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ABSTRACT  

 

BUCHHOLZ, GEORGE HENRY.  Design Considerations for Regenerative Stormwater 

Conveyances: What Defines Success? (Under the direction of Dr. Harry Daniels.)   

 

Regenerative stormwater conveyances (RSCs) are innovative and alternative measures 

used to detain and control stormwater runoff.  RSCs mimic wetland and stream complexes by 

combining benefits from these natural systems and incorporating them into a stormwater control 

measure (SCM) that provides structural stability, micro-habitat, in addition to potentially providing 

groundwater recharge and nutrient removal benefits.  In this study, a review of 13 papers was 

conducted, of which one paper reviewed 100 papers, to determine if there are measurable and 

standard definitions of success for RSCs and whether potential ecosystem service benefits can be 

provided.  Field investigations were conducted on two constructed RSCs in Chapel Hill, NC and 

Durham, NC with the primary focus of evaluating whether the systems successfully manage 

stormwater runoff in an effort to secondarily confer potential nutrient and sediment removal 

capabilities by examining biological indicators.  Utilizing the equation and removal adjustor curves 

developed by the Chesapeake Bay Program Expert Panels, the examined Chapel Hill RSC would 

have an estimated 47% total nitrogen (TN), 57% total phosphorus (TP), and 60% total suspended 

solids (TSS) annual removal rate and the examined Durham RSC would have an estimated 57% 

TN, 65% TP, and 70% TSS annual removal rate.  Based on the research and field investigations, 

it was determined that RSCs are structurally stable systems effective at detaining and conveying 

stormwater runoff and the examined RSCs are functioning successfully, thereby, achieving the 

primary function of managing stormwater runoff within a specific drainage area.  However, there 

are research gaps in the lack of nutrient removal design standards for RSC systems.  There is 

evidence that biogeochemical reactions occur within RSCs systems similar to that of wetland and 

stream complexes indicating that RSC systems have nutrient and sediment removal capabilities.  

However, research data on water quality monitoring is lacking for RSCs that reduces the reliability 

of calculating nutrient and sediment removal rates given the site specific nature of each RSC.  
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INTRODUCTION 

 

As society has benefitted from increased economic expansion resulting in increased 

impervious surface coverage, there has been a reduction in vegetative riparian zones and the 

degradation of streams and wetlands resulting in contamination of drinking water supplies 

contributing to water quality problems within water resources.  Streams within urbanized areas 

experience increased channel erosional rates and greater sedimentation resulting in the stream 

becoming disconnected from its floodplain hydrologically and hydraulically.  Urbanization within 

watersheds will increase into the future, altering existing land uses, which will affect wetland and 

stream ecosystem services.  Ecosystem services such as water quality benefits, flood attenuation, 

groundwater discharge and recharge, biodiversity and habitat, in addition to aesthetic and 

recreational uses are compromised due to areas experiencing ongoing urbanization.  This will 

require improved strategies in managing stormwater runoff to offset and reduce pollution loadings 

on water resources [HW07]. 

 

Stormwater runoff within a watershed can contain a wide variety of pollutants such as 

suspended solids, pathogens, bacteria, and nutrients such as nitrogen and phosphorus.  Stormwater 

control measures (SCMs) have been designed with the goal of intercepting and retaining 

stormwater runoff so that it can be discharged to nearby water resources at controlled rates.  There 

are a variety of SCMs designed to retain stormwater runoff within a watershed; however, some are 

more effective than others.  Some SCMs have been examined as a potential method for treating 

stormwater runoff by retaining the runoff so that nutrients can be reduced or decomposed [JK14].      

Attention has been devoted to the analysis of reducing nutrient loading into a receiving water 

resource, but there are many ambiguities and uncertainties regarding the effectiveness of nutrient 

removal.  As a result, there is a growing interest to investigate SCMs at smaller scales that 

potentially retain nutrients more effectively for pre- and/or post treatment purposes.  Alternative 

SCMs have been examined that can provide ecosystem service benefits by incorporating existing 

methods and combining them with stream and wetland complexes [CL10].     
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One such alternative SCM, known as a regenerative stormwater conveyance (RSC), 

incorporates wetland hotspots to disperse stormwater runoff; providing structural stability and 

micro-habitat, in addition to potentially providing groundwater recharge and nutrient removal 

benefits at the same time being aesthetically pleasing as a perceived natural structure.  A RSC is a 

type of SCM that can be used to detain and convey stormwater runoff at controllable rates to 

groundwater and/or water resources through infiltration and potentially for treatment purposes.  

RSC systems combine shallow aquatic beds in a series that are connected by riffle weir grade 

control structures in between aquatic beds in a manner to allow stormwater runoff to be detained; 

thereby allowing infiltration to groundwater and/or water resources [U09].  The State of Virginia 

considers dry channel RSC systems as a retrofit measure incorporating these systems into its 

overall Chesapeake Bay watershed nutrient and sediment load reduction strategy assigning 

removal rates on a project specific basis [BB14].   

 

In order to define success for a RSC, we need to know what a RSC is.  We also need to 

know how stream and wetland complexes are utilized within RSC systems and the role these 

complexes play in potentially reducing nutrient and sediment loads.    Then we need to determine 

if RSC systems can manage stormwater runoff at controlled rates and if nutrient and sediment 

reduction processes are occurring within the system through the use of stream and wetland 

complexes.  First, we will examine the nutrient removal capabilities of stream and wetland 

complexes and determine how this occurs.  Then we will explore how natural channel design is 

beneficial for nutrient and sediment reduction purposes and how those design methods have 

influenced the concept of a RSC.  We will then move into the description of an RSC and how it 

incorporates a wetland and stream complex into its design.   Then finally, as part of this paper, two 

RSC systems were evaluated as to whether the systems successfully achieve the ability of 

managing the quantity of water conveying through it.  The two RSCs were also examined for the 

presence of biological indicators indicative of wetland and stream complexes so that inferences 

can be made of the capability that each system may have at reducing nutrient and sediment loads.   
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I. STREAM AND WETLAND NUTRIENT REMOVAL CAPABILITIES 

 

Typically within urbanized watersheds, vegetative wetlands can be found immediately 

adjacent to streams within riparian zones (Figure 1).  Riparian zones form the boundary between 

streams and terrestrial systems.  These are areas in which there are hydrologic connections between 

the terrestrial systems and streams where there are dynamic biogeochemical reactions.  Studies 

have shown that a stream’s hyporheic zone and riparian zone influence each other mutually.  This 

combination affects soil moisture, vegetation type, and redox potential and ultimately determines 

the fate and transport of nutrients through the riparian zone [VA10].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

a) Hydrological Connection and Exchange 
 

While investigating nutrient retention in a stream wetland complex in 2010, Rucker 

reported “the results of the investigation of daily mass balances at the stream wetland complex 

indicate that hydrological connectivity is a major driving force of nutrient retention in stream 

wetland complexes.”  The hyporheic zone “is considered the most important zone for 

denitrification in the stream channel” [RS10].  Rucker noted that in low-gradient streams, low 

flows increase the interaction of a stream’s hyporheic zone resulting in decreased nitrate 

concentrations entering a stream.  Rucker’s study acknowledges seasonal changes also plays a role 

Figure 1.  Dominant flow path across the upland-riparian-stream continuum in agricultural and forested landscapes. 
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in the hydrological exchange process between stream wetland complexes and concludes “the 

nutrient retention of streams and wetlands can only be optimized by restoration measures that 

regard both systems as one functional unit in terms of nutrient retention” [RS10]. 

 

Rucker concluded that creating a natural connection between stream and wetland 

complexes were more effective at retention for denitrification purposes.  Rucker suggested to 

facilitate effective retention, streams should be allowed to develop “heterogeneous structures” (i.e. 

woody debris, log jams, etc.) within the channel for the creation of retention “hot spots”.  As 

defined by Vidon, hot spots are a type of “hot phenomena” that are patches where biogeochemical 

reaction rates are higher relative to the surrounding area [VA10].  Hot spots occur in riparian zones 

near the water table where the hydrologic interaction period is greater due to surface or 

groundwater fluctuations (i.e. riparian wetlands).  Vidon also describes another hot phenomena 

known as a “hot moment”.  Hot moments are also patches where biogeochemical reaction rates 

are higher relative to the surrounding area but are associated with shorter episodic hydrological 

events such as rainfall or snowmelt.  Vidon’s research indicates biochemical reactions within hot 

phenomena areas are governed by “changes in electron acceptor and donor availability, redox 

conditions, and hydrological conditions” within the riparian zone [VA10].  Biochemical hot 

phenomena can alter the amount of nutrients entering a water source from just the riparian zone or 

even the entire watershed.  Nitrogen transported in runoff from urbanized areas of a watershed can 

be retained in large amounts by plant uptake and microbial transformation within riparian zones 

that have stream wetland complexes.  In Table 1 below, Vidon identifies hot phenomena that “may 

or may not co-occur” to aid in developing accurate annual watershed contaminant budgets across 

streams and riparian zones. 

 

 

 

 

 

 

 



 

5 
 

Table 1. Phenomena and conditions for the development of biogeochemical and transport 

process-driven hot spots and moments for nitrogen and phosphorus. 

 

Constituent 

Biogeochemical Process Driven Transport Driven 

Hot Spot Hot Moment Hot Spot Hot Moment 

 

 

 

 

Nitrogen 

Phenomena Denitrification Denitrification Transport Transport 

 

 

 

Condition 

Continuous 

anaerobic 

conditions, high 

organic matter, 

high nitrate 

concentrations, 

medium to large 

water fluxes 

Ephemeral soil 

saturation, high 

organic matter, 

high nitrate 

concentration, 

ephemeral medium 

to large water 

fluxes 

High nitrate 

concentration and 

flux, low water 

residence time 

and high soil 

hydraulic 

conductivity 

relative to riparian 

area 

Ephemeral high 

nitrate 

concentration and 

high nitrate flux 

(overland flow or 

subsurface) due to 

extreme storm 

event 

 

 

 

 

Phosphorus 

Phenomena Desorption Desorption Transport Transport 

 

 

 

Condition 

High soil 

phosphorus 

content, reducing 

conditions, 

medium to large 

continuous water 

fluxes 

High soil 

phosphorus content 

and ephemeral 

reducing 

conditions, 

medium to 

temporary high 

water table, and 

large water fluxes 

Upland 

phosphorus 

source and 

continuous 

overland flow 

(seeps) or 

preferential 

subsurface flow 

Ephemeral 

phosphorus 

transport through 

riparian zone 

during extreme 

storm event via 

overland flow or 

preferential 

subsurface flow 

 

Expanding on the idea of hydrologically re-connecting streams to its floodplain, Johnson, 

examined whether SCMs can influence watershed nitrogen loads [JK14].  Johnson “hypothesized 

that hydrologically connected floodplains and SCMs are hot spots for nitrogen removal through 

denitrification because they have ample organic carbon, low dissolved oxygen levels, and extended 

hydrologic residence times” [JK14].  Johnson wanted to determine if nitrogen retention could be 

enhanced in a watershed by integrating stream restoration and smaller spatially scaled SCMs 

[JK14].  By hydrologically re-connecting an urban stream to its floodplain and incorporating 

SCMs that were inline wetlands, nitrogen retention was enhanced and removal through 

denitrification occurred because the surface area of the hydrologically connected system increased 

hydrologic residence times, and the fluctuation of water through the system from the stream and 

groundwater.  Johnson found high denitrification rates in both the restored stream and SCM 

systems and “determined that the surface area of the hydrologically connected features plays a key 

role in controlling watershed nitrogen retention and removal” [JK14].   
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b) Sedimentation 

 

Spurred by increased innovative techniques and approaches to urban stream restoration, 

the Chesapeake Bay Program (CBP) assembled an Expert Panel (Panel) to study stream restoration 

research for the purposes of creating a “watershed strategy to meet nutrient and sediment load 

reduction targets for existing urban development under the Chesapeake Bay TMDL (total 

maximum daily loads)” [BB4].  The Panel reviewed more than a hundred scientific research papers 

on the performance of urban stream restoration on nutrient and sediment removal.  One of the 

goals of the Panel was to determine potential removal rates of various stream restoration practices.  

One aspect studied by the Panel was the significantly higher sediment yields within urban streams 

compared to rural streams.  Within urban watersheds of the Chesapeake Bay there are “strong 

empirical relationships between impervious cover and sediment delivery” [BB4].  Figure 2, below, 

shows the “relationship between the degree of imperviousness and an associated sediment load” 

based on percent impervious of a watershed [BB4].  This information assisted in determining the 

annual mass nutrient and sediment reduction potential associated with restoring an actively eroding 

urban stream.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.  Relationship between urban sediment loads and watershed impervious cover. 
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The Panel studied a group of stream restoration techniques designed to increase stream bed 

and bank resistance for the purposes of reducing sediment and nutrient loading to the stream.  The 

reduction is a function of pre-restoration sediment supply versus the length of restored stream bed 

and bank.  When researching sediment budgets associated with degraded urban streams, the Panel 

“found that bank erosion contributed an estimated 43% of the suspended sediment load, with bed 

sediment storage and remobilization an important component of the entire sediment budget” to a 

stream [BB4].  The studies also sampled nutrient mass from eroding streams, which then provided 

estimates of the amount of nutrients entering a stream due to sediment erosion.  Therefore, nutrient 

content is a major consideration associated with sediment erosion of urban streams.  “Table 2 

compares the TP (total phosphorus) and TN (total nitrogen) content measured in various parts of 

the urban landscape, including upland soils, street solids, and sediments trapped in” SWMFs.   

 

 

 

 

 

 

 

 

 

 

 

II. RSC CONCEPTS INFLUENCED BY NATURAL CHANNEL DESIGN   
 

A significant way to protect water resources is to reduce nutrient loading from urban 

stormwater runoff; and therefore, alternative methods that also provide ecosystem service benefits 

have been examined.  Nitrogen in stormwater runoff can come from a wide range of compounds, 

such as, inorganic ammonium-nitrate (NH4
+), nitrate-nitrogen (NO3

-), nitrite-nitrogen (NO2
-), and 

organic nitrogen.  Nitrogen rich stormwater runoff is received by SCMs where it can be removed 

in three different ways.  Nitrogen can be temporarily removed by assimilation processes of 

microorganisms or plants, or “through adsorption onto negatively charged soil particles” [CL10].  

Table 2. TN and TP concentrations in sediments in different parts of the urban landscape. 
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Under anoxic conditions, microbial denitrification processes can permanently remove nitrogen 

from stormwater into the atmosphere.  In SCMs, denitrification is common and “hydrologic 

residence time may be a critical factor influencing removal by denitrification” [CL10].  SCMs are 

designed to manage peak storm flows and reduce flooding by detaining the stormwater and slowly 

releasing it.  Large traditional SCMs are capable of removing nutrients; however, alternative and 

innovative measures at smaller scales have been recently examined.  For example, creating a 

shallow sand layer that provides greater surface area for microorganisms to establish and assimilate 

nitrogen has been examined within conveyance ditches.  To increase retention time, shallow swale 

slopes have been examined to enhance sedimentation and infiltration rates.  Other alternatives, 

such as stream restoration that reconnect the floodplain or the creation of wetland hot spots within 

SCMs for denitrification purposes are also being examined [CL10]. 

 

a) Increased Denitrification Potential 

 

Rucker determined that creating a natural connection between stream and wetland 

complexes was more effective for denitrification purposes; with the hyporheic zone being the most 

important zone for these process [RS10].  Rucker and Vidon both identified hot spots, or wetlands, 

as areas in which biogeochemical reaction rates are higher and can alter the amount of nutrients 

entering a water source.   

 

Research utilizing stream nitrogen tracer injections, nitrogen isotope additions, 

denitrification assays, and nitrogen mass balance equations have demonstrated that degraded urban 

streams detached from their floodplain have a severely reduced ability to process nitrogen. 

Research conducted on restored streams determined there is increased nitrogen transformation 

processing occurring where the groundwater and surface water interacts with each other [BB14]. 

Klocker noted “increase hydrologic connectivity with hyporheic sediments and increase 

hydrologic residence time may influence denitrification rates in stream reaches”, especially when 

there is organic carbon content available [KK09].  Additional research on stream floodplain 

reconnection indicates higher denitrification rates in restored streams due to the streambed acting 

as a sink for nitrate inducing redox reactions within the hyporheic [BB14]. 
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b) Floodplain Reconnection and Nutrient Fluctuations 
 

A fascinating study was conducted by Kaushal in which denitrification rates were 

compared between stream floodplain reconnection restoration projects and stream restoration 

projects that did not reconnect the floodplain [KG08].  The study utilized “in situ measurements 

of 15Nitrogen tracer additions to determine if hydrologic reconnection of a stream to its floodplain 

could increase rates of denitrification in an urban stream” [KG08].  Although denitrification 

occurred within stream restoration projects that did not reconnect the floodplain, higher rates of 

denitrification was observed within stream floodplain reconnection restoration projects.  

Therefore, restoring a stream is beneficial for denitrification purposes; however, Kaushal indicates 

the effectiveness of denitrification from various restoration design techniques can be highly 

variable [KG08]. 

 

The Panel assembled by the CBP reviewed studies that measured “flow weighted nutrient 

and sediment concentrations above and below a stream restoration reach” and compared that to 

non-restored stream reaches [BB14].  The research indicated that restoration of an upland channel 

with wetland-stream complexes was effective at preventing sediment export to downstream 

waters.  For instance, Filoso conducted research in restored upland and “lowland” areas regarding 

sediment and nitrogen mass balance [FP11].  It was determined that restored upland areas were 

effective in reducing the export of total nitrogen to downstream waters because the majority of the 

total suspended solid and nitrogen export occurred during elevated water flows.  Filoso noted “for 

stream restoration to be most effective in reducing nitrogen fluxes transported downstream, 

strategic restoration designs should be used and include features that enhance the processing and 

retention of different forms of nitrogen for a wide range of flow conditions” [FP11].  For instance, 

Richardson monitored water quality from a restored stream in the North Carolina Piedmont 

involving floodplain reconnections and wetland creation along the Upper Sandy Creek which is 

located within an urbanized watershed [RF11].  The study found significant sediment retention 

within in the system, a 64% reduction of nitrate-nitrite loads, and a 28% reduction in total 

phosphorus loads.    
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c) Nutrient Removal Rates 
 

Once the Panel concluded their research on utilizing restoration of urban streams as a 

means to reduce sediment and nutrient delivery to the Chesapeake Bay, the Panel created protocols 

(Table 3) defining nutrient load reductions that can be used for individual stream restoration 

projects.  The Panel recognized “sediment and nutrient load reductions will always differ, given 

the inherent differences in stream order, channel geometry, landscape position, sediment 

dynamics, restoration objectives, design philosophy, and quality of installation among individual 

stream restoration projects.  Instead, the Panel focused on predictive methods to account for these 

factors, using various watershed, reach, cross-section, and restoration design metrics” [BB14].  

The Panel identified various elements that could promote nutrient reduction.  It should be noted 

that the Panel identified many elements typically associated with stream restoration, but also 

identified upstream or lateral stormwater retrofits to attenuate flows as a means to promote nutrient 

reduction.  The Panel defined this particular class of stream restoration as a regenerative 

stormwater conveyance (RSC), and specifically divided the RSC designs into dry channel RSCs 

and wet channel RSCs.  “Dry channel RSC involves restoration of ephemeral streams or eroding 

gullies using a combination of step pools, sand seepage wetlands, and native plants.  Wet channel 

RSCs are located further down the perennial stream network and use instream weirs to spread 

storm flows across the floodplain at moderate increases in the stream storage stage for events 

smaller than the 1.5-year storm event” [BB14].  Although, the primary focus of this paper will be 

dry channel RSCs; it is important to understand how the Panel’s protocol is being used.    
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The Panel recognized the protocols may not be easily utilized by local watershed planners 

when determining various SCM options to reduce sediment and nutrient delivery to the 

Chesapeake Bay.  This is due to each protocol having its own removal rate and metrics.  Therefore, 

the Panel created interim removal rates for the purposes of planning potential projects (Table 4).   

 

 

 

 

 

 

 

 

Table 3. Summary of stream restoration credits for individual restoration projects 1, 2 
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Table 4. 2011 Removal rates per linear foot of qualifying stream restoration (lb/ft/yr). 

 

 

 

 

 

 

 

 

 

 

As an example in understanding how the protocol is used, the Panel determined the 

floodplain connection volume is first estimated for restoration projects that qualify under Protocol 

3 (Floodplain Reconnection).  Once this is accomplished, the nitrogen and phosphorus removal 

rate is estimated based on the floodplain connection volume.  Then by utilizing the curves, an 

approximate removal rate for TN, TP, and total suspended solids (TSS) can be determined for a 

stream restoration project.  Figure 3 provides an example curve used to determine the annual TN 

removal as a function of floodplain storage volume for several rainfall thresholds that allow runoff 

to access the floodplain.  Determining annual removal rates for TP and TSS are conducted in a 

similar fashion.  Once specific data is acquired from the stream restoration project, hydrologic and 

hydraulic modeling calculations are computed to acquire a more accurate estimation of removal 

rates.    
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As noted under Protocol 4, the Panel concluded that the restoration of ephemeral streams 

or eroding gullies as a dry channel RSC and characterized them as a stormwater retrofit because 

they are often located above water table and convey water only during and/or immediately after a 

storm event.  To determine specific annual nutrient and sediment removal rates for dry channel 

RSCs, the CBP assembled an Urban Stormwater Retrofit Expert Panel (Stormwater Panel).  

Removal rates are “determined by the volume of stormwater treatment provided in the upland area 

using the retrofit rate adjustor curves” developed by the Stormwater Panel [BB14].  The final 

removal rate is applied to the drainage area conveyed to the dry channel RSC.    

 

The Panel and Stormwater Panel concluded that dry channel RSCs are classified as runoff 

reduction devices since they typically achieve at least a 25% reduction of the annual stormwater 

runoff volume; and therefore, are attributed higher net removal rates than stormwater treatment 

devices [BB12]. To determine nutrient reductions for dry channel RSCs, the runoff storage volume 

Figure 3.  Annual TN removal as a function of floodplain storage volume for several rainfall thresholds that allow runoff to 

access the floodplain. 
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(RS) is estimated in acre-feet. The impervious area (IA), calculated in acres, is used with the RS 

value in the below retrofit equation to “determine the amount of runoff volume in inches treated” 

[BB12]. 

 

V = (RS)(12)          (1.1) 
 IA 
Where:  RS = Runoff Storage Volume (acre-feet) 
 IA = Impervious (Area) 
          [BB12, BB14] 

 

After determining the depth of stormwater runoff amount that is captured, retrofit rate 

adjustor curves can be used to determine the approximate removal rate for TN, TP, and TSS.  

Figure 4 provides an example curve used to determine the annual TN removal for several 

stormwater runoff depths captured for dry channel RSCs.  Determining annual removal rates for 

TP and TSS are conducted in a similar fashion.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
RR = runoff reduction devices (i.e. dry channel RSCs) 

ST = stormwater treatment devices 

 

 

Figure 4.  Retrofit removal adjustor curve for TN. 
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Based on research conducted the Panel and Stormwater Panel, estimated annual nutrient 

removal rates for TN, TP, and TSS can be derived for dry channel RSCs.  As an example, in Figure 

4, a dry channel RSC that captures 0.5 inches of stormwater runoff would have an estimated 44% 

TN removal rate.   Based on the research, states within the Chesapeake Bay watershed are utilizing 

dry channel RSCs as part of their watershed strategy to meet nutrient and sediment load reduction 

targets for existing urban development.   

III. REGENERATIVE STORMWATER CONVEYANCE 

 

“Regenerative stormwater conveyance (RSC) systems are open-channel, sand seepage 

filtering systems that utilize a series of shallow aquatic pools, riffle weir grade controls, native 

vegetation, and an underlying carbon-rich sand channel to treat and safely detain and convey storm 

flow, and convert stormwater to groundwater through infiltration” [BB10].  It is a novel way to 

control stormwater runoff that promotes regeneration of stream and wetland systems by combining 

benefits from infiltration and filtering SCM systems.  The use of RSCs can be considered low 

impact development as part of green infrastructure and can be utilized in new developments, 

retrofit of existing developments, and within restoration settings.  RSCs can be designed to convey 

high volume storm events such as the 100-year storms or other numbered year events.  Since flow 

splitters are not required, RSCs can located downstream in perennial streams designed to manage 

events smaller than the 1.5-year storm event.  RSCs can be standalone linear systems located in 

eroded gullies or ephemeral features that can provide a “range of typical stormwater management 

criteria, including: groundwater recharge, volume reduction, water quality treatment, channel 

protection, and flood control” [BB10].  Within a RSC, stormwater recharges shallow groundwater 

aquifers through infiltration and ground seepage via pools that are lined with sand and are 

stationary during non-storm events.  The stationary sandy bed pools contain aquatic and terrestrial 

vegetation that reduces stormwater velocities as it is conveyed through the system allowing for 

infiltration, and removal of suspended particles and associated nutrients.  RSCs reduce channel 

erosion commonly associated with traditional SCMs by combining the benefits from various 

SCMs to create a securely stable system capable of managing extreme storm events [BB10]. 
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a) RSC Diagrams 

 

10 = entry pool 

20 = riffle weir grade control structures 

30 = outlet pool 

400 = shallow pool 

420 = boulder section 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

400 = shallow pool 

410 = cobble section 

420 = boulder section 

440 = sand base 

450 = cobble apron 

 

 

 

 

 

 

 

 

Figure 5.  Plan view of a RSC. 

Figure 6. Profile view of riffle/weir grade control structure. 
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Figure 7.  Up gradient cross-section. 

Figure 8.  Down gradient cross-section. 
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b) Benefits 

 

RSCs provide ecosystem service benefits in the form of structural stability, hydrology, 

micro-habitats, and aesthetics.  Typical installation of a RSCs, employs riffle/weir grade control 

structures and stationary pool that can be used to abate rapidly eroding conveyance ditches or as a 

means to control the rate of stormwater discharge entering or exiting a SCM, or stream restoration 

project.  The vegetative growth within the RSC system in conjunction with the stationary pools 

provides structural stability and the needed porosity to hydrologically recharge shallow 

groundwater aquifers to support base flow regimes of a downgradient streams.  The hydrologic 

benefits associated with the pool areas provide micro-habitats which can support a diverse 

ecosystem of flora, fauna, insect, and microorganism habitat which can enhance nutrient removal.  

The self-sustaining and regenerative assets of a RSC provide a perceived natural appearance that 

is aesthetically pleasing and could potentially provide societal awareness of ecological systems 

[BB10].   

 

 

 

 

 

 

 

 

[BB10] 

         

c) Potential Nutrient Benefits 

 

RSCs are relatively new and innovative devices that have been implemented to manage 

stormwater runoff; and therefore, water quality monitoring specifically for RSCs is limited.  In 

response to requirements to meet nutrient and sediment load reduction targets within the 

Chesapeake Bay watershed, the CBP assembled expert panels to address potential nutrient removal 

rates for individual stream restoration projects.  The expert panels identified dry channel RSCs as 

a SCM device having nutrient removal capabilities.  As a result, formulas to determine the potential 
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nutrient removal for specific dry channel RSCs were designed based on hydrologic and hydraulic 

modeling calculations.  Although specific water quality monitoring for RSCs is limited, Brown 

noted that there is research that could provide insight on the expected performance of RSCs which 

reported nitrate-N reductions of 39% and ammonia-N reductions of 44% [BB10].  In addition, 

Brown notes there is additional research that reports 20% nitrogen load reductions and higher 

reductions of dissolved inorganic nitrogen [BB10].  Brown explains that there are significant 

sediment load reductions as compared to traditional pipe outfalls and also reports research 

indicating bacteria removal due to RSCs [BB10].  

IV. EXAMINED RSCs  

 

Based on the research, RSCs are a type SCM that can be used as a standalone structure or 

in conjunction with other SCMs to intercept stormwater runoff and discharge it at a controlled rate.  

RSCs utilize shallow pools, riffle weir grade controls, and native vegetation, and are influenced 

by natural channel design techniques.  Research indicates that by incorporating wetlands and 

streams as an entire functional unit; nutrient and sediment removal benefits can be optimized.  

RSCs has been determined to be an accepted method for nutrient and sediment removal purposes 

by the State of Virginia and they have been used in urban stream restoration practices.  In fact, 

equations have been created to determine nutrient reductions for dry channel RSCs.  However, can 

the expected nutrient and sediment removal performance be successfully calculated given the 

diversity of various individual RSC designs?  Can retrofit removal curves be confidently relied 

upon given seasonal fluctuations and vegetative maturity of the RSC system?  Given the wide 

range of flow conditions inherently associated with RSCs, can processing and retention of different 

forms of nutrients and sediments within a RSC meet expected removal rates?  Specific water 

quality monitoring data for RSCs is limited and there is a lack of specific design standards for 

RSCs.  Therefore, when examining the two RSC installations for this paper, the primary focus will 

be evaluating whether the systems successfully achieve managing the quantity of water conveying 

through the system.  Potential nutrient and sediment load reduction capabilities will be inferred for 

each system based on an examination biological indicators typically associated with stream and 

wetland complexes.   
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Since there has been limited RSC research, definitions as to what constitutes a successful 

RSC device is uncertain and specific nutrient removal design standards have not been developed.  

This may be due in part to the site specific nature of each RSC design and influences from natural 

channel design methods.  The main goal of any RSC device is to intercept a quantifiable amount 

of stormwater runoff (i.e. a numbered year storm event) and control the discharge rate of that 

runoff with a secondary goal of potentially providing water quality benefits in the form of nutrient 

and sediment removal.  At this time, there is limited water quality monitoring data for RSC devices 

in addition to a lack of nutrient removal design standards that can be readily measured.  Therefore, 

primary metrics, such as structural conditions of each examined RSC have been recorded to 

evaluate whether the device is successfully managing the quantity of stormwater runoff conveyed 

through the system.  Secondary metrics, such as biological indicators, have been recorded in an 

effort to infer whether each examined RSC has the potential to reduce nutrient and sediment loads.     

 

Two RSCs (Chapel Hill RSC and Durham RSC) were evaluated as part of this paper in an 

effort to provide a comparison of a RSC located in an urbanized setting and a RSC located under 

forested conditions; although it can be argued that both RSC devices are located within an 

urbanized watershed.  Therefore for the purposes of this paper the Chapel Hill RSC is considered 

to be located within a suburban setting; while the Durham RSC is considered to be located within 

a low density/mixed use setting.  Each RSC was GPS located with each pool and riffle weir grade 

control structure located and measured.  The following primary metrics were qualitatively 

measured to determine if the RSC was controlling the quantity of stormwater runoff that it 

captures: overall structural condition, undercutting and displacement of structures, obstructions, 

and sedimentation.  The following secondary metrics were qualitatively measured: presence of 

hydric soils, vegetation, fibrous roots within hyporheric zone, benthic macroinvertebrates, 

amphibians, and algae.   

 

a) Chapel Hill RSC 

 

The Chapel Hill RSC is located at the intersection of Boundary Street and Battle Lane in 

Chapel Hill, North Carolina and represents a RSC located within an urbanized setting (Figure 9).  

The RSC lies within the Cape Fear River Basin (HUC 030300020603) in the Little Creek 
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watershed.  The RSC drains towards Bolin Creek which has a North Carolina Division of Water 

Resources (DWR) Stream Index Number 16-41-1-15-1-(4) and a stream classification of Nutrient 

Sensitive Waters and Water Supply Watershed IV.  
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Figure 9.  Chapel Hill RSC. 
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The drainage area of the RSC is approximately 8.9 acres and is comprised of 40% 

impervious cover that includes buildings, parking facilities, roads, utilities, maintained grass areas, 

and landscape areas of trees and shrubs.  Due to a limited amount of canopy trees within the 

immediate vicinity of the RSC, there is approximately two percent canopy coverage located in the 

upper reaches of the RSC.  The RSC contains two reaches that total approximately 398 linear feet 

that ultimately discharge into a culvert located at the intersection of Boundary Street and Battle 

Lane.  A total of 12 riffle weir grade control structures and 10 pools of differing sizes were 

observed along a mild gentle sloping 1.3% gradient.  It was estimated that the average runoff 

storage volume for all of the pools was approximately 0.185 acres-foot.  The date of construction 

of the RSC is unknown; however, it is assumed the RSC was recently constructed within last two 

years due to visible evidence of coir fiber mating and early successional vegetation.  Field 

investigations occurred on October 6, 2016 and overall, the RSC seemed to be structurally stable.  

Structures associated with the RSC did not appear to be displaced.  Undercutting around the 

structures was not observed, and there were no obstructions within the RSC.  Sedimentation within 

two of the pools was observed possibly due to mild gentle slope of the RSC system.  However, the 

sedimentation did not seem to be an impediment to overall conveyance flow of the system and 

could be an indicator of natural migration of the sediment through the RSC system.  Early 

successional vegetation was observed within the pools and along the banks of the RSC.  

Oxidization surrounding fibrous roots within the hyporheric zone was observed.    Algae was 

observed within three of the aquatic pools.  Hydric soil  s, amphibians, dragonflies, and benthic 

macroinvertebrates were also observed throughout the RSC.  The pictures below are of the Chapel 

Hill RSC that show a structurally stable under 2% canopy coverage and redoximorphic features 

observed within a soil boring which is an indicator that biogeochemical reactions are occurring 

within the hyporheic zone.  Table 5 provides a summary of metrics that were qualitatively 

measured.   
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Table 5. Chapel Hill RSC. 
Structural Conditions (Primary) Observation Notes 
1) Overall Structural Condition Structurally stable  
2) Undercutting of Structures No  
3) Displacement of Structures No  
4) Obstructions No  
5) Slope Gentle to mild; 1.3%  

6) Sedimentation Within two pools  Does not seem to be a 
flow impediment  

Biological Indicators (Secondary) Observation Notes 
1) Hydric Soil Presence Yes  Present throughout; 

sandy texture 
2) Vegetation Early successional vegetation 

within aquatic pools, along 
bank, and adjacent floodplain 

Weak to moderate 
abundance.  Specific 
plantings was not 
observed.   

3) Fibrous Roots within Hyporheric 
Zone  

Fibrous roots observed; 
moderate amount  

Oxidation surrounding 
roots 

4) Benthic Macroinvertebrates Yes; moderate amount Dragon fly nymph, 
cranefly, midge fly larva  

5) Amphibians  Yes Frogs 
6) Algae  Within three aquatic pools  

 

b) Durham RSC 

 

The Durham RSC is located along the western side of Third Fork Road, approximately 950 

feet south of the Archdale Drive and Third Fork Road intersection in Durham, North Carolina and 

represents a RSC located under forested conditions (Figure 10).  The RSC lies within the Cape 

Fear River Basin (HUC 030300020602) in the Third Fork Creek watershed.  The RSC drains 

towards Third Fork Creek which has a DWR Stream Index Number 16-41-1-12-(1) and a stream 

classification of Nutrient Sensitive Waters and Water Supply Watershed V.   
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Figure 10.  Durham RSC. 
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The drainage area of the RSC is approximately 3.3 acres and is comprised of 10% 

impervious cover that includes an athletic field, portions of Third Fork Road, and forested areas.  

There is approximately 80% canopy coverage around the RSC and the surrounding forested areas 

and would be generally characterized as a Dry Mesic Oak-Hickory Forest according to the North 

Carolina Natural Heritage Program (NHP) classification system.  Tree species on the observed 

include white oak (Quercus alba), American beech (Fagus grandifolia), tulip poplar (Liriodendron 

tulipifera), loblolly pine (Pinus taeda), red maple (Acer rubrum), sweet gum (Liquidambar 

styraciflua).  Groundcover and secondary canopy layer species consist of common greenbriar 

(Smilax rotundifolia), giant cane (Arundinaria gigantea), sweet pepperbush (Clethera alnifolia), 

Virginia creeper (Parthenocissus quinquefolia), American holly (Ilex opaca), red cedar (Juniperus 

virginiana), viburnum species (Viburnum spp.), Christmas fern (Polystichium acrostichoides), 

New York fern (Thelypteris noveboracensis), and netted chain fern (Woodwardia aerolata).  From 

Third Fork Road there is an approximately 113 foot drainage feature that leads to the start of the 

RSC.  The RSC is approximately 122 feet long that discharges into an intermittent unnamed 

tributary to Third Fork Creek.  A total of 6 riffle weir grade control structures and 5 aquatic pools 

of differing sizes were observed along a steeply sloped 8.2% gradient.  It was estimated that the 

average runoff storage volume for all of the aquatic pools was approximately 0.085 acres-foot.  

The date of construction of the RSC is unknown; however, it is assumed the RSC was recently 

constructed within last two years due to visible evidence of coir fiber mating and early successional 

vegetation.  Field investigations occurred on October 4, 2016 and overall, the RSC seemed to be 

structurally stable.  Structures associated with the RSC did not appear to be displaced.  

Undercutting around the structures was not observed, and there were no obstructions within the 

RSC.  Sedimentation within the pools was not observed indicating that sediment is migrating 

though the system.  Early successional vegetation was observed within the pools and along the 

banks of the RSC.  Oxidization surrounding fibrous roots within the hyporheric zone was observed.    

Algae was observed within one of the aquatic pools.  Hydric soils, amphibians, and benthic 

macroinvertebrates were also observed throughout the RSC.  The pictures below are of the Durham 

RSC that show a structurally stable under 80% canopy coverage and a dragon fly nymph which is 

an indicator of low nutrient (Nitrogen and Phosphorus) levels.  Table 6 provides a summary of 

metrics that were qualitatively measured. 
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Table 6. Durham RSC 
Primary Structural Conditions Observation Notes 
1) Overall Structural Condition Structurally stable  
2) Undercutting of Structures No  
3) Displacement of Structures No  
4) Obstructions No  
5) Slope Steep; 8.2%  
5) Sedimentation No   

Secondary Biological Indicators Observation Notes 
1) Hydric Soil Presence Yes  Present throughout; 

mucky sandy loam 
texture 

2) Vegetation Early successional vegetation 
within aquatic pools and 
along bank 

Moderate to strong 
abundance.  Specific 
plantings was not 
observed.   

3) Fibrous Roots within Hyporheric 
Zone  

Fibrous roots observed; high 
concentration  

Oxidation surrounding 
roots 

4) Benthic Macroinvertebrates Yes; high concentration Dragon fly nymph, 
cranefly, midge fly larva  

5) Amphibians  Yes Frogs 
6) Algae  Within one aquatic pool  

 

c) Summary of Examined RSCs  

 

Based on field observations, the Chapel Hill and Durham RSCs are structurally stable and 

are intercepting and discharging stormwater runoff at manageable rates.  It was interesting to note 

the differences in sediment transport between the two RSC systems.  Migration of sediment 

through an RSC system is heavily dependent on gradient slope.  There was evidence of sediment 

accrual within pool areas of the gently sloping Chapel Hill RSC.  This could be problematic due 
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to potential future aggradation within the pools causing for decreased stormwater retention.   

However, this condition may be associated with relatively slower sediment transport rates through 

the system and may not represent long term conditions of the system.   Sediment removal may be 

warranted in the long term; and therefore, continued monitoring for accumulated sediments is 

recommended.   Despite minor sedimentation issues, each RSC system is retaining water within 

the pool areas, which indicates that these systems are hydrologically recharging shallow 

groundwater aquifers in the immediate area.  Therefore, each examined RSC is currently 

functioning successfully, thereby, achieving the primary function of managing stormwater runoff 

within a specific drainage area.   

 

Specific water quality monitoring data was not obtained for either evaluated RSC system.  

Based on the research, stream and wetland systems in combination as one complex are more 

effective at nutrient removal.  Therefore, the presence of biological indicators typically associated 

with stream and wetland complexes that are located within a RSC system may provide an 

indication that biogeochemical reactions are occurring, thereby, demonstrating that the RSC 

system has nutrient and sediment removal capabilities.  The vegetation within the examined RSCs 

is relatively immature and would be considered early successional.  Even though the examined 

RSCs are appear to be constructed within the last two years, biogeochemical reactions in the form 

of hydric soils and oxidation around fibrous roots within the hyporheric zone were observed.  The 

examined RSCs are providing micro-habitats for amphibians and the benthic macroinvertebrates 

species.  It should be noted that some of the macroinvertebrates species observed are species that 

can only moderately tolerate pollution.  Therefore, it may be inferred that each examined RSC is 

providing nutrient removal benefits since each system has wetland and stream characteristics.  It 

should also be noted that there is a somewhat natural appearance to the examined RSCs, lending 

to be more aesthetically pleasing appearance as compared to a traditional conveyance ditch.   

 

Utilizing the equation developed by the CBP Panel to determine nutrient reductions for dry 

channel RSCs, it is estimated that the Chapel Hill RSC will treat approximately 0.62 inches while 

the Durham RSC will treat approximately 1.03 inches.  Utilizing the removal adjustor curves, the 

Chapel Hill RSC would have an estimated 47% TN, 57% TP, and 60% TSS annual removal rate 
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and the Durham RSC would have an estimated 57% TN, 65% TP, and 70% TSS annual removal 

rate.   

 

Algae was observed within the aquatic pools of both examined RSCs, which is an 

indication of excessive nutrient loads entering the system.  It does not appear that specific plantings 

were prescribed for the examined RSCs even though natural vegetative succession is occurring.  

Vegetation at the Durham RSC appeared to be more abundant than the Chapel Hill RSC.  The 

Chapel Hill RSC contained more pools with algae blooms than the Durham RSC.  The presence 

of more algae blooms within the Chapel Hill RSC may be due to the decreased amount of 

vegetation within the RSC.  The increased amount of vegetation at the Durham RSC may be 

providing additional nutrient uptake; thereby impeding algae growth.  Therefore, if specific 

plantings are prescribed within the pools for future RSC designs, algae bloom outbreaks may be 

impeded.   

V. SUMMARY AND FUTURE RESEARCH NEEDS 

 

Through the use of natural channel design techniques, these conveyances systems consisting 

of shallow aquatic pools, riffle weir grade controls, and vegetation have been utilized to intercept 

stormwater runoff.  Known as RSCs, these systems have an aesthetically pleasing appearance in 

that these conveyances systems resemble aspects of natural ecological systems.  RSCs incorporate 

similar ecosystem service benefits associated with wetlands and streams in a functional unit for 

purposes of discharging stormwater runoff at controlled rates.  This type of SCM technique is 

recognized in some states within the Chesapeake Bay watershed as a means to assist in the removal 

of nutrients and sediments from stormwater runoff prior to discharge into downstream waters 

resources.  RSCs have been utilized to manage runoff entering or exiting SCMs, or stream 

restoration projects, and can be used as a novel way to abate erosion associated with ditches or 

stream features.  However, challenges exist in the form of a lack of design standards from which 

structural stability success can be made.  In addition, there is a lack of water quality standards 

specifically for RSCs that reduces the confidence in calculating nutrient and sediment removal 

rates even though biological indicators similar to those of wetland and stream complexes are 

present within the RSC system indicating that biogeochemical reactions are taking place.  
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Quantifying nutrient removal has remained elusive because of the site specific nature and 

associated variability of RSCs.  

 

Structurally, the examined RSCs seem to function as designed in managing the quantity of 

stormwater runoff.  Although pre-existing conditions were not evaluated as a part of this report, it 

is assumed that the former channels at both locations were incised and eroded stream features 

based on a review of historical aerial photos and landscape positioning.  It is evident that both 

examined RSCs are securely stable systems capable of managing extreme storm events and more 

than likely were designed to manage the 100-year storm event.  Channel erosion commonly 

associated with traditional SCMs was noticeably absent and the self-sustaining aspects of the RSCs 

provide a perceived natural appearance that is aesthetically pleasing.  Current research does not 

provide or recommend specific design standards or metrics to determine the structural integrity of 

a RSC system.  This may be the result of influences from natural channel design methods allowing 

for site specific design of the RSC.  One standard parameter, correlation in slope gradient and 

sediment transport, may have been revealed based on the examined RSCs since evidence of more 

sediment accrual was observed within the Chapel Hill RSC versus the Durham RSC.  The Chapel 

Hill RSC located along a milder and gentler gradient seemed to accumulate sediment within pool 

areas which could portend to aggradation of the pool areas. Additional research and a consistent 

monitoring program is recommended to determine if sediment removal is required from the pool 

areas or if the sediment accumulation is a result of natural migration through low gradient RSC 

systems.     

 

Based on research, RSCs combine benefits from stream and wetland complexes by 

incorporating them into a SCM; and thereby, stimulating biogeochemical reactions that can alter 

the amount of nutrients entering a water source.  Evidence of biogeochemical reactions was 

observed within both examined RSCs indicating the potential nutrient and sediment removal 

capabilities of each system, even though both are relatively immature and early successional 

systems that are probably two years post construction.  It would be interesting to examine if more 

prominent biological indicators are exhibited in more mature RSCs.  It is assumed due to the self-

sustaining nature of a RSC, biological indicators would be more pronounced as the system matures 

and ages approximately five years post construction.  It is also assumed that algae blooms will 
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decrease as vegetation matures within the RSC system.  To abate algae bloom outbreaks that occur 

in immature RSC systems, vegetative plantings could be prescribed as part of the design.  The 

presence of macroinvertebrates species in the examined RSCs indicates that micro-habitat 

ecosystem services are being provided and the type of species observed indicates low nutrient 

levels.  With that said, can nutrient removal rates be confidently quantified given the diversity of 

individual RSC designs and maturation processes of RSC systems?  Can the use of retrofit removal 

curves be confidently relied upon to calculate nutrient and sediment removal performance rates 

for a conveyance system that matures over time, contains seasonal fluctuations, and has a wide 

range of flow conditions and retention times?    

 

In summary, it is evident that a RSC is a structurally stable system effective at detaining 

and managing stormwater runoff.  However, there are research gaps in the lack of nutrient removal 

design standards for RSC systems.  There is evidence that biogeochemical reactions occur within 

RSCs systems similar to that of wetland and stream complexes indicating that RSC systems have 

nutrient and sediment removal capabilities.  However, research data on water quality monitoring 

is lacking for RSCs that reduces the reliability of calculating nutrient and sediment removal rates 

given the site specific nature of each RSC.  Pre-construction, post-construction, and long term 

water quality monitoring data is recommended from a variety of constructed RSCs to confidently 

calculate accurate nutrient and sediment removal rates.  In contrast to traditional stormwater 

conveyance systems, RSCs are dynamic systems where natural processes of sedimentation will 

gradually alter water flow and promote the establishment of plant communities.  Thereby, altering 

nutrient removal processes and changing the aesthetic aspects of these structures.   
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