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Executive Summary  
 
Two groups of more than 25 stream experts have worked over the last year on how to 
better apply protocols 2 and 3 to integrated stream and floodplain restoration projects 
(FR) (Section 1).  
 
Floodplain restoration can be achieved using two basic techniques to reconnect incised 
streams to their floodplains. The first approach, termed legacy sediment removal (FR-
LSR), removes sediments to lower the floodplain surfaces, increasing out-of-bank flow 
and re-establishing the hyporheic exchange zone by reconnecting the floodplain with the 
hyporheic aquifer.  
 
The second approach, known as raising the stream bed (RSB), involves several 
techniques to raise the elevation of an incised stream channel and shallow groundwater, 
thereby increasing the volume of runoff divert ed into the floodplain for treatment. These 
two approaches are often used in combination. The group came to consensus on the key 
terms, definitions and qualifying conditions for both floodplain restoration design 
approaches (Section 3). 
 
The groups reviewed the considerable research conducted over the last decade on the 
sediment and nutrient dynamics associated with FR projects (Section 4) and concluded 
that:  
 
Denitrification can be enhanced when the hyporheic exchange zone is expanded, 
floodplains are connected to hyporheic aquifers and runoff, and roots and other organic 
matter provide a carbon source. Denitrification rates are variable in space and time, but 
tend to increase with greater geomorphic and floodplain complexity, greater supply of 
nitrogen, and where mature and natural  floodplain plant communities exist.  
 
Both sediment and nutrients are effectively trapped by floodplains during larger storms, 
where they may be stored for many decades. Most of the trapping research has occurred 
in un-restored floodplains of the Chesapeake Bay watershed, but there is strong 
evidence that FR projects that increase the annual volume of storm flow diverted to the 
floodplain can mimic this function  of natural floodplain trapping zones .   
 
The groups recommended changes to the existing crediting protocols to improve their 
accuracy and reliability in estimating pollutant reduction for  floodplain  restoration 
projects.   
 
Protocol 2 (P-2): Hyporheic Box (Section 5) 
 
While the 2014 Stream Restoration Expert Panel intended for the dimensions of the 

hyporheic box to be variable ï applying to sections of the stream where hyporheic 

exchange could be documented and verified ï the 5 ft depth was frequently applied as a 

default. The groups concluded that the fixed unit dimensions (5 ft) of the original 

hyporheic box were not consistent with recent stream research and field measurements 



Recommendations to Improve the Floodplain Restoration Protocols in the Chesapeake Bay Watershed 

3 | P a g e 
 

and needed to be replaced with an ñeffective hyporheic zoneò or EHZ, defined by actual 

site conditions.  

 

The EHZ may extend across the full width of the restored floodplain, corresponding to a 

typically very shallow Hyporheic Exchange Zone (HEZ) where surface water and 

groundwater interact with the channel banks and the plant root zones in the floodplain . 

The lateral boundaries of the EHZ are defined by the restored floodplain elevations 

above the channel bed or low flow water elevation as confirmed by field measurements 

and shown on post-construction plans.  

 
The groups also agreed on an updated unit area denitrification rate to apply to the EHZ 
that reflects the current research consensus. A new equation was also developed to 
adjust the unit rate to account for individual site differences, such as baseflow 
conditions,  hyporheic aquifer conductivity and floodplain soil sat uration.       
 
The bank height ratio (Ò1) requirement established by the original expert panel for 
Protocol 2 was eliminated, since it does not typically apply to low-bank FR projects. The 
group also developed design examples to show how the changes to Protocol 2 would 
apply to typical floodplain restoration projects.  
 
Protocol 3 (P-3): Floodplain Reconnection  (Section 6). 
 
Both groups agreed on improved methods to define the extent of the floodplain 
treatment zone (FTZ), model flow diversions from the stream to floodplain, and 
compute sediment and nutrient reduction s achieved in the floodplain by individual 
projects.  
 
The groups concluded that hydraulic modeling that computes critical flow velocities in 
the floodplain could be used to define the boundaries of the FTZ. Further, they 
concluded that the crediting cap that limited nutrient and sediment reductions to the 
first one foot of water on the floodplain can be relaxed in certain circumstances for 
projects that otherwise meet the qualifying conditions . 
 
They also agreed that downstream methods provide superior estimates of the annual 
volume of storm runoff diverted into the floodplain for treatment, and provided more 
detail on how to apply them to individual FR projects. These include standard baseflow 
channel definitions, acceptable techniques for separating storm flow from baseflow and 
methods to select and process appropriate USGS flow gage data.    
 
Both groups also endorsed the use of the floodplain pollutant removal rates contained in 
the recently approved expert panel reports on non-tidal wetland (NTW) restoration , 
creation and rehabilitation . The project load reduction is computed by multiplying the 
nutrient and sediment loads delivered to the floodplain in the FTZ treatment volume by 
the most appropriate removal rate, given the wetland conditions encountered at 
individual floodplain restoration /rehabilitation  projects. 
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Lastly, the groups decided to eliminate the upstream watershed to floodplain surface 
area ratio (>1) requirement. The ori ginal expert panel used this requirement to   
adjust the FTZ load reduction downward in certain upstream watershed situations, but 
the new groups concluded it was not needed. 
Environmental Considerations and Practice Verification  (Section 7). 
 
The groups established new environmental and verification qualifying condition s for FR 
projects to help ensure they minimize unintended environmental consequences and 
maintain their intended functions over time. Based on an extensive research review on 
environmental impacts, the groups recommended more than 20 ñbest practicesò to 
follow during project assessment, design, construction, and operation. The groups also 
developed specific indicators for verifying the long-term performance and functions of 
indivi dual projects. FR projects require careful field assessment and use of best 
practices during design and construction to minimize detrimental environmental 
impacts. 
 
The goal of this section is to create awareness of potential impacts, as well as existing 
research gaps, to help inform the assessment of potential project sites and restoration 
designs to maximize functional uplift and minimize unintended consequence s. In all 
cases, the appropriate local, state and federal regulatory authorities retain the fina l 
decision regarding whether any proposed stream restoration project aligns with their 
priority restoration and natural resource objectives.  
 
Note on Non-Urban Practices  
 
The Water Quality Goal Implementation Team approved these recommendations for all 
stream restoration practices that meet the qualifying conditions outlined in this memo . 
These protocols therefore may be applied to stream restoration practices in both urban 
and non-urban settings.  
 
The Chesapeake Bay Programôs Agriculture Workgroup has been separately charged 
with  convening an expert panel to evaluate NRCS stream restoration practices that do 
not adhere to the stream restoration protocols developed by the Urban Stormwater 
Workgroup and refined within this guidance document.  
 
Note on Grandfathering of Existing Projects  
 
The group recommends that all new definitions, qualifying conditions and changes to 
Protocol 2 and 3 methods take effect on July 1, 2021. This ñramp-upò period will allow 
practitioners the opportunity to adjust to meet the new guidelines set forth in this 
document. Any projects already implemented  or under contract as of July 1, 2021 have 
the option to follow  the new recommendations, but may continue to adhere to the 
definitions, qualifying conditions and Protocol 2 and 3 calculations laid out in the 
Stream Restoration Expert Panel Protocols (2014) unless these newer guidelines are 
adopted by the project team. The final authority for making crediting decisions for 
qualifying projects falls to the appropriate state regulatory agencies.  
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1. Charge and Roster of the Working Group  
 
In its report, ñRecommendations of the Expert Panel to Define Removal Rates for 
Individual Stream Restoration Projectsò, the original expert panel recommended ways 
to define pollutant removal credits for several classes of stream restoration including 
LSR, NCD and RSC projects (USR EP, 2014). Over the last five years, a diverse group of 
stream restoration stakeholders requested that the original protocols be revisited, and 
four groups were formed in late 2018 to do so (USWG, 2018). The Urban Stormwater 
Workgroup (USWG) convened an ad hoc team to review the protocols, update the 
science and provide additional guidance on their application. The members of the team 
are provided in Table 1.  
 
While the original expert panel recognized the critical importance of floodplain 
reconnection in the design of stream restoration projects, the panel had low confidence 
in the methods for how to effectively estimate the pollutant removal credits. 
Stakeholders from both the public and private sector have sought to re-examine 
protocols 2 and 3 to make sure they effectively capture the interaction of a stream and 
its floodplain.   
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Table 1.  Roster for Group 4 

Name Affiliation  E-mail Address 
Joe Berg Biohabitats  jberg@biohabitats.com 

Drew Altland  RK&K daltland@rkk.com   

Bill Stack  CWP bps@cwp.org 

Scott Lowe McCormick Taylor  sblowe@mcormicktaylor.com  

John Hottenstein  Bayland Consultants jhottenstein@baylandinc.com  

Jeremy Hanson Virginia Tech jchanson@vt.edu  

Sujay Kaushal University of Maryland  Skaushal@umd.edu  

Jens Geratz  Anne Arundel County DPW pwgera00@aacounty.org   

Sean Crawford Bayland Consultants scrawford@baylandinc.com 

Josh Burch  DOEE Josh.burch@dc.gov  

Jeff Hartranft  PADEP BWEW jhartranft@pa.gov   

Denise Clearwater MDE Wetlands and Waterways  denise.clearwater@maryland.gov  

Paul Mayer    EPA Region ORD mayer.paul@epa.gov 

Durelle Scott   Virginia Tech  dscott@vt.edu 

Greg Noe USGS gnoe@usgs.gov 

Chris Becraft   Underwood and Assoc chris@ecosystemrestoration.com  

Barbara Doll  North Carolina State University  bdoll@ncsu.edu   

 
The group was charged to review and recommend in the following areas: 
 
ǒ Determine if any pollutant reduction protocols from past or current CBP expert 

panels on wetland creation/restoration can be used to address floodplain 
reconnection and wetland dynamics.  

 
ǒ Ensure protocols reflect our current understandin g of stream and floodplain 

dynamics and investigate potential standard methods to define post-restoration 
floodplain storage and sediment trapping capacity within the project reach.  

 
ǒ Determine how far the hyporheic box can be extended from the stream channel 

into the adjacent floodplain, especially when the project restores or rehabilitates 
floodplain wetlands.   

 
ǒ Evaluate how landscape position influences the pollutant reduction capability of 

floodplain reconnection projects (i.e., the relationship between the contributing 
upland watershed, the original and proposed stream reaches and degree that they 
both interact with the adjacent floodplain).  
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ǒ Assess any new qualifying conditions needed to ensure that floodplain protocols 
are properly applied.  

 
As Group 4 deliberated, it became apparent that a specialized team should be formed to 
assess floodplain restoration projects involving the removal of legacy sediments (Table 
2). Individual team members were interviewed in October and a day-long team 
workshop was conducted in York, PA on 11/6/19. Recommendations were finalized in 
response to e-mails comments and conference calls in 2019 and 2020. The 
recommendations were presented to Group 4 on 2/28/20  for consideration. Many 
recommendations were incorporated into this memo, while several excerpts were 
retained in their entirety in Appendix C.  
 
Table 2. Members of the LSR Crediting Team  

Name  Affiliation  E-mail  
Drew Altland  

Jason Coleman 

RK&K daltland@rkk.com   

jcoleman@rkk.com  

Joe Sweeney Water Science Institute joe@waterscienceinstitute.org  

Benjamin Ehrhart  

Ward Oberholtzer  

Land Studies Ben1@landstudies.com 

ward@landstudies.com  

Art Parola Stream Institute, U. of Louisville  artparola@live.com 

Bill Stack Center for Watershed Protection bps@cwp.org 

Ted Brown  Biohabitats  tbrown@biohabitats.com   

Jeff White  MDE Jeff.white@maryland.gov  

 
2.  Background on Protocols 2 and 3  

 
The Need for New Protocol 2 and 3 Guidance 
 
Stream restoration projects that qualify for credit using Protocol 2 (Denitrification in 
the Hyporheic Zone) and Protocol 3 (Floodplain Treatment Volume) are designed to 
reconnect degraded and incised streams with their floodplain throughout the 
restoration reach. By restoring the stream flow access and groundwater interaction with 
the floodplain, the restorations promote natural nutrient and sediment processes in the 
floodplain while reducing erosive flow velocities within the project area and 
downstream. A detailed description of how the original expert panel defined Protocol 2 
and Protocol 3 is available in Appendix A.  
 
Since the release of the first expert panel report (USR EP, 2014), hundreds of miles of 
new stream restoration projects have been implemented across the Chesapeake Bay 
watershed. When the expert panel developed its recommendations, Natural Channel 
Design (NCD) was the predominant design approach being used in the Chesapeake Bay 
Watershed. Therefore, many of the recommendations focused on the NCD approach.  

mailto:daltland@rkk.com
mailto:jcoleman@rkk.com
mailto:joe@waterscienceinstitute.org
mailto:Ben1@landstudies.com
mailto:ward@landstudies.com
mailto:artparola@live.com
mailto:bps@cwp.org
mailto:tbrown@biohabitats.com
mailto:Jeff.white@maryland.gov
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In recent years, other approaches, including stream and floodplain restoration with 
legacy sediment removal (FR-LSR) and regenerative stormwater conveyance (RSC) have 
become more common, and research and monitoring results to assess their effectiveness 
are now available. Any of these design approaches may succeed in restoring stream flow 
access to the floodplain and enhance surface water/groundwater exchange and qualify 
for nutrient and sediment reductions under Protocols 2 and 3. With  5 years of additional 
experience, several key needs were identified to improve upon the original protocols:  
 
ǒ Guidance for how floodplain treatment may differ across design approaches 

(NCD, FR-LSR, RSC) 
ǒ Re-evaluation of the hyporheic box dimensions 
ǒ A protocol that more accurately estimates the pollutant removal credits for 

designs that restore natural floodplain processes and provide re-connection 
during frequent, small storm events  

ǒ Better alignment with the new Phase 6 Chesapeake Bay Watershed Model 
 
Section 3. Key Practice Definitions and Qualifying Conditions  
 
3.1 Common Terminology 
 
The group agreed on the terms and acronyms and definitions in Table 3 to guide their 
discussions.    
 
Table 3:   Glossary of Key Project Crediting Terms 

EHZ Effective Hyporheic Zone:  The area of restored channels and floodplain wetlands used to 

calculate nitrogen reduction credits u sing P-2. 

FTZ Floodplain Trapping Zone  where low energy conditions encourage trapping and filtering of 

sediments and organic matter in the floodplain duri ng and shortly after storm events. 

Extends from the floodplain surface to one foot above the baseline floodplain elevation, 

unless a higher elevation is justified by local H&H modeling.  

HA Hyporheic Aquifer: An aquifer within the HEZ with a high hydraulic conductivity that 

underlies a floodplain  soil layer, and where shallow groundwater exchange with the surface 

water occurs. 

HEZ Hyporheic Exchange Zone: Subsurface zone where nitrogen processing is highest and 

where denitrification  credits are produced. The HEZ is where surface water and 

groundwater interact with the channel banks and the plant root zones in the floodplain  soil 

layer. The HEZ occurs where a hyporheic aquifer underlays, and is in direct contact with the 

floodplain root zone, and the channel planform supports surface and groundwater exchange 

with the hyporheic aquifer . The HEZ will typically be shallow, often only 9 to 18 inches deep 

for most projects. Depths exceeding 12 inches would typically only occur in project reaches 

with large watersheds and/or large spring baseflows. 

Note: Definitions for terms specific to the original expert panel report (Hyporheic Box, NCD, RSC), are 

found in the Urban Stream Restoration Expert Panel (2014).  
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FR projects can be applied to many sub-watersheds. The restoration sites with the 
greatest potential occur where there is sufficient space available to restore a naturally 
wide floodplain. The technique can be highly effective at legacy sediment ñhotspotsò 
with high downstream sediment delivery (e.g., active streambank erosion upstream of 
breached mill dams; incised and overwide channels formed through unconsolidated 
sediments; upstream sub-watersheds that are rapidly urbanizing and delivering more 
storm runoff to the stream valley, Fleming et al, 2019).  The FR approach has been 
effectively implemented  in watersheds with urban, agricultural and forested land uses.  
 
FR practices have been successfully applied in all physiographic regions of the 
Chesapeake Bay watershed, including the Piedmont, Coastal Plain, Ridge and Valley and 
Alleghany plateau provinces. These practices have also been successful in both 
carbonate and non-carbonate watersheds. The design for individual projects is adjusted 
to account for differences in underlying watershed geology. 
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3.2  Two Strategies for Floodplain Restoration: LSR and RSB  
 
Table 4: Comparison of the Two Major Floodplain Restoration Strategies   

Factor 

Floodplain Restoration Strategy 1 

LSR  

Legacy Sediment Removal 

RSB  

Raised Stream Bed 

Strategy  ñLower the Floodplainò ñRaise the Streamò 

Design  

Approach  
Legacy sediments are removed to 

restore the floodplain, which 

reduces bank heights, expands 

hyporheic exchange, and reconnects 

a stream or increases existing 

connection of a stream to its 

floodplain and aquifer  

Raise the stream bed either by (a) 

filling i ncised channels and/or (b) 

installing riffle/grade control 

practices 

To effectively lower bank heights, 

raise the shallow groundwater into 

the root zone, and more frequently 

access the floodplain   

Boundaries and 

Zones 

Both share common zones such as EHZ and FTZ, but use different 

indicators and field methods to define their precise vertical and lateral 

boundaries  

Project 

Qualifying 

Conditions  

ǒ Project EHZ and FTZ boundaries based on field investigations  

ǒ Avoid extended ponding/inundation of the floodplain  

 ǒ Legacy sediment deposits are 

present 

ǒ LS removal primary restoration 

technique  

ǒ Floodplain reconnected to 

hyporheic aquifer by removal of 

fine-grained sediment 

ǒ Upstream and downstream 

grade controls to maintain 

intended stream invert  

ǒ Maintain or improve pre -

restoration baseflow 

characteristics  

Floodplain 

Plant 

Community   

Restore historical floodplain plant 

communit y (often wet meadow 

complexes) 

Wider range of potential floodplain 

habitat outcomes, e.g., could also be 

forest,  scrub-shrub, wet meadow, 

or emergent wetlands  

Protocol 2: 

Adjustments 

Both approaches use the same methods to define the dimensions of the 

EHZ and calculate the total annual areal denitrification rate . Monitoring 

and verification are  important for both methods.  

Protocol 3 

Adjustments 

Both approaches use the same methods to define the extent of the FTZ, 

model flow divers ions from the stream to floodplain, and calculate the 

sediment and nutrient removal rate for the floodplain  
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A decade ago, many urban stream restoration designs focused on channel geometry to 
accommodate the flows and sediment inputs to the project reach. While floodplain 
reconnection was often considered, reconnection in these designs only occurred several 
times a year during larger storm events. Over time, scientists and practitioners have 
realized the importance of reconnecting the stream with its floodplain. If space is 
available along the stream corridor, designers seek to restore streams and floodplains 
together, using a diversity of design approaches borrowed from NCD, LSR, RCS and 
other sources.  
 
For purposes of crediting, however, the wide diversity in floodplain restoration projects 
can be divided into two broad strategies to reconnect streams with their floodplains:  
 

¶ Legacy Sediment Removal (FR -LSR):  a stream and floodplain restoration 
approach where legacy sediments are removed from the floodplain to lower the 
floodplain surfaces, enhancing hyporheic zone functions and increasing the 
annual stream runoff volume diverted into the floodplain. The prima ry goal, 
when feasible, is to reconnect the floodplain to the hyporheic aquifer, re-
establishing the hyporheic exchange zone.  

ǒ Raising the Stream Bed (RSB):  a restoration approach that raises the surface 
water level in an incised or degraded stream channel through two primary 
techniques. One technique fills the incised channel with native materials to 
elevate the stream invert, thereby increasing the annual stream runoff volume 
diverted into the floodplain. A second technique uses a series of elevated riffle 
grade control structures or beaver dam analogues to slow flow velocities and 
promote floodplain access during storm events. 

 
These two strategies are depicted in Figures 1 and 2, respectively. In addition, Tables 8 
and 12 provide a more detailed comparison of the two strategies in the context of the 
recommendations of this memo. 
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Figure 1.  Floodplain Restoration Using Legacy Sediment Removal (Courtesy: Jeff 
Hartranft, PA DEP  and Art Parola, University of Louisville ) 

 
 
Figure 2. Floodplain Restoration by Raising the Stream Bed (Courtesy: Joe Berg, 
Biohabitats)  
 

 
 
3.3 Existing Qualifying Criteria  
 
The Stream Restoration Expert Panel (2014) outlined a series of qualifying conditions 
that must be met for a project to be eligible for Chesapeake Bay TMDL reductions. The 
qualifying conditions wer e designed to promote a watershed-based approach for 
screening and prioritizing stream restoration projects to improve stream function and 

Effective Hyporheic Zone (EHZ) 
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habitat. Qualifying conditions from the original expert panel report will still apply and 
are outlined, in their enti rety, in Appendix B.  
3.4 New Qualifying Criteria  
 
In addition, the following new qualifying conditions and clarifications have been added  
for all FR projects:  
 

1. Project must meet applicable floodplain management requirements in the 
stream corridor. Any individual stream restoration project should be assessed 
with hydrologic and hydraulic models to demonstrate whether it increases water 
surface elevations or has adverse downstream flooding impacts. In general, these 
analyses are based on design storm events and flood risk conditions established 
by the appropriate local or state floodplain management agency (e.g., the 100-
year storm event).  

2. Project must evaluate  the duration of f loodplain ponding in the context of the 
restoration goals. Micro pools and long-duration ponding of water on the 
floodplain is essential for amphibian habitat, but  large open water features may 
adversely impact the desired riparian vegetative community.  In  evaluating a 
potential restoration site and design, consider the potential adverse effects of 
extended open water ponding based on the soil characteristics, plant community , 
amphibian and other aquatic habitat goals.   

3. Project must demonstrate considerati on of potential unintended consequences 
of the restoration (Outlined in Section 7). The project should document that a 
site impairment exists and that the interventions or restoration work proposed 
are appropriate to address the impairment . The proposed design should 
demonstrate that  a positive ecological functional uplift (or change) for the stream 
and associated riparian system will result . Decisions related to the evaluation of 
existing, high functioning stream and riparian habitats , as well as other 
unintended consequences such as aquatic passage and potential water quality 
loss, will be made on a state-by-state basis by the appropriate regulatory 
agencies.  

 
There are also several qualifying conditions specific to the different design approaches: 
 
FR-RSB Qualifying Conditions  
 
There are three additional qualifying conditions that apply to FR -RSB projects, as 
defined by Group 4. Those conditions are outlined below: 
 

1. Project must demonstrate that it either provides, or is tied into existing 
upstream and downstream grade control s to ensure the project reach can 
maintain the intended stream access to the floodplain.  

2. Project must clearly define the boundary of the effective hyporheic zone . For FR-

RSB projects the EHZ is a maximum of 18 inches deep in the floodplain soil 

profile, and extends only to those areas that are regularly inundated after the 

streambed is raised. The actual dimensions must be confirmed by site 
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investigations that define stream flow conditions, root zones, aquifer conditions 

and the pre-project water table conditions (see Section 5 for details).  

3. Project must demonstrate that baseflow conditions are not reduced as a result 
of the restoration (ex. change from perennial to seasonal intermittent flow).  
 

FR-LSR Qualifying Conditions  

There are four additional qualifying conditions that apply to FR -LSR projects, as defined 
by Team 5. They are summarized below. For more detail please see Appendix C.  
 

1. Confirm the presence of legacy sediment deposits 
2. Demonstrate that the design approach restores channel and floodplain 

connection with the hyporheic aquifer and restores processes within a hyporheic 
exchange zone. The EHZ is a maximum of 18 inches deep in the floodplain soil 
profile .  When modern site constraints prevent directly connecting the restored 
channel and floodplain to the hyporheic aquifer, the design should include 
measures to interrupt flow within the hyporheic aquifer and elevate the 
hyporheic exchange zone into the restored floodplain.  

3. Defined EHZ boundaries across channels/floodplain  
4. Legacy sediment removal is the primary floodplain restoration technique  

 
4.  Summary of Recent Research  

 
Since the most recent version of the Stream Restoration Expert Panel Report (2014), 
there has been a rapid increase in stream restoration projects often motivated by the 
desire to achieve nutrient and sediment reductions for the Chesapeake Bay TMDL. In 
the past, many projects emphasized the prevented sediment approach to reduce bank 
erosion within the stream channel (Group 1, 2020). More recent efforts focus on stream 
restoration designs that reconnect stream channels with their floodplains and promote 
more interaction between stream flows and groundwater.  
 
This section provides a synthesis of recent research on the nutrient and sediment 
dynamics of reconnected streams and floodplains. The group also reviewed recent 
research on potential unintended environm ental consequences of stream and floodplain  
restoration projects, which is profiled in Section 7.  
 
Denitrification in the hyporheic zone  
 
There are several recent studies measuring how streambed and floodplain 

denitrification rates are influenced by strea m and floodplain re storation . The recent 

research generally supports the conclusions of the original expert panel, but also has 

refined our understanding of where and when denitrification occurs in stream and 

floodplain restoration projects. Table 5 summarizes some of the key recent 

denitrification studies that were reviewed by both groups, and supports  the following 

general conclusions: 
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ǒ There is ample support for updating the fixed dimensions of the hyporheic box.  
Clay lenses or bedrock layers often restrict hyporheic exchange and the depth of 
these layers can vary by physiographic region. Denitrification is also less likely to 
occur deeper below the floodplain surface due to distance from the root zone, 
which provides a critical carbon source for promoting denitrification (Mayer et al 
2010, Hester et al 2016, Doll et al 2018, Duan et al 2019, Hartranft 2019 ).  

 
ǒ Enhanced denitrification can occur in floodplain soils as well as in the channel. 

Recent research also supports a shift from a hyporheic box focused primarily on 
the streambed to an expanded hyporheic zone that extends across the restored 
floodplain. Denitrification not only occurs within and below the stream channel, 
but also in hotspots throughout the restored floodplain. Denitrification can b e 
enhanced when the hyporheic exchange zone is restored, floodplains are re-
connected to hyporheic aquifers or wetlands, and plants provide an active carbon 
source. Denitrification rates are variable in space and time, but tend to increase 
at restoration sites with high hydraulic conductivity , connectivity to stream 
channel surface water, and mature floodplain plant communities (Kaushal et al 
2008, Craig et al 2008, Mulholland et al 2008, Mayer et al 2010, Harrison et al 
2o11, WEP 2016, CBP 2019, Forshay et al 2019, Hartranft 2019 ). 
 

ǒ Increasing the geomorphic complexity of the stream/floodplain system 
promotes greater denitrification.  Restored streams that increase the connectivity 
of the floodplain and restore greater geomorphic complexity are often linked to 
higher denitrification rates. This complexity can involve increasing channel 
sinuosity, restoring  multi -thread channels, and installing instream wood and 
riffle structures to reduce flow velocities and increase in-stream transient storage 
(Cluer and Thorne, 2014, Tuttle et al 2014, Hester et al 2018, Lammers and 
Bledsoe 2017). 

 
ǒ A strong technical foundation  exists to derive an average unit area 

denitrification rate for the hyporheic zones associated with restored streams 
and reconnected floodplain s.  More than a hundred denitrification research 
studies from across the Chesapeake Bay watershed and globally provide a basis 
for updati ng the estimated hyporheic denitrification rate formulated by the 
original expert panel  (see Table 5).  
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Table 5: Denitrification in Hyporheic Zones  
Summary: Restoring stream channels by increasing floodplain connectivity increases 
denitrification rates compared to unrestored streams. Increased denitrification occurs in a 
series of hot-spots and hot-moments, driven by factors including floodplain connectivity 
with the hyporheic zone, hydraulic residence time, nitrate concentrations and the available 
supply of organic carbon.  
Citation  Region SR Type Duration  Key Measurements 

Kaushal et al 2008 CB NCD 1-2 yr Denitrification rates in 
reconnected floodplains  

Mulholland et al 
2008  

CB, OCB NRS 1-2 yr Uptake and denitrification as a 
function of stream nitrate 
concentrations 

Klocker et al 2009 CB NCD 1-2 yr Nitrate uptake in restored and 
unrestored streams 

Mayer et al 2010  CB NCD 2-5 yr Factors that influence 
denitrification rates in restored 
streams 

Harrison et al 2011 CB NCD 1-2 yr Denitrification rates in urban 
floodplain wetlands  

Weller et al 2011 CB NRS 1-2 yr Stream nitrate levels as a function 
of riparian buffers  

Tuttle et al 2014 OCB NCD 1-2 yr Denitrification rates in streambed 
sediments 

Hester et al 2016 
& 2018 

CB FR N/A  Model simulated nitrate removal 
in hyporheic zone and floodplain  

Newcomer-Johnson 
et al 2016 

CB, OCB FR N/A  Meta-analysis of nutrient uptake in 
restored streams. 

Lammers and Bledsoe 
2017 

CB, OCB FR N/A  Meta-analysis of streambed and 
riparian denitrification rates  

Mcmillan and Noe 
2017 

OCB NCD 1-2 yr Sedimentation and nutrient 
processing in restored floodplains 

Audie 2019 CB LSR 5+ yr Groundwater residence time, 
groundwater nitrogen  

Duan et al 2019 CB + Lab RSC < 1 yr Effect of carbon inputs on nitrogen 
retention  

Forshay et al 2019 CB LSR 5+ yr Stream and groundwater nitrate 
vs. denitrification  

Key  
CB: Chesapeake Bay 
Watershed 
OCB: Outside the 
Chesapeake Bay Watershed 
 

NCD: Natural channel design  
LSR: Legacy sediment removal  
RSC: Regenerative stormwater 
conveyance  
NRS: Non-restored stream 
FR:    Floodplain restoration  

Duration  
>1 yr 
1-2 yr 
2-5 yr 
5+ yr  

 
 
 
 
 
 
 
 




