via tethering to a 


structure on the shore or by anchoring them to the bottom of the wet pond. 


 


Figure 6. Example cross section of a floating treatment wetland (Lucke et al. 2019). 


One of the driving forces behind the growing popularity of FTWs is their ease of 


construction and customization in design. A simple homemade design consisting of non-


toxic plastic containers injected with expanding foam has been shown to provide 


adequate buoyancy and freeboard for plant roots to grow (Walker et al. 2017). Other 


successful experimental designs include sealed PVC frames with plastic netting (Figure 


7). Typical construction materials include HDPE plastic, marine grade polystyrene foam, 


and PVC pipe. 
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Figure 7. Example of a simple homemade FTW by Wang and Sample (2014). 


 


However, FTWs are also offered as a proprietary device. Two popular versions of 


proprietary FTWs present in the literature are Beemats (Beemats LLC, New Smyrna 


Beach, FL, USA) and BioHaven® Floating Islands (Floating Island International, Inc., 


Shepard, MT, USA) (Lynch et al. 2015). Proprietary FTWs are often a popular choice as 


they are customizable and are designed to withstand varying conditions seen in field 


applications. 


Pollutant Removal Mechanisms 
FTW research has identified four main pathways for pollutant removal: (1) 


assimilation and nutrient uptake by vegetation planted on FTWs, (2) entrapment of 


particulate bound pollutants in biomass beneath FTWs, (3) sedimentation beneath FTWs, 


and (4) biogeochemical transformations occurring within the root zone of FTWs. Each 


process is depicted in Figure 8 and described in additional detail below. 
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Figure 8. Pollutant removal mechanims of FTWs. Figure from Borne et al. (2015). 


Assimilation and Plant Uptake 
Assimilation is the biotic uptake of nutrients by plants, bacteria, fungi, and 


microorganisms and is a major factor in the sequestration of nutrients in FTWs. Plant 


species such as soft rush, pickerelweed, and yellow flag have been shown to account for 


upwards of 90% of N removal in FTWs (Keizer-Vlek et al. 2014; Spangler et al. 2019). 


Some studies have even shown some degree of removal for phosphorus and some 


metals species (Tanner and Headley 2011). 


Biomass is typically examined as a surrogate for nutrient uptake by vegetation on 


FTWs. As plant roots are suspended in the water column rather than in soil, research has 
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compared the accumulation of nutrients in biomass “above mat” (e.g., shoots) and “below 


mat” (e.g., roots). Nutrient accumulation is relatively evenly distributed between above 


and below mat biomass, but has been shown to vary between sites and plant species 


(Tanner and Headley 2011; Winston et al. 2013). As the promotion of plant growth is a 


key design feature in FTWs, opportunities for treatment of N via assimilation are plentiful. 


Entrapment 
The suspension of plant roots within the water column also provides treatment 


opportunities through the entrapment of fine particulates to the “sticky” biofilms that grow 


on the roots. Not only does entrapment remove fine suspended sediment, and what may 


be colloidal-bound to them, the entrapped fine sediments provide sorption opportunities 


for phosphorus and metals depending upon their mineralogy (Borne et al. 2013a; Tanner 


and Headley 2011). A key consideration is the needed residence time for entrapment to 


occur and depth of roots. Short root depths and high flows will reduce the degree of 


treatment. Moreover, particularly large flows can wash off sediments that have already 


been trapped within the root zone (Borne et al. 2013a). 


Sedimentation 
Sedimentation is also a key pollutant removal mechanism for FTWs. Wet ponds 


typically include a feature designed to promote sedimentation, forebays, to slow runoff 


and allow larger sediments to settle before entering the main body of the wet pond. FTWs 


also promote the stilling of water flow by providing an obstruction (roots) within the water 


column. Further, the physical barrier of FTWs themselves may also provide some degree 


of hydraulic resistance. As such, larger particles that may have bypassed treatment within 


a forebay can be settled near the location of FTWs. This mechanism has been well 
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documented in prior studies showing reductions in TSS and sediment build up beneath 


FTWs (Tanner and Headley 2011; Winston et al. 2013). 


Biogeochemical Processes 
Within the treatment area of a FTW, denitrification can occur within the anaerobic 


zone created by microbiomes on plant roots or within biofilms. Urakawa et al. (2017) 


suggested that FTWs provide additional habitat for microbiomes that are linked to the 


oxic-anoxic gradient that provides the environment for rhizospheric denitrification. In this 


area, denitrifying bacteria populations can be 10-100 times greater than other areas 


(Knowles 1982). During respiration, O2 can be diffused into the anoxic rhizosphere 


allowing a coupling of nitrification and denitrification. 


Research has shown that decomposing periphyton form tight, almost 


impermeable, mats, called biofilms, on exposed surfaces (e.g., structural components of 


a FTW) (McAndrew et al. 2016). These biofilms also support communities of denitrifying 


bacteria due to low O2 levels resulting from limited permeability of the biofilm. 


Performance Review 
TSS and Particulate Matter 


TSS and particulate matter is primarily removed by FTWs via filtration and trapping 


in the root zone. FTWs on a partitioned pond in New Zealand significantly reduced TSS 


concentrations compared to the partition without FTWs (Borne et al. 2013a). Walker et al. 


(2017) investigated sediment removal from an FTW during a two-year study in Australia 


and noted a significant 81% reduction in TSS. Two pre- and post-FTW retrofit studies in 


North Carolina attributed significantly improved sediment removal at one pond to 


particulate settling due to roots slowing velocities (Winston et al. 2013); the authors 
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suggested insignificant removal of TSS at the second pond was due to short-circuiting of 


flow around the FTWs and a low coverage area (9%). 


Metals 
Previous research has shown the ability of FTW retrofits to effectively remove 


selective metals species when compared to stand-alone ponds. Borne et al. (2013a) 


conducted a side-by-side comparison of copper and zinc removal from a wet pond with 


and without FTWs in New Zealand. The pond with FTWs exhibited a 21% and 16% 


greater mass removal rate of total copper and total zinc, respectively. Increased removal 


of metals via FTWs was attributed to anoxic conditions beneath FTWs, flocculation of 


particulates, and the formation of metal sulfides, particularly during warmer summer 


months (Borne et al. 2014). Garbett (2005) noted drastic reductions in iron concentrations 


as a result of the inclusion of the FTW retrofit on a eutrophic reservoir in the United 


Kingdom. 


Mesocosm experiments by Tanner and Headley (2011) describe a 6-fold decrease 


in copper and additional substantial reductions in zinc through the incorporation of FTWs. 


The authors concluded that removal was likely enhanced by the bioactive compounds 


released from FTW plant roots or changing physiochemical conditions in the water 


column beneath the FTWs. 


Nutrients 
Nutrient removal via FTWs in research is highly variable, but generally 


demonstrates the overall ability of FTWs to improve wet pond nutrient removal. Garbett 


(2005) installed an FTW on a eutrophic reservoir in the United Kingdom and reported 


substantial reductions in orthophosphate during late spring to mid-autumn, but did not 


observe a change in nitrate concentrations (Garbett 2005). Walker et al. (2017) also noted 
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insignificant changes in TN concentrations in a study of FTW performance in Australia, 


but did find significant 52% reductions in TP concentrations in a wet pond. The authors 


suggested that re-aeration zones should be included with FTWs to improve nitrogen 


removal. 


A study in Orlando, FL, reported TP and orthophosphate concentration reductions 


of 47.7% and 79%, respectively, for a wet pond with 9% surface area coverage by FTWs 


(Chang et al. 2013). Further, nitrogen species were reduced by 15.7%, 20.6%, and 51.1% 


for TN, NO3-N, and TAN, respectively. The authors attributed phosphorus removal to 


improved sedimentation via the root zone and nitrogen removal to plant uptake (Chang 


et al. 2013).  


In one of the first studies of its kind, Winston et al. (2013) examined the pollutant 


removal performance of two wet ponds in North Carolina pre- and post-retrofit with FTWs. 


FTW surface area coverage for the two ponds was 9% and 18%. The former studied 


resulted in no significant differences in pollutant removal while the latter significantly 


reduced TP and orthophosphate. 


Deployment 
The range of coverage area in FTW research has been a central topic of discussion 


as field studies have generally not be able to reproduce the removal rates observed in 


mesocosm studies due to smaller coverage area. Consequently, up to a 50% surface 


area coverage is recommended in design guidance and crediting documents, but at least 


10% surface area coverage is required to receive additional nutrient and sediment 


removal in the Chesapeake Bay (Lane et al. 2016). 


Table 3. Chesapeake Bay crediting for FTWs. Modified from Lane et al. (2016) 
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Pollutant 


FTW  Percent Surface Area Coverage in 
Pond 


10% 20% 30% 40% 50% 
TN 0.8% 1.7% 2.5% 3.3% 4.1% 
TP 1.6% 3.3% 4.9% 6.5% 8.0% 
TSS 2.3% 4.7% 7.0% 9.2% 11.5% 


  


However, merely prescribing a percentage coverage area may not provide 


additional treatment. While increasing coverage area has been shown to increase some 


pollutant removal, a key consideration is forcing water to flow through the root zone. 


Without strategic placement of FTWs, preferential flow can lead to polluted water 


bypassing treatment by short-circuiting FTWs. Khan et al. (2013) and Borne et al. (2015) 


recommend installing FTWs perpendicular to flow and across the entire width of 


directional flow to prevent short-circuiting. Further, Borne et al. (2015) recommend 


installing FTWs outside of the forebay of a wet pond to avoid saturating the roots with 


particulate matter that may be treated by the forebay alone.  


An additional key design and deployment consideration is the depth of water 


available. If ample depth is not given within the water column, FTWs may become rooted 


to the pond bed and lose their freedom of motion and may become flooded and damaged 


as water levels rise during large events. FTW root depths up to 4.5 feet have been 


observed in the literature (De Stefani et al. 2011). 


Borne et al. (2015) recommend that FTWs be anchored to desired locations and 


not allowed to float freely. Anchoring FTWs will ensure they remain perpendicular to flow 


and prevent FTWs from becoming rooted into the banks of wet ponds. Additionally, 


tethering FTWs to an outlet structure or posts outside of a wet pond will prevent FTWs 


from flipping or breaking loose during large storm events. 
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Maintenance requirements for FTWs are relatively minimal, albeit important. Borne 


et al. (2015) recommend a minimum of quarterly maintenance to ensure FTWs are 


operating as intended. More frequent maintenance may be needed during establishment 


as plants develop. As plants are the governing treatment mechanism, plant survival and 


protection from predation is important. Unsuccessful vegetation should be removed and 


replaced at the start of each growing season. Invasive species and small trees should be 


removed. 


Future Work Needed 
To date, limited field studies examining pre- and post-FTW retrofit pollutant 


removal have been conducted. Mesocosm studies have provided an important 


understanding of the dynamics behind FTW treatment, but the degree of treatment 


provided in mesocosm studies has yet to translate to full-scale field applications. 


Additional direct comparisons to baseline treatment performance of wet ponds are 


needed to accurately credit FTWs. 


Other than a prescribed surface area cover, research has suggested strategies on 


the placement of FTWs within wet ponds. Previous research has, importantly, studied 


FTW’s that were somewhat haphazardly placed (Chang et al. 2013; Winston et al. 2013). 


Now understanding that that FTW’s function best when flow is forced to pass through (or 


under) their dangling roots, research is needed to test hypotheses on strategic placement. 


For example, ‘protective rings’ of FTW’s around outlet structures may expose the most 


treatment to runoff or locating FTW’s immediately downstream of the forebay may prove 


most effective. 
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Overall, floating treatment wetlands are an increasingly popular retrofit to improve 


wet pond nutrient removal, particularly because of their ease of installation and relatively 


low-cost. Nutrient removal appears varied and dependent upon providing enough 


coverage and proper placement. 
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SAND FILTER STUDY 


Introduction 
Sand filters are a commonly used stormwater control measure (SCM) in North 


Carolina. They are often implemented in highly impervious areas to help municipalities 


comply with regulations. The North Carolina Department of Environmental Quality (NC 


DEQ) has identified this technology as a primary SCM or device that can treat runoff from 


built-upon-areas for water quality without the need of additional SCMs. Due to a lack of 


North Carolina data, NC DEQ used research from sites located in Florida, Maryland, New 


Hampshire, and Virginia to establish pollutant removal credits for sand filters (N.C. DEQ 


2017b). There is a concern these data are not reflective of North Carolina sand filters and 


may skew effluent pollutant loads leading to violations of stormwater regulations. Four 


sand filters in Fayetteville and Greensboro, North Carolina are currently being monitored 


for water quality and hydrology by NC State University (NCSU). NCSU conducted a 


column study to identify placeholder effluent credits until monitoring of these four sand 


filters has been completed. 


Methodology 
NCSU constructed nine 3 ft tall columns of 4 in SCH 40 PVC pipe. Each column 


was filled with 18 in of ASTM C33 sand and 3 in of ASTM No. 78 stone above and below 


the media to prevent preferential flow (Blecken et al. 2010; Lucas and Greenway 2011; 


N.C. DEQ 2017a). The base of each column was fitted with a cap and sample tube 


allowing outflow to be collected in a bucket beneath each column (Figure 9). Prior to each 


trial, these buckets were washed to prevent cross-contamination.  
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Figure 9. Assembled sand filter columns. 


Storm events were simulated using runoff collected from a NCSU parking lot using 


a contraption developed by NCSU (Figure 10). The runoff was applied to the columns 


within 48 hours after each storm event. To mimic typical ponding depths, 1 ft of 


stormwater was applied to three columns and 2 ft of stormwater were applied to another 


three columns. The remaining three columns received 1 ft of deionized water that served 


as the study’s control. 
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Figure 10. NCSU runoff collection device. 


Prior to application, influent samples were collected from the runoff and deionized 


water. Composite effluent samples were collected within 24 hours after each trial to mimic 


typical drawdown periods for sand filters (N.C. DEQ 2017b). Each sample was analyzed 


at the NCSU Environmental Analysis Laboratory (EAL) for the following parameters: total 


suspended solids (TSS), total kjeldahl (TKN), nitrate/nitrite nitrogen (NO2,3-N), total 


ammoniacal nitrogen (TAN), and total phosphorus (TP) (Table 4). Total nitrogen (TN) was 


calculated as the sum of TKN and NO2,3-N. For analyses, a value of one-half the reporting 


limit was used for concentrations reported below the minimum detection limit (Gilbert 


1987). SAS version 9.4™ software was used to determine if the data followed a normal 


distribution, and descriptive statistics were used to characterize each treatment. 


Meaningful statistical analyses were not performed due to the limited number of trials. 
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However, plots showing the effluent concentrations with standard errors were used to 


make inferences about the data. 


Table 4. EAL analysis methods and detection limits. 


Analyte Method Detection Limit 
(mg/L) 


TKN EPA Method 351.2 0.03 
TAN Standard Method 4500-NH3 G 0.01 
NO2,3-N EPA Method 353.2 0.01 
TP Standard Method 4500-P F 0.03 
TSS Standard Method 2540B 0.50 


 


Results 
A total of eight trials were conducted; however, two of the trials were omitted from 


the analyses. Influent data collected from these trials were not reflective of typical North 


Carolina parking lots (Passeport and Hunt 2009), and the researchers believe including 


these data would skew the results. Additionally, the researchers discovered the deionized 


water system used throughout the study was failing, and these data were not used for 


comparison between the columns receiving stormwater runoff. Refer to Appendix A for 


the raw data from each trial. 


Data were uniformly non-normal. Median effluent concentrations for the 


stormwater replicates and trials are summarized in Table 5. Differences between the TP 


concentrations throughout the trials were minimal. TN concentrations ranged from 0.50 


to 1.43 mg/L while TSS concentrations were between 0.24 to 7.69 mg/L. The overall 


median effluent TN, TP, and TSS concentrations were 0.04, 0.73, and 2.17 mg/L 


respectively. These concentrations are less than the current credits allocated by NC DEQ 


(2017b); however more data is needed to conducted statistical analyses necessary to 


identify robust placeholder credits. 
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Table 5. Median effluent concentrations for stormwater replicates and trials. 


Trial 


Ponding 
Depth 


(ft) 
TKN 


(mg/L) 
NH3-N 
(mg/L) 


NO3-N 
(mg/L) 


TP 
(mg/L) 


TN 
(mg/L) 


TSS 
(mg/L) 


1 1 0.47 0.12 0.13 0.02 0.58 2.00 
2 0.49 0.14 0.03 0.02 0.51 1.83 


2 1 0.78 0.09 0.03 0.04 0.78 1.83 
2 1.10 0.09 0.06 0.04 1.18 2.34 


3 1 0.79 0.11 0.03 0.03 0.82 0.25 
2 0.86 0.14 0.01 0.02 0.86 0.25 


4 1 0.55 0.05 0.01 0.06 0.57 3.92 
2 0.57 0.07 0.01 0.02 0.60 3.48 


5 1 0.49 0.08 0.01 0.04 0.50 5.10 
2 0.66 0.09 0.01 0.06 0.68 7.69 


6 1 0.57 0.10 0.71 0.02 1.37 1.77 
2 0.53 0.10 0.84 0.04 1.43 2.75 


Median 0.57 0.10 0.03 0.04 0.73 2.17 
 


Figure 11 through Figure 13 show the median TP, TN, and TSS concentrations 


with the respective standard error bars and ponding depth for trials one through six. It can 


be inferred from these plots that if the standard error bars overlap ponding depth and or 


the trials do not impact effluent concentrations. Figure 11 indicates that after Trial 2, 


ponding depth appears to impact effluent TP concentrations. Additionally, it can be 


suggested there are statistical differences between the trials. Figures Figure 12 and 


Figure 13 indicate ponding depth does not impact effluent TN or TSS concentrations and 


there are no statistical differences between the trials. However, these inferences should 


be confirmed through statistical analyses using more data (i.e. 15 trials). 
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Figure 11. Median effluent TP concentrations with standard error. 


 


Figure 12. Median effluent TN concentrations with standard error. 
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Figure 13. Median effluent TSS concentrations with standard error. 


 


Conclusions 
NCSU designed and constructed nine sand filter columns reflective of field scale 


sand filters. Eight trials were conducted throughout the study; however, trials seven and 


eight were excluded from the analyses. Influent concentrations from these trials were not 


reflective of typical parking lots (Passeport and Hunt 2009), and the researchers believe 


including these data would skew the results. Due to the lack of available data statistical 


analyses were not performed. Median effluent TP, TN, and TSS concentrations were 


0.04, 0.73, and 2.17 mg/L, respectively. These concentrations are lower than the current 


credits allocated by NC DEQ (2017b). However, the researchers recommend further trials 


and statistical analyses are conducted to identify robust placeholder credits for sand 


filters. 
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Appendix A 
A Retrospective Comparison of Water Quality Treatment in a Bioretention Cell 16 Years 
Following Initial Analysis 
Attached 
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Appendix B 
Supplemental Sand Filter Data 
Raw Data (Cells shown in yellow are below the minimum detection limit; columns 
with bold headings include data adjusted for the minimum detection limit)
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Date/Trial Sample 
Code 


TKN 
(mg/L) 


TKN 
(mg/L) 


NH3N 
(mg/L) 


NH3N 
(mg/L) 


NO3N 
(mg/L) 


NO3N 
(mg/L) 


TP 
(mg/L) 


TP 
(mg/L) 


TN 
(mg/L) 


TSS 
(mg/L) 


TSS 
(mg/L) 


11/9/2018; 1 


R1'1 0.60 0.60 0.13 0.13 0.13 0.13 0.17 0.17 0.74 0.97 0.97 


R1'2 0.33 0.33 0.12 0.12 0.14 0.14 0.00 0.02 0.47 2.00 2.00 


R1'3 0.47 0.47 0.11 0.11 0.12 0.12 0.00 0.02 0.58 4.31 4.31 
R2'1 0.33 0.33 0.14 0.14 0.06 0.06 0.01 0.02 0.39 1.71 1.71 
R2'2 0.49 0.49 0.14 0.14 0.03 0.03 0.00 0.02 0.51 1.83 1.83 
R2'3 1.49 1.49 0.17 0.17 0.02 0.02 0.00 0.02 1.51 2.73 2.73 
DI1'1 0.38 0.38 0.10 0.10 0.03 0.03 0.00 0.02 0.40 2.88 2.88 
DI1'2 1.52 1.52 0.25 0.25 0.33 0.33 0.00 0.02 1.85 0.98 0.98 
DI1'3 0.30 0.30 0.26 0.26 0.32 0.32 0.00 0.02 0.62 0.00 0.25 


IN 1.72 1.72 0.17 0.17 0.00 0.01 0.33 0.33 1.73 6.18 6.18 
DI 0.73 0.73 0.39 0.39 0.16 0.16 0.00 0.02 0.89 0.00 0.25 


11/16/2018; 
2 


R1'1 0.78 0.78 0.10 0.10 0.00 0.01 0.05 0.05 0.78 0.96 0.96 
R1'2 0.75 0.75 0.08 0.08 0.03 0.03 0.04 0.04 0.78 1.83 1.83 
R1'3 0.82 0.82 0.09 0.09 0.04 0.04 0.04 0.04 0.85 3.13 3.13 
R2'1 0.64 0.64 0.09 0.09 0.01 0.01 0.03 0.02 0.64 0.96 0.96 
R2'2 1.14 1.14 0.10 0.10 0.06 0.06 0.05 0.05 1.21 2.34 2.34 
R2'3 1.10 1.10 0.08 0.08 0.08 0.08 0.04 0.04 1.18 3.57 3.57 
DI1'1 0.76 0.76 0.26 0.26 1.00 1.00 0.05 0.05 1.76 1.87 1.87 
DI1'2 0.92 0.92 0.24 0.24 0.56 0.56 0.04 0.04 1.49 1.92 1.92 
DI1'3 0.91 0.91 0.22 0.22 0.61 0.61 0.05 0.05 1.52 0.97 0.97 


IN 1.48 1.48 0.08 0.08 0.00 0.01 0.15 0.15 1.49 40.38 40.38 
DI 0.63 0.63 0.35 0.35 0.15 0.15 0.02 0.02 0.78 0.00 0.25 


11/19/2018; 
3 


R1'1 0.63 0.63 0.11 0.11 0.03 0.03 0.03 0.03 0.66 0.00 0.25 
R1'2 0.79 0.79 0.12 0.12 0.04 0.04 0.06 0.06 0.83 0.00 0.25 
R1'3 0.80 0.80 0.09 0.09 0.02 0.02 0.03 0.03 0.82 0.00 0.25 
R2'1 1.15 1.15 0.11 0.11 0.01 0.01 0.04 0.04 1.16 0.00 0.25 
R2'2 0.44 0.44 0.14 0.14 0.01 0.01 0.03 0.02 0.45 1.25 1.25 
R2'3 0.86 0.86 0.15 0.15 0.01 0.01 0.03 0.02 0.86 0.00 0.25 
DI1'1 0.81 0.81 0.18 0.18 0.51 0.51 0.03 0.02 1.32 0.00 0.25 
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DI1'2 0.65 0.65 0.19 0.19 0.53 0.53 0.04 0.04 1.18 0.00 0.25 
DI1'3 0.81 0.81 0.20 0.20 0.56 0.56 0.03 0.02 1.37 0.00 0.25 


IN 2.68 2.68 0.16 0.16 0.03 0.03 0.48 0.48 2.71 55.00 55.00 
DI 0.80 0.80 0.36 0.36 0.17 0.17 0.03 0.03 0.97 0.00 0.25 


11/30/2018; 
4 


R1'1 0.45 0.45 0.04 0.04 0.01 0.01 0.08 0.08 0.47 2.75 2.75 
R1'2 0.84 0.84 0.05 0.05 0.00 0.01 0.06 0.06 0.85 5.77 5.77 
R1'3 0.55 0.55 0.08 0.08 0.01 0.01 0.04 0.04 0.57 3.92 3.92 
R2'1 0.65 0.65 0.08 0.08 0.01 0.01 0.04 0.04 0.67 3.48 3.48 
R2'2 0.57 0.57 0.06 0.06 0.02 0.02 0.02 0.02 0.60 3.77 3.77 
R2'3 0.37 0.37 0.07 0.07 0.01 0.01 0.00 0.02 0.37 1.08 1.08 
DI1'1 0.59 0.59 0.11 0.11 0.89 0.89 0.03 0.03 1.48 2.97 2.97 
DI1'2 0.79 0.79 0.10 0.10 1.28 1.28 0.07 0.07 2.07 1.06 1.06 
DI1'3 0.53 0.53 0.08 0.08 1.31 1.31 0.18 0.18 1.85 0.00 0.25 


IN 5.43 5.43 0.04 0.04 0.03 0.03 1.23 1.23 5.46 64.71 64.71 
DI 0.68 0.68 0.39 0.39 0.18 0.18 0.02 0.02 0.86 0.00 0.25 


12/18/2018;5 


R1'1 0.48 0.48 0.09 0.09 0.01 0.01 0.04 0.04 0.50 3.74 3.74 
R1'2 0.80 0.80 0.07 0.07 0.01 0.01 0.08 0.08 0.82 5.10 5.10 
R1'3 0.49 0.49 0.08 0.08 0.01 0.01 0.04 0.04 0.49 5.21 5.21 
R2'1 0.64 0.64 0.08 0.08 0.01 0.01 0.07 0.07 0.65 7.69 7.69 
R2'2 1.06 1.06 0.09 0.09 0.00 0.01 0.06 0.06 1.07 34.31 34.31 
R2'3 0.66 0.66 0.10 0.10 0.02 0.02 0.04 0.04 0.68 1.87 1.87 
DI1'1 0.74 0.74 0.10 0.10 0.86 0.86 0.05 0.05 1.60 2.38 2.38 
DI1'2 0.50 0.50 0.13 0.13 0.75 0.75 0.09 0.09 1.26 3.16 3.16 
DI1'3 0.39 0.39 0.10 0.10 0.68 0.68 0.04 0.04 1.07 0.00 0.25 


IN 11.05 11.05 0.17 0.17 0.02 0.02 1.42 1.42 11.07 175.86 175.86 
DI 0.63 0.63 0.46 0.46 0.18 0.18 0.02 0.02 0.80 0.00 0.25 


1/25/2019;6 


R1'1 0.57 0.57 0.10 0.10 0.80 0.80 0.03 0.02 1.37 2.54 2.54 
R1'2 0.67 0.67 0.09 0.09 0.71 0.71 0.03 0.02 1.38 1.77 1.77 
R1'3 0.47 0.47 0.10 0.10 0.63 0.63 0.02 0.02 1.09 0.00 0.25 
R2'1 0.53 0.53 0.10 0.10 0.59 0.59 0.04 0.04 1.12 3.74 3.74 
R2'2 0.59 0.59 0.10 0.10 0.84 0.84 0.04 0.04 1.43 2.75 2.75 
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R2'3 0.48 0.48 0.13 0.13 1.41 1.41 0.02 0.02 1.89 0.00 0.25 
DI1'1 0.56 0.56 0.09 0.09 1.07 1.07 0.06 0.06 1.64 5.88 5.88 
DI1'2 0.44 0.44 0.10 0.10 0.74 0.74 0.16 0.16 1.18 8.24 8.24 
DI1'3 0.27 0.27 0.10 0.10 0.69 0.69 0.05 0.05 0.96 5.71 5.71 


IN 1.96 1.96 0.11 0.11 0.01 0.01 0.25 0.25 1.97 43.06 43.06 
DI 0.52 0.52 0.37 0.37 0.15 0.15 0.03 0.03 0.67 0.00 0.25 


4/12/2019;7 


R1'1 2.33 2.33 0.06 0.06 0.92 0.92 0.24 0.24 3.25 6.41 6.41 
R1'2 1.46 1.46 0.04 0.04 0.71 0.71 0.21 0.21 2.17 6.25 6.25 
R1'3 2.00 2.00 0.04 0.04 0.83 0.83 0.19 0.19 2.83 7.69 7.69 
R2'1 2.17 2.17 0.08 0.08 1.06 1.06 0.19 0.19 3.23 2.82 2.82 
R2'2 2.54 2.54 0.81 0.81 0.97 0.97 0.20 0.20 3.52 7.25 7.25 
R2'3 2.51 2.51 0.78 0.78 1.35 1.35 0.17 0.17 3.86 8.33 8.33 
DI1'1 1.17 1.17 0.05 0.05 0.34 0.34 0.27 0.27 1.51 9.43 9.43 
DI1'2 1.59 1.59 0.06 0.06 0.25 0.25 0.33 0.33 1.84 25.00 25.00 
DI1'3 2.11 2.11 0.07 0.07 0.26 0.26 0.28 0.28 2.37 15.38 15.38 


IN 9.33 9.33 2.94 2.94 0.03 0.03 0.92 0.92 9.36 23.86 23.86 
DI 0.00 0.02 0.09 0.09 0.02 0.02 0.18 0.18 0.03 0.00 0.25 


5/16/2019;8  


R1'1 0.91 0.91 0.09 0.09 5.57 5.57 0.05 0.05 6.48 3.23 3.23 
R1'2 0.41 0.41 0.08 0.08 5.99 5.99 0.04 0.04 6.40 3.15 3.15 
R1'3 0.87 0.87 0.08 0.08 5.96 5.96 0.03 0.02 6.82 3.05 3.05 
R2'1 0.61 0.61 0.08 0.08 4.93 4.93 0.00 0.02 5.53 1.56 1.56 
R2'2 1.33 1.33 0.54 0.54 4.80 4.80 0.03 0.03 6.13 3.73 3.73 
R2'3 1.42 1.42 0.36 0.36 4.97 4.97 0.00 0.02 6.39 6.92 6.92 
DI1'1 0.41 0.41 0.07 0.07 0.40 0.40 0.08 0.08 0.81 6.32 6.32 
DI1'2 0.40 0.40 0.07 0.07 0.32 0.32 0.07 0.07 0.72 7.37 7.37 
DI1'3 0.48 0.48 0.08 0.08 0.48 0.48 0.31 0.31 0.96 8.65 8.65 


IN 18.30 18.30 10.40 10.40 0.03 0.03 2.24 2.24 18.33 144.00 144.00 
DI 0.14 0.14 0.07 0.07 0.01 0.01 0.00 0.02 0.15 0.00 0.25 
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Executive Summary
For the past three years, the Environmental Finance Center (EFC) at the UNC School of Government 
has been researching and investigating options for financing nutrient management in Jordan Lake. By 
starting with an inventory of the current state of the watershed, the EFC focused initially on identifying 
how the current streams of revenue are flowing from local governments or other entities to the lake. In 
addition, the EFC sought to evaluate whether such streams of revenue have a positive impact on water 
quality. 


After a general finding that the water quality spending in the Jordan Lake watershed is fragmented and 
often lacks communication or collaboration between entities, the EFC spent its second year of research 
looking for better ways to connect and integrate the current spending into more regionalized approaches. 
The EFC also examined different ways to calculate the potential revenue that exists in the Jordan Lake 
watershed that could be used for water quality improvements such as nutrient management. This included 
creating a “revenueshed” approach, which visualizes the concept of changing existing rate and tax 
structures for the purpose of revenue generation and incorporating beneficiaries into the revenueshed. 
For example, rather than the current boundary—which is defined by the regulatory requirements of 
the Jordan Lake Nutrient Strategy and includes only those in the Jordan Lake watershed—a wider 
boundary could be drawn to include local governments holding drinking water allocations for Jordan 
Lake. Within the different boundaries, the EFC calculated potential scenarios based on manipulating 
various revenue generation structures, including property taxes, water and wastewater rates, and 
stormwater fees, which are all existing mechanisms available to local governments for water quality 
improvements. Additionally in the second year, the EFC 
identified other existing tools that local governments can 
utilize to generate funds for the purpose of water quality 
improvements. 


While the first two years of research focused heavily on 
evaluating both the existing spending and the potential 
revenue streams for future spending, the third year of 
research focused more on what would be required for 
implementation of any new spending or governance 
approach for Jordan Lake. In considering how a new 
nutrient management strategy could be funded and carried 
out, the EFC broke down its research and findings into 
three basic questions:


1. What is the source of revenue for the watershed management?
2. Who holds the revenue and what does the governance structure look like?
3. How is the revenue spent to improve water quality?


Defining “Watershed Management” 


This report uses the term “watershed 
management” to include both quantity and quality 


issues. While the report and research were 
driven by a need to fund nutrient management 


specifically, many of the examples are financing 
mechanisms and options for water supply or for 


other water quality challenges, leading to the 
use of this broader term. Additionally, the use 


of more inclusive terminology is consistent with 
the discussion of financing with “One Water” in 
mind, an approach explored later in this report.
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In its final year of research, the EFC looked into regional watershed governance approaches, both 
within North Carolina and in other states. Additionally, the EFC looked at some other state strategies for 
water quality-specific revenue generation. Finally, the EFC highlighted some existing revenue sources 
in North Carolina, which could be expanded or aggregated in different ways.


Future Finance and Governance Approaches 


to Consider—at a Glance


This report summarizes several different governance approaches that involve regional watershed 
management, both within North Carolina and across the country. Additionally, the report highlights four 
approaches which involve different legislative or implementation changes which provide the potential 
for increasing revenue generation, aggregating funding at a more regional level, and spending funds 
through a broader watershed wide approach.


As a starting point in evaluating options forward, the following four approaches highlighted in this report 
include:


• Existing Framework: The Existing approach relies on the existing revenue generation mechanisms, 
local governments, and existing boundaries which are currently in place. Adjusting the existing 
mechanisms would require no legislative changes, but the potential to increase effectiveness and 
collaboration is lower than any of the other approaches. 


• Expanded Framework: The Expanded approach expands upon the existing framework by identifying 
what else is possible in North Carolina for generating, governing, and spending revenue for nutrient 
management, and then making slight legislative modifications to the boundary within which revenue 
can be generated, how it can be aggregated, or where it can be spent.


• Watershed Fees or Taxes: The Watershed fees/taxes approach relies upon the existing framework 
for governance, but brings in new, legislatively-created revenue generation mechanisms that are not 
currently a part of state statutes. While this approach requires more substantial statutory changes, 
the revenue generating potential is much greater and more consistent than in previously discussed 
approaches.


• Regional Watershed Utility: The Regional Watershed Utility approach starts anew. It creates a 
new entity with its own financing mechanisms and spending authority. While this approach would 
require the most legislative change, it provides the most streamlined potential for dedicated revenue, 
centralized governance, and watershed wide spending.


While the EFC has provided the four specific combinations of frameworks or strategies described 
above, there are myriad more combinations which decision makers can implement. The components 
of these approaches provide opportunities for the state to: remove barriers that have prevented cross-
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jurisdictional spending; increase flexibility of boundaries within which revenue can be generated, create 
new dedicated sources of revenue for watershed management, and centralize pooling and governance 
of funding. By making such changes, the State can impact the ability of local governments to invest 
more holistically in watershed management. 


Key Findings


Current North Carolina Governance Approaches 
Involving Regional Watershed Management


The EFC identified t hree e xisting g overnance a pproaches i n N orth C arolina i nvolving regionalized 
nutrient or watershed management:


Catawba-Wateree


In December 2007, Duke Energy Carolinas and 18 water supply entities came together to incorporate 
the Catawba-Wateree Water Management Group (CWWMG). In the decade since, CWWMG has 
invested heavily in initiatives to maintain water supply in order to keep up with population growth, while 
simultaneously protecting the ecological integrity of the waterway. 


Duke Energy operates 11 reservoirs on the Catawba River under one Federal Energy Regulatory 
Commission (FERC) license, and the CWWMG grew out of Duke Energy’s FERC relicensing. In its 
renewal of this license, Duke Energy wanted to charge water withdrawal fees to the 18 public water 
supply entities withdrawing from the Catawba River and adjacent reservoirs. However, pushback from 
the public water supply entities and a widespread desire to reinvest in the river system caused the 
18 utilities and Duke Energy to form the CWWMG, to which all utilities and Duke Energy contribute 
financially. As long as utilities are active members of CWWMG in good standing, Duke Energy does not 
charge them water withdrawal fees. 


Figure 1: Potential Variations of a New Nutrient Management Approach 
Comparing Revenue, Governance, and Spending Policies
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What is the source of revenue for watershed management?


The majority of funding for CWWMG comes from member dues. Each member pays dues based on 
its gross withdrawals from the Catawba River Basin relative to the group’s total gross 
withdrawals. Additionally, there is a surcharge for any water transferred out of the basin. 


CWWMG also leverages funding such that it is able to provide $1.50 of work for every $1.00 paid 
in membership dues. In addition, external grant funding has been made available from the 
Water Research Foundation, the  Duke Energy Foundation, as well as other funding partners. 
CWWMG has also received funding for approaching this sort of work as a result of a lawsuit the 
Catawba River Basin Association of South Carolina filed against North Carolina.1


Who holds the revenue and what does the governance structure look like?


CWWMG is a 501(c)(3) consisting of Duke Energy Carolinas, LLC and 18 water supply 
utilities withdrawing from 11 reservoirs in the Catawba River Basin. Water utilities withdrawing 
from these reservoirs are considered eligible participants in CWWMG, and those who do not pay 
membership fees to CWWMG are charged water withdrawal fees. Only these pre-designated 
eligible participants may become members. Eligible participants who do not join when first eligible 
may join CWWMG on a specified date by paying the current year’s dues and past dues covering up 
to four missed years of eligibility. Current members may resign from the group at any time and for any 
reason.2


Large CWWMG members each get to nominate one member representative and one alternate member 
representative. These member representatives of large CWWMG members each receive one 
vote, and their votes determine who will be the member representatives for all small CWWMG 
members from North Carolina and South Carolina, respectively. Once all member representatives 
and alternates are decided upon, member representatives elect officers amongst themselves. 
Officers manage the administration and operations of CWWMG.3 


Although membership in CWWMG is completely voluntary, Duke Energy will charge water withdrawal 
fees to eligible participants who do not join and remain in good standing. As such, it is the threat of 
water withdrawal fees, in addition to expensive legal proceedings, that disincentivizes free riding or 
dropping out of the watershed management group.4


The secretary/treasurer of CWWMG collects member dues, which total approximately 
$700,000 annually5 based on the annual contribution schedule. The organization holds the funds in the 
Watershed Management Fund Account.6


1. Personal correspondence with Barry Gullet. February 26, 2019
2. Bylaws
3. Bylaws
4. Personal correspondence with Barry Gullet. February 26, 2019
5. Personal correspondence with Barry Gullet. February 26, 2019
6. Bylaws







9The Environmental Finance Center at UNC-Chapel Hill


How is the revenue spent to improve water quality?


Each  year, CWWMG produces a five-year water supply master plan. The plan describes future and 
current projects and consists of three phases: water quantity, water quality, and economic concerns.7 


Projects described in the plan may be managed by members or by third-party organizations, such as 
the United States Geological Survey.8 


Upper Neuse River Basin Association


The United States Army Corps of Engineers built the dam resulting in the inundation of Falls Lake in 
1978 to address flooding and water supply issues faced by the city of Raleigh and surrounding areas. 
This was done despite warnings from the North Carolina Department of Environment and Natural 
Resources—now the North Carolina Department of Environmental Quality (DEQ)—that the lake would 
have problems with nutrient pollution. In 1996, local governments formed the Upper Neuse River Basin 
Association (UNRBA) to protect the water quality of Falls Lake. As a nonprofit collaboratory of local 
governments, public and private agencies, and community stakeholders within the 770-square mile 
Falls Lake watershed, the UNRBA works to influence and comply with the Falls Lake Rules. The Falls 
Lake Rules are a nutrient management strategy designed to reduce nutrient discharges to the lake 
from various sources (stormwater runoff from development, agriculture, etc.).


What is the source of revenue for watershed management?


The majority of the UNRBA’s funding comes from member dues. Of the total member dues, 10% 
is portioned equally among all members, constituting the base participation rate; 50% comes from 
members based on their share of the total annual water demand from the Falls Lake watershed. The 
remaining 40% of the total member dues is assigned based on members’ shares of land area within 
the Falls Lake watershed. 


Additional funding for the UNRBA may come from donations, bequests, gifts, grants, and payments for 
services performed. The total of all funding amassed to form operating budgets of approximately $1 
million for the past few years. 


Who holds the revenue and what does the governance structure look like?


Though there have been changes in management, the UNRBA has always been a 501(c)(3) nonprofit 
organization. The UNRBA is member-based; only members wield voting power and pay dues. Only 
political jurisdictions located completely or partially within the Falls Lake watershed may be members, 
and any local government that fits the aforementioned description may be a member of the UNRBA so 
long as it submits an application to the UNRBA’s board of directors and pays the required membership 
dues. Members may leave the UNRBA at any time; to do so, they simply submit a request. 
When issues are not resolved via a consensus agreement, each member of the UNRBA receives one 


7. Personal correspondence with Barry Gullet. February 26, 2019
8. Bylaws
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vote. However, this is rarely an issue, as consensus is a fundamental pillar of the UNRBA’s structure. 
This focus on consensus was formalized in the Consensus Principles regarding implementation of 
Stage II of the Falls Lake Rules. 


The Division of Water Resources (DWR), a division of North Carolina DEQ, runs nutrient credit trading 
and enforces the Falls Lake Rules. The UNRBA works with the DWR by providing an interface for 
governments in the Falls Lake watershed to provide consensus comments on issues like regulation 
changes. 


One clear concern with having voluntary dues-paying membership, as the UNRBA does, is that potential 
members will free ride rather than pay into the organization. The UNRBA has not experienced this 
issue in practice, as 19 of its 20 possible members have joined and pay dues. Only one municipality 
has not joined. The UNRBA’s executive director attributes this high rate of membership to the various 
benefits the UNRBA offers, many of which stem from the organization’s focus on reaching consensus 
agreements.


Though issues may come to a vote if there is conflict among members, the UNRBA typically makes 
decisions based on the consensus of the group. This group consensus often includes non-member 
stakeholders in the watershed, who cannot be dues-paying members but are invited to sit in on 
public meetings and share comments and concerns. Much of this focus on consensus stems from the 
organization’s formalized Consensus Principles, which emphasize the importance of a collective effort 
by local governments to run the UNRBA and of reevaluating the feasibility and costs of the Falls Lake 
nutrient strategy. 


Due to this focus on consensus, as well as its official Consensus Principles, the UNRBA is able to 
provide a strong voice on behalf of the whole watershed. Having a unified voice helps better direct 
policy by presenting already-supported potential approaches to regulatory agencies. As a result, the 
Falls Lake watershed is less likely to experience delays in implementation of the Falls Lake Rules due 
to pushback from individual members and is better able to entice local jurisdictions to pay membership 
dues. 


This focus on consensus agreements additionally gives the UNRBA extra weight when assisting 
jurisdictions in negotiations with the state. This clout is especially valuable to smaller jurisdictions with 
limited staffing and financial resources and is one additional way the UNRBA prevents free riding. 


The consensus approach does present its challenges. The Falls Lake watershed contains a multitude 
of governments with a wide range of interests and cultures, so as every consensus agreement must 
please each of these diverse groups, it can be difficult to find a solution that all 19 members agree on. 


The UNRBA additionally provides a third-party mechanism through which jurisdictions may pool funds 
for projects with watershed benefits. Pooling funds allows for jurisdictions to better maximize the cost 
effectiveness of nutrient management projects. The members recently did this to fund nutrient pollution 
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reduction development such that stakeholders in the Falls Lake watershed would have an expanded 
toolbox to meet nutrient reduction goals. 


In the end, the executive director of the UNRBA attributes its overall success to the association’s ability 
to bring all relevant stakeholders to the table to better cooperate and collaborate as they work to reach 
a specific goal.


How is the revenue spent to improve water quality?


The UNRBA recently spent considerable time, energy, and funding on registering five types of practices 
as nutrient pollution reduction creditable. This project significantly increased the toolbox available to 
stakeholders in the watershed looking to meet water quality standards or participate in nutrient credit 
trading. Aside from this project, the UNRBA spends the majority of its funds on water quality monitoring. 


Many of the individual members of the UNRBA spend their own funds on nutrient pollution mitigation 
projects like wastewater treatment plant upgrades and wetland stormwater treatment. 


Soil and Water Conservation Districts


In the 1930s, the Dust Bowl prompted the federal government to pass legislation providing for the 
creation of soil and water conservation districts. North Carolina passed the Soil and Water Conservation 
Districts Law as a result of this legislation.9 Soil and Water Conservation Districts currently exist in each 
county in North Carolina and are tasked with managing conservation programs and natural resource 
management.10


What is the source of revenue for watershed management?


Soil and Water Conservation Districts (SWCDs) receive funding from a variety of sources. Federal 
funding, personnel, and technology are available to SWCDs through the Natural Resources Conservation 
Service. The state provides administrative and technical assistance, as well as funding through matching 
funds, agricultural cost shares, the Community Conservation Assistance Program, grants, and special 
project funds. On a local level, county governments will fund specific projects and assist with overhead 
costs. SWCDs may also raise funds independently through grant applications and selling or renting out 
products as trees and no-till drills.11 
Who holds the revenue and what does the governance structure look like?


SWCD boundaries coincide with borders for every county in North Carolina with the exception of the 
Albemarle SWCD (which encompasses five counties in the eastern portion of the state: Camden, 
Chowan, Currituck, Pasquotank, and Perquimans Counties). The remaining 96 SWCDs each have a 


9. http://www.ncagr.gov/SWC/districts/index.html
10. NC § 139.1
11. http://www.ncagr.gov/SWC/districts/index.html



http://www.ncagr.gov/SWC/districts/index.html

http://www.ncagr.gov/SWC/districts/index.html
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five-member board of supervisors with three elected, non-partisan board members and two appointed 
board members. Albemarle SWCD has a 17-member board of supervisors.12


How is the revenue spent to improve water quality?


SWCDs deliver state and federal conservation programs, assist communities with natural resource 
management, natural disaster cleanup and restoration, and respond to projects of local interest. This 
is done through holding monthly meetings to establish priorities, installing and implementing best 
management practices (BMPs), and partnering with nonprofits, businesses, and state, local, and federal 
agencies.13


Current North Carolina Financing Mechanisms for Watershed 
Management


Raleigh Watershed Protection Fee


The City of Raleigh Public Utilities Department (CORPUD) draws and treats water from Falls Lake 
to provide potable water to its 600,000 customers spread across 275 square miles. Concern about 
maintaining water quality led CORPUD to look for ways to increase its customer base’s contribution to 
protecting water quality in the lake.


What is the source of revenue for watershed management?


To protect water quality in Falls Lake, the City implemented a nutrient reduction fee for new developments 
in 2005. In 2011, that fee was replaced with the current volumetric watershed protection fee for all water 
customers. This watershed protection fee arises from North Carolina General Statutes §160A-314, 
§162A-9, §162A-49, which allow for opportunities for local governments to implement a variety of
watershed protection revenue systems.


Via the watershed fee, CORPUD charges individual water users $0.15 per 1,000 gallons of water used. 
This averages out to a monthly charge of approximately $0.60 per residential water customer, and, 
when distributed over CORPUD’s 600,000 residential and commercial customers, raises $2.25 million 
in annual revenue. 


Funding for CORPUD’s natural asset investments comes from its watershed fee and funds leveraged 
by land trusts. To date, Raleigh has contributed over $13.75 million in watershed protection fee revenue 
and $6 million in nutrient reduction fee revenue to fund these projects. In addition, the Upper Neuse 
Clean Water Initiative (UNCWI)—discussed below—has leveraged an additional almost $90 million in 
grant funding and land-owner donations.


12. Ibid.
13. Ibid.







13The Environmental Finance Center at UNC-Chapel Hill


Who holds the revenue and what does the governance structure look like?


All revenue from the watershed fee is dedicated to the Upper Neuse Clean Water Initiative (UNCWI), a 
land trust partnership coordinated by the Conservation Trust for North Carolina. Thus, the 
Conservation Trust for North Carolina (CTNC) acts as the fiscal agent for the funds generated by 
Raleigh’s watershed fee. 


How is the revenue spent to improve water quality?


Participating land trusts use funds from CORPUD, as well as from other nonprofits, state agencies, 
and local governments, to invest in natural assets that protect water quality in Falls Lake and its 
tributaries. Each year, CORPUD sends $270,000 of its fee revenue to CTNC for administrative and 
programmatic expenses, and the rest can only be spent on water quality protection projects. 


Stormwater Utility Fee


A city may establish a stormwater fee under NC §160A-314.  A county may also establish a 
stormwater fee under NC §153A-277. Regional authorities also have the same fee-setting powers as 
those listed for cities and counties in the aforementioned statutes.


What is the source of revenue for watershed management?


Revenue is raised via stormwater utility fees, which are based on the area of impervious surface on 
a customer’s parcel. Stormwater fees may be distinctly set for different customer classes including 
residential, commercial, multi-family, and industrial. Residential fees are frequently collected as flat 
fees, which apply to the structures regardless of the amount of impervious, as the variation in impervious 
surface for residential parcels is small. This reduces the administrative costs associated with 
measuring the impervious surface on each parcel.


Who holds the revenue and what does the governance structure look like?


The revenue is held by the local government stormwater utility and may be collected on a utility bill, a 
standalone bill, or a property tax bill. The local government stormwater utility may be part of a municipality, 
county, or regional authority. Delinquent stormwater fees may be collected in the same manner as 
delinquent property taxes. Stormwater utility fee revenue is held within a stormwater enterprise fund.


How is the revenue spent to improve water quality?


Spending of stormwater revenue must be done within jurisdictional boundaries for the entity that 
generates the revenue. Revenue can be spent such that it does not exceed the city’s “cost of 
providing a stormwater management program and a structural and natural stormwater and drainage 
system.” A county has the additional authority to spend stormwater revenues for flood control such as 
elevating, demolishing, or retrofitting flood-prone structures under NC § 153A-274.1.
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New North Carolina County Watershed Improvement Tax 


What is the source of revenue for watershed management?


Under NC § 139-39, a county has the potential to levy and collect a special tax at a rate of no more 
than $0.25 for every $100.00 valuation of property in the county. The tax is known as a “watershed 
improvement tax.”


Who holds the revenue and what does the governance structure look like?


In order to implement the new tax, the board of county commissioners has to hold a special election and 
the county residents have to vote in favor of a tax going in place. Once that happens, then the county 
itself levies and collects the tax in the same manner as general county taxes.


The watershed improvement tax allows for several options for a governance structure. Once the tax is 
approved by a majority of voters, the board of county commissioners shall have all the powers of a soil 
and water conservation district. They can either exercise those powers themselves, create watershed 
improvement commissions (each is made up of three appointed members), or delegate their powers to 
their soil and water conservation district (SWCD).


The county is required to submit watershed work plans to the SWCD to be reviewed and approved, and 
the SWCD has ongoing oversight of the implementation of such plans.


How is the revenue spent to improve water quality?


In general, under North Carolina statutes, the watershed improvement tax has to be used for the 
“prevention of flood water and sediment damages, and for furthering the conservation, utilization and 
disposal of water and the development of water resources.” 


Further, a county may “take any authorized watershed action and may expend funds for any authorized 
watershed purpose (including acquisition of real and personal property, easements, options, or other 
interests in real property) outside as well as inside the boundaries of the county, if the board of county 
commissioners finds that substantial flood prevention, drainage or water supply benefits will accrue to 
property located within the boundaries of the county as a result of such action or expenditure.”14


14. NC § 153A-274.1 
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Other Existing Revenue Generating Mechanisms


As was discussed in the Summary of Second Year Research,15 there are other revenue generating 
mechanisms that local governments in North Carolina can use to finance nutrient management. These 
mechanisms include:


• Existing Property Taxes: Jurisdictions in the Jordan Lake watershed have authority to use revenue 
from property taxes to cover nutrient management initiatives.


 
• Sales Tax: Jurisdictions in the Jordan Lake watershed have the ability to utilize a portion of sales tax 


revenues for nutrient management. They cannot, however, increase sales tax to generate additional 
revenue for nutrient management.


• New Municipal Service Stormwater District Tax: Municipalities within the Jordan Lake watershed 
have the authority to create special service districts within their boundaries that are assessed specific 
district property tax rates based on services provided in the district, which could include stormwater 
infrastructure projects.


 
• Business Improvement District Tax: Another variation of municipal service districts, municipalities 


also have the authority to create a tax district to support downtown revitalization, which could include 
stormwater infrastructure projects.


 
• New County Special Services District Tax: Counties have a similar authority as Municipal Service 


Districts, and can create a sub-county district made up of property owners who benefit from a 
particular investment.


 
• Non-designated Water or Wastewater Utility Customer Charges: This is how many of the 


stormwater projects related to nutrient management in Jordan Lake are currently funded. Utilities 
do not need a specific fee designated to stormwater in order to utilize rate revenue for some nutrient 
management projects that are integrated into the provision of their water and wastewater services 
(e.g. protecting water supply watersheds).  Moreover, wastewater plant upgrades are most often 
funded from utility revenue bonds.


 
• Property Assessments: Cities have authority to invest in infrastructure on public and private land 


and to attach the cost of the infrastructure on the property through a tax assessment. This is an 
underutilized environmental finance tool in North Carolina.16 


While some of these revenue sources are specific and targeted toward a project or stormwater 
infrastructure in general, these are not dedicated sources for watershed management which would 
enable regionalized spending. Additionally, some of these sources, such as general property taxes or 


15. http://go.unc.edu/year-two-jordan-lake
16. For more on property assessments in North Carolina, see: http://go.unc.edu/special-assessments 



http://go.unc.edu/year-two-jordan-lake

http://go.unc.edu/special-assessments
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sales tax, are pooled but then allocated in many directions. Thus, they are not necessarily good options 
for a protected stream of revenue that would ideally be limited to watershed management projects and 
priorities only.


Other State Governance Approaches for Regional 
Watershed Management 


Iowa: Watershed Management Authorities


Ten years ago, Iowa passed legislation establishing a framework for the formation of regional watershed 
authorities, called water management authorities (WMAs). These WMAs are designed to address both 
nutrient pollution and flooding. In regard to mitigating nutrient pollution, WMAs primarily assist with the 
administration of measures outlined in the Iowa Nutrient Reduction Strategy intended to help the state 
reduce the amount of nitrogen and phosphorus leaving Iowa via waterways by 45%.17 


What is the source of revenue for watershed management?


While WMAs initially rely on state funding, they must turn to alternative funding sources once they 
have been established and created watershed plans, primarily because there is little state money 
dedicated to these projects. WMAs derive project funds from a diverse variety of sources, including 
state-appropriated funds, money collected by the Iowa Department of Natural Resources, private 
and public donations, and interest on the balance remaining in the respective WMA reserve fund. 
Additionally, the Iowa Department of Agriculture and Land Stewardship is a major source of funding for 
nutrient mitigation projects. 


The most consistent and reliable funding source for WMAs is self-funding. Though WMAs do not 
have the authority to levy taxes, member jurisdictions may raise their own revenue and dedicate it to 
the WMA. Only two WMAs currently raise funds via member dues, one of which is the Indian Creek 
Watershed Management Authority (ICWMA). To establish this framework, the ICWMA first had to gain 
full consensus from its member jurisdictions on its annual budget and how funding this budget would be 
divided among members. In fiscal year 2016, ICWMA’s operating budget was $50,000. The contribution 
from each member of ICWMA was calculated using two measures of stake in the watershed: percentage 
of total area in the watershed and percentage of total valuation in the floodplain. A total of 40 percent of 
the contribution is based on total area and the remaining 60% is based on valuation in the floodplain.18


Because of their reliance on grants, greater diversity in project motivation can be helpful when WMAs 
are seeking out funding opportunities for project implementation. Flooding is associated with urgency 
and has financial returns that can help motivate funding mitigation efforts, even among smaller, local 


17. https://www.desmoinesregister.com/story/money/agriculture/2017/03/14/study-whos-
using-cover-crops-iowa-hardly-anyone/99168598/ 
18. Personal correspondence with Jennifer Fencl. October 26, 2018. 
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jurisdictions.19 Federal funding is also available for flood mitigation efforts. Recently, 10 WMAs in flood-
prone areas of eastern Iowa received a total of $93 million from the University of Iowa Flood Center 
thanks to a U.S Department of Housing and Urban Development grant the flood center received after 
2008 and 2009 flooding events.20 Though this was a large federal grant, over half of the existing WMAs 
did not receive any of the grant funding, highlighting the disparity in funding availability between WMAs. 


Oftentimes, WMAs will also work to encourage private landowners to implement projects with their own 
money.21 Much of this effort is focused on farmers and includes educating them on practices like no-till 
farming and cover crops. Incentivizing voluntary, privately financed efforts is often difficult, even with 
state cost-share programs. 


Who holds the revenue and what does the governance structure look like?


WMAs are formed when at least two political subdivisions—which can be counties, municipalities, 
or soil and water conservation districts—within the same watershed enter into an agreement with a 
basic administrative framework that has been standardized by the state, called a 28E agreement.22 
Membership in the WMA is voluntary, but all political subdivisions within the watershed must be notified 
of its formation and invited to join within 30 days of establishment.23 


WMAs have little authority on their own. They cannot tax, issue permits, or implement land-use 
restrictions. Their ability to take action is dependent upon support from member jurisdictions, which 
possess the aforementioned authorities to implement regulatory change. The WMAs themselves serve 
as a means of coordination for these member jurisdictions to decide what water quality or flood mitigation 
projects they want to implement and to complete those projects if granted that power. 


WMAs can expand to encompass more political subdivisions within the watershed and may even include 
nonprofit organizations. Expansion may occur at any time, as long as new WMA members sign the 
28E agreement. In addition, political subdivisions may be members of multiple WMAs. If a jurisdiction 
contains multiple watersheds or subwatersheds, it may be beneficial for it to join the WMA overseeing 
each so it remains involved in all watersheds in which it contributes nutrient pollution and experiences 
flooding. The most limiting stipulation for WMA membership is that members must be located within its 
respective U.S. Geological Survey hydrologic unit 8-digit code watershed.24 


19. Personal correspondence with Kayla Bergman. October 30, 2018.
20. Personal correspondence with John Swanson. October 23, 2018.
21. Ibid.
22. See an example here: www.indiancreekwma.org/uploads/2/1/4/4/21443298/sofs_filed_wma_agreement.pdf
23. Legislation: https://www.legis.iowa.gov/DOCS/ACO/IC/LINC/Chapter.466b.pdf
24. More information on USGS hydrologic units: https://water.usgs.gov/GIS/huc.html



http://www.indiancreekwma.org/uploads/2/1/4/4/21443298/sofs_filed_wma_agreement.pdf

https://www.legis.iowa.gov/DOCS/ACO/IC/LINC/Chapter.466b.pdf

https://water.usgs.gov/GIS/huc.html
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How is the revenue spent to improve water quality?


The oldest WMAs have only been implementing projects for about two years—too short of a time to 
really see any quantifiable impacts.25 The combination of WMAs’ newness and their lack of authority 
has led them to focus more intently on educational efforts. Spreading public knowledge and creating a 
culture change is slow work, but WMA staff feel confident they are making great strides in these regards. 
Many of their educational efforts have had significant preliminary results within their watersheds.


Recently, a WMA in the Des Moines metropolitan area launched an educational program on rain 
gardens in a neighborhood in a lake’s watershed. Within a few years, nutrient monitoring in the lake 
showed a 40% reduction in nitrogen flows. WMA staff members are confident the educational rain 
garden program was the primary cause of the improvement in water quality, and such positive results 
have given hope to other educationally-based WMA efforts in the state.26


WMAs also focus heavily on improving soil health. Healthy soil is much more absorbent than unhealthy 
soil. This absorbency mitigates the effects of droughts for farmers and reduces the volume and velocity 
of stormwater entering waterways that contribute to flooding and nutrient loading. The extremely high 
prevalence of agriculture within the state has a significant impact on soil health  and therefore many of 
these efforts are concentrated on farmers.27 


Prairie Rivers of Iowa, the nonprofit responsible for the Squaw Creek WMA’s project implementation, has 
a variety of programs focused on education and improving soil health. The Small Landowner Assistance 
Program offers free land management consultations to owners of land smaller than 100 acres within 
five miles of the city of Ames in an attempt to improve soil health and water quality.28 The nonprofit 
also operates Women Caring for the Land  workshops, which educate local female landowners on soil 
health, water quality, and conservation practice options.29 Prairie Rivers of Iowa additionally assists 
farmers in applying for the Iowa Department of Agriculture and Land Stewardship cost-share funds for 
a variety of water quality practices, including no till, strip till, buffer strips, bioreactors, perennial planting, 
extended rotations with alfalfa, and cover crops.30


 


25. Personal correspondence with John Swanson. October 23, 2018.
26. Ibid.
27. Personal correspondence with Kayla Bergman. October 30, 2018; Personal correspondence with John Swanson. 
October 23, 2018.
28. http://www.prrcd.org/watershed_waterways/squaw-creek-watershed-small-landowner-program/
29. http://www.prrcd.org/watershed_waterways/other-special-projects/
30. http://www.prrcd.org/watershed_waterways/squaw-creek-water-quality-initiative/ | https://www.iowaagriculture.gov/
press/2018press/press05172018b.asp 



http://www.prrcd.org/watershed_waterways/squaw-creek-watershed-small-landowner-program/

http://www.prrcd.org/watershed_waterways/other-special-projects/

http://www.prrcd.org/watershed_waterways/squaw-creek-water-quality-initiative/

https://www.iowaagriculture.gov/press/2018press/press05172018b.asp
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Minnesota: Watershed Districts


As urbanization increases impervious coverage in Minnesota, the volume and velocity of stormwater 
flowing into waterways subsequently increases as well. With this comes greater nutrient pollution and 
flooding. The state’s strong water ethic and desire to protect homeowners from flooding prompted 
state lawmakers to pass legislation allowing for the establishment of local watershed districts and 
granted these watershed districts the authority to effectively and efficiently deal with nutrient pollution 
and flooding.31


What is the source of revenue for watershed management?


Funding for watershed districts primarily comes through ad valorem taxes levied by the counties 
encompassed in the district. Tax burden per county is limited to the respective county’s net tax capacity 
relative to the net tax capacity of the watershed district. The ad valorem taxes have  limitations on the 
overall percentage of value and individual percentages of value for designated purposes. Designated 
purposes with taxation limitations include organizational expenses, bond payoff, construction and 
implementation of water quality projects, repair and maintenance of water quality projects, and surveys 
and data acquisition.32 


Beyond direct allowance of ad valorem taxes, watershed district law is broad and gives individual 
watershed districts great flexibility in financing projects. Additional funding may come from assessments 
against properties abutting projects, debt financing through bonds, fees for permits and services, 
stormwater utilities, and creative taxing mechanisms. In 2009, Shell Rock River Watershed District 
received special permission from the state to implement a local sales tax dedicated to funding programs 
that benefit clean water, land preservation, and the arts. A portion of this tax revenue goes to the 
watershed district. Funding via sales tax is particularly advantageous for this district due to the large 
amount of out-of-state spending along a major highway that passes through it.33 


Watershed districts may also form special sub-financing districts, which are taxed more heavily to help 
fund projects that distinctly benefit that respective area. Though residents of sub-financing districts 
bear heavier financial burdens than they would otherwise, funding for distinctly beneficial projects 
is still distributed across whole districts. The watershed district board determines what the balance 
between funding from the sub-financing district and the district as a whole will be, and sets taxation 
rates accordingly.34 


31. Personal correspondence with Tina Carstens and Chris O’Brien. November 1, 2018. 
32. Legislation
33. Personal correspondence with Steve Woods. February 13, 2019 |  Personal correspondence with Karen Kill. January 
22, 2019.
34. Ibid.







20 Paying for Nutrient Reduction and Management in Jordan Lake


Who holds the revenue and what does the governance structure look like?


Under this legislation, a majority of political jurisdictions—either by population or number of political 
subdivisions—or a minimum number of citizens within the potential watershed district’s jurisdiction 
must petition the state to form a watershed district. Once accepted by the Minnesota Board of Water 
and Soil Resources (BWSR), the watershed district encompasses all jurisdictions within its boundaries. 
Local governments within the watershed district that did not originally wish to join are mandated to 
comply with its regulations.


Changing the boundaries of a watershed district is feasible, but requires the district to maintain a 
contiguous jurisdiction. The watershed district may, however, contain all or part of multiple watershed 
districts and counties. Enlarging watershed districts requires a minimum number of signatures on a 
petition from one of a variety of listed groups within the area proposed to be added. Once the petition 
is signed, the new watershed district must be approved by the BWSR. 


Withdrawing territory from a watershed district is more difficult. To withdraw, the area proposed to 
leave the watershed district must also acquire a minimum number of signatures on a petition from one 
of a variety of listed groups. However, the petitioner must also prove to the BWSR that the proposed 
withdrawing area is not in a watershed primarily managed by the watershed district, the watershed 
district can operate without the area’s inclusion, and the withdrawing territory gains no benefit from 
inclusion in the watershed district.35 


How is the revenue spent to improve water quality?


The issues watershed districts address are tailored to each individual district, but as of the 1990s, 
watershed districts began shifting focus from flood control to deal more intensively with water quality. 
Today, flooding issues are primarily resolved,36 and the primary nutrient-based water quality issue is 
excessive levels of phosphorus. Much of this phosphorus enters the water from salted roads in winter 
months.37 


Watershed districts do not have land use authority, so in order to affect water quality via land use, 
watershed districts have three avenues available to them: changing what rules they can, changing prices, 
and changing people’s minds. Changing rules generally means implementing permitting programs, 
which have been effective for some districts38 but is generally considered time consuming, expensive, 
and ineffective.39 To change the price of land use patterns, watershed districts sometimes provide cost-
shares for farmers who set aside easements. Other times, watershed districts will purchase land for 
conservation purposes.  Finally, to change the community’s mind on land use, watershed districts will 


35. Legislation
36. Personal correspondence with Karen Kill. January 22, 2019.
37. Personal correspondence with Tina Carstens and Chris O’Brien. November 1, 2018.
38. Ibid.
39. Personal correspondence with Steve Woods. February 13, 2019.
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run water education programs for local community members. Through this, they seek to better inform 
different groups about the water quality issues facing the district and how they can take steps that 
benefit themselves and the region’s water quality. The end goal of educational programs is generally to 
create bottom-up change within the district.40


The Twin Cities metropolitan area saw striking results in its 35-year review of the watershed district 
program. Over this timespan, the population of the metro area increased by 1.2 million people to a total 
of 3.5 million, and yet 92% of lakes maintained or improved their water transparency. Data was similar 
for surface streams. Though different watershed districts have different approaches to administering 
water quality programs, the executive director of the Minnesota Freshwater Society believes one thing 
is clear: watershed districts are largely to thank for these impressive water quality numbers.41    


Ramsey-Washington Metro Watershed District, one of the watershed districts in the Twin Cities area, 
credits its permitting authority for the improvements in water quality in many of its 18 lakes. After the 
watershed district instituted a permitting program in the area around these lakes, several that had been 
close to an impaired waters listing saw improvements in water quality (keeping them off the list) and 
one, Kohlman Lake, was delisted.42 


The state listed Kohlman Lake as impaired in 2002 as a result of its excess nutrients and chloride 
content.43 Since then, Ramsey-Washington Metro Watershed District has implemented several water 
quality improvement projects in the lake’s watershed, in addition to a permitting program. These projects 
range in cost from $25,000 to $6.5 million, with funding sources including the district’s own funds, Clean 
Water Fund grants, city funds and assessments, and the Minnesota Department of Natural Resources.44 


Washington: WRIA Planning Units


The state of Washington implemented its watershed planning program in 1997. This legislation allowed 
for the creation of Water Resource Inventory Area (WRIA) planning units, in which the political sub-
jurisdictions of one or more WRIAs could collaborate and produce watershed plans to improve water 
quality and habitats for fish.45 


What is the source of revenue for watershed management?


State appropriations are available to help WRIA planning units get started. Single WRIA planning units 
may apply for up to $50,000 from the state to initiate their programs; Multi-WRIA planning units may apply 
for up to $75,000. After this point, state funding opportunities become more equalized between single 


40. Ibid. 
41. Ibid.
42. Personal correspondence with Tina Carstens and Chris O’Brien. November 1, 2018.
43. https://www.rwmwd.org/projects/kohlman-lake/
44. https://www.rwmwd.org/projects/kohlman-creek/
45. http://app.leg.wa.gov/RCW/default.aspx?cite=90.82
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and multi-WRIA planning units. Instream flow and water quality components of watershed assessments 
are capped per project. However, each WRIA could potentially have multiple projects. State funding to 
conduct watershed assessments, develop watershed plans, and make actionable recommendations 
is capped per WRIA. Planning units with multiple WRIAs face no additional limitations on receiving 
these funds. Funding caps do exist at the planning unit level for assessments of instream flows after 
the completion of initial watershed assessments, detailed assessments of multipurpose water storage 
opportunities, and studies of specific multipurpose storage projects.46


Washington also offers a matching grant for Phase IV watershed plan implementation. The planning 
unit must match at least 10% of the grant’s value. This match funding can be provided by the member 
jurisdictions of the planning unit or by federal agencies, tribal governments, local governments, special 
districts, or other local organizations.47 The state nominally caps this grant funding as well. 


Who holds the revenue and what does the governance structure look like?


The state of Washington pre-designated Water Resource Inventory Areas (WRIAs), the basic unit that 
may constitute a watershed for watershed planning purposes. Local governments within a WRIA may 
come together to form either a single WRIA planning unit or a multi-WRIA planning unit. Regardless of 
the number of WRIAs in a planning unit, every county, the largest city or town, and the water supply utility 
withdrawing the largest quantity of water in each member WRIA must all agree to terms of establishment 
before the planning unit can be formed and assigned a lead state agency. Once a planning unit is 
formed, it has one year to develop an implementation plan that provides enough water for agriculture 
production, commercial, industrial, and residential use, and instream flows. The implementation plan 
should also define responsibilities and any needed local agreements or permits.48 


How is the revenue spent to improve water quality?


The WRIAs are created for watershed planning purposes. However, since their statutory designation, 
the state has modified the authority given to WRIA planning units to include activities that focus more 
heavily on restoring and promoting instream flows.49


Maryland: Bay Restoration Fee


Maryland is a member of the Chesapeake Bay Program, an inter-state organization established through 
the Chesapeake Bay Watershed Agreement in 2014 to guide the restoration of the Chesapeake Bay. 
Through the partnership, member states set respective pollution reduction goals and are then given 
full freedom in reaching those goals. In an effort to meet its nutrient pollution reduction goal, Maryland 
implemented a pooled, flat fee to fund wastewater treatment plant and septic tank upgrades.


46. RCW 90.82.040
47. RCW 90.82 §040.2(e)
48. Personal correspondence with Kristen Johnson-Waggoner. November 16, 2018.
49. https://ecology.wa.gov/Water-Shorelines/Water-supply/Water-rights/Case-law/Hirst-decision
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What is the source of revenue for watershed management?


The Bay Restoration Fund is a Maryland state fund dedicated to upgrading wastewater treatment 
plants with enhanced nutrient removal (ENR) technology. This fund is divided into two subsets, the 
Wastewater Treatment Plant Fund and the Onsite Disposal Fund, and each subset has its own revenue 
source.


The Wastewater Treatment Plant Fund is supported by monthly fees charged to residential dwellings 
with sewer bills and onsite sewage disposal, residential dwellings with sewage holding tanks that pay 
water bills, and commercial and industrial users. Residential users whose sewage discharges into the 
Chesapeake  Bay, including out-of-state residential users whose sewage enters a wastewater treatment 
plant in Maryland, pay a flat, $5.00 surcharge per month added to their sewage bill; those whose sewage 
enters a Maryland wastewater treatment plant but does not discharge into the Chesapeake Bay pay 
only $2.50 per month; and residential users who demonstrate substantial financial hardship may be 
exempt from the fee. Industrial and commercial users are charged $5.00 per equivalent residential unit 
(ERU) per month for up to 2,000 ERUs.


The Onsite Disposal Fund is supported by annual fees charged to residential owners of onsite sewage 
disposal systems or holding tanks who do not pay water bills. Their annual fee is $60, which is equivalent 
to the monthly $5.00 fee paid into the Wastewater Treatment Plant Fund. 


The Bay Restoration Fee generates about $100 million annually from wastewater treatment plant users. 


Who holds the revenue and what does the governance structure look like?


The fee is collected by the billing agencies and then sent to the Comptroller for the State of Maryland. 
The State holds the revenue in the two funds and determines how it is spent to improve water quality.


How is the revenue spent to improve water quality?


Revenues from the Wastewater Treatment Plant Fund are used to upgrade 67 major, publicly owned 
wastewater treatment plants with a discharge point that enters the Chesapeake Bay.


Revenues from the Onsite Disposal Fund are pooled to upgrade conventional septic systems by either 
hooking the dwelling up to a public sewer connection or installing a best available nitrogen-removing 
technology. The program prioritizes failing onsite sewer disposal systems and onsite sewer disposal 
systems on land within 1,000 feet of tidal waters, a state-designated critical area.
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Los Angeles County: Special Parcel Tax


In November 2018, Los Angeles County voters passed a referendum allowing for the creation of the 
Safe Clean Water Program funded by a parcel tax of 2.5 cents per square foot of impervious surface. 
The objective of this program is to increase water supply, improve water quality, and invest in the local 
community. Many details have not yet been decided, but now that it has voter approval, the county will 
soon establish criteria and procedures for the program. 


What is the source of revenue for watershed management?


Property owners will be taxed 2.5 cents per square foot of impervious surface on parcels within Los 
Angeles County. The Treasurer and Tax Collector of Los Angeles County will collect this tax revenue 
with property taxes, and standard tax exemptions and payment delays will be applied to its collection. 
Additionally, low-income, senior-owned parcels will be exempt from payment and the County may 
establish other low-income credits. Tradable credits will also exist for improvements that capture, treat, 
or reduce pollution within stormwater or urban runoff, as well as for improvements that increase the 
water supply or improve local communities, to assist parcel owners in satisfying obligations stemming 
from this special parcel tax.50 Altogether, this special parcel tax is expected to raise approximately 300 
million dollars annually.51 Municipalities or districts may also issue revenue bonds funded by the parcel 
tax if they wish. 


Before the Safe Clean Water Program, municipalities paid for and maintained the County’s separate 
stormwater drainage system individually. Apart from the Los Angeles County Flood Control Act, which 
pays for flood control and conservation, there was no dedicated funding source to pay for this system. 
The new parcel tax, while not fully dedicated to stormwater drainage, helps better address needed 
stormwater infrastructure improvements. 


Who holds the revenue and what does the governance structure look like?


The Safe Clean Water Program will be governed by Los Angeles County. The program does not 
establish a new governance structure.


How is the revenue spent to improve water quality?


After the Treasurer and Tax Collector of Los Angeles County collects the special parcel tax revenue and 
accounts for any administrative costs of collection, the funds are divided between the Los Angeles County 
Flood Control District (the District), municipalities within the District, and nine regional programs run 
by watershed area steering committees. Eligible projects include infrastructure development, property 
acquisition for project implementation, stormwater monitoring and approaching, and new technology to 
increase water capture and decrease runoff pollution. 


50. SCW Final Ordinance; 7/11/2018
51. Personal correspondence
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To receive Safe Clean Water funds, municipalities must enter into agreements with the District. Funds 
are returned to municipalities relative to how much special parcel tax revenue was generated within the 
municipality, with the exception of disadvantaged communities. Disadvantaged communities, in which 
the median annual household income is less than 80% of the statewide median annual household 
income, receive more money than they raise, in addition to receiving workforce training programs. 


The watershed area steering committees tasked with allocating regional program funding must be made 
up of a specific mix of 15 members: six municipal representatives, five sector-specific stakeholders, and 
four community stakeholder representatives. Regional program funds are available to Native American 
tribes, public utilities, NGOs, nonprofit organizations, and other similar entities, and at least 90% of 
regional program funding must be allocated to infrastructure projects. 


Water Allocation and Withdrawal Fees with Added Revenue
Generation for Water Quality


One mechanism seen in some states is creating an additional fee associated with water allocations. 
This fee can be collected either as a withdrawal fee, a capacity fee, or both. 


What is the source of revenue for watershed management?


For Pennsylvania, the state is presently proposing a withdrawal fee to raise $300 million to $500 million 
for water quality projects. This will be raised from withdrawal fees on businesses pulling out both ground 
and surface water.52 The fee, as proposed by Pennsylvania House Bill 20 of 2017-18, would charge a 
10 cent per 1,000 gallons withdrawal fee to all non-municipal, non-agricultural users withdrawing more 
than 10,000 gallons per day.53 


Additional examples of capacity fees for allocation are abundant, including fees in Minnesota, Virginia,54 
and New Jersey.55 Additionally, Wisconsin is an example of tiered pricing for annual water withdrawal 
capacity. The Wisconsin Department of Natural Resources charges an annual fee of $125 to any system 
with the capacity to withdraw 100,000 gallons per day or more from either ground or surface water. A 
graduated fee of up to $9,625 applies to systems with the capacity to withdraw 50 million gallons or 
more per year. Charging for capacity rather than actual withdrawal removes administrative burden of 
verifying withdrawal volumes, especially in Wisconsin, where private wells pay a fee as well. Minnesota 
generates about $4.7 million per year, New Jersey about $5.1 million and Wisconsin about $1 million.56 


52. https://www.mcall.com/opinion/mc-opi-pa-water-use-fee-muschick-20180702-story.html
53. https://www.legis.state.pa.us/CFDOCS/Legis/PN/Public/btCheck.
cfm?txtType=PDF&sessYr=2017&sessInd=0&billBody=H&billTyp=B&billNbr=0020&pn=1846
54. https://www.deq.virginia.gov/Programs/Water/WaterSupplyWaterQuantity/
WaterWithdrawalPermittingandCompliance/SurfaceWaterWithdrawalPermittingandFees.aspx
55. https://www.nj.gov/dep/rules/rules/njac7_19.pdf
56. https://www.mcall.com/opinion/mc-opi-pa-water-use-fee-muschick-20180702-story.html



https://www.mcall.com/opinion/mc-opi-pa-water-use-fee-muschick-20180702-story.html

 https://www.legis.state.pa.us/CFDOCS/Legis/PN/Public/btCheck.cfm?txtType=PDF&sessYr=2017&sessInd=0&billBody=H&billTyp=B&billNbr=0020&pn=1846

 https://www.legis.state.pa.us/CFDOCS/Legis/PN/Public/btCheck.cfm?txtType=PDF&sessYr=2017&sessInd=0&billBody=H&billTyp=B&billNbr=0020&pn=1846

https://www.deq.virginia.gov/Programs/Water/WaterSupplyWaterQuantity/WaterWithdrawalPermittingandCompliance/SurfaceWaterWithdrawalPermittingandFees.aspx
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Who holds the revenue and what does the governance structure look like?


For water allocation fees, the funds are held by the state. 


With Pennsylvania’s proposed fee, for example, the revenue will be held in the Water Use Fund within 
the State Treasury.  The first $30 million in revenues will be used to cover program administration. An 
additional $35 million will be dispersed to multiple state agencies, and the remainder of the revenue will 
be used by PENNVEST57 to back voter-approved watershed protection bonds.


How is the revenue spent to improve water quality?


Wisconsin fee revenues are used to maintain a water resources inventory, document and monitor water 
use and quantity, administer the rules within the Great Lakes Compact, plan for water supply needs, 
and build a statewide water conservation and efficiency program.58


Proposed Pennsylvania fee revenues would be used on water quality projects that would clean up the 
Susquehanna River watershed and limit the pollution entering the Chesapeake Bay Watershed.
 
Moving Toward More Integrated Water Quality Management 


Current Fragmented Spending


One of the research team’s biggest findings during the first year of this research was that the current 
spending approach in Jordan Lake for nutrient management is fragmented. To date, the implementation 
of water quality improvements in Jordan Lake has largely been fragmented with each sector, each 
local government, and in some cases each local government department identifying and implementing 
measures on an individual basis. This fragmented spending has led to some cost inefficiencies, missed 
opportunities for collaboration, and, in some cases, less water quality benefits than might have occurred 
in a more integrated approach. 


While regulatory requirements and the need for individual jurisdictional compliance have played a 
big part in how spending has occurred, there are innovative spending approaches that would better 
enable entities to meet those goals. These innovative spending approaches are more collaborative in 
nature and involve pooled resources with more far-reaching spending that is not limited to jurisdictional 
boundaries.


57. https://www.pennvest.pa.gov/Pages/default.aspx
58. https://dnr.wi.gov/topic/WaterUse/documents/WaterUseFeeFactSheet_2012.pdf
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The “One Water” Approach


One Water is the idea that water, in all forms, is valuable and should be managed holistically.59 In 
the Jordan Lake watershed, the Jordan Lake One Water (JLOW) association facilitates a cooperative 
One Water approach to integrated water resource management. JLOW focuses on a triple bottom line 
approach to water resource management, which incorporates economic, social, and environmental 
considerations within water resource management and planning. JLOW is administered by the Triangle 
J Council of Governments (TJCOG), with collaboration from the Piedmont Triad Regional Council, and 
is comprised of local governments, conservation groups, university groups, water utilities, agricultural 
entities, and private industry stakeholders.60


One incentive for a One Water approach is the generation of ancillary benefits for the communities 
involved. Ancillary benefits, or co-benefits, include secondary benefits, which may be environmental, 
economic, or social. While such benefits should be part of the evaluation of how money can be spent for 
nutrient management in a region, too much of an overemphasis on such benefits can be problematic. 
If ancillary benefits seem to fall disproportionately in certain communities only, then it can exacerbate 
feelings of inequity, which have already been strong in a region like the Jordan Lake watershed. 


Ancillary benefits of stormwater control measures (SCM) include improving air quality, providing habitat 
for animals, and providing recreation space for residents. Ancillary benefits may extend beyond the 
boundaries of the political jurisdiction or watershed district in which the SCM is installed.  For example, 
an SCM with recreational improvements, such as a greenway along a reconstructed stream, may be 
utilized by residents of neighboring towns or counties.


JLOW emphasizes the Triple Bottom Line of nutrient management.  The Triple Bottom Line is an accounting 
framework to evaluate the performance of nutrient management programs using three metrics: social, 
environmental, and economic.61 JLOW highlights that the Triple Bottom Line approach can facilitate 
stakeholder buy-in at all levels because it provides communities with alternative justifications for buy-in. 
While one community may be primarily interested in environmental benefits of nutrient management, for 
other communities the primary reason for instituting nutrient management projects may be economic or 
social with the environmental benefits being ancillary.


It is best to evaluate ancillary benefits of stormwater SCMs on a project and location-specific basis. 
The Community-enabled Lifecycle Analysis of Stormwater Infrastructure Costs (CLASIC) tool is one 
way to quantify these ancillary benefits. If several potential SCMs are being considered for a specific 
site and nutrient removal levels and costs are approximately equal, this tool could help incorporate the 
value of co-benefits into the decision-making process. The CLASIC tool is currently in beta testing and 
is expected to be released in late 2019 by the Water Research Foundation.


59. http://uswateralliance.org/
60. https://www.tjcog.org/jordan-lake-one-water.aspx
61. http://www.ibrc.indiana.edu/ibr/2011/spring/article2.html
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Prioritization through a Point System or Grant Program


One of the challenges that exists when spending is separated from a pure regulatory framework is that 
projects may not meet regulatory needs or reductions for water quality. If a centralized entity wants to 
spend all its revenue on land conservation, then there may not be sufficient revenue for point source 
upgrades. Thus, innovative financing and spending should include a plan for how funds can be spent to 
benefit communities, improve water quality, and support local government regulatory needs. One way 
that regional watershed programs have handled this challenge is through utilizing a point system or a 
grant proposal process.


Point System:


Triangle Land Conservancy (TLC) plans and implements land conservation in the Upper Cape Fear 
watershed using a prioritization system that scores parcels using watershed-specific conservation 
objectives and physical land characteristics.62 TLC does so in collaboration with the City of Raleigh through 
a partnership called the Upper Neuse Clean Water Initiative. The relative importance of conservation 
objectives is reflected in a weighting system that was developed through a stakeholder engagement 
process administered by TLC. Parcels greater than 10 acres receive a score for each conservation 
objective.  Conservation objective scores are summed to assign the parcel a prioritization score. TLC is 
updating the scoring system to include nutrient reduction and risk scenarios.  A successful point system 
for nutrient reduction in the Jordan Lake Watershed could include metrics for nutrient reduction similar 
to those that the TLC is developing. Just like land conservation, installation of SCMs is opportunistic, 
and a scoring system would ensure that opportunities for highly impactful SCM installations that best 
work toward nutrient reduction goals are not lost.


Grant Proposal Approach:


A grant proposal approach involves identifying projects for prioritization via a competitive application 
process.  Like the point system, a grant proposal approach requires the decision makers to identify a 
subset of priorities so that funded projects reflect the priority areas identified in a stakeholder engagement 
process.  In fact, a successful grant proposal approach may include a point system.


The Santa Ana Watershed Project Authority (SAWPA) utilized a grant proposal approach to administer, 
along with the California State Water Resources Control Board, $220.9 million in grants for projects 
that aligned with the goals laid out in the Southern California Integrated Watershed Program (SCIWP). 
SAWPA is a joint powers agreement created in 1968 to address water quality and sustainability. Funding 
for SCIWP, which amounted to $235 million, came from the federal government and the California Water 
Bond of 2000.  Local public agencies undertook all projects funded through SCIWP.  Stakeholders in the 
Jordan Lake watershed have expressed interest in a competitive grant program, and SCIWP provides 
one such competitive grant approach that could be implemented in the Jordan Lake watershed. 


62. https://www.tjcog.org/Data/Sites/1/media/jlow_3_27_19_final2.pdf
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Future Finance and Governance Approaches to 
Consider in Detail
Given the current fragmented state of financing nutrient management in the Jordan Lake watershed, 
the EFC has found throughout the three years of this study that there have been clear inefficiencies, 
missed or avoided collaboration, and a minimal amount of forward momentum toward investing in 
more holistic nutrient management. However, based on the research into state governance approaches 
and financing mechanisms both within North Carolina and around the country, there is a myriad of 
options for moving the state forward,  closer to its goals. The following four “approaches” are ways of 
thinking through some possible alternatives for addressing the questions related to revenue generation, 
governance, and spending. In practice, there are more than four options, but by walking through the 
specific opportunities and needs associated with these four combinations, most of the considerations 
which would arise with any other combination should be sufficiently highlighted.


Figure 2: Future Finance and Governance Approaches to Consider 
Comparing Revenue, Governance, and Spending Policies in Detail


Figure 3: Comparison of Revenue Potential, Integration 
Level, and Degree of Statutory Change Required
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Existing Framework


Revenue: Low Generation
The Existing approach relies on the existing revenue generation mechanisms which are currently in 
place. The EFC surveyed and tracked the revenue flowing into the Jordan Lake watershed during the 
first year of the study, and in the second year, created tools to help calculate and test the revenue 
generating potential given the existing sources.
 
The Jordan Lake Revenueshed Model, a tool created by the EFC during the first year of this study, 
can be used to identify how such mechanisms could be more effective by increasing all sources by a 
specified amount.


Adjusting the existing revenue generation mechanisms would require no legislative changes, but 
the revenue generating potential based on the existing mechanisms is lower than any of the other 
approaches.


Governance: Minimal Integration
 The Existing approach relies on the existing local governments in place in the watershed. As revenue 
is generated, the funds would continue to be pooled at the local government level, which would result 
in the most independent approach with the least amount of integration.
 
Spending: Minimal Cross-Jurisdictional Spending
 The Existing approach relies on the existing boundaries within which revenue can be spent, and 
spending would continue to have the same limitations which have contributed to minimal cross-
jurisdictional spending for nutrient management. 


Expanded Framework


The Expanded approach expands upon the existing framework by identifying what else is possible in 
North Carolina for generating, governing, and spending revenue for nutrient management, and then 
making slight legislative modifications to the boundary within which revenue can be generated, how it 
can be aggregated, or where it can be spent.


Revenue: Moderate Generation
The Expanded approach would involve utilizing the financing mechanisms from the Existing approach, 
and additionally putting in place some of the funding mechanisms that are currently on the books in 
North Carolina, but which have not been made use of or maximized. Specifically, this could involve:


• County Level Stormwater Fees: As described previously, stormwater fees are a great way to 
generate a dedicated source of revenue for stormwater. Currently, there are no county stormwater 
utilities in the Jordan Lake Watershed, but some could be established to include unincorporated 
properties and areas. Person, Granville, Camden, and Mecklenburg are examples of counties with 
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stormwater fees. In both Person and Granville County, properties are charged a stormwater fee 
based on both total acreage and impervious surface area.


 
• Watershed Improvement Tax: This tax is currently on the books and not being utilized in the 


Jordan Lake watershed, and has been used rarely, if at all, in the state. As laid out in the statutes, 
this offers counties with a relatively robust option for generating funding (not to exceed $0.25 on 
every $100 valuation of property in the county) dedicated to be used for “prevention of flood water 
and sediment damages, and for furthering the conservation, utilization and disposal of water and the 
development of water resources.”63 This definition is relatively broad and covers much of the work 
that needs to be done to address nonpoint source issues in the Jordan Lake watershed. While the 
funding generation is done at the county level through property tax, the relationship between the 
county and the Soil and Water Conservation District could potentially be challenging to navigate. 
This is an option worth exploring further when investigating current mechanisms which could be 
used to generate revenue.


• Watershed Protection Fees: As is discussed earlier in this report, Raleigh has created a watershed 
protection fee, which has been used to fund land preservation to protect water quality in the Falls 
Lake watershed. Additionally, the City of Durham implemented a fee in 2011. These fees can be 
used in different ways for watershed protection, and more local governments in the Jordan Lake 
watershed could be making use of this revenue generating mechanism.


In addition to making use of some underutilized funding mechanisms, the Expanded approach could 
involve slight legislative modifications that would allow for a larger boundary within which revenue 
can be generated. Removing the “county” boundary for something like a watershed improvement tax 
would allow for such a tax to be collected from a broader base.64 Depending on the needs and goals for 
how money should be collected, some of the existing funding mechanisms could be implemented at a 
watershed or subwatershed level, instead of within local government (county, municipality, or authority) 
jurisdictional boundaries.


Governance: Medium Integration
The Expanded approach would continue in part to rely on the existing local governments in the 
watershed. As revenue is generated, the funds would be pooled at the local government level, 
however the modifications to the spending boundaries would allow for spending to be done in a more 
collaborative way. Thus even though the funds would be raised and held at the local government level, 
the spending across jurisdictional boundaries would enable for more regional projects which could 
benefit the watershed.


Additionally, the Expanded approach highlights the opportunity to put in place and expand some existing 
collaborative governance frameworks that could allow for more regionalized nutrient management. 


63. NC § 139-39.
64. The statutes governing the watershed improvement tax do allow for revenue to come in from other sources outside the 
county boundary, but that it is through voluntary, project-specific contributing and not done through the tax.
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Examples of existing frameworks which could be utilized for some aspects of nutrient management 
include:


• Joint Management Agency: The Interlocal Cooperation Act, which covers interlocal agreements, 
also allows local governments to jointly establish a special type of interlocal agreement called a 
joint management agency.65 Joint management agencies maintain some authority that resembles 
an autonomous utility, but they lack the full set of powers that would designate them as a truly 
independent entity or local government. The statutes provide very general authority with respect 
to the partnership, and to permissible mechanisms for generating revenue, essentially providing 
general authority for any unit of local government to enter into contracts with any other unit of local 
government in North Carolina or another state, to the extent allowed by law. 


• Water and Sewer Authority: Existing utilities and local governments that want to join to form a 
new utility have the possibility of creating a water and sewer authority under North Carolina law.66 
The statutes are very specific about some aspects of authorities, such as allowing them to set user 
fees and issue revenue bonds, and prohibiting them from setting property taxes or issuing general 
obligation debt. The statutes provide broad discretion on governing board creation, and allow the 
initial establishing entities to set the number of board seats, the number of seats allocated to each 
member unit, and the criteria or qualifications for board member appointment. 


• Sanitary District: While the enabling powers of many governance approaches, including water and 
sewer authorities and districts, have been created or substantially modified relatively recently, some 
other regional utilities rely on governable authority that has existed much longer. North Carolina 
allows for the creation of sanitary districts that, while similar in name to metropolitan sewerage 
districts, have very different construction and powers.67 Sanitary districts were originally seen as a 
method of providing a range of public health services to areas of the state without other governmental 
capacity. Some sanitary districts provide service to very small geographic areas, while others, such 
as Cleveland County Water, have evolved into a more regional provider. Sanitary districts are the 
only special purpose local government unit where the governing board members are directly elected 
as is done with city council and county commissioners. Sanitary districts also have far reaching 
taxing authority and can issue revenue bonds.


North Carolina has some regional governance frameworks already available, but in the Expanded 
approach, the legislature could consider how this framework could be adapted by making some slight 
legislative changes. In some respects, the water and sewer authority option is best situated with some 
minor modifications to provide a regional utility governance framework for watershed management. 
Currently, it is the only statutory governance approach that creates an entirely new unit of government 
(the water and sewer authority itself) that specifically allows counties and cities to join together to 
provide water services, including many point and nonpoint nutrient management services. While they 


65. See Interlocal Cooperation Act, NC Gen. Stat. § 160A-460 - § 160A-466.
66. NC Gen. Stat. § 162A.
67. See NC Gen. Stat. § 130A, Art. 2, Part 2.
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do not have taxing authority, water and sewer authorities can issue bonds, use property assessments, 
and set a wide variety of fees and rates. The existing water and sewer authorities in the state focus on 
drinking water and wastewater provision, but the statues clearly envision them being used to operate 
stormwater utilities as well.


The current challenges with the water and sewer authority approach that would need to be addressed 
in order for it to contribute more significantly to watershed management would be how revenue is 
generated and dedicated. Although water and sewer authorities can use revenue for management (i.e. 
not just plants and facilities), without a dedicated stream of new revenue to be spent on stormwater 
or other watershed improvement projects, such projects would be contending for the same pot of 
revenue as water and wastewater needs. While authorities are permitted to set stormwater fees, the 
requirements related to these fees in relation to existing stormwater utilities in their service area may 
limit the amount of revenue they can generate.68 While the powers related to dealing with stormwater 
management are fairly broad in the statutes, further reassurance that this approach could be used to 
provide a full suite of watershed management programs on public and private property may be needed 
to maximize full potential. Providing authorities with some expanding taxing power over their service 
area could also provide them with an additional revenue generating tool.  


Spending: Increased Cross-Jurisdictional Spending
The Expanded approach would require legislative change with regard to how certain revenue generated 
from local governments can be spent. One of the most significant areas to consider modifications would 
be stormwater revenues, which currently are required to be spent within the jurisdiction where they are 
generated. 


Additionally, if an existing framework is utilized or expanded under this approach, such as the water 
and sewer authority framework, then this approach should allow for broader boundaries within which 
revenues could be spent. 


Watershed Fees/Taxes


The Watershed fees/taxes approach relies upon the existing framework for governance, but brings in 
new, legislatively-created revenue generation mechanisms that are not currently a part of state statutes. 
While this approach requires more substantial statutory changes, the revenue generating potential is 
much greater and more consistent than in previously discussed approaches.


Revenue: High Generation
The Watershed fees/taxes approach focuses on substantial legislative change to allow for new 
mechanisms for generating nutrient management revenue. As with all of the approaches, there are 
multiple ways that fees can be generated, and thus should not be considered in isolation. Decision 
makers could put in place multiple fees/taxes to reach a broader base of contributors. 


68. Water and Sewer Authorities have powers to operate stormwater utilities, including in some regional forms. See NC Stat. 
Sec. 162A-9.
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Some examples (described previously in this report) worth considering for new mechanisms include:


• Water allocation and withdrawal fees with added revenue generation for water quality—One 
new source of revenue for watershed management could be an additional fee for Jordan Lake water 
allocation holders. Making a legislative change to allow for such an additional fee would provide a 
mechanism for generating revenue from “users” of Jordan Lake as a water supply source, which 
has not been done in the past. The momentum for identifying an opportunity to generate revenue for 
water quality protection from both dischargers and water supply users has been a theme repeatedly 
over the past three years of research. The current allocation fee for Jordan Lake water allocation 
holders is a capacity charge paid to the State. Allocation holders pay an annual fee for operations 
and maintenance that is equal to roughly $2,200 per one percent-allocation per year.  Cary pays 
$102,761 annually for its 46.2% allocation, which is about $2,224 per one percent-allocation.  Each 
allocation holder is also charged a fixed administration fee of $250. New allocation holders pay a 
one-time fee  associated with the capital for providing water supply of about $91,000 per percent-
allocation.69 Therefore, annual current capacity charge allocation fees total to about $222,000. A 
new volumetric fee on actual withdrawals could be approached based on the $0.10 per 1,000 gallon 
volumetric withdrawal fee in the previously discussed Pennsylvania House Bill 20 of 2017-18.  The 
Pennsylvania withdrawal fee would include both ground and surface water withdrawals throughout 
the Susquehanna River Basin, but would not charge for municipal withdrawals.  Any application 
of this fee in the Jordan Lake watershed would need to include municipal withdrawals in order to 
ensure that the fee is charged for the bulk of the surface water withdrawals from Jordan Lake.


• Lake Protection Fee—As explained earlier in the report, the Maryland Bay Restoration Fee is 
a flat-fee approach aimed at improving water quality through very specific wastewater upgrades 
and on-site system repairs. A similar type of fee could be considered on a statewide or watershed 
basis in North Carolina, but to address a variety of water quality challenges. Assuming the fee were 
implemented on a watershed basis, in the Jordan Lake revenueshed, an annual fee of $60 per 
year per residential structure and $240 per year per commercial structure would generate about 
$40 million. Assuming $240 per commercial structure may be conservative as fees for commercial 
structures in the Maryland Chesapeake Bay Fund approach are per equivalent dwelling unit 
(EDU) up to 2,000 EDUs and $240 is just four EDUs. Additionally, there is insufficient data readily 
available to breakdown this funding into structures discharging to septic and structures discharging 
to wastewater collection systems. This revenue could service the debt for about $600 million in 
revenue bonds issued at 3% over a 20-year period.


• County-Wide Special Parcel Tax Based on Impervious Surface—The LA County special parcel 
tax has gained a lot of interest and curiosity of stakeholders over the last year. If put in place 
in North Carolina, however, the special parcel tax may be problematic due to the existence of 
multiple stormwater utilities across the state, many of which already have stormwater fees based 
on impervious surface.  NC statute does not allow municipalities or counties to charge stormwater 


69. https://files.nc.gov/ncdeq/Water%20Resources/Planning_Section/Basin_Planning/Cape_Fear/
Jordan_Lake/Round4Apps/Cary-Apex-Morrisville-WakeCo_Final_JLA4_Application_20150126.pdf
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fees where a stormwater fee already exists. However, the approach itself is helpful to look at as an 
example of how a new tax can be structured to address water quality concerns and to generate a 
substantial amount of money while at the same time maintaining certain protections, such as those 
related to affordability. There is insufficient total impervious surface area data readily available for 
the Jordan Lake watershed to quickly estimate the revenue generation potential of an LA-style 
special parcel tax.


Governance: Minimal Integration
The Watershed fees/taxes approach assumes no governance modifications. Rather, the fees would be 
structured to be collected and managed by existing state or local governments. The water allocation 
fees would go through the State, the statewide or watershed fee (if approached like Maryland) would 
also be likely to go through the State, and the special parcel tax would be done at the county level. 


As is seen in the fourth potential approach below, these fees/taxes could be built into a new legislatively 
created approach. For purposes of different degrees of legislative change and impact, however, the 
watershed fees/taxes approach assumes that a new authority is not being created.


Spending: Moderate Cross-Jurisdictional Spending
How funding is spent under this sort of tax/fee approach depends on how the tax or fee is structured 
and which entity is holding it. It also depends on if additional legislative changes are made, which would 
allow for spending of certain funds across jurisdictional boundaries.


For something like a water allocation fee, some of the examples above highlight how the money is 
spent by the state. For example, in Pennsylvania, fee revenues would be used on water quality projects 
that would clean up the Susquehanna River watershed and limit the pollution entering the Chesapeake 
Bay Watershed. If the state were the entity spending the water allocation fees in this manner, then the 
cross jurisdictional spending would be high.


Regional Watershed Utility


The Regional Watershed Utility approach starts anew. It creates a new entity with its own financing 
mechanisms and spending authority. While this approach would require the most legislative change, it 
provides the most streamlined potential for dedicated revenue, centralized governance, and watershed 
wide spending.


Revenue: High Generation
With the implementation of a new utility approach, revenue generation would be built into the powers 
associated with the new entity. The most sustainable financing approach that was identified during the 
EFC’s research is the Minnesota Watershed District approach. The key sources of revenue generation 
or funding that could be incorporated into a new North Carolina Regional Watershed Utility include:
• Taxing authority; primary source of funding is ad valorem taxes done by counties
• Assessments; against properties abutting or directly benefiting from watershed improvement 
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projects
• Debt financing through bonds
• Fees for permits and services
• Stormwater utility fees
• Other creative taxing mechanisms—e.g. using revenue from sales tax


Additionally, watershed districts may also form special sub-financing districts, which are taxed more 
heavily to help fund projects that distinctly benefit that respective area. Though residents of sub-
financing districts bear heavier financial burdens than those in other areas, funding for projects with 
more broadly distributed benefits is still distributed across whole districts. The watershed district board 
determines what the balance between funding from the sub-financing district and the district as a whole 
will be, and sets taxation rates accordingly. 


The ability of a new utility to implement sub-financing districts would allow for more directly linking 
revenue generation, spending, and benefits. If the new authority can identify targeted needs, such as 
an area with critical flooding challenges, or a hot spot of water quality contamination, then they can 
pull additional funds directly from the customers in that area who will benefit most from the project 
implementation. This would not be for all projects and spending, but allows there to be targeted revenue 
generation when appropriate, helping address some of the equity challenges that have permeated the 
current Jordan Lake nutrient management financing framework.


As discussed previously, revenue generation mechanisms do not need to be considered in isolation. The 
new regional utility approach could co-exist with new fees for water quality on allocation holders to be 
collected and utilized by the State. Additional legislative changes could be made to require or allow the 
State to contribute part of the added revenue from the allocation fees to the regional watershed utility. 
Furthermore, the creation of a regional entity with its own revenue generation should not take away the 
possibility of the expansion of current revenue-generating mechanisms for watershed management on 
a localized level. Rather, the more potential mechanisms for entities to use, the more revenue streams 
that will flow into improving Jordan Lake water quality.


Governance: Full Integration
The Regional Watershed Utility approach relies on full integration by the participating jurisdictions. As 
discussed more below, whether participation is mandatory or voluntary will likely influence how many 
entities participate. However, the creation of a new entity allows for the fullest integration by centralizing 
the revenue generation, pooling, and spending. Under the Minnesota Watershed District approach, a 
majority of political jurisdictions—either by population or number of political subdivisions—or a minimum 
number of citizens within the potential watershed district’s jurisdiction must petition the state to form a 
watershed district. Once accepted by the State, the watershed district encompasses all jurisdictions 
within its boundaries. Local governments within the watershed district that did not originally wish to join 
are mandated to comply with its regulations.







37The Environmental Finance Center at UNC-Chapel Hill


Spending: Very High Cross-Jurisdictional Spending
Because the Regional Watershed Utility approach centralizes revenue generation and pooling of funds, 
this approach creates the greatest potential for watershed spending that focuses not on county- or city-
specific regulatory compliance projects, but rather projects that can cross jurisdictional boundaries, and 
benefit the watershed as a whole.


Figure 4: Regional Watershed Utility Cash Flow
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Additional Considerations
No components of the approaches above are fit to be cut and pasted into future legislation or policy 
making. Rather, there are additional considerations that can help tailor these policy decisions to the 
specific needs and opportunities at the local level. This is a non-exhaustive list of considerations that 
should be raised as decision makers move forward:


Combining Approach Components


The four approaches described above each involve a combination of three approaches related to 
generating revenue, governance, and spending. For clarity and to present an example of how decision-
makers can potentially move forward, the four approaches chosen are simplified and provide non-
exhaustive descriptions. However, any of the three types of components can be combined differently to 
allow for more combination potentials and flexibility. 


Total Maximum Daily Load (TMDL) Alternative


Though its listing as an impaired water under Section 303(d) of the Clean Water Act would typically be 
remedied with a total maximum daily load (TMDL), there exist alternative options for pollution mitigation 
in Jordan Lake. Local communities may voluntarily create their own programs for addressing water 
quality impairment in lieu of implementing a TMDL. A TMDL Alternative is a watershed restoration 
plan or set of actions pursued in the near-term that, when fully implemented, are designed to attain 
water quality standards.70 Through a TMDL Alternative, communities may defer or bypass the need 
for a TMDL. TMDL Alternatives may either be a 9-element watershed plan (9E) (Category 5r) or a 
demonstration plan (Category 4b). 


Once the U.S. Environmental Protection Agency (EPA) categorizes an impaired watershed as Category 
4b, it is no longer on the 303(d) impaired waters list. A waterway qualifies for a 4b categorization and a 
TMDL is not needed if at least one designated use is threatened but other requirements are expected to 
result in water quality standard attainment in a reasonable time period. These additional requirements 
may be technology-based effluent limitations under the Clean Water Act (CWA), recently implemented 
more stringent effluent limitations at any applicable governmental level, or any other required pollution 
control measures, such as best management practices (BMP), at any governmental level. These 
programs have many of the same features as TMDLs and must assure implementation. 


Examples of applicable measures across the nation include remediation under the Comprehensive 
Environmental Response, Compensation, and Liability Act (known also as Superfund or CERCLA), 
health district ordinances, and U.S. Forest Service plans. Within North Carolina, three waterways are 
currently listed as 4b Impaired Waters. Examples of Category 4b TMDL alternatives include: local 
governments in the Falls Lake watershed creating the Falls Lake Rules; the North Carolina Department 


70. https://deq.nc.gov/about/divisions/water-resources/planning/approaching-assessment/tmdl-alternative 



https://deq.nc.gov/about/divisions/water-resources/planning/modeling-assessment/tmdl-alternative
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of Transportation, City of Burlington, City of Graham, and NC DEQ’s Division of Water Resources 
creating a Demonstration Plan for Little Alamance Creek; and Mecklenburg County creating a watershed 
plan for McDowell Creek. The acceptance of the Jordan Rules as qualifying for a TMDL alternative is 
likely dependent on the water quality of Jordan Lake relative to Falls Lake and the current and future 
delays in Jordan Rules implementation.


When applying for Category 4b status, applicants should address six elements of their plan to meet 
water quality standards in a timely manner:
 
1. Identification of the segment of the  waterway and a statement of the problem causing water quality 


impairment
2. Description of required pollution controls and how they will help the waterway meet the water quality 


standard
3. Estimated time it will take to meet the water quality standard
4. Schedule for pollution control implementation
5. Water quality monitoring plan
6. The applicants’ commitment to revising controls if needed 
 
Alternatively, local governments responsible for the cleanup of an impaired waterway may develop a 
9-element watershed plan (9E) (Category 5r). Should EPA accept the respective Category 5r application, 
the waterway remains on the 303(d) impaired waters list, but TMDL development is deferred until the 
completion of the watershed restoration plan’s implementation. At the completion of the plan, the need 
for a TMDL is reassessed. Category 5r plans should contain the following elements: 


1. Identification of the causes and sources of pollution 
2. Estimated decrease in pollution loads from planned practices 
3. Management practices needed to decrease pollution loads to meet water quality standards
4. Estimated technological and financial resources needed to meet water quality standards
5. Public awareness and participation campaign plans 
6. Implementation schedule 
7. Criteria for measuring progress
8. A water monitoring plan


Bald Creek, located in the French Broad River Basin and polluted with fecal coliform, is the only North 
Carolina waterway currently implementing a Category 5r Watershed Restoration Plan.


Mandatory vs. Voluntary Participation


The EFC has seen that allowing for strictly voluntary participation by local governments in regional 
watershed management frameworks is less effective in meeting water quality goals and raising revenue 
for watershed management than mandatory or “voluntary-plus” participation approaches. A voluntary-
plus approach has significant incentives for participation or disincentives for not participating.
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Mandatory. An example of a mandatory approach is the Minnesota approach, which requires that all 
jurisdictions within a watershed district comply with regulations once the district is formed.  


Voluntary-Plus Disincentive. An example of a voluntary-plus approach is the Catawba Wateree, which 
is a fully voluntary, regional watershed authority that has been very successful at garnering membership 
and raising consistent funding. Its success in these areas contrasts significantly with other voluntary 
programs, suggesting it is the negative consequences of non-membership (requirement to pay water 
withdrawal fees) that has made this approach so successful and that a similar incentive structure would 
be needed if the Jordan Lake watershed wished to implement a similarly successful voluntary program. 


Voluntary-Plus Incentive. The Upper Neuse River Basin Association has voluntary dues-paying 
membership, yet 19 of the 20 possible members have joined and pay dues. The UNRBA executive 
director attributes this high rate of membership to the various benefits the UNRBA offers, many of which 
stem from the organization’s focus on reaching consensus agreements. 


Voluntary. An example of a voluntary approach is the Iowa approach. Iowa WMAs must gain full 
consensus from members before levying a tax or instituting membership dues for self-funding.  This 
limits revenue generation potential.  Indian Creek WMA is one of two Iowa WMAs that have self-
funding.  In 2016, Indian Creek had an operating budget of $50,000. In comparison, the Minnehaha 
Creek watershed district within the Minneapolis metro area of Minnesota had $15 million in operating 
revenues in 2019.


Equity Concerns: Double Dipping


There may be equity concerns associated with charging residents for watershed management when 
residents may already pay for water quality in the form of stormwater fees, wastewater fees, etc. Imagine 
that Community A has invested millions of dollars in wastewater treatment upgrades to comply with the 
Jordan Lake rules. The costs of those upgrades are paid out of rate revenue, and therefore are coming 
directly from the customers of that community. Imagine now that a new watershed fee is put in place 
to further improve the water quality of Jordan Lake, and shows up on the bill of the same Community A 
customers. This may feel like “double dipping” and raise equity concerns.  


This concern may be reduced if any new watershed management fee is based on something other than 
that which existing fees are based.  Moreover, new spending for watershed management may ease the 
regulatory burden of existing stormwater and wastewater utilities by working in tandem to meet water 
quality goals. Local governments with stormwater utilities, for example, might be able to pay watershed 
improvement fees out of their stormwater revenues, which could allow some of the other revenue to be 
used on localized projects to address stormwater needs not driven by regulation. In considering how 
to structure any new revenue mechanism or expansion of existing revenues, decision makers ought to 
consider those revenue mechanisms already in place to alleviate the concern of double dipping.
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Affordability


As with any charge for an environmental service, concerns may arise around the affordability of a new 
revenue generation mechanism or expansion of an existing mechanism for watershed management.  
Moreover, there is significant disparity in median household income (MHI) for areas across the Jordan 
Lake watershed.  Figure 5 shows the MHI of census tracts is highest in the urbanized areas of the 
watershed and lowest throughout rural areas.  Affordability may have to be addressed in different ways 
for rural residents than the ways in which it may be addressed for urban residents.


Figure 5: MHI by Census Tact in Jordan Lake Watershed
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District Boundaries


Watershed districts most often align with the HUC 8 watershed, the level at which the Jordan Lake 
watershed is currently defined.  However, in Minnesota, a watershed district may contain all or part 
of multiple watersheds and counties.  This presents flexibility for pooling funds in ways that limiting 
the watershed district to the HUC 8 watershed does not.  For example, with this added flexibility, 
jurisdictions located outside the watershed but withdraw water from Jordan Lake may be included 
within the governance structure of any new watershed authority.


Figure 6 shows the percentage of the total taxable value of each county in the Jordan Lake watershed.  
Percentage of total taxable value within the watershed is one way the revenue generation responsibility 
and board representation may be divided among the counties.  Other ways include total impervious 
surface, total nutrient loading, population, and total land area.  One way in which the percentage of 
the total taxable value may be used would involve, for example, an ad valorem tax on 78% of Orange 
County’s total taxable value.


Figure 6: Total Taxable Value per County in Jordan Lake Watershed







Conclusion
In the first year of this study, the EFC highlighted the ongoing work of local governments and that of 
the State of North Carolina aimed at improving the water quality in Jordan Lake. Fragmented spending, 
political tension, rising costs, and emerging challenges have been evident in the Jordan Lake watershed; 
however, as the research continued in the subsequent two years of the study, the efforts and intention 
with which state and local representatives are continuing to work to more efficiently and holistically 
address water quality has stood out.


What the EFC research team was not able to find is a quick fix to a complex challenge—it does 
not exist. There is not one approach which has worked perfectly somewhere else and could be 
implemented tomorrow in the Jordan Lake watershed. Instead, the EFC found that there are lessons 
learned, strategies proven effective, and lots of promising frameworks across the country and within 
North Carolina itself. This report aims to highlight those lessons, strategies, and frameworks so that 
decision-makers can tailor an approach to the unique landscape of both the Jordan Lake watershed 
and North Carolina as a whole. 


Many options exist at a legislative level for expanding the boundaries within which revenue can be 
generated, adding additional fees to link water quality and quantity protection, and for modifying or 
creating new regional utility approaches where funds can be generated and spent for watershed 
management. At a local level, there are options not only for generating more revenue and collaborating 
with neighboring jurisdictions, but also spending local revenue on water quality projects in a way to 
maximize ancillary benefits.


By adding new streams of revenue or modifying those existing, state and local governments can 
increase revenue generating potential, further a more integrated approach, and allow for more far-
reaching benefits—ultimately adding to the value of Jordan Lake, communities within the watershed, 
and the state as a whole.
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1. Executive Summary: 


 
Development is a significant and rapidly growing non-point source of nutrients to Jordan 


Lake Reservoir driving harmful algal blooms and eutrophication. The impairment of the 
Reservoir threatens the quality of drinking water and recreational value. In order for Jordan Lake 
Reservoir to continue to support growth and future development in the region, we need to reduce 
the impact of development throughout the watershed.  


Development is highly variable across the Jordan Lake Watershed (JLW), spanning from 
rural to urban land cover, infrastructure, and development intensity. Across this range, nutrient 
sources vary greatly (e.g. septic systems, leaking and surcharging sewers, urban stormwater and 
atmospheric deposition), as does the hydrologic regime altered by impervious surface cover, 
vegetation and runoff connectivity (e.g. pipes, roads, ditches). Previous studies of nutrient 
loading have rarely utilized the high-resolution data needed to parse the effects of these variable 
developed landscapes, or sampled over sufficiently small catchments to characterize distinct 
development types. In-order to build a detailed understanding of nutrient loading in developed 
landscape and inform rule making for the management of nutrients in the Jordan Lake watershed 
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we have outlined the following objectives:  
 


A. Where and when within urban watersheds are nutrients coming from and under what flow 
conditions? 


B. How do hydrology, climate, land-use, and sanitary infrastructure control nutrient 
loading? 


C. How can we translate this knowledge to optimize nutrient management for urban 
watersheds and reservoirs in urbanizing watersheds? 
 
To address these objectives, we have combined high spatial resolution water chemistry 


(including major nutrients) sampling from 25 small watersheds with high temporal resolution, 
continuous monitoring water chemistry data from a subset of five watersheds. Sampling was 
designed to cover the range in development intensity and infrastructure within the Jordan Lake 
watershed, with a focus on low intensity watersheds that make up the majority of new and 
existing development. In addition to water chemistry sampling and instrumented continuous 
monitoring, we had a subset of samples from 12 watersheds analyzed for stable isotopes of 
nitrate, which provide evidence for the source of the nitrate. The continuous monitoring data also 
allows us to evaluate patterns in storm nutrient loading which allow us to infer the flow path and 
potential sources of nutrients. Our study identified the following relevant findings and we make 
several recommendations for rule making and management. 


 
Relevant findings 


• Wastewater is a significant contributor to baseflow nitrate loading across development 


intensity and both septic and sanitary sewer served watersheds. 


• Stormwater is also an important source of nitrogen, constituting 20 – 48% of total loading 


and generally increasing with development intensity. The sources of stormwater N are a 


complex mix that includes fertilizer, atmospheric deposition and wastewater. This rapid 


high discharge loading constrains treatment options. 


• There was a large range of septic watersheds loading with some watersheds exhibiting 


twice the dissolved nitrogen loading of comparable sewer severed watersheds. This 


variation was not explained with typical development metrics and additional analysis and 


research will be required to identify the drivers of septic served watershed loading. 


• Per unit area loading of sanitary sewer served watersheds increased with development 


intensity; however, preliminary analysis suggests that per parcel, or per capita loading 


may be much larger for septic watersheds and stable across development intensity of 


sewer served watersheds. 
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• The sources, flow paths and timing of nutrient loading change with land-use and seasonal 


conditions.  


• Forested watershed loading was significantly lower than that of developed landscapes. 


• Extreme rainfall events such as hurricanes can contribute more than two months of 


nitrogen loading of normal (i.e., non-hurricane) periods based on minimum estimates. 


 
2. Introduction: 


 
Development is a significant and rapidly growing non-point source of nutrients to Jordan 


Lake Reservoir driving harmful algal blooms and eutrophication. The impairment of the 
Reservoir threatens the quality of drinking water and recreational value. In order for Jordan Lake 
Reservoir to continue to support growth and future development in the region, we need to reduce 
the impact of development throughout the watershed.  


Many intentional and unintentional decisions create highly variable developed landscapes 
across watersheds that span from rural to urban and vary in land cover, infrastructure, and 
development intensity. Across this range, nutrient sources vary, as does the hydrologic regime 
altered by impervious surface cover, vegetation and hydrologic connectivity. Nutrient sources of 
non-point source pollution in developed landscapes include, atmospheric deposition, yard waste, 
lawn fertilizer, and wastewater among others. These nutrients become problematic when they 
come in contact with water and flow through the landscape into streams and rivers feeding 
Jordan Lake. Therefore the hydrology of developed landscape is potentially as important as the 
sources of nutrients. Developed landscapes generate significant stormflow from the direct runoff 
of rainfall from impervious surfaces and compacted soils. Road curbs and stormwater sewers 
connect the landscape and increase the speed of stormflow which reduces the opportunity for 
infiltration or nutrient removal. Nutrients in stormflow are often from surface sources such as 
lawn fertilizers, atmospheric deposition and yard waste. However, a portion of rainfall infiltrates 
and picks up additional nutrients from subsurface sources. This slower moving portion of 
stormflow is often referred to as event throughflow. The most important subsurface source of 
nutrients in urban landscapes is wastewater. Although we employ many techniques for treating 
and containing wastewater, these methods are known to fail occasionally or chronically leak at 
slow rates, releasing partially treated or untreated wastewater high in nitrogen (N) and phosphate 
(P). Wastewater can make its way into the groundwater which contributes significantly to 
streamflow during low-flow periods between storms known as baseflow, and recent research 
indicates can also contribute a substantial amount of storm event flow.  
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3. Background and Context: 
 


The Jordan Lake watershed includes two major areas: the New Hope Arm which drains 
portions of the Research Triangle, and the Haw River, draining the majority of the watershed 
area, and including the urban areas of Burlington, Greensboro and a portion of Winston Salem. 
The Jordan Lake Rules were devised to achieve specific reductions in nitrogen, phosphorus and 
sediment loading from these areas (Jordan Rules, http://portal.ncdenr.org/web/jordanlake/read-
the-rules). While the Haw River provides the bulk of nutrient and sediment loading due to its 
large drainage area, it drains into the lower basin of the reservoir, which does not contain water 
intakes. The New Hope Arm has both a larger percentage urban drainage area, and also drains 
into the shallower, upper portions of the reservoir where water intakes are located. Under some 
conditions, recirculation of the loading into the New Hope arm can occur, but the bulk is 
supplied from the surrounding drainage areas, and there is a larger percent reduction in loading 
from the contributing watersheds in Chatham, Orange, Durham and Wake Counties stipulated in 
the Jordan Lake Rules.   


While the Jordan Lake Rules mandate reductions in annual load, methods of achieving 
loading targets are not specified and instead must be drawn from an approved list of practices. 
The efficiency of gaining load reductions can be very variable, and different methods are more 
effective for different nutrient sources, seasons, flow conditions and watershed position. In-
stream reduction methods generally are typically not effective at high flows (unless substantial 
portions of flow can be stored in floodplains) and would require mitigation at source locations. 
Therefore, timing and magnitude of nutrient delivery can vary substantially between adjacent 
land uses and urban/rural areas. If the bulk of nutrient and sediment loading occurs during high 
or low flow conditions, different stormwater control methods (SCM) selection and 
implementation would be required.  Identifying important sources of nutrients would allow 
focused reduction before loading occurs and reduce the need for difficult mitigation.  


While large scale (sub-basin) estimates of current and baseline loading are available, 
implementation of SCM will be planned and carried out for much smaller catchments, for which 
measurements are much more sparse. Likewise, specific sources of nutrients and their 
importance can’t be isolated from large sub-basins which have mixed development and many 
sources. Thus, our measurements are focused on small, representative catchments distributed 
within the Jordan Lake watershed to quantify sources, timing and magnitude of nutrient loading. 
We seek to inform watershed management and SCM strategies for achieving target reductions, 
given limited resources. 
 
 
 
 
 
 



http://portal.ncdenr.org/web/jordanlake/read-the-rules

http://portal.ncdenr.org/web/jordanlake/read-the-rules





 5 


4. Objectives and Guiding Questions: 
 


A. Where and when within urban watersheds are nutrients coming from and under what flow   
conditions? 


B. How do hydrology, climate, land-use, and sanitary infrastructure control nutrient 
loading? 


C. How can we translate this knowledge to optimize nutrient management for urban 
watersheds and reservoirs in urbanizing watersheds? 
 


5. Review of Existing Water Quality Data: 
 


Existing discharge data and water quality samples were collected by various entities over 
time, often in different locations and for different periods of time (see Figure 1). While this 
information is useful for background and context, the spatial and temporal resolution of the 
available data is often insufficient to determine where, when and what nonpoint sources are 
loading pollution to the stream network, which is a requirement for watershed management 
decisions. To address these challenges, we took advantage of two existing models: 1) the Jordan 
Lake model developed by TetraTech (TetraTech Inc, RTP, NC) and 2) a USGS model, SPAtially 
Referenced Regressions On Watershed attributes (SPARROW; Preston et al., 2011). The Jordan 
Lake model uses sub-basins which are fairly large and not all that different from those with 
existing data. In fact, one of the determinants of the model sub-basins was having existing data 
on which to calibrate the model. The SPARROW model has been developed at a finer spatial 
resolution (using catchments of the National Hydrography Dataset Plus [NHD+], produced by 
the Environmental Protection Agency [EPA]) and allows for separation of nutrient sources from 
urbanization, fertilizer application, etc., with the limitation that it is only available at an annual 
temporal resolution. We compared SPARROW and Jordan Lake model resolutions by upscaling 
from the small catchments in SPARROW to the Jordan Lake model sub-basins, with the goal of 
estimating load of total nitrogen (Figure 2) and total phosphorous (Figure 3). 


These existing model results (Figures 2 and 3) are useful because they highlight the 
spatial variability of nutrient loading in different sub-basins, but they remain too coarse to be 
applicable for watershed management or to develop cost-effective guiding plans or identify 
specific nutrient sources. It is therefore crucial to establish a finer scale of observation, both 
spatially and temporally, to determine when, where and what nutrients are delivered to the 
stream network. While we have made use of existing empirical data and modeling results, our 
primary contribution is to collect new data at high temporal frequency and fine spatial 
resolutions to better identify the timing and magnitude of nutrient transport to the stream 
network.  
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6. Jordan Lake Watershed Geographic Characterization: 
 


Land-use, land cover, infrastructure and geology was characterized across the Jordan 
Lake watershed. We obtained, catalogued, and reviewed road, stream, water feature, sanitary 
sewer, stormwater sewer, land cover, parcel and geologic mapping for the watershed. We 
estimated the position of septic systems as the centroid of parcels greater than 150 m from a 
sewer line and containing a building. We obtained limited septic data to validate these estimates 
for portions of Orange County. The National Hydrography Database NHD+ scale watersheds 
were used as the fundamental unit of landscape analysis. These watersheds are approximately 0.5 
to 3 km2. This small size provides the spatial resolution necessary to isolate important 
development features such as sanitary infrastructure or impervious surface cover (ISC). 
Numerous metrics of development, infrastructure and land-cover were calculated for each NHD+ 
watershed to allow us to characterize development in the whole Jordan Lake Watershed (Table 
1). 


   
Table 1: Key landscape metrics all developed Jordan Watershed NHD+ 
catchments.  


 


Characterization Description Range Median Mean 


Parcel Density Parcels/km2 80 - 1,497 190 250 
Impervious Surface Cover %, NLCD 0 - 78.4 8.8 13.5 
Road Density km/km2 1.31 - 19.09 8.27 8.88 
Sanitary Sewer Density km/km2 0 - 38.53 3.853 4.59 
Septic Density Units/km2 0 - 333 16.2 33.5 
Area km2 0.30 - 12.81 1.15 1.64 
Forest Cover %, NLCD 0 - 89 34 34 
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7. Methods: 
  


Sampling was designed to cover a gradient from rural to urban development and optimize 
both spatial and temporal data collection. We collected two sets of water chemistry and flow 
data; a high spatial resolution, grab sampled, dataset comprised of discrete water quality samples 
at a total of 25 watersheds and a high temporal resolution, continuous monitoring, dataset which 
utilizes deployed sensors to measure water chemistry and flow every 5 – 15 min at a subset of 5 
watersheds. The grab sampled dataset provides data over a large range of developed land-use, 
infrastructure and geology. However, this discrete sampling can’t cover the full range of flow 
conditions in developed environments due to rapid stormflow response to rainfall which is 
difficult to capture and often unsafe. The continuous monitoring allows us to capture the full 
range of environmental conditions and evaluate patterns in water chemistry and flow. 
 
Site selection 
 
 Watersheds were selected for outflow sampling to span the range in development 
intensity, infrastructure and geologic basin with additional focus on low intensity residential 
development which is most common and also the largest component of new development. A 
total of 19 watersheds were selected in the Durham, Chapel Hill, Carrboro, and the Burlington 
area including Haw, Swepsonville, Graham, and Mebane. These sites are located in the Upper 
New Hope arm and Haw arm of the Jordan Lake watershed. A subset of five of these watersheds 
was selected for additional sampling in the form of continuous monitoring. Data from an 
additional 12 watersheds in the research Triangle region were pulled from existing data for 
analysis. Six of these watersheds were in the Raleigh Belt geologic basin which was found to 
have consistently higher loading than geologic basins in the Jordan Lake watershed and only the 
remaining six watersheds were included in analysis. Although some of these additional 
watersheds are outside the Jordan Lake watershed, they are representative of the development of 
the watershed (Blaszczak et. al. 2019). 


Sites were initially selected from NHD+ watersheds based on geographic characterization 
metrics. All selected watersheds are headwater watersheds, meaning that streamflow originates 
within the study watershed and water chemistry is a reflection of the impacts within the 
watershed. Selected watersheds were re-delineated with QL2 Lidar Digital Elevation Models 
(DEM) and stormwater pipe maps were added to better generate watershed boundaries and 
flowpaths that account for storm sewer flow. Landscape metrics were re-calculated for the re-
delineated watersheds. The physical characteristics and land use attributes of the watersheds 
selected for this study are summarized in Table 2 (each individual watershed can be observed in 
Figure 4). By selecting small NHD+ scale watersheds we can select land-use specific watersheds 
to isolate important variables such as sanitary infrastructure or impervious surface cover (ISC). 


Study watershed for continuous monitoring are forested (TH), rural on septic (RR), lower 
(BG), medium (BT), and higher development intensity (TY) on sanitary sewer. The TH 
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watershed is nested within the RR watershed and the portion of  RR that does not include TH is 
referred to as RRdev. Loading for RRdev is calculated by subtraction. The classification of these 
study watersheds is relative and because it was based on several factors such as ISC, parcel 
density, sanitary sewer density, septic density, and road density. These metrics for all sampled 
watersheds are reported in Table 2. Watersheds for continuous monitoring needed to be easily 
accessible and were limited to the Chapel Hill area in the Upper New Hope watershed.  
 
 


Table 2: Key landscape metrics for study watersheds. Continuous monitored 
watersheds are highlighted in blue. 


Site 
Area 
(km2


) 


ISC 
(%) 


Forres
t (%) 


Road 
Dens. 
(km/k
m2) 


Parcel 
Dens. 
(par/k
m2) 


Sanitary 
Sewer 
Dens. 
(km/km2) 


Septic 
Dens. 
(sep/k
m2) 


Primary 
Sanitar
y Inf. 


Geologi
c Basin 


Stud
y 


Rang
e 


0.38 
-2.31 


2.6 
-


55.
1 


0.0 – 
78.2 


2.6 – 
15.2 


41 - 
1209 0.0 – 13.1 0 - 308    


AH 1.53 7.0 59.2 4.11 102 1.22 25 Septic Triassic 
UN
C 


BA 1.06 
15.


3 21.6 7.85 290 5.62 22 Sewer 
Carolin
a 


UN
C 


BG 1.51 
20.


0 39.5 7.87 167 5.60 0 Sewer 
Carolin
a 


UN
C 


BT 0.99 
24.


0 26.6 9.56 311 7.18 0 Sewer 
Carolin
a 


UN
C 


CB 1.21 
16.


1 38.2 8.40 304 4.84 21 Mix 
Carolin
a 


UN
C 


CC 0.90 8.8 44.5 9.31 122 0.00 80 Septic 
Carolin
a 


UN
C 


CP 0.74 9.8 43.4 8.88 228 6.43 0 Sewer Triassic 
UN
C 


EW 2.31 
26.


4 39.0 7.40 274 5.44 6 Sewer Triassic 
UN
C 


FH 1.42 
34.


0 0.7 15.16 713 12.14 0 Sewer Triassic 
UN
C 


GC 1.62 
55.


1 0.0 14.70 668 13.08 0 Sewer Triassic 
Duk
e 


HS 0.69 
10.


8 36.2 9.95 263 0.00 194 Septic 
Carolin
a 


UN
C 


LW 0.63 5.7 64.2 7.29 153 0.00 111 Septic 
Carolin
a 


UN
C 


MD 0.38 
20.


3 0.0 12.14 478 8.78 0 Sewer 
Carolin
a 


UN
C 
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MT 0.91 5.4 78.2 2.60 51 0.00 21 NA Triassic 
Duk
e 


RR 1.94 5.4 66.1 5.15 132 0.86 96 Septic 
Carolin
a 


UN
C 


RRd
ev 0.95 9.0 65.1 5.78 202 1.75 308 Septic 


Carolin
a 


UN
C 


SP 1.75 
13.


8 25.5 7.55 197 0.61 108 Septic 
Carolin
a 


UN
C 


TE 0.65 
29.


4 1.0 14.50 571 9.40 8 Sewer 
Carolin
a 


UN
C 


TH 0.99 2.6 76.2 4.54 41 0.00 13 NA 
Carolin
a 


UN
C 


TY 0.85 
47.


3 0.0 15.22 1210 12.63 0 Sewer 
Carolin
a 


UN
C 


W13 0.60 
39.


4 0.8 12.70 828 12.02 0 Sewer Triassic 
Duk
e 


W22 0.95 
16.


9 27.4 5.80 258 5.90 0 Sewer Triassic 
Duk
e 


W26 1.95 
22.


2 31.8 6.10 221 5.68 0 Sewer Triassic 
Duk
e 


W42 1.10 
23.


0 48.2 3.60 487 5.14 9 Sewer Triassic 
Duk
e 


WB 1.58 
34.


8 0.0 14.38 630 12.81 0 Sewer 
Carolin
a 


UN
C 


WG 0.64 8.2 38.0 7.29 200 0.00 135 Septic 
Carolin
a 


UN
C 


 


 


Water quality sampling 
 


Grab sampling of 10 watersheds in Carrboro, Chapel Hill and Durham was conducted 
from July of 2017 to July of 2019. Grab sampling of 9 watersheds in the Burlington area 
including Haw, Swepsonville, Graham, and Mebane was conducted from Oct. 2017 to Dec. 2018 
with additional sampling in Feb. and Apr. of 2019. Existing grab sampled data was collected 
from Nov. 2013 to Mar. of 2016 (Blaszczak et. al. 2019). Stream water samples were taken twice 
monthly during sampling periods at the outlet of the study watersheds and field filtered to 0.45 
nm with a 0.7 prefilter into HDPE bottles.  Samples were stored on ice in the field and frozen 
upon return to the lab. Samples were analyzed for major anion and cation concentrations (NO3


--
N, Cl-, Br-, Fl-,SO4


2-, Na+, K+, Mg2+, Ca2+; mg/L) on a Dionex ICS-2000 ion chromatograph 
(Dionex Corp., Sunnyvale, CA).  We measured total dissolved nitrogen (TDN) concentrations 
(mg/L) with a Shimadzu TOC-VCPH with TNM-1 module (Shimadzu Corp., Kyoto, Japan) and 
soluble reactive phosphate (SRP) concentrations (mg/L) using EPA method 365.1 on a Lachat 
QuickChem 8500 automated system (Lachat Instruments, Loveland, CO, USA). 
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Flow at the 10 Carrboro, Chapel Hill and Durham watersheds was estimating by 
development of a water level–discharge rating curve. Submerged pressure transducers were 
deployed (HOBO U20, Bourne, MA) to measure water level every 5 min. Paired flow 
measurements were taken by a combination of velocity profiling by electromagnetic velocity 
sensors (Marsh-McBirney Flo-Mate, Frederick, Maryland), dilution gauging, and acoustic 
doppler profiling (SonTek IQ+, San Diego, California). Flow for the Burlington area watersheds 
was measured at the time of sampling by electromagnetic velocity profiling (Marsh-McBirney 
Flo-Mate, Frederick, Maryland). 


All continuously monitored watersheds are in the Carrboro and Chapel Hill area and were 
also grab sampled throughout the sampling period. Continuous monitoring deployment period 
varied based on sensor availability and environmental conditions. Sensors are deployed 
submerged within steams at the watershed outflow and are controlled by CR1000 data loggers 
(Campbell Scientific, Logan UT). Water chemistry data was collected by in-situ UV and UV-Vis 
adsorption spectrometry (S::CAN Spectrolyser, Vienna, Ausria; Sea-Bird Scientific SUNA V1 
and V2, Bellevue WA, US). The SUNA sensor measures exclusively NO3--N, while the S::CAN 
sensor is capable of measuring NO3--N, TDN, DOC among others. These sensors are site 
calibrated to water chemistry samples collected and run alongside grab samples. This ensures 
that the continuous monitoring and grab sampled datasets are consistent. Grab samples are 
sufficient to site calibrate the SUNA, however the S::CAN requires extensive sampling over a 
range of environmental conditions. ISCO 6712 autosamplers (Teledyne ISCO, Lincoln NE, 
USA) were used to autonomously collect key water chemistry samples for calibration. Keller 
Acculevel pressure transducers (Keller America, Newport News, VA, USA) provided real time 
water-level and ISCO automated samplers were triggered by program to sample along the rising 
and falling limbs of select storms across seasons. SUNA calibration was conducted by regression 
and S::CAN calibration was conducted by Partial Least Squares Regression (PLSR) (RMSE < 
0.07 mg/l). 


Flow measurement at continuously monitored watersheds was more frequent than grab 
sampled watersheds and utilized deployed sensors to capture stormflow observations (SonTek 
IQ+). This allows us to modify the water level-discharge rating curve throughout time to provide 
a higher accuracy estimate of flow. 


Stable isotopic analysis of NO3- was conducted on select low flow and stormflow water 
samples from the outflow of a subset of 12 study watersheds that spanned the range in sanitary 
infrastructure and development intensity. Frozen samples were analyzed using the denitrifier 
method at the University of Pittsburg Regional Stable Isotope Laboratory for Earth and 
Environmental Science Research. Low flow samples (n=40) were analyzed for δ15N-NO and 
δ18O-NO3. Synoptic samples were selected for analysis to represent a range of seasonal and 
wetness conditions. Stormflow samples (n=40) were analyzed for δ15N-NO, δ18O-NO3 and 
δ17O-NO3. Stormflow samples were selected from the continuously monitored sites and were 
selected to represent different observed patterns in nitrogen loading.  
  







 11 


Data analysis 
 


Over the two-year course of data collection there were environmental and technical 
factors that lead to gaps in data or periods of low confidence data. These include drought and 
stream drying, hurricanes and flooding and sensor and power failures. These challenges are 
inherent to research in developed areas due to extreme flow events and disturbed landscapes. 
Interpolation of missing data occurred only at low flows where variation in loading is low. 
Continuous monitoring data was clipped to periods of high confidence data for this report. 
Additional data collection and modeling may allow us to constrain uncertainty and release 
additional data in the future.  


For the continuous monitoring watersheds peak flow measurement were not captured for 
the TH or TY. At TH flow estimates are extrapolated for only 1.7% of the record. At TY there 
was significant erosion post hurricane Florence and we have not yet fully rebuilt the water level-
discharge rating curve. TY peak flow was estimated by using rainfall data and the BT runoff 
ratio to estimate the total event flow volume for TY. Using the available rating curve and 
estimated volume, we solved for peak flow and added this estimate to the rating curve for the 
post-hurricane period. Because ISC is nearly twice as much at TY than BT, it is possible that this 
is a significant underestimation of stormflow and TY stormflow loading should be treated as a 
conservative estimate. Ongoing additional flow data collection will allow us to improve these 
estimates in the near future.  


Loading during flooding events is an important part of total nutrient loading, however 
these events create many challenges for data collection. During the fall 2018 hurricanes sensors 
were removed from TY, BT, and TH where risk of loss was substantial. Sensors remained at BG 
and RR and continuously monitored throughout both storm events. Water levels exceeded the 
banks for significant periods of both events and we have no means to directly measure flow 
outside stream banks. In order to create a minimum estimate of flow, we ignored flow outside the 
banks, estimating flow for these periods as only in bank flow. Potential errors in nitrate 
concentration are negligible in comparison to flow estimates; however, high suspended sediment 
during these events created noisy nitrate concentration data which was smoothed. We note that 
our estimates should be considered as minimum loads for these over-bank events.  We will refine 
these shortly by using stage and estimated inundation extent and flow velocities. 


Over the period of this study, over 70 total individual storm events were captured at 
continuously monitored watersheds. Patterns in the co-variance of flow, nitrate concentration and 
nitrate loading were analyzed to infer primary flow paths of nutrient loading. Although multiple 
analysis involving flow-concentration hysteresis have been conducted, the final inference was 
drawn qualitatively based on strong patterns in the position of concentration and loading peaks 
relative to peak flow.   


 The water chemistry grab sampling and S::CAN sensors measure TDN and nitrate 
(NO3


3), but the SUNA sensors and stable isotope analysis only measure nitrate. All analysis and 
values of nitrate are as nitrogen (NO3


--N). All analyses are conducted on either nitrate as 
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nitrogen (NO3
--N) or TDN, never mixing parameters. Nitrate and TDN are well correlated (Adj 


R2 = 0.85), and nitrate makes up 88% of TDN across sites. Therefore, in the discussion of 
generalized trends, we will refer to both TDN and nitrate-nitrogen loading as N-loading. 


 
 
 


8. Results: 
 
Trends in low flow N and P loading 


 
Low flow water chemistry for 25 single land-use headwater watersheds in the Jordan and 


Falls Lake watersheds shows that nutrient pollution is impacted by sanitary infrastructure type, 
geology and development intensity. Low flow TDN and nitrate concentration and loading 
indicate that nutrient pollution increases with metrics of development intensity (i.e. ISC, road 
density, parcel density, sanitary sewer density) for watersheds within the urban service boundary 
served by sanitary sewer (Figure 5). Higher development intensity watersheds also generally 
show greater variation in sampled N concentration and load than low development intensity 
watersheds. Septic watershed concentration and loading does not respond to metrics of 
development intensity and is more variable than similar low development intensity watersheds 
on sewer (Figure 5). While mean low flow N loading was greater than the loading for 
comparable sanitary sewer watersheds (i.e. less than 300 parcels) the effect of sanitary 
infrastructure type on low flow N loading was non-significant due to the large variation in 
loading among septic watersheds (Figure 7). Watersheds within the Triassic and Carolina 
geologic basins which make up the Jordan Lake watershed have similar nutrient loading and 
response to development intensity; however, nutrient loading was significantly higher among 
Raleigh Belt watersheds. The Raleigh belt is not a part of the Jordan Lake watershed, but 
illustrates that geology is an important consideration in nutrient loading. Per unit area N-loading 
of sanitary sewer served watersheds increased with development intensity; however, preliminary 
analysis suggests that per parcel, or per capita loading may be much larger for septic watersheds 
and stable across development intensity of sewer served watersheds. 


Soluble reactive phosphorus (SRP) loading increased dramatically with development 
intensity among high intensity development watersheds, but was relatively flat at lower intensity 
development (Figure 6). There were no significant differences in SRP loading with sanitary 
infrastructure and variation in loading was smaller among sites and through time at sites than N 
loading. 
 
Assessment of sampling methods 
 


Continuous monitoring of outflow of five subset watersheds indicates that total loading is 
not accurately represented by discrete water quality although general trends are consistent. The 
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continuously monitored septic watershed had a median loading 40% less than the median of all 
the grab sampled septic watersheds. Due to the large range in loading observed from septic 
watersheds no single continuously monitored watershed could represent all septic watersheds. 
The low and medium development intensity watersheds on sanitary sewer are generally 
representative of urban development in the region although there is little sampling for 
comparison to the high intensity study watershed. Grab sampled predictions of total loading 
significantly underpredict the continuously monitored total loading; however, the grab sampling 
closely estimates the continuous monitoring observations of low flow loading. 
  
Stormflow loading 
 


The proportion of stormflow loading (stormflow loading/total loading) was much 
greater for the urban watersheds on sanitary sewer than for the rural septic watershed (Figure 
9). Stormflow was responsible for 20% of nitrate loading at the septic watersheds while it 
was responsible for 40-48% of loading among the urban watersheds (Figure 8). Storm flow 
loading was highest at the high development intensity watershed (TY) and lowest at the rural 
watershed on septic; however, there was no significant difference between the stormflow 
loading of the low and medium intensity watersheds. This may be because there are two 
major Chapel Hill roads (MLK Blvd and Estes Dr) in the low intensity watershed despite 
otherwise low housing and building density. The stormflow loading for the Tanyard 
watershed is probably underestimated because high flow measurement was not practical and 
was therefore conservatively modeled. Stormflow from the forested watershed was 
responsible for 52% of total loading. Trends in flow and nitrate concentration relationships 
indicate that this is because at low flow forested nitrate concentration is very low, likely as a 
result of biotic uptake and removal.  
 
Nitrate sources and contribution 
 
 Isotopic analysis suggests that the majority of nitrate loading from developed 
watersheds at low flow is derived from wastewater across seasons and infrastructure type 
(Figure 9). USGS isotopic studies indicate that there is a large overlapping range between 
soil N and wastewater N in their assessment ranging across the US. However, low flow 
forested watershed nitrate loading, which is expected to be primarily soil N, is 2.5 to 208 
times lower than estimated monthly concentrations from grab sampled developed 
watersheds. The forested TH watershed is nested within the RR watershed and N loading per 
km2 increases by 5.6 times between sampling points. Without evidence that soils in 
developed landscapes produce much greater nitrate than forested soils, it is reasonable to 
assume that the majority of nitrate in the overlapping soil N/wastewater N range is derived 
from wastewater. The nitrate contribution from wastewater is larger for septic watersheds 
than sanitary sewer served watersheds; however, the difference is not significant, suggesting 
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that both septic and sewer served watersheds contribute significantly to N loading through 
leaking sanitary infrastructure at low flow. 
 Nitrate loading during stormflow is made up of a complex mix of sources. Isotopic 
analysis of stormflow water sampling was not sufficient to accurately partition loading 
sources; however, we can identify that wastewater, atmospheric deposition, fertilizer and soil 
are all important contributors. Throughout individual stormflow events, the sources of nitrate 
change rapidly and are mixed together. This rapid change and mixing obscures analysis and 
further sampling and laboratory analysis will be required to partition sources and identify 
patterns in source timing throughout stormflow events. 
 
Seasonal and flow dependent drivers of loading 
 
      Inter-storm nitrate concentration patterns provide evidence for seasonal changes in 
nitrate loading based on land-use and sanitary infrastructure. Figure 10 illustrates two 
examples of these different patterns based on the timing of the loading and concentration 
pattern relative to the event flow response. For this particular storm (7/22/18), subsurface 
flow paths and sources contribute significantly to loading at the septic watershed (Figure 10 
C. left hand graph) while rapid surface runoff and associated sources are significant sources 
at the low density urban watershed (Figure 10 C. right hand graph). During dry periods, the 
septic watershed loading was driven by subsurface stormflow. During wet periods, low flow 
concentration and loading greatly increased at the septic watershed and stormflow resulted in 
less loading than stormflow in the dry period. This suggests that during dry periods, septic 
systems are not hydrologically connected to watershed streams at low flow, but are 
connected by stormflow resulting in large episodic pulses of N. However, during wet periods, 
septic systems are constantly hydrologically connected at low flow, resulting in consistent N 
loading. Patterns vary greatly for the urban watersheds on sanitary sewer. During dry periods, 
urban watershed loading is driven by fast moving surface runoff during stormflow. During 
wet periods loading is driven by both stormflow and highly elevated post storm N 
concentrations at low flows. This suggests that stormflow events during wet period 
hydrologically connect leaking sanitary sewer lines. The delay in increased concentration 
relative to stormflow suggests that stormwater may be infiltrating into wastewater pipes 
during events and slowly leaching out over the subsequent hours to days. 
 
Hurricane N loading 
 


While not originally planned within this project, our instrumentation was deployed during 
the heavy rains brought by Hurricanes Florence (Sept 15, 2018) and Michael (Oct 10, 2018) 
and allowed to assess stream nitrate dynamics during these unusual periods. Conservative 
estimates of nitrate loading for both hurricanes suggest that large storms can have a 
disproportionate impact on nutrient loading (Figure 11). Flooding event data has high 
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uncertainty and this data is a minimum loading accounting for uncertainty in flow and sensor 
estimates of nitrate. Even so, our estimates show that extreme events are an important 
component of nutrient loading. Hurricane Florence nitrate loading was greater than 25.2 kg 
for BG and 9.5 kg for RR, or 2.0 and 1.6 months loading under normal flow conditions 
respectively (at least). Hurricane Michael nitrate loading was greater than 16.8 kg for BG and 
11.2 kg for RR, or 1.4 and 1.9 months loading under normal flow conditions respectively (at 
least). Continued analysis of this data will aim to constrain uncertainty and provide an 
estimated loading range for flooding events. Nonetheless, the high spatial and temporal 
variability of hurricanes can make it challenging to characterize the full effects that these 
events can have on water quality.  
 
 
 
9. Recommendations: 
 
Wastewater 
 


Summary of findings: Wastewater is a significant contributor to non-point source nitrate 
loading across land-use and septic or sanitary sewer severed watersheds. Septic systems are 
designed to discharge partially treated wastewater into the ground where natural soil processes 
remove the majority remaining nutrients, but during wetter periods and storms, nutrients are 
transported faster, reducing treatment in the soil and resulting in greater N-loading. There was a 
large range in N-loading from septic watersheds that was not explained by development features 
or household density. Septic system performance and location relative to streams and flow paths 
may be of greater importance. Additional analysis of collected data will be conducted to assess 
this hypothesis; however, additional study will likely be necessary. Sanitary sewers are meant to 
contain wastewater and transport it for treatment, but they are known to leak and surcharge. This 
results in low flow nitrate contribution from wastewater that is lower than that in septic 
watersheds, but still accounts for the majority of low flow N-loading at these watersheds. The 
extent and degree of leaks is unknown, however among the seven sewer served watersheds that 
were sampled over the course of a year for this analysis, significant wastewater derived nitrate 
was nearly ubiquitous.  


Implications: Storm water control measures must be coupled with sanitary infrastructure 
upgrades and maintenance. Distancing sanitary infrastructure from streams should be evaluated 
as a potential mitigation. Sanitary sewer trunk lines often run in close proximity to streams and at 
low points in the landscape. This means that even minor leaks may have a direct nexus to 
streams and the very presence of the sewer lines prevents the planting of vegetated riparian 
buffers which may mediate this loading.  


 
Stormwater  
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Summary of findings: Stormflow is also of great importance, accounting for 20 – 48% 


of total N-loading across the continuously monitored developed watersheds and generally 
increasing with development intensity. The many negative impacts of stormwater are well 
documented and stormflow contributes to nutrient loading in ways not investigated by this study 
such as suspended sediment transport and reduced stream health and uptake.   


Implications: Because stormwater moves rapidly at high volumes, nutrient treatment 
options are often constrained relative to low-flow loading. Stormwater control measures can 
provide some reductions and they can be an important part of watershed scale planning and 
restoration. Connecting streams to floodplains will allow riparian buffers to provide treatment of 
stormwater and increases the potential treatment time by slowing flow. 


 
Forrest Cover 
 


Summary of findings: Forested watershed loading was 2.5 to 208 times lower than 
developed watershed loading and trends in concentration and flow suggest significant biotic N 
uptake and removal especially at low flow. Although previous work has shown moderate total 
organic nitrogen (TKN) loading from forested watersheds it also indicates low nitrate and 
ammonium loading (Boggs et. al. 2013). Much of the TKN is in the form of suspended solids 
and may change form, but is not immediately available to algae and may be buried in reservoirs.  


Implications: Conservation of reservoir watersheds through easements and development 
limits is a common method for protecting the quality of drinking water sources. These findings 
highlight the importance of this practice. Effective stream restoration could be a powerful tool 
for managing nutrients; however, it must be approached at the watershed scale with reduction of 
stormwater and include reconnection to floodplains and wetlands. 
 
Nutrient loading mechanisms 
 


Summary of findings: The mechanisms and timing of N-loading change with land-use 
and throughout the year based on rainfall and seasonal conditions. Loading can occur over 
different time scales based on the flow path that N loading takes. This is highly sensitive to the 
location of sources (e.g. surface vs subsurface and potentially proximity to streams) and also to 
the seasonal wetness conditions.  


Implications: These factors are important consideration for optimizing the 
implementation of storm water control measures and best management practices as a part of 
larger regional nutrient management. Recommendations may change based on targeted 
landscapes, seasons or flows.  For example, if we wish to target spring nutrient loading to reduce 
summer eutrophication, our results suggest that in rural areas low flow loading should be 
targeted.  Stream restoration and forest cover may be good options. Likewise in urban areas 
stormflow and throughflow loading should be targeted. This may require a combination of bio-
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retention, riparian buffers and enhanced sewer maintenance to trim storm peaks, but ensure 
treatment and retention of nutrient in subsurface flow. Future publication will detail these 
findings on the hydrologic processes driving nutrient loading and the effects of land-use and 
hydroclimate. 
 
Extreme Events 
 


Summary of findings: In 2018 North Carolina was hit by two major hurricanes which 
transported months’ worth of nitrate from study watersheds in a few days. Very few previous 
studies have been able to quantify hurricane loading especially at inland headwater watersheds.  


Implications: Climate change projections predict an increase in the number of extreme 
rainfall events which will have profound impacts on nutrient loading. Because of the high 
discharge of flood event loading, these nutrients are not just an issue for Jordan Lake, but the 
entirety of the Cape Fear River and estuary. Increased extreme event loading should be 
considered in management plans and future projections. 
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Figure 1. Map of storet and National Water Information System (NWIS) sites with ample water quality 
data 
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Figure 2. USGS SPARROW Model output of incremental predicted load of total nitrogen at the 
resolution of Jordan Lake Model Subbasins.  
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Figure 3. USGS SPARROW Model output of incremental predicted load of total phosphorus at 
the resolution of Jordan Lake Model Subbasins. 
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Figure 4. Study watershed locations for grab sampled watersheds, continuously monitored 
instrumented watersheds and previous studied watersheds. See Table 2 for catchment 
characteristics. 
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Figure 5. Median TDN concentration and loading with the interquartile range for 31 twice monthly 
sampled single land-use watersheds. All watersheds have greater than 12 months of sampling covering 
all seasons. Shapes depict land-use and infrastructure of developed watersheds while the fill col 
indicates the underlying geologic basin. 
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Figure 6. Median SRP concentration and loading with the interquartile range for 31 twice monthly 
sampled single land-use watersheds. All watersheds have greater than 12 months of sampling covering 
all seasons. Shapes depict land-use and infrastructure of developed watersheds while the fill col 
indicates the underlying geologic basin. 


 


 


 







 24 


 


 


 


Figure 7. Boxplots of total dissolved nitrogen (TDN) and soluble reactive phosphorous (SRP) loading for 
watersheds with less than 300 parcels per km2. Means are depicted by the solid points. 
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Figure 8. Total loading for two periods of high confidence continuous monitoring data. Study watersheds 
are TH, RRdev, BG, BT, and TY respectively. Light colors represent stormflow loading while paired dark 
colors represent low flow (baseflow) loading. Data is missing for the high-density watershed in the first 
period and 44 days of data have been removed in QA/QC. Data is missing for the medium density 
watershed in the second period and 6 days of data have been removed for QA/QC. Points represent the 
grab sampled based estimate for nitrate loading. Peak flow for TY is estimated and therefore TY 
stormflow loading is a conservative estimate and is likely higher. The 2019 period of data was wetter 
(127 mm/mo rainfall) than the 2017/2018 period (91 mm/mo rainfall) which started in drought. 
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Figure 9.  Baseflow sampled nitrate dual isotope analysis spanning 12 watershed and four seasons from 
Nov 2017 to Sept 2018. Ranges denote the source of nitrate based on Kendall et al. 2007. There is a 
large overlap between the ranges for each nitrate source. Because soil N concentration are low in the 
absence of sanitary infrastructure results suggest that much of the sampled nitrate is derived from 
wastewater. 
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Figure 10. A representation of how the timing of flow, nitrate and loading informs our understanding 
about the flow paths and potential sources of nitrate loading. A. depicts a generalized hydrograph; 
colors correspond to arrows of flow on B. B. depicts how nutrients flow into streams with yellow 
representing fast flow paths and red representing slow flow paths. C. shows two sample hydro-chemo 
graphs of nitrate loading for a dry season storm (7/22/18, 0.6 in) with hillslope representations of load 
transport. Larger arrows indicate larger flow-path contribution.  
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Figure 11. Bar graph comparing the average nitrate load for a normal month at the continuously 
monitored rural watershed and low-density urban watershed to the loading from the single rainfall 
events from hurricanes Florence and Michael. Estimates are a minimum, not accounting for over bank 
flow, and true hurricane loading could be substantially higher.  
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Central Question Addressed in this Report: 
What is the fate of sediments entering Jordan Lake from the Haw River 


• Where do they go spatially (throughout the lake)? 
• How do they move temporally (throughout the year)? 


 
Why do we care? 


• An important fraction of nutrients and contaminants are associated with 
particles and follow particle pathways. 


• Once particles settle to the lake bottom they experience a different 
geochemical environment (e.g. pH, O2) and transformations can occur 
(release from particles). 


• Particulates themselves can cause water quality issues resulting in light 
limitation  


 
What are possible policy implications from this study? 


• A major objective is to better understand the extent to which Haw River 
sediment get to the middle lake, where municipal water intakes are located, 
and to better understand when that happens and what physical forces 
dominate (Haw River Discharge, Physical Currents within the Lake) 


• It is possible to develop a predictive capability regarding how turbidity 
plumes get to the middle lake region. 


• This study will help us better understand the dispersal of sediment-
associated nutrients and contaminants. 
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Report Outline: 
 


• Central Research Question and Management Implications 
• Lake Setting 


o Precipitation   
o Water Discharge 
o Sediment Discharge Rating Curve 
o Lake Level 


• Experimental Design 
• Methods 
• Results of Core Collection 


o Core Profiles  
• Be-7 Inventories 


o Significance of Be-7 Inventories 
o How Inventories are calculated 


• Relative Fluxes of Be-7 
o What are Relative Fluxes 
o How are they Calculated 


• Sediment Depositional Fluxes 
o How are Deposition rates calculated? 
o Results sorted by stations and by dates 


• Data Analysis and Interpretation 
• Summary and Conclusions 
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Lake Setting 
2018 was a record-breaking year in the Research Triangle area in terms of precipitation.  The 
average annual rainfall totals for Raleigh, NC (1981-2018) is 46 inches with 100 days of rain.  In 
2018, a total of 63 inches of precipitation was recorded in the Raleigh, NC area with 137 days 
recording rainfall.  This total was the second highest annual rainfall recorded during the past 129 
years (1996 was the highest).  Rainfall in 2018 was dominated by Hurricane Florence 
(September 13-17) and Tropical Storm Michael (October 10-11).  Figure 1 shows the 
precipitation record at the Jordan Lake dam.  Blue arrows denote the sampling dates when cores 
were collected (see Methods for more details). 
 
Figure 1 Precipitation Measured at the Jordan Lake Dam (Moncure, NC) 


  
The impact of Florence and Michael are most prominently reflected in the Haw River water 
discharge record at Bynum, NC (Figure 2) and the lake levels recorded at Jordan Lake (Figure 
3). 
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Figure 2. Water Discharge: Haw River at Bynum 


 
 
 
Figure 3 Lake levels during study period 
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Calculated Sediment Discharge using Rating Curve 
In 2017, McKee et al. established a sediment rating curve based on suspended sediment 
concentration measured on samples collected from the Haw River (Bynum), and the 
corresponding water discharge rate documented by the USGS at Bynum NC.  This relationship 
was extended with the higher water discharge values experienced in 2018 (Figure 4).  Using this 
extended relationship, sediment discharge values for the study period were calculated and plotted 
in Figure 5. 
 
Figure 4 Sediment Rating Curve for Haw River Water Discharges 


 
 
Figure 5. Calculated Sediment Discharge Rates during study period 
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Experimental Design 
The Haw River is the dominant source of sediments delivered to Jordan Lake, accounting for 
89% of the sediment load to the lake.  During the study period, an average of 67 tons of 
sediments were delivered to Jordan Lake each hour, including 2 peak events that exceeded 1200 
tons/hr, corresponding to Hurricane Florence and Tropical storm Michael (Figure 5).  Five 
coring locations were established, and lake bottom sediment cores were collected at each site 
during four sampling periods within the study.  A central focus of this study was to understand 
the fate of sediments entering the lower arm of Jordan Lake from the Haw River.  Of special 
interest was to determine how much sediment from the Haw entered the middle lake, where 
municipal water intakes are located.  For Haw River sediments to be delivered to the middle 
lake, they have to traverse the narrow and tortuous section of the lake called “The Narrows” (see 
Figure 6).  A transect of coring sites ranging from proximal to the Haw River input (Station 1) to 
the middle lake (Station 5) were selected to examine the transport of sediment into and through 
the Narrows.  Sampling dates were July 17, August 23 and December 4 in 2018 and February 5 
2019.  Sediment dynamics during the study was tracked using the naturally occurring 
radioisotope Be-7. Sediments were monitored 53 days (one half-life of Be-7) prior to July 17 and 
during the subsequent period between sampling dates (36, 96 and 63 days, respectively).  An 
addition sampling date was selected between August 23 and December 4, 2018 but Jordan Lake 
levels were extremely high during this entire period and boat access to the lake was difficult. 
Only once was core collection successful at Station 4 due to difficulties collecting cores in sandy 
sediments, and therefore Station 4 is not included in our results. 
 
Figure 6. Coring Locations within the lower Jordan Lake.  Base map displays water depths. 
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The main tracer used to track sediment deposition rates during the experiment was Be-7 which is 
naturally produced in the atmosphere and quickly sorbs onto particulates in the water of rivers 
and lakes.  Once it is sorbed onto sediments it can be used to follow the pathways of particulate 
materials.  Be-7 has a half-life of 53.3 days and therefore is very useful for tracking sediment 
deposition on month time scales. 
 
Methods 
Sediment cores were collected using a modified Eckman grab sampler that consistently retrieved 
an intact undisturbed surface sediment sample approximately 15 cm deep.  Subsequently sub-
cores were collected from each grab using a 4” diameter core tube.  Upon return to the lab, each 
sub-core was extruded and sliced at precise 1 cm intervals downcore (Figure 7).   Each sample 
was weighed wet, then frozen and freeze dried and re-weighed to determine sediment bulk 
density.  Dried sediment was packed into vials and were counted by direct gamma spectroscopy 
on an intrinsic germanium planar detector.  All isotopes displayed in Figure 8 below (Be-7, Pb-
210, Cs-137, Ra-226, K-40, U-238) were determined by direct gamma spectroscopy. 
 
 Figure 7. Core collection, extrusion and sub sectioning 
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Results of Core Collection 
Core Profiles 
Figures 7 displays the downcore profiles of Be-7 along with xsPb-210 (a longer-lived tracer with 
a 22.3-year half-life), which is used here as a contrast to the rapidly decaying Be-7 tracer.  Also 
displayed are K-40, Ra-226 and U-238, which are useful in detecting possible changes in 
sediment sources during our experiment.  
 
Features to note for each set of profiles are the following: (a) changing Be-7 concentrations both 
downcore and between stations and sampling times; and, (b) nearly constant values (within error) 
of xsPb-210, Cs-137, Ra-228, K-40 and U-238 downcore and between stations and sampling 
times.  Be-7 changes are due to both decay and changes in the rate of sediment deposition and 
erosion.  The other parameters are indicators of different sources of particulates and for all 
sampling times and station display very little change, indicating that the sediments being 
deposited were relatively constant during all sampling times, and are characteristic of terrestrial 
inorganic particles (ie., from the Haw River). This is important since it indicates that Haw River 
sediments dominate the study area (confirming sediment input data) and there appears to be very 
little dilution from plant and organic matter.  Therefore, the changes documented for sediment 
deposition rates correspond to changes in Haw River sediment supply to each sampling site at 
specific locations and times.  The deepest Be-7 concentration displayed in each figure represent 
the deepest layer in which Be-7 was detectible.  The Be-7 profiles are used to determine 
sediment focusing and sediment deposition for each location and date. 
 
Figure 8 Profiles of xsPb-210, Be-7, Cs-137, Ra-226, K-40 and U-238 
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Features to note for each set of profiles are the following: (a) changing Be-7 concentrations both 
downcore and between stations and sampling times; and, (b) nearly constant values (within error) 
of xsPb-210, Cs-137, Ra-228, K-40 and U-238 downcore and between stations and sampling 
times.  Be-7 changes are due to both decay and changes in the net rate of sediment deposition.  
The other parameters are indicators of different sources of particulates and for all sampling times 
and stations display very little change, indicating that the sediments being deposited were 
relatively constant during all sampling times, and are characteristic of terrestrial inorganic 
particles (i.e., from the Haw River). This is important since it indicates that Haw River sediments 
dominate the study area and very little dilution from plant and organic matter is present.  
Therefore, the changes documented for sediment deposition rates correspond to changes in Haw 
River sediment supply at the location and time.  The Be-7 profiles are used to determine 
sediment focusing and sediment deposition for each location and date. 
 
Be-7 Inventories and Fluxes 
The mean atmospheric supply of Be-7 to North Carolina is 0.05 dpm/cm2/day (Figure 9).  The 
presence of Be-7 in collected cores is usually restricted to the top few centimeters since the 
source of Be-7 is atmospheric.  The sum of all Be-7 (in all layers within the core) is referred to as 
the “Be-7 inventory”.  The Be-7 flux from the atmosphere that is required to maintain the 
observed Be-7 inventory in a core (termed the “actual” Be-7 flux) is determined by multiplying 
the Be-7 inventory by the Be-7 decay constant (0.01876 per day). A comparison between the 
atmospheric supply and the “actual Be-7 flux measured in a core is used to determine sediment 
loss or sediment focusing at a location.  This is called the “relative Be-7 flux” and if this number 
is greater than 1 (actual/atmospheric) then sediment focusing from other parts of the lake system 
is indicated.  This is called convergence. If the relative flux is less than one, then sediment 
erosion and dispersal from this location to other sites is indicated. This is called divergence.  
Figure 10 demonstrates that convergence and divergence of sediments are temporally and 
spatially variable. Note that nearly constant values (within error) of xsPb-210, Cs-137, Ra-228, 
K-40 and U-238 downcore and between stations and sampling times indicate that the 
convergence and divergence of sediment is the result of movements within sediments supplied 
by the Haw River. 
 
Figure 9      Source of Be-7 to Jordan Lake 
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Figure 10      Relative Be-7 fluxes and sediment focusing 


 
 
Station 1 (most adjacent to the Haw River input) results (Figure 10) indicates a net focusing at 
this site with the exception of the December 2018 sampling, which integrated over a period of 
two event scale sediment inputs from the Haw.  This net sediment dispersal from this site for this 
time frame indicated that originally deposited sediment delivered by Florence and Michael were 
resuspended and redistributed away from Station 1.  Station 2 results indicate that this site within 
the southern part of the Narrows is a depocenter during most of the study period.  Only the 
period prior to core collection in February 2019 displays a minor net removal of sediments.  
Station 3 further north within the Narrows also appears to be net depositional (similar to Site 2), 
with the December 2018 sampling date indicating a minor deficit of sediments.  Station 5 results 
demonstrate that this site is net erosional (except for the period prior to the August 2018 
sampling, which is highly depositional).  This site is the most distal from the Haw River input 
and was selected to observe the amount of sediments that make it through the Narrow and is 
deposited in the middle lake.  Based on the data displayed in Figure 10, the net deposition of 
Haw River sediments into the middle lake is usually minimal but pulses of sediments 
occasionally (represented by the July-August 2018 period) during periods when lake levels are 
stable and very little water is being passed through the dam. 
 
For each core collected, the calculated “New” inventory is the observed Be-7 inventory in the 
sediments that is decay corrected to remove the Be-7 from the previous core sample that remains 
at the site.  The “New” inventory divided by the mean concentration of Be-7 in the core yield a 
sediment deposition rate (g/cm2/day).  To make this number more applicable to use in the field, 
we have converted this to g/m2/day and it is plotted in Figures 11 and 12. 
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Figure 11. Deposition rates ordered by sampling times 


 
 


 
Figure 12. Deposition rates ordered by sampling stations 
 


 
 


Consistent with the Figure 10 results, the highest deposition rate observed was at Station 5 
during the period prior to December 2018 (over 150 g/m2/d).  Although these deposition rates are 
high, this site experiences net loss during other sampling periods (Figure 10). Deposition rates at 
all sites are temporally variable, indicating a complex relationship between sediment supply from 
the Haw and sediment deposition at sites 1-5. 
 
Combining the information given in Figures 5 and 12, a comparison can be made between the 
sediment supply from the Haw River at each station and each sampling date and the observed 
deposition rates for each core.  This provides insight as to where and when the pulses in Haw 
River sediment discharge influence the rate of sediment deposition (Figure 13).  If the 
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relationship between sediment discharge and deposition rate is positively linear at a site, this 
suggests that sediment discharge from the Haw is the governing factor controlling sediment 
deposition at a location and date.  When sediment discharge and sediment deposition rates are 
poorly correlated, this suggests that post depositional resuspension and redistribution is the 
governing process (displayed in Figure 13). 
 
Figure 13. Comparison of cumulative sediment discharge and net deposition rates 


 
 
With the possible exception of Station 5, there is a poor correlation at sampling locations with 
the net sediment supply from the Haw during the period represented by the core data.  In other 
word, the Haw River sediment discharge appears not to be the primary factor controlling 
sediment deposition in the lower area of Jordan Lake represented by Stations 1-5 in this study. 
 
Data Analysis and Interpretation 
Sediment discharge to Jordan Lake from the Haw River was dominated by Hurricane Florence 
and Tropical Strom Michael during the study period (Figure 5).  Be-7 profiles were analyzed to 
determine sediment deposition rates at each of the core sites (Station 1-5; Figure 6) and during 
four sampling periods prior to July 2018, August 2018, December 2018, and February 2019 
(Figure 8).  Be-7 concentrations and total inventories varied temporally (sampling dates) and 
spatially (stations 1 to 5).  The other sediment parameters that were measured in each core 
indicate that the Haw River is the dominant source of sediments to the study area and that no 
significant additional sources of sediments (organic inputs from land, organic debris from 
surface water productivity) are evident in the lake bottom sediments examined.  Inorganic 
sediments from land (suspended river sediments) have a characteristic signature of uranium 
decay series radioisotopes (U-238, Ra-226, Pb-210) that did not change over the course of the 
study.  Cs-137 is a man-made impulse tracer that entered the atmosphere via above-ground 
nuclear bomb testing (Figure 9).  Its atmospheric concentration and flux from the atmosphere to 
land/water peaked in 1963.  Cs-137 concentrations in the cores collected were very low and 
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without any indication of sub-surface peaks, making Cs-137 unusable as a sediment tracer in this 
study. K-40 is another isotope whose signal come exclusively from land.  Its uniform distribution 
within all cores further indicate that the sediments examined in this study entered Jordan Lake 
from the Haw River. 
 
Be-7 is naturally supplied to surface land and water from the atmosphere. Previous work has 
documented the average Be-7 flux from the atmosphere to land and water surfaces in North 
Carolina is 0.05 dpm/cm2/day.  Be-7 is rapidly associated with particulate material via adsorption 
and subsequently follows the pathways of the associated particles. The atmospheric supply of 
Be-7 can be compared to the Be-7 flux required to sustain the total amount of Be-7 in each core 
location (Be-7 inventory).  The ratio of atmospheric flux to the actual flux measured in sediment 
cores provides insights regarding the net accumulation of Be-7 at a site and whether sediments 
are preferentially focused in one place or if the sediments initially deposited have been eroded 
and redistributed elsewhere.  This is called sediment convergence (focused) and divergence 
(eroded), respectively.  Relative Be-7 fluxes are used to better understand how sediments from 
the Haw River are distributed after entering Jordan Lake.  The Narrows Experiment outlined in 
this report tracked where Haw River sediments were dispersed from the lower Haw River arm of 
the lake through the restricted channel (“The Narrows”) and into the middle lake where 
municipal freshwater intakes are located.  
 
Figure 10 suggests that sediments are constantly deposited and redistributed at every station.  
Depending on the time of sampling, every station demonstrates sediment convergence and 
divergence.  This is consistent with a surface sediment layer on the lake bottom whose thickness 
increases and decreases (is deposited and subsequently eroded and redistributed) throughout the 
year.  If sediment discharge from the Haw River dominated sediment distribution within the 
lower lake and through the narrows, then one would expect that deposition rates would 
correspond closely to the cumulative sediment discharge during the period prior to core 
collection.  The December 2018 sampling should therefore exhibit the highest rates of deposition 
since this period included the large sediment inputs resulting from Hurricane Florence and 
Tropical Storm Michael.  This is not the case, with the exception of Station 5 in December 2018.  
It is possible that more sediment is transported through the Narrows and is deposited within the 
middle river during very high discharge events.  However, the relative flux of Be-7 at Station 5 
in December 2018 does not indicate a net sediment focusing there. In fact, the observed 
distribution of sediment deposition rates (in space and time) argue that sediment supply from the 
Haw River is not the dominant factor determining sediment deposition at any one place or time 
but rather post-depositional movement of sediments resulting from physical processes 
(resuspension and redistribution by currents) appear to be very important.  This is consistent with 
observations of Drs. Luettich and Seim, whose team measured surface to bottom current 
velocities.  They found that strong currents enter and exit The Narrows periodically and that 
current directions vary from north-to-south to south-to-north over relatively short time periods 
(hours to days).  Current velocities (direction and magnitude) that redistribute lake bottom 
sediments may be controlled by the lake water balance whereby when lake levels are high and 
water is released through the dam into the Cape Fear River the net water balance (and current 
directions) are north-to-south.  When lake levels are rising due to increased water inputs from the 
Haw River, then net current directions are from south-to-north.  The shear strength of these 
bottom currents is likely to be strong enough to resuspend and transport fine bottom sediments.  
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In essence, physical water circulation (not Haw River discharge) is more likely to govern the 
distribution of bottom sediment in the lower lake, and through The Narrows into the middle lake. 
 
Summary and Conclusions 
The Haw River delivers 89% of the suspended sediments entering Jordan Lake each year.  The 
suspended sediment load delivered to Jordan Lake increases with the Haw River water discharge. 
The Haw is a “flashy” river, a hydrologic term indicating that water discharge and river levels 
change rapidly in response to precipitation events. Figure 14 shows a cross section of the Haw 
River at Bynum taken on consecutive days.  This illustrates how rapidly water discharge and 
suspended sediment concentrations change in the Haw.  During the study period, two strong 
events occurred (Hurricane Florence and Tropical Storm Michael) that increased the Haw River 
water and sediment discharge.  
 
Figure 14 


  
 
Water Discharge: 2.4 m3s-1     Water Discharge: 1213.5 m3s-1 
Total Suspended Sediment Concentration = 7 mg l-1   Total Suspended Sediment Concentration = 335 mg l-1 
 
 
Prior to this study, it was widely believed that strong storm events like Florence and Michael 
controlled sediment dispersal and redistribution in the lower and middle regions of Jordan Lake.  
The restricted passage known as “The Narrows” has been hypothesized as one possible control 
on sediment transport from the Haw River to the middle lake.  This line of reasoning 
hypothesized that slow currents within “The Narrows” would result in trapping of sediments in 
the lower (Haw River) arm of the lake or possibly with the Narrows.  Our findings lead us to the 
conclusion that sediment inputs from the Haw are a secondary factor in determining sediment 
distributions in Jordan Lake and that physical processes (erosion, resuspension and redistribution 
by currents) are probably the driving force for sediment transport in Jordan Lake. 
 
This conclusion points to a need for better understanding of the coupling between physical 
circulation and sediment dispersal, especially on event scales.  The role of water removal from 
the lake via the dam is poorly understood as is the physical factors that lead to more sediment 
being shunted to the lower Cape Fear River. 





