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Executive Summary

In the United States, stream restoration is currently a bittiatiar industry Though it is commonly
used as a method for stream impact mitigati@ediment and nutrient reductions fdiotal Maximum Daily
Load (TMDLgrediting, and stormwater management, theaee few studieslefending stream restoration as
an effective tool for addressing these issuesparticularlimited research habeen conducted with the goal
of providing recommendations for future design improvements.

The goal of this researgbroject was to improve our understanding of the conditions under which
AOGNBIFY NBAG2NXTUIR2YySAMKOGROSB2TFIGSNY T2 f 2F AYLINR G
review of stream restoration projects. To achieve the project ,goatlection of 65 completed Maryland
stream restoration projects were assessed at the watersimediprojectlevel. Watershed, site, and design
characteristics were quantified using Arc@&Storation desigrand/or asbuilt plans and monitoring reports.
Using current literature, stream restoration assessment methodekgere developed to assess
geomorphic fuietion and desigsuccesdoth in the field andy reviewingmonitoring reports Multiple
linear regressiomnalysisand related methods werghen usedto identify correlatiors and relationships
between watershedand projectlevel characteristics anthiree measures oftream restoration success.

At the watershed scaldéand cover washe factormost strongly related to project success.
Increasing agricultural landuse was positively related to improved stream geomorphic function, likely due to
the mare stable stream hydrology, reduced infrastructure constraints on designdeasdonfined
floodplainsin rural watershedsAt the project level, restored channels with larger width to depth ratios and
smaller bed patrticle sizes relative to the channet flso scored higher on the functional assessment. When
buildings and related infrastructure are not present in the floodplain, the channel width, relative to channel
depth, can be increased, allowing the stream to inundate the floodplain more frequeRtequent
floodplain inundation reduces the hydraulic stress on the channel and allows the use of smaller rock sizes in
stream restoration designs.

Study results clearly demonstrated that the design constraints within urban watersheds limit the
restoraion of geomorphic/physical functions in stream systems, which ultimately limits the potential
recovery of biological function. Therefore, it is recommended that stream restoration projects undertaken to
mitigate stream impacts be targeted in watershetiatthave similar or less urban land cover as the
watershed where the impact occurred. This siting criterion will increase the likelihood that the impacted
stream functions can be restored.

Stream restoration is frequently undertaken in urban watershed®tiuce channel erosion and
sediment and associated nutrient loads, and to protect infrastructure. However, study results indicated that
increased development within the contributing watershietlowing project constructionvas correlated with
reduced dsign lifespandespite thepresenceof stormwater management practice3herefore, future
development should be considered in stream restoration desidwilitionally,projects in larger watersheds
and catchments with higher discharge and specific strpamer were lesslurable likely due to greater
hydraulic forces on the channel and instream structuiiéss finding was supported by the positive
correlation between bed particle size and design success. Therefore, the use ofdakgsizess imporiant



for channelstability in urbanized watersheds where channel migration cannot be allowed to protect
infrastructure. Because instream structures limit natural channel migration and are typically constructed
with materials of sizes that are not naturaftyund in these stream systems, existing stream physical
processes will not maintain these structures; therefareganizations should plan fooutine monitoring and
maintenance of stream restoration projects where instream structures are used.

Study reslis also demonstrated thahe ability to determine project success frastandard
monitoringreports s limited. Becausastream restoration success is mifliceted and camsignificantlyvary
based on assessment meth@uiological function, geomorphic fagtion, infrastructure protection)it is
important that specific, individual goals astatedfor each projectand that monitoring requirements be
targeted to assess each project go€@llarity ofrealisticgoals and monitoring targeted at goal assessment,
however, remain low, so further emphasis should be placed on stream restoag@ssmentdesign and
reporting in the future.For example, the primary goal of a stream restoration project in a highly urbanized
watershed may be to stop bank retreat thatthreatening to undermine a roadway. In this situation,
monitoring should focus on the elimination of the bank erosion. In contrast, if the goal of a stream
restoration project is to mitigate lost ecological function in a headwater stream impactedvwy
development, the project should Hecatedin a watershed where ecological uplift is not limited by upstream
landuse and thenonitoring should evaluatandicators of biological function before and after project
completionto insure lost function is reeted.

In addition to overall project success, the design of instream structures was\ahated Instream
structures are used to reinforce channel margins, redirect flows, and create habitat, but there is little
consensus about their design or whethtbey function as intended. For this assessment, 536 instream
structures in 8 stream restoration projects were assessed to determine the effect of stru¢tpreject, and
watershedscale factors on performance. Structures were assessed usingeairiiScoring system based on
structural stability, sediment transport, and overall function. Structscaledesignvariableswererelated to
structureconstruction, geometry, and placement and differed éaich ofsix structure families: bank
protection (BP),ull and partial span vanes (FSV), constructed riffles (RF), regenerative stream conveyances,
and step pools. Projecand watersheescale variablegererelated to flow, erosion resistance, and design
approach. Relationships between structure scores amdagratory variables were evaluated using regression
analysis.

The structure wdy results showedtructure performance was strongly influenced by the individual
project, suggesting that design quality, construction, and maintenance are as importantcificaEsign
features. Increased medium density development in a watershed after a restoration project was completed
was correlated with lower structure success for all structures, especially rock full span vanes. Residential
development in the Marylandi®mont and western coastal plain typically occurs on rural lands and the
increase in impervious surface area causes increased runoff volume and peak flows. Stream restoration
projects implemented in watersheds where future development is anticipatedeqgllire a higher degree of
planning and more robust structure designs.

Overall, imbricated rock walls were more effective than stone toe structures for bank stabilization
because these wallsre constructed four times taller with boulders that are thriémes larger on average,
compared to stone toeAs a result, imbricated rock waliave less risk of erosion behind the structure due
to overtopping flows and reduced chance of rock movement. While imbricated rock walls are more



expensive ta@onstruct they have reduced risk of failure where infrastructure protection is critical. In designs
where bank stability is not critical, the use of dense woody vegetation with coir fiber fabric is recommended
instead of stone toe, as woody vegetation is less expen easier to replace, and has decreasing failure risk

as compared to stone toe structures, as vegetation stability and density increase with time as the vegetation
grows. More research is needed to quantify the fluvial erosion resistance (i.e. allewsaigiss) of typical

riparian vegetation communities in the mitlantic at different growth stages for use in bagrosion

analyses.

Study results also provided design insights for specific instream structicgsingle arm vanes
there was evidence it single armvanes constructed in series were more durable than individual vanes. For
full span vaneghe installation of a bank key or cutoff sill at angles betweehasdtal 90 to the streambank
improved structure performanceSeveral design factorerfconstructed rifflesvere correlated with
structure succesgConstructed rifflesvere more durable when constructed with downstream grade control,
which likely stabilizethe riffle against scour and material migration. Moreover, relatively lorriées
(length:width > 4.5andthoseconstructed with deeper substratgerformed better, as these structures could
experience greater material movement before the structure function was compromidediever, given
that naturally formed riffles have length:wid of less than 2.0 and occur at greater spacings than observed in
several stream restoration projects, it is apparent that these longer constructed riffles essentiallgt aserve
channel armor/riprap instead of replicating natural stream bedforms. Mocedshould be placed on
correctly siting constructed riffles in the planform and designing riffles leitlgth:widthof less than 3.0.

Although te results of this study providensight into design and project features that contribute to
structure succes it should be noted that a range of design techniques can be effective and that other factors
play significant roles in structure success such as design quality, construction quality, weather conditions
during and immediately after construction, and stture maintenanceDevelopment of national design
standardg(such ady the American Society of Civil Enginge&rsecommended to improve structure
performance and to minimize liability for professional engineers, as concerns over professional liability can
leadto more conservative stream restoration desigargl the use of hard materials, such as boulders, since
design data are more available for rock than for wood and live vegetation

Structure evaluation in this project did not assess the ecological function/value of structures, so
future studies should explore whether structures, particularly those that havedtaabitat functions such
as full span vanes, constructed riffles, and step p@wksgecologically beneficiaGiven that stream channels
naturally migrate over time and thdtiologicalintegrity is linked to the inherentliversity anddynamism of
natural systems, it should be recognized tlta¢ use of instream structures to permanently hold a stream in
place will limitecosystermhealth. Therefore, it is recommended that instream structures, particularly those
constructed of rock, be used only forra$tructure protection or to protect adjacent stream reaches from
channel degradatioysuch as incision caused by knickpoint migratiédditionally, regulatory agencies
should allow some degree of channel movement for stream restoration projects wHeastimcture
protection is not critical. Additional research is needed to define acceptable levels of channel migration
the mid-Atlantic regionthat do not result in excessive sediment loads or biological impairment.

In addition tothe broad evaluatiorof stream restoration projects overalhd a more detailed
assessment of instream structure design and sjtandetailed hydraulic analysisasconducted to provide
insight into the benefit of using twdimensional (2D) hydraulic modeling in stream reation design



instead of the more commonly used ocdé@nensional (1D) modelingSix stream restoration projects
representing a range of channel sizes, project ages and lengths, and structures were modeled in 1D and 2D
usingHEGRAS 5.0. Study results sbw that 34 cross sections are required for each instream structure to
reliably capture structure impacts on stream hydrodynamics. With the increased number of cross sections,
the model was able to replicate flow contraction through the structure andréseilting upstream backwater
conditions. However, this increased model resolution in the 1D model also resulted in an unrealistically
jagged flood extenthat would not be suitable for floodplain studies

In creating a 2D model, there is a tradeoff besm a small grid size that provides greater resolution
of the model results and the model run time. Grid sizes ranging from 038ft. and with 0.%; 8.0 cells per
channel width werénvestigated Study results indicatettiat for small streams where itam restoration
projects are commonly targetethe mesheshould beset with either a minimum breakline cell size of 3.28
ft. (1m)or aminimum of twogrid cells per channel width.

Comparison of the predicted water surface elevations, velocitiesshadr stresses fahe 1D and
2D models indicatéthe 2D model better represert stream hydrodynamics overall. Additionally, the 2D
model capturel areas of high shear along the channel boundary that could cause structure flanking. Given
the improved satial data tools in HERAS 5.0 and 6.0 and the increased availability of high resolution
topographic data, the development of a 2D modeks not significantly greater than the time required for a
1D mode] although model run times &re extended.

In summarystream restoration isncreasingused in Maryland to address stormwater impacts and to
improve water quality as part of the watershed implementation plans for the Chesapeake Bay TMDL,
particularly in urban watershedd-lowever, the practice aftream restoration has far outpaced the science,
due to limitations of sciencbased research, such auiltiple interdependent variables control stream
functions, biological processes cannot be scaled for laboratory studies, and the response time of stream
systems is typically much longer than human planning or funding horizons (Shields et al., #ti63gsearch
projectevaluated 65 stream restoration projects in Maryldndt A Y RSLISY RSy i A0 NBI Y NBai:
LJ2 A wWithdhé goal of improving the ovall application, design, and review of stream restoration projects.
Overall study results indicate that the multiple constraints in urban watersheds make the restoration of
geomorphic processes challenging. Restoration projects should clearly statficsqrd realistic project
goals and postonstruction monitoring should be linked to project goals. Given the challenges in urban
stream restoration, engineers commonly create conservative restoration designs with hard structures.
Additional researchsineeded to provide engineering design data for materials such as wood and vegetation,
to improve restoration design practice. Research is also needed to determine if the use of instream
structures provides ecological improvement in stream systems.



1.0 Introduction

A synthesis of stream restoration projects within the US estimated that, on average, at least $1
billion was spent annually between 1990 and 2004 on stream restoration (Bernhardt et al., 2005).
Increasingly, stream restoration is used in Maryland to asslstormwater impacts and to improve water
quality as part of the watershed implementation plans for the Chesapeake Bay TMDL, particularly in urban
watersheds.Currently, over 900 miles of stream restoration projects are planned in the Bay watershed by
2025, with an estimated cost of $0.5 billion (Wheeler, 2020).

However, in comparison to upland best management practices, there is relatively little research on
the effectiveness of stream restoration to improve the physical, chemical, and/or biologiogtiintef
stream systems. There are many reasons for this lack of sefbsesl research: multiple interdependent
variables control stream functions, biological processes cannot be scaled for laboratory studies, and the
response time of stream systemaypically much longer than human planning or funding horizons (Shields
et al., 2003). All of these factors combined make scientifically defensible stream restoration research difficult
and costly. As a result, the practice of stream restoration hasulgrased the science. Practitioners have
adapted their design techniques based on personal experience; however, there is little written record of
LIN} OGAGA2YSNI SELISNASYOS: a (GKA&A AYTF2NXIGAZ2ZY A& FNBI
amongenvironmental consulting firms (Bennett et al. 2011). Where the knowledge and experience of many
stream restoration practitioners has been assessed (e.g. Radspinner et al., 2010), these studies have been
predominately qualitative and provided largely @detal evidence.

Current stream restoration research typically consists of assessments of existing stream restoration
projects and/or practices within a single project. An extensive study of the Minebank Run near Baltimore,
MD showed the restoration imeased the geomorphic diversity and stability of the channel and decreased
lateral erosion (Doheny et al., 2012). Endreny and Soulman (2011) monitored a stream restoration project on
Batavia Kill in the Catskill Mountains of New York. The project irttfil@eross vanes and 48¢ok vanes
along 19 meander bends. Both aggradation and degradation of pools were observed following construction
with the stream trending from a riffpool channel to a plane bed/step pool channel. The researchers
attributed gructure failures to designs that did not follow current guidance, as well as a channel form that
was likely not appropriate for the steep mountain stream. Bain et al. (2014) evaluated an urban stream
restoration project on Nine Mile Run in Pittsburgh, Réting improved fish and benthic macroinvetebrate
communities following the restoration project. In contrast, Buchanan et al. (2012) noted some structures in a
stream restoration project on Six Mile Creek near Slaterville Springs, NY created fisiomiggaters while
others focused high velocity cresgeam flows onto downstream structures at high discharges. Similar
observations were made by Puckett and Jennings (2006).

Some studies have evaluated multiple projects within a region. Milléikachel (2010) assessed 26
projects in North Carolina-@ years post construction, noting changes in channel configuration and the
performance of instream structures. Their results indicated that major changes in channel geometry and
structure failure wee associated with channels with a large sediment transport capacity, significant sediment
supply, and/or erodible banks. An additional study in North Carolina (Hill et al., 2011) documented an overall



success rate of 75% for stream restoration projectsyéver, the authors noted that the success rate for the
Piedmont physiographic region was lower (69%) than that for either the Coastal Plain or Mountain regions
(95% and 98%, respectively). In a study of seven compound channel designs in northernaCaliforpkins

and Kondolf (2007) noted that channels with relatively constrained floodplain widths did not achieve their
geomorphic goals. Additionally, urban and suburban streams had few external sourcehaninel

complexity (large wood, range of pate sizes, etc.), indicating these elements may need to be included in
designs to accelerate the development of channel complexity. Similarly, Doll et al. (2015) quantified overall
project success using the Stream Performance Assessment (SPA) metidydrestilts indicated restored
streams were similar to reference streams.

While these studies have documented both success and failure of stream restoration projects and
practices, they have provided few design recommendations to improve current sietisel or design
techniques. Systematic, published, ppsbject appraisals of both successful and failed restoration projects
are needed to learn and to inform future projects (Thompkins and Kondolf, 2007; Kondolf et al., 2011). ltisa
common adage iengineering that we learn more from the bridges that fall down than from those that are
still standing. Similarly, Petroski (1992) pointed out that no progress can be made beyond the current state
of the art without failures. Ideally, these assessmestitsuld be conducted by individuals independent of the
design, review, and construction process, to avoid the human tendency to maintain current practices.
ho2SOGAGBSY aldNHzOGdzNBR aaSaavySyida LINRPY2(GS 6KI G 526y
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recommendations as part of adaptive management (Johnson et al., 2002; Palmer et al., 2011; Buchanan et
al., 2012; Law et al., 2015).

The goal of this mjectwas to improve our understanding of the conditions under which stream
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stream restoration projects. We condectthe study at three scals: watershed, project, and practic&his
study provide guidance on landscaggcale and reachcale factors that indicate the risk of project failure,
such as watershed size or impervious landuse or channel specific stream power or relative flowibkain
(Chapter 2) At the practice scale, the success of individual stream restoration prastEssssessetb
evaluatecurrent standardg¢Chapter 3) In addition to the broad evaluation of stream restoration projects
overall, a detailed hydraulic anyaiswas alsaonducted to provide insight into the benefit of using two
dimensional (D) hydraulic modeling in stream restoration design instead of the more commonly used one
dimensional (ID) modelingChapter 4)



2.0 Linking Stream Restorai Success with Watershed,
Practice and Design Characteristics

It is well established that all life depends on water. As such, running waters such as streams and
NADSNBE KIF@S 0SSy OFfttSR (GKS Gt AFTSof22Rgwdaers O2y Ay S,
support a variety of beneficial functions to society such as providing clean drinking water, flood and erosion
protection, groundwater recharge, pollution reduction, wildlife habitat, and economic stimulation (EPA,

2013). Though streamsandmN& I NB a2 AYLRNIlIyG>X GKS&@ KIS SyRdz2NBR
continue to alter the riverine landscape for a variety of purposes, including farming, logging, mining and
development on the floodplain, and the subsequent need for channelizationardl R O2 y i NBf ¢ = NX & d:
the significant diminishing of the natural functions of stream corridors and the decline of the health of our
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In response to this degradation, the 1972 amendments toRbderal Water Pollution Control Act of
1948 [commonly known as the Clean Water Act (CWA)] were adopted to restore and maintain the chemical,
LIKEAAOFE YR 0A2t23A0It AyGSaINRGE 2F (GKS blaAzyQa ol
geneaate a list of impaired waters and develop Total Maximum Daily Load (TMDL) plans to address elevated
pollutant levels (Clean Water Act, 1972). According to Bernhardt et al. (2005), greater than a third of U.S.
waterways are included on this list and reguplans to improve impairments.

One such waterway is the Chesapeake Bay, the largest and once most productive estuary in the
'YAGSR aidliSazr 6KAOK /2y3aNBaa KFa NBO23ayAl SR Fa I a&)
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tourism, property values, and shipping activities. (Chesapeake Bay Foundation, 2019). To address these
problems of degrading waterway health, stream and river restoration has increasiegbme an accepted
and encouraged method of watershed management (Wohl et al., 2005). In the Chesapeake Bay Watershed
(CBW) in particular, many states are considering stream restoration as a strategy to meet nutrient and
sediment load reduction targetshaler the Chesapeake Bay TMDL, which is the largest TMDL ever developed,
and calls for nutrient and sediment reductions to the Bay (Berg et al, 2014; EPA, 2010). As a result, 3.4 million
linear feet of stream restoration were identified to be implementedha Bay watershed by 2025 (Law et al.,
2015).

Not only has stream restoration become a significant physical undertaking, it has become a major
economic industry. In a synthesis of over 37,000 stream restoration projects, Bernhardt et al. (2005) found
that costs associated with stream restoration have averaged over one billion USD annually since 1990.

Because of the wide breadth of perspectives and disciplines involved in stream restoration, it is
inherently difficult to define; however, in general, sam restoration is a term used for the wide range of
actions undertaken to improve the geomorphic and ecological function, structure, and integrity of river
corridors (Bennett et al., 2011). This wide range of actions can include restoration, rehahilitatio
preservation, mitigation, naturalization, creation, enhancement, and reclamation (Shields et al., 2003). The
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al., 2005).

River nanipulation by humans has been happening for centuries (Brookes and Shields, 1996; Wohl et
al., 2015). Generally, this management was completed with the intention of improving navigation and
reducing the risks of loss of life and property, although exosgtin this practice were made in order to
improve the aesthetic and recreational quality of rivers. As a result of this management pattern, river
corridors were typically reduced to more uniform, physically simplified, and ecologically less diverse and
functional systems.

From the recognition of the extent and consequences of these alterations, river restoration began to
become more important during the second half of thé"2@ntury. In the beginning, restoration mostly
focused on fish habitat creatiahrough the physical manipulation of channel form, but was expanded to
include water quality improvement with the onset of societal concern and water quality regulation (e.g., the
CWA in the U.S.A and the Water Framework Directive in the European Uniom tihe late 1900s. Recently,
as a result of pressure from the academic community, restoration prioritizing river function and process (i.e.,
processbased restoration) has increased in prominence (Wohl et al., 2015). Though this shift in restoration
ecobgy to being informed by scientific research has been pushed more frequently (e.g. Shields et al., 2003),
Wohl et al. (2015) remind that ecological restoration first originated not as an academic science, but as a
citizenled undertaking. As such, riversteration should be undertaken in reference to its social context. This
social perspective, however, creates problems of its own. For instance, for a project to maintain support, it
must retain the interest of the local communities surrounding the riveyuastion (Wohl et al., 2015).
Shields et al. (2003) further point out that maintained interest is hindered by lack of landowner
compensation, and the complexity of decisioraking involved in land management. In addition, social
relevance is usually deterined by factors other than those valued by ecological science (Wohl et al., 2015).
Finally, difficulty in scientific research pertaining to river restoration is further compounded by large spatial
and temporal scales, and by gaps pertaining to the macipfa and complex relationships that contribute to
the behavior of river ecosystems. As a result of these difficulties, the practice of stream restoration has far
outpaced the science. Most updates in knowledge have come as a result of personal exgaeyidree
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Current research on stream restoration has usually taken the form of asses®f completed
stream restoration projects, but few projects have offered design recommendations to improve the practice.
This project serves to provide guidance in stream restoration site selection and design techniques by
improving understanding of thimpact watershedand projectlevel characteristics on stream restoration
project success probability.

In particular, the goal of this researhto improve our understanding of the conditions under which
stream restoration practices are successfpecific objectives include the following:



1) Development of a method to assess stream restoration project success, both in the field, and
using monitoring reports;

2) Evaluation of watershedcale factors related to stream restoration success; and,

3) Evaluation dproject and reackscale factors related to stream restoration success.

Through this research the following questions are addressed:

1) Does stream restoration success increase with decreasing watershed size, impervious cover,
and slope?

2) Are projects witHower relative flow energy (as indicated by stream channel confinement,
specific stream power, floodplain width/bankfull channel width, watershed and channel slope,
bankfull discharge/watershed area) more successful?

3) Are projects with low sediment supp{ss indicated by watershed geology, watershed slope) or
sediment transport capacity (channel slope, width:depth ratio) more successful?

2.1 Literature Review of Stream Restoration Assessment

In their synthesis, Bernhardt et al. (2005) found that the mashimon goals of stream restoration
were to enhance water quality, manage riparian zones, improsgream habitat, allow for fish passage, and
increase bank stability.

Riparian areas are the lands along watercourses and waterbodies with unique soil atativag
characteristicsTheseareas provide many benefits such as nonpoint source pollution control by holding
nutrients and filtering sediment, by providing habitat provision for a large diversity of animals, flood
reduction, and through baseflow maintance (NRCS, 1996). According to the U.S Forest Service guidance for
restoration techniques, an early necessary step, and often the only necessary action in riparian recovery, is
the exclusion of degrading agents such as livestock and wildlife. In caseseoflisturbed systems where
incision or channelization have altered water table elevations, more intensive restoration is required
(Yochum, 2018).

As habitat degradation has been identified as a serious threat to biodiversity (Miller et al., 2010), and
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restoration has become a major goal of stream restoration, with 60&@regam habitat enhancement
projects implemented between 2000 and 2010. Mik¢ml. (2010) stated the goal of-giream habitat
restoration is typically to increase the diversity, density, and/or biomass of aquatic organisms through
enhanced hydraulic and substrate heterogeneity and increased food availability.

According to the Btional Oceanic and Atmospheric Administration (NOAA) fisheries division,
millions of fish migrate each year to native habitats to reproduce. Often, however, they are prevented from
completing their journey by barriers such as dams and culverts. Wheratbgyrevented from reaching their
spawning grounds, they are not able to reproduce and populations may decline, affecting entire ecosystems
and economies (NOAA, 2017). In the Chesapeake Bay watershed in particular, fisheries contribute greatly to
the econany by supporting almost 34,000 jobs and supplying 3.39 billion USD in sales in Maryland and



Virginia alone (Chesapeake Bay Foundation, 2012). To protect this valuable aspect of the Bay watershed,
1,236 miles of stream were opened to fish passage betwed2 20id 2017 (Chesapeake Bay Program,
2019).

Multiple studies of Piedmont streams have shown that bank erosion contributes at least equally and
perhaps up to 70% of watershed sediment yields compared to upland and floodplain erosion (Allmendinger
et al., 2007; Donovan et al., 2015). Since bank erosion is such a large potential source of sediment to
downstream waters, it can be easily seen why bank stabilization is a common goal of stream restoration.
Bernhardt and Palmer (2007) showed that simple mees such as planting vegetation increased bank
stability. The United States Army Corps of Engineers (USACE) further lists soil bioengineering, structural
revetments, live fascines, and vegetated geogrids as methods of bank stabilization (Lake Countatgtorm
Management Commission, 2002).

2.1.1 RegulatoryDrivers

The main regulatory driver for the enhancement of water quality is the Clean Water Act. Sections
303 and 404, in particular, are applicable to stream health. As discussed above, sections308 tted|
development of a list of impaired waters and TMDL plans to reduce pollutant loads. In some watersheds the
majority of sediment yield is a result of stream bank erosion (e.g. Donovan et al., 2015; Allmendinger et al.,
2007), and as stream restofah is commonly used for erosion reduction, it makes sense that it be
considered a strategy for TMDL compliance. Section 404 regulates the discharge of dredged or fill material
into waters of the U.S by requiring permits from the USACE to authorize sgttadies. Every discharge
allowed under these permits must minimize or avoid adverse effects to wetlands and streams. However, for
unavoidable impacts, the loss of wetland and aquatic resource functions must be replaced through
compensatory mitigation.

Also, under the CWA, The National Pollution Discharge Elimination System (NPDES) regulates point
source discharges of pollutants into waters of the U.S. through the issuance of discharge permits. Discharges
from municipal separate storm sewer systems (M&49 require permits, although permits for MS4
discharges do not require a discharge to be compliant with water quality standards. Instead, MS4 permits
NEBIljdzZA NB LISN¥YAGSS&E (G2 NBRAzOS LRffdzilyld RA&AZOKFINBS G2 i
develgoment of stormwater management plans and the implementation of Best Management Practices
(BMP; Leo et al., 2018). Under the Chesapeake Bay TMDL, the EPA determined total pollutant reductions
required for theBay, and allocated reduction responsibilitygach jurisdiction (Delaware, Maryland, New
York, Pennsylvania, Virginia, West Virginia and the District of Columbia) within the watershed. Each
jurisdiction was required to submit Phase I, Il, and Il Watershed Implementation Plans (WIPs), detailing
actioya FyR O2yiaNRfa (2 0SS AYLX SYSYGSR o0& HAMT YR HAOHJ
Phase Il WIP, are strategies to meet TMDL reduction requirements while also satisfying MS4 permit
requirements. Stream restoration is identified as onéhafse strategies (Maryland Department of
Environment, 2012).

2.1.2 RestoratiolAssessment

Because stream restoration is a broad field with the possibility for multiple, potentially conflicting
goals, qualitative and quantitative project objectives mustdtearly stated, not only to guide design, but to
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allow for postcompletion project evaluation (Kondolf, 1995; Kondolf and Micheli, 1995). This need for post
project evaluation has been well argued. For instance, Palmer et al. (2005) argued for &éodedinit
NEAG2NI GA2y &adzOOS accaptedi[sutcdisy] ghilriadhatare inditly suppotted by

funding and implementing agencies, there is little incentive for practitioners to assess and report restoration
2dz0 O2YS & d¢ h i K $MNdect@BefndnNid nedessary fardhéiadvancement of the field
through lessons from successes and failures (Kondolf and Micheli,1995; Morandi et al., 2014)

As discussed above, a definition of restoration success is necessary for the evaluatigaab$ amd
the progress of the field; however, because of the diverse goals and site conditions of restoration, a universal
definition of success is difficult to agree upon, and probably not possible (Kondolf and Micheli, 1995). This
difficulty is improvedsomewhat if clear and quantifiable goals are specified for each project, as there is a
clear endpoint which can be objectively evaluated. To increase the likelihood of project goals being
achieved, Kondolf and Micheli (1995) advise that due to the exmatiah nature of restoration practices and
the dynamism of aquatic systems, a range of acceptable variation may be required for defining success
criteria.

Multiple studies have shown that physical channel stability as evaluated according to Pfankuch
(1979 correlates with biological indices of stream health such as benthic diversity, and wildlife populations
(Collier, 1992). As stability and geomorphology are linked, these findings lend themselves to success
evaluation based on geomorphic characteristi#s 04 G NS Ya® Y2y R2t{ T IyR aAOKSt AQ:
arguing that channel geomorphology is the framework upon which ecological systems are developed, and
that project evaluation techniques should be developed with geomorphic cross sectionsrastineiation.
In her Ph.D. dissertation, Doll (2013) identified seven key elements of stream restoration design, all of which
can be related to geomorphology: channel bedform, channel patterstrgam habitat, sediment transport,
streambank condition, stambank vegetation, and floodplain function. Morandi et al. (2014) show that
others agree with this conclusion, as they found that hydromorphology was the most frequently evaluated
project component in a study of 44 French restoration projects.

Similary, others argue that a functional viewpoint is beneficial, because it is derived from the
recognition that healthy watersheds support ecosystem components that interact in complex ways and
maintain functions that contribute to the continual dynamic devetwmt/evolution of the watershed
(Fischenich, 2006). Fischenich (2006) useslidea to develop a set of functional objectives for stream
restoration which includes system dynamics, hydrologic balance, sediment processes and character,
biological supportand chemical processes and landscape pathways.

I FNXYEY SG Ftd 0HnmuO dziAt AT SR GKSaS FdzyOldaAazylt 2
which hierarchically ranks the stream functions of hydrology, hydraulics, geomorphology, physicochemistry,
and biology. They argue that this pyramid can be used as a tool to develop assessments of restoration that
focus on functional lift.

Other authors argue that stream restoration success should be defined with respect to ecological
integrity. For instance,lPf YSNJ F YR . SNYKI NRG o6unnco adFrdS GKIG aS0z
AY I 61 GSNAKSRQa AYLINRGSR OF LI OAGe (2 LINRBOARS Of Slhy
O2Fadlrkt g dSNWPE CdzNI KSNE telcriterisfodkvaliating dcabogicaksncoegsia>  NB O 2
guiding image exists, ecological conditions (physicochemical, biological) of the river are measurably enhanced
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toward the guiding image, resilience (ability to s&itain) is increased, no lasting harmaseé, and

ecological assessment is completed. These authors further discuss stakeholder success, which includes
aesthetics, economic benefits, recreation, and education; and learning success, which calls for scientific
contribution, management experience @improved methods.

It is well established that preind postrestoration assessmerare necessary for the progress of the
field; however, it has also been shown that there is a widespread lack of monitoring (Kondolf and Micheli,
1995; Bernhardt et al., 2005). Kondolf and Micheli (1995) suggested this systematic lack of evaluation may be
a result of the difficulty of defining and measuring steam restoration success. Because of this difficulty,
Kondolf (1995) offered a starting point for improved evaluations and further conversation by specifying five
elements for effective evaluation of streamastoration. These five elements are: 1) clear objectives; 2)
baseline data; 3) good study design; 4) commitment to the long term; and 5) willingness to acknowledge
failure. He also stated that project success can be evaluated only in the context offiqbéthange.

Many assessment methods have been developed which can be adapted and organized to fit within
Y2YR2f FQa&a &dz33SaiAz2yod ¢KSaS | daadindrabe glySelecyeadimigles®fa I NB
data sheets used toonductthese assessnms are in Appendix A.

2.1.2.1Stream Visual Assessment Protocol

The Stream Visual Assessment Protocol (SVAP) was developed to provide a basic level of stream
health evaluation that can be applied by conservationists with little biological or hydrologitang (USDA
NRCS, 1998). The protocol consists of scoring up to 15 assessment elements, depending on which are
applicable to the reach in questidifable A.1)The fifteen elements are: channel condition, hydrologic
alteration, riparian zone, bankability, water appearance, nutrient enrichment, barriers to fish movement,
in-stream fish cover, pools, invertebrate habitat, canopy cover, manure presence, salinity, riffle
embeddedness, and macroinvertebrates observed. Each element is rated from Aol Hh overall
assessment score is determined by summing the scores for each element and dividing by the number of
elements assessed.

2.1.2.2Stream Quantification Tool

The stream quantification tool (SQT) was developed by Harman et al. (2017) awed atiliz
spreadsheeformat as a simple calculator for use in determining numerical functional lift. The tool is based
on the stream functions pyramid developed by Harman et al. (2012) and builds from the pyramid framework
to develop functioAdbased parametersneasurement methods, and performance standards. Performance
standards provide the basis for the final project score, as each functional component at both theaeéch
catchmentlevel are given a designation of functioning, functioning at risk, orurattfoning. The SQT was
developed primarily for projects completed for mitigation and has been adapted for use in the states of
North Carolina, Tennessee, South Carolina, Georgia, Colorado, and Wydduiedo the length of this
assessment, it was notégluded inAppendixA.

2.1.2.2PfankuchChannelSability Evaluation

CKS tFFyldzOK OKIyySt atloAfAride S@rfdadrzy o61a R
evaluations of the resistive capacities of mountain streams to adjust and recover from potential changes in
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bank, lower bank, channel bottom) and assesses characteristics of each, ranking them as excellent, good, fair
or poor(Table A.2) The upper channel banks are assessed for bank slope, mass wasting tetadsdach

potential, and vegetative bank protection. The lower channel banks are assessed for channel capacity, bank
rock content, obstructions and flow deflectors, cutting, and deposition. Finally, the channel bottom is
assessed for rock angularity, brighss, consolidation, size distribution, and scouring/deposition.

2.1.2.2Bank Erosion Hazard Index

The Bank Erosion Hazard Index (BEHI) was developed as part of the Bank Assessment of Nonpoint
Consequences of Sediment (BANCS) model to assess tiepthidity of stream banks to erosion based on
seven characteristics: study bahkight ratio, root depth ratio, weighted root density, bank angle, surface
protection, bank material, and stratification of bank mate(ibhble A.3Rosgen, 2006).

2.1.2.2Gechydraulic Diversity Index

The Geohydraulic Diversity Index (GDI) was developed to assess the sustainability of
environmentallyaligned river channel management schemes through the calculation of their geomorphic
and hydraulic diversity (Skinner et,d@998. In particular, the authors cite diversity of depth and velocity as
being important characteristics contributing to habitat quality of streams. To assess velocity and depth
variability, the same reachveraged variability equation is used, whichelocity takes the form:

Y — (2-1)

where R is the reach velocity variability, and\\so, and \ésare the 29, 50" and 98" percentile velocities
respectively, measured throughout a reach. Depth is substituted into this equaticalculate reach depth
variability.

2.1.2.2Rapid Stream Assessment Tool

Ly NBalLkyasS (G2 | &a@3INRsAy3d ySSR (2 ARSyGATe SEAAQ
general stream quality condition on a watershédh RS & O f S¢ ¢ $6&smertt TdahRiqué RSB Y !
was developed by the Metropolitan Washington Council of Governments (COG) to provide a simple, rapid
reconnaissancéevel assessment of stream quality conditig@alli, 1996)The RSAT was derived from a
aedyiKSaAra #fiBiodsseSBrhentQratocold, add considers the categories of channel stability,
channel scouring/sediment deposition, physicasiream habitat, water quality, riparian habitat conditions,
and biological indicators at approximately 4fd0intervals alonghe stream. Categories are given a score
corresponding to ratings of poor, fagood andexcellent. Due to the length of this assessment, it was not
included inAppendixA.

2.1.2.2Riparian, Channel, and Environmental Inventory

The Riparian, Channalnd Environmental Inventory (RCE) was developed to assess the physical and
biological condition of small streamsl@:ft. wide) in lowland, agricultural landscapes. The RCE consists of
sixteen characteristics which define the structure of the ripariarezstream channel morphology, and the
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biological condition in both habitats (Petersen, 1R®ach characteristic is assigned one of four possible
conditions, which corresponds to a score. The lowest possible score is 1, while the highest possible score
ranges from 15 to 30 depending on the importance of the characteristic and the ease of accurate
measuremeniTable A.4)RCE categories include: land use pattern beyond the immediate riparian
zone,width of the riparian zone from stream edge to field, contptess of the riparian zone, vegetation of
riparian zone withir83 ft. of the channel, retention devices, channel structure, channel sediments,
streambank structurebank undercutting, and stony substrate feel and appearance.

2.1.2.2Stream Performancaéssessment

The Stream Performance Assessment (SPA) was developed based to be a systematic method that can
be implemented by a single assessor with substantial training and experience in stream morphology and
ecology(Doll, 2013). The assessment takes sheen categories of channel bedform, channel pattern, in
stream habitat, sediment transport, streambank condition, streambank vegetation, and floodplain function
and breaks them down into std@riables for a total of 17 components which are individuahked and
summed to develop a total sco@able A.5)

2.1.2.2USEPA Rapid Bioassessment Protocols for use in streams and wadable rivers

The USEPA Rapid Bioassessment Protocols (RBPs) were developed in response to a need realized in
the 1980s for coseffective biological survey techniques to fill the gap of rapidly dwindling resources for
monitoring and assessment and the extensive miles edssessed stream miles in the United States
(Barbour et al., 1999). The RBPs advocate for an integrated asse¢ssomaparing habitat (e.g., physical
structure, flow regime), water quality, and biological measures with empirically defined reference conditions.
Four protocols were developedne each for habitat assessment and physicochemical parameters,
periphyton, enthic macroinvertebrates, and fish. The first, focusing on habitat assessment and
physicochemical parameters, is the most applicable to stream restoration and requires visual observation of
many stream characteristics to assign scores associated witmapsuboptimal, marginal and poor stream
and habitat healtTable A.6)These characteristics are epifaunal substrate/available cover, embeddedness,
pool substrate, velocity/depth combinations, pool variability, sediment deposition, channel flow status,
channel alteration, frequency of riffles, channel sinuosity, bank stability, bank vegetative protection, and
riparian vegetation zone width. Different assessments were developed for high and low gradient streams.

2.1.2.2Ecegeomorphological Assessnien

The Ecegeomorphological assessment (EGA) was developed specifically to be a rapid assessment of restored
stream reaches conducted by trained evaluators (NCSU Water Quality Group, 2006; Doll, 2013). The
assessment consists of four main sections: chhoordition, bank and riparian condition, aquatic insect
community structure, and an evaluation of instream structure condition and function. Channel condition is
further broken down into bedform, dominant substrate material, and cover/refuge. Bank paidai

habitat include streambank stability, riparian vegetation, and floodplain/floodplain soil condition. Scores are
determined for each section and summed to develop a final score. The EGA was also not included in
AppendixA due to the length of the asssment
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Table 2.1 Summary of parameters included in teeeamassessment methodsheren indicates the protocol has
one or more measures of assessment group and X indicates the protocol has no measure of assessment
group. Adapted from Akinola, A., unpublished material.

Assessment Assessment Protocol
3 NP dzLJ
SVAP | sot | Pfankuch | BEH | GDF | RSAT | RCE | sPA URSBE,;:’ Al Eca
Bank X
Stability n n n n n n n n n
Bed
Material n n n n X n n X n n
evaluation
Riparian 0 0 X X X 0 0 X 0 0
zone
Channel X n X X X X n n n X
Pattern - - - -
Flood Plain n n X X X X X n X n
Bedform n n n X X n n n n n
Cross
Section X X n X X n n X X n
Survey

1 StreamVisualAssessmenBrotocol

2Stream Quantificatiofool

3Pfankuch Channel Stability Index

4Bank Erosion Hazard Index

5 Gechydraulic Diversity Index

6 Rapid Streamissessment Tool

" Riparian, Channel, and Environmental Inventory
8 StreamPerformance Assessment

S USEPA&apid Bioassessment Protocol

10 Ecegeomorphological Assessment



2.1.3 Results o8ream RestorationAssessments

Many studies have shown both the success and failure of stream restoration activities, some even
within the same project. For example, Buchanan et al. (2012) found that 2.5 yr after coiostruestoration
of Six Mile Creek icentral New York was only marginally successful. Their assessment of restoration goals
0§KNRdzZZAK daoAl0 f BeftBdalclamel gurveys; Kiyhidra@id@aodeling; (iii) vane stability, flow
competence angbermissible shear stress analyses; (iv) sgillmass balance; (v) pebble counts; and (vi)
gualitative channel/floodplain condition surveys [i.e. stream visual assessment protocol (SVAP) and Pfankuch
adzNBSeagé aK2gSR GKI O uscaskid astadlish@entdRatlefjuiate gobl Nabitaty 2 i Y S G @
however was apparent. In addition, the project continued to become more successful with time, as Buchanan
et al. (2014) showed consistent reduction in channel deformation and bed adjustment and substantial
coarsening of bed sediment two years latere3a findings indicatethe same channel was stabilizing.

Improvement with time was also shown by Purcell et al. (2088p documentegrogressively
improved biological and habitat qualiby comparingunrestored, restored and 12year restored streams in
Northern California. The authors assessed each stream with a visually based habitat assessment, an
assessment of water quality using biological indicators, and a survey of neighborhood residents to gauge
public perceptions.

Many studies have alsevaluatedthe effectiveness of kstream structures. For example, Buchanan
et al. (2012; 2014) assessed structures for the quality of created habitat, the degree of
upstream/downstream bank erosion, the physical stigband/or degree of morphological deformation, the
degree of excess scour, and the functionality of the structure over a range of flows, finding that multiple
problems were apparent. For example, in their first ppsiject-assessment (PPA), they fouridat barriers
to fish passage were formed by grade control structures. Additionally, in their second PPA (2 yr later), they
found that 8 out of 34 instream structures experienced destabilization of one or more stones, and 13 of 34
structureswere listed a®ither impaired or failed.

Dave (2018) and Endreny and Soulman (2011)dasumentedstructure failures. Dave assessed the
effectiveness of streambank stabilization structures by quantifying stream bank retreat using aerial imagery
before and afterestoration projectsfor 18 stream banks of the Cedar River in Nebraska that were stabilized
using jetties, rock toe protection, slope reduction/gravel bank, a retaining wall, rock vanes, or tree
revetments. A dam break during her study simulated a large flddidle showing that showing that
stabilized banks were more eftiveat controlling erosion than control sites, she observed multiple failures
of rock vanes and jetties. Rock vanes in particular exhibited poor performaniteydailed during the
flood. Jetties proved to be the most effective stabilization measaré0% success rate was observed.

Endreny and Soulmg@011)assessed a New York project designsthgthe Natural Channel design (NCD)
method by surveying 35 monumented cross sections anckrd&svane structures. HERAS 1D flow

modelling was used to simulate channel conveyance. The surveys showed that vane geometry no longer
aligned with design standards, and improper flow direction by cross vanes resulted in aggradation in
meander bend pols and below structures. Roper et al. (1998) on the other hand, showed structure durability
in restoredPacific Northwest streams was high, as less than 20% of 3,946 assessed instream structures were
removed after experiencing floods that exceededy Beturn interval.
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Others (e.g. Bain et al. 2014; Doll et al., 2015) showed that restored streamssfudgeexhibit
improved stream health and function. Bain et al. assessed a large stream restoration project in Pittsburgh, PA
using surface water quality sampling, fish assemblage surveys, benthic invertebrate sampling and cross
section surveys. TheyfguR G O2y GAydzZl f FyR adzoaidl ydAlfé AYLNRBGSYSY
restoration, and evidence of a healthier, more diverse benthic macroinvertebrate fauna. Doll et al. assessed
156 streams throughout the state of North Carolina (93 restored, 21 impai€&deference and 13 reference
with some incision) using the SPA methodology. Principal component analysis (PCA) showed that restored
streams aligned closely with reference reaches in terms of geomorphic condition, and even exhibited a
greater range of béform and habitat condition variability. Thepncludedthat stream design and
construction by practitionergestores streams to conditions similar to reference reaches

Finally, in a study of 79 stream mitigation projects in NC assessed againstaggudguirements,
Hill et al. (2011) found that 75% of the assessed projects were successful. Piedmont streams, however, had a
lower success rate than mountain and coastal plain streams.

2.2 Methods for Watershedand ProjeciScale Assessments

Research rgarding stream restoration can be challenging due to secmnomic structures, and the
complexity of relationships between variables governing stream system behavior, but by treating completed
stream restoration projects as experiments, and controllingviariability through site selection criteria and
the use of dimensionless variables, relationships can be determined between watessttegrojectlevel
variables and project success. Regression analysis was used to determine correlation between these
variables.

A large number of stream restoration projects have been completed in Maryland, making it an ideal
location to conduct this research project. Projects and information were provided by five western shore
Maryland counties and the Maryland Depaknt of Transportation State Highways Administration (MD
SHA). All projects were located in either Anne Arundel, Baltimore, Calvert, Frederick, Harford, Howard,
Montgomery or Prince Georges counties. Projects were chosen to ensure the inclusion of Ingesiira
age, location, watershed size, and project characteristics. Locations of projects used in this study are shown
in Figure 21. Documents such as design plamsl reports,asbuilt plans,and monitoring reports were
provided to the extent they weravailable If a project design included a significant tributary, the tributary
was separated from the project mainstem and considered as its own individual projexto differences in
the contributing watersheds between the main stem and the tributary

2.2.1 ProjectAssessments

To assess project success, two main questions were considered:

1. Isthe stream functioning geomorphically (i.e., is it transporting water and sediment, and
supporting physical stream functions)?
2. Are the design elements stifitact?
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To address these questions, three assessment methods were developed:

1. Afieldbased rapid geomorphic assessment;
2. Afieldbaseddesign assessment; and,
3. A monitoring reportbased assessment of geomorphic function and design success.

2.2.1.1Geomorphidunction Assessment

To assess the geomorphic function of each project, a rapid;lieded assessment was developed
based on the lgrature reviewed. Six characteristics were evaluated and scored from 1 to 4 based on the
observed extent of each process or feature in each stream project. The primary indicators of geomorphic
function used in the function assessment were the presen@ppfopriate bedforms and bed sediment for a
particular physiographic province, stable banks, native riparian vegetation, and evidence of floodplain access,
such as sediment or debris deposits on the floodplain. Additiortalypresence o diversity ofvelocity,
depth,and physical structure that would provide habitat for aquatic organisms was evaluated.

In fluvial geomorphology, stability is usually viewed in terms of channel equilibrium, in which natural
cycles of scour and fill cause stream fornfltmtuate about an average condition (Charlton, 2008; Wohl,
2014). These cycles of scour and fill, resulting from sediment transport dynamics, tend to develop bedforms
in channel beds. Thus, when a stream develops this dynamic equilibrium state, bedferany spacing
become characteristic of the stream type (Montgomery and Buffington, 1997). Thus, the type and location of
bedforms, as a function of bed sediment and physiographic province, were visually evaluated in the field.

Another natural adjustmentfostream beds in response to flow regime and sediment supply is the
sorting of sediment by size. Integral to the maintenance of equilibrium and resulting stability is the necessity
of a channel to balance sediment entrainment and deposition. Interruptiotise balance between flow and
sediment, such as an introduction of excess fine sediment, can cause a change in bed substrate composition
(EPA, n.d.).

Although the main focus of the field function assessment was evidence of geomorphic processes, the
presence of cover and refuge areas and a diversity of flow types (fast and shallow, slow and deep, etc.) were
used as additional indicators of regiappropriate bedforms and channel form. Uniform channels with little
variation in flow depth or velocity indit@an imbalance in geomorphic processes.

Channel migration is a natural fluvial process that requires the erosion of one bank and the
aggradation of the opposite bank. However, extensive bank erosion indicates the flow energy has exceeded
the supplied bediad and/or bank erosion resistance has been reduBashk resistance can be reduced due
to vegetation removal, a lack of diverse riparian vegetation, or increased stream temperatures (Wohl, 2014;
Allen et al., 2018; Hoomehr et al., 2018). Thereforeral bank stability is a logical indicator of balanced
fluvial processes.

Healthy riparian areas are important to stream ecology, providing stream shading, nutrient cycling
and food chain and habitat support through the supply of woody debris. Riparian vegetation further
contributes to channel stability, both through the protet of banks, and the facilitation of sediment
deposition about the channel (Wohl, 2014). In particular, high vegetation biodiversity has been shown to
correlate with decreased erosion rates (Allen et al., 2018). As biological invasions have been shown to
decrease the abundance and biodiversity of resident species (e.g., Vila et al., 2011), invasive species can
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prove a detriment to stream stability. Given that the climate in the-#ithntic United States is favorable for
dense vegetation growth and streambk stability and that all evaluated projects were at least three years
old, the presence of dense native vegetation was considered important for geomorphic function.

The connection of the floodplain to the channel is also critical both for ecologic amiagphic
function (Loos and Shader, 2016; Hupp et al., 2009). The average boundary shear stress within a channel is a
function of the wetted perimeter. As water flows onto the floodplain, a significant increase in the wetted
perimeter results for a unit itrease in discharge, leading to a decrease in the boundary shear stress and the
potential for channel degradation. Additionally, the roughness of vegetated floodplains is significantly greater
than the roughness of the main channel, as such, flow velsaitiethe floodplain are significantly lower than
those in the main channel. Channel access to the floodplain was evaluated in the field using evidence such as
the presence of fresh sediment deposits and flood debris in riparian vegetation.

The overall priect score was calculated by adding the scores for each category assuming equal
weighting. Further adjustment to the final score was made if invasive plant species were found on site. If
some were found, half a point was subtracted from the total func8oare, but if invasive species were
prominent, a whole point wasubtracted With six categories and scores of one to four for each category, the
highest score possible for the geomorphic function assessment was 24. To be able to relate variables to a
probability of success, each function score was converted to a percent of the perfect score. The field form
used to assess geomorphic function is foundable 22.

2.2.1.2DesignAssessment

The goal of the design assessment was to quantify how much afrifji@al design was still present
and functioning in the project reach. These assessments were completed in the field by evaluating individual
design components (e.g., structures, pools, etc.). A component that was present and functioning as intended
was gven a count of one, while a missing design component was scored as 0.0 and a component that was
present but not functioning as intended was givescareof 0.5. The scores for each design component were
then summed and divided by the total number of dgselements and multiplied by 100 to indicate the
percent of the original design that was still functional.

2.2.1.3Monitoring Assessment

Due to time constraints, many projects could not be visited in the field, so an additional assessment
was developed t@valuate the geomorphic function of stream restoration projects based on the information
provided in postconstruction monitoring reports, typically for years31The goal of the monitoring
assessment was to assess both the design success (were the digsigents still present and functioning)
and geomorphic function. Four categories were assessed using monitoring reports: bed
aggradation/degradation, bank stability, riparian vegetation, andgtieam structures. The form utilized in
the monitoring assesment is shown iTable 22.

In accordance with the assumption that three years gives a high probability of sufficient time for a
restoration project to establish vegetation aialexperience an elevated flow event, Year 3 monitoring
reports were used inttis analysis. If the Year 3 report was not available, the Year 2 or later monitoring report
was used. Crossectional and longitudinal profile surveys, vegetation inspections, structure assessments and
photographs were project components commonly includednonitoring reports. If sufficient information to
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Table 22 Geomorphic function assessment

Bedform
location

Substrate

Cover/
refuge

Bank
stahility

Riparian
vegetation
cover
Invasive
note

Floodplain

1 2
<25% of bed features in | 25-50% of bed features in
proper geomorphic propergeomorphic
locations along reach locations along reach
Significant embedded Well graded patrticle size
areas, poor gradation, distribution, minimal
loose, soft areas prominen embeddedness in 250%
in >75% obed of bed
Presence of refuge areas
of diverse types in 250%
of reach
Low bank slopes, 250%
of reach has good
vegetation cover and no
evidence of mass wasting
2550% of riparian area
covered in native
vegetation

Presence of refuge areas ¢
few types in <25% of reacl

High bank slopes, <25% c
reach has good vegetatior
cover and no evidence of
mass wasting
<25% of riparian area
covered in native
vegetation

Evidence of flow access,
sediment deposition along
<25% of reach

Evidence of flow access,
sediment deposition along
25-50% of reach

3 4
50-75% of bed features in >75% of bed features in
proper geomorphic proper geomorphic
locations along reach locations along reach
Well graded particle size, Well graded particle size
distribution, minimal distribution, minimal
embeddedness in 5805% | embeddedness in >75% ¢
of bed bed
Presence of refuge areas  Presence of plentiful
of diverse types in 535%  refuge areas of diverse
of reach types in >75% of reach
Low bank slopes, good | Low bank slopes, good
vegetation cover and no| vegetation cover and no
evidence of mass wastin evidence of mass wasting
in 50-75% of reach in >75% of reach
50-75% ofriparian area >75% of riparian area
covered in native covered in native
vegetation vegetation

Evidence of flow access, Evidence of flow access,
sediment deposition along sediment deposition along
50-75% of reach >75% of reach



score an assessment category was not provided in the monitoring report text, photographs were used to

estimate a score.

2.2.2 Explanatoryariables

Asdescribedabove, data collection for predictive characteristics was completed at both the

watershed and project scale. Explanatory variables were chosen to reflect the potential applied fluvial stress
on a $ream reach (i.e. flow energy), and the channel resistance to erosion and degradation. For a description

of all variables considered, sé&@gure 22, Table2.4 and Table2.5.

Table 23 Monitoring assessment form.

1 2 3
Bed aggradation | Riffle scour or pools filling a Riffle scour or pools filling @ No riffle scour or filling
or degradation >10% of stations <10% of stations of pools

Bank scour >10% of

Bank scour <10% of station

No bank scounoted

Bank stability stations, bank failure at any
location
Riparian veg >10% of project _Iength with <10% of project_length with Good vegetation cover
cover problem vegetation growth, problem vegetation growth, no problem areas, no
heavy invasive growth light invasive vegetation invasive species
Problems noted with >10% Problems noted with <10% No problems with
Structures

of structures of structures structures noted

2.2.2.1WatershedcaleVariables

Watershedlevel data were collected using ArcMAP (ESRI, Redlands, WA). All feature classes and
rasterfiles were projected to the coordinate system NAD 1983 Maryland Stateplane FIPS 1900 (meters).
Shapefiles of watersheds for each project were created using the procedure described below and were then
used to extract/clip datasets for all further watershadalysis.

High resolution Lidaderived digital elevation models (DEMs) of each county were downloaded from
the Maryland iMap database so watershed delineation could be completed. Characteristics of these DEMs
are shown irrable 26.

To ensure consistency in watershed analysis between counties, each DEM was resaiéd to
(2-m) resolution. To reduce the countgvel DEMSs to a size which could reasonably processed, a rough
watershed area was derived frodfiSGStB&amSats analysidool (U.S. Geological Survey, 20t6jfered by
3280 ft. 000 m) and used to clip theounty DEM to a more focused ardaigital dams in the DEMs were
removed by burning lines though conveyance structures such as bridges and culverts which were concealed
by Lidar data collection. Watershed delineation was completed using the hydrology toolbox in ArcMAP.
Latitudinal and longitudinal coordinates of all restoration outlet locations were found by studying project
plan sets, identifying the farthest downstredimits of construction, and matchirthe project limitwith a
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pin on Google Maps. These points were used as the outlets from which watersheds were delineated.
Watershed area was considered as a variable in this analysis, because it provides inform#t®n on
hydrology typical of each stream restoration project. In particular, it can provide insight into the
characteristic discharge and the flashiness of flows, both of which have implications for the geomorphology
and stability of the channel.

Project
Scale

e
P 2 s

——» Flow Energy
* Specific stream power
* Bankfull Discharge
* Channel slope
* Floodplain width
* Sinuosity
¢ Bankfull channel dimensions
—> Flow Energy —> Erosion Resistance
* Watershedarea * Bedsedimentsize
* Average watershed slope * Length weighted K of stream banks

* landuse * Up/downstream grade control
* BMP density

* Stream Slope

Watershed

Scale

— Design Approach
* Project age

= Erosion Resistance « Project length
* Area-weighted soil erodibility (K) «  Structure density (#/1000ft)
* Length-weighted K of stream banks .

Rosgen channel type

Figure 2 Schematic of explanatory variables included in analysis

Using the output of the flow accumulation tool used in watershed delineation, the network of
streams contributing to each project reach was delineated. To identify the extent of the stream ketiver
symbology of the flow accumulation raster file was adjusted to visually isolate cells with accumulation values
of greater than a certain number. This number was changed until the stream network aligned with that
observed from aerial imagery on Goedarth. A raster calculation was completed to separate the identified
accumulation cells. This raster was then converted to a polyline shapefile.

Watershed lanctoverwas considered, because it provides insight into the behavior of stormwater
runoff. For instance, higher density urban development is assumed to have a higher prevalence of impervious
surfaces and will produce higher, flashier flows, while a forested nshésl will retain more precipitation and
result in aless flashyiwydrograph. These hydrologic characteristics are important indicators of stream
geomorphology and stabilitylo assess lantbverand land covechange throughout the project watersheds,
two data sets were used for comparison from 1992 to 2016 to comparedanerchanges in data sets that
were developed using the same methodology. The Chesapeake Bay Land Cover Dataset series (CBLCD) was
used to assess changes in watershed leovkerfrom 192 to 2001 (Irani and Clagge010). Tlesedata
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Table 24 Watershedlevel variables included in analysis.

Explanatory variable Scale Units Category Data Source
Watershed area watershed mi2 flow energy GIS hydrologic analysis
High density development | watershed percent flow energy GIS land use analysis
Medium density development | watershed percent flow energy GIS land use analysis
Low density development | watershed percent flow energy GIS land use analysis
Agriculture watershed percent flow energy GlSand use analysis
Forest watershed percent flow energy GIS land use analysis
BMP density watershed #/mi? flow energy GIS BMP analysis
Average watershed slope = watershed percent flow energy GIS slope analysis
Watershed soil erodibility watershed unitless erosion resistance GIS soil analysis
Streambank soil erodibility = watershed unitless erosion resistance GIS soil analysis
Soil erodibility ratio watershed unitless erosion resistance GIS soil analysis
Longest channel slope watershed ft./ft. flow energy GIS slope analysis



Table 25 Projectlevel variables included in analysis.

Explanatory variable Scale Units Category Data Source
Year completed project year design approach Monitoring reports
Project length project ft. design approach Desigrplans
Project slope project ft./ft. flow energy Design plans
Flood prone width project ft. flow energy GIS terrain analys
Bankfull width project ft. flow energy Design plans
Entrenchment ratio project unitless flow energy Design plans
Designdischarge project cfs flow energy Design reports
Ratio of discharge to
watershed area project (cf9)/mi2 flow energy Design reports
Bankfull depth project ft. flow energy Design plans
Width to depth ratio project unitless flow energy Design plans
Sinuosity project unitless flow energy Design plans
Soil erodibility of project
banks project unitless erosion resistance GIS soil analysis
Number of structures per
1000 ft project #I1t. design approach Design plans
Design approach project N/A designapproach Design plans
Distance fromupstream
end of project to upstream
grade control project ft. erosion resistance Google Maps
Distance from downstream
end of project to
downstream grade control | project ft. erosion resistance Google Maps




Table 26 Digital elevation mode{DEM)specifications.

County Horizontal Accuracyifi.) | Vertical Accuracyif.) | Year Collected| Resolution (t.)
Anne Arundel N/A 3.2 2017 1.0
Baltimore 10.6 2.7 2015 2.3
Frederick N/A 3.9 2012 3.3
Harford N/A 2.7 2013 4.9
Howard N/A 7.3 2011 6.6
Montgomery N/A 3.5 2013 3.3
Calvert 1.2 4.8 2017 6.6
Prince Georges N/A 3.9 2018 2.3

were retrieved from the USGS ScienceBase Catalog. The National Land Cover Database (NLCD) was used to
compare landcoverchanges from 2001, 2006, 2011, and 2016 (Jin.e2@l19). Tlesedata were retrieved

from the Multi-Resolution Land Characteristics Goism (MRLC). Both data sets were developed usieg
sameschema and landoverclassifications and were in the form of a raster dataset wig8+. (30-m)
resolution. The landoverclassifications provided by these data sets were then reclassified based on their
description into thesixcategories used for this studliigh densitydevelopment,mediumdensity
development,low densitydevelopment forest, agriculture, andwvater/wetland. Descriptions of each land
covercategory aregrovided inTable 27. The current project landoverwas estimated using the 2016 data,
while land coverchangessince project constructiowere determined by comparing the total area of each
land coverin each project watershetbr the project completiondate and the 2016 data setlinear
interpolation was used to estimate lammverfor completion dates that did not occur in a year when land
coverwas determined.

Table2.7 Maryland 2008andcovercategory descriptions (Maryland Department of Planning, 2010)
Areas of more than 90 % higlensity residential units, with more than eight
High density dwelling units per acre, areas used primarily for the sale of products and servic
development schods, military installations, churches, medical facilities, correctional facilities,
government offices, and miscellaneous transportation features
Areas of more than 90% singtemily/duplex units and attached singlait row
housdng, with lot sizes of less than 1/2 acre but at least 1/8 acre (two dwelling
units/acre to eight dwelling units/acre)
Areas of more than 90% singtamily/duplex dwelling units, with lot sizes of less
than five acres but at leadt/2 acre (0.2 dwelling units/acre to two dwelling
units/acre)

Forest Deciduous forest evergreen forest, and/or brush
Agriculture Cropland, pasture, orchards, vineyards, horticulture, and/or feeding operations
Rivers, waterways, reservoifnds, bays, estuaries, forested or nfamested
Water/Wetland wetlands, including tidal flats, tidal and néidal marshes, and upland swamps ar
wet areas

Medium density
development

Low density
development
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As stormwater infrastructure is designed to control runoff, it is expected that flow energy in streams
shoulddecrease with increased BMP density. Maryland has steadily increased stormwater regulation
requirements since 198&Gtewart Comstock, MDE, personal communication, 13 Aug 2018), so the effect of
these practices on stream stability was assess&tle MDE eunty BMP geodatabases (e.g., Baltimore BMP
geodatabaseincluded BMP locations, typesnd ages throughout individual Maryland countidgese
geodatabasesvere used to assess the prevalence of stormwater infrastructnreach watershedrhe
density of sormwater BMPs in each watershed was determined by dividing the number of BMi?edgf
high and mediurrdensity developmenin squarekilometers Given that stormwater management has
evolved from the use of single large structures, such as regional ptmemaller, more distributed practices,
it was anticipated that watersheds with a high BMP density would reflect newer development using green
infrastructure.

Soil erodibility of the watershed was included in the analysigpoesent the potentiasupply of fine
sedimentto the stream. Soil databases weaecessedrom the web soil surve{Soil Survey Staff, 201§oil
erodibility (adjusted for the effect of rock fragments) maps were built using the soil data viewemaidd
ArcMap. The soil erodibilitused in this analysigas the Kfactor from the second revised universal soil loss
equation (RUSLE2). This map was joined with a map unit name map for further referencing and data
checking. Any missing erodibility values were given the values of 0.8 foam/loam textured soils, 0.05
for sandy loam textured and organic soils, 0.02 for any soil in a complex with urban land, and 0.01 for urban
land or soils classified as udorthents/highway. These soil erodibility values were chosen basst on
professional judgemenand by studying other map units of the same soil types which had values provided.
Urban soils were given low erodibility values because it was assumed they were mostly either covered by
impervious surface or compacted and would be lesesptible tosurfaceerosion. An areaveighted
average of soil erodibility was determined for each watershed.

As excessive bank erosion is one of the biggest problems with streams in the Chesapeake Bay
watershed, it was also important to consider soil difwlity of the stream banks in the contributing stream
network in addition to the watershed soil erodibilit%.watershedscale streambank erodibility measunas
determinedby intersecting the stream network shape file with the soil erodibility map shapefile, and
calculating a weighted average based on the length of each stream segment. Both stream banks were
counted together as one, because the soil survey delineated thieeditoodplain as a single soil type.

Two slope measurements wecalculated average watershed slope, and the slope of the longest
continuous stream reach in the network. Average watershed slope provides information on the energy of
flow entering the channel, while stream slope is indicative of flow energy in the channel. Highbes
provide a greatepotential for degradation. Average watershed slope was determined by developing a
watershed slope raster using the ArcGIS slope tool on DEMs that had been extracted to each watershed
shape and size. Average slope was then foundidsgrving the mean cell value under the statistics section of
the source tab in the layer properties baxp and downstream elevations used in the calculation of channel
slope were determined by sampling the DEM at the project outlet and at the locatiibre dérthest
upstream first order stream extent. Distance was measured between these two points along the stream
network.
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2.2.2.2ProjectScaleVariables

In addition to the characteristics of the watershed contributing to a stream, attributes of an
individual stream restoration project can impact both flow energy and erosion resistance. Additionally,
specific design features such as instream structures and amount of land disturbed can have an impact on
project success. Projects were also classified aiegito their design approach and Rosgen stream type
(Rosgen, 1994) if the stream type was identified in the design report. Design approach was inferred from
visual observations of project character in design plans. Common stream restoration approatimss i
natural channel design (NCD), regenerative stormwater conveyance (RSC), and valley restoration.

Project age was included based on the consideration that the vegetation and channel boundary
become better established and more resistant to erosiwver time. Alternatively, as the time since
construction increases, the likelihood of a project experiencing high flow events increases. Project age was
assessed as the year in which construction was completed. This date was determined by studyiagngonit
reports or discussing the project with stakeholders.

Project length is an important parameter in assessing stream projects, because it is indicative of the
scale of the project and extent of disturbance involved. The length of construction was dedertyy
studying design plan sets to discern the length of stream along the baseline of construction that was
impacted by earth work such as grading and structure placement.

As discussed above, channel slope is an important indicator of flow energygaifatantly affects
the stability of a stream restoration project. The average slope of the restored channel was also computed
from design plans by measuring the difference in elevation between two like stream features (e.g., top of
riffle to top of riffle), or between up/downstream grade control points and dividing by the stream length
between them.

Because design bankfull width and depth affect the distribution of boundary shear stress within the
main channel, as well as the discharge at which the flteodps accessed, these design parameters were
included in the analysis. Where possible, design bankfull width and depth of the stream at riffle locations
were found on typical cross section details or in design reports. Whenever this information wagitatle,
however, estimates were determined by measuring channel width and depth from all cross sections included
in the design plans at riffle sections and taking an average.

The amount of energy applied to the channel boundary by the flowing watdtinsately a function
of the stream discharge. Bankfull discharge was included because it not only provides an indicator of flow
energy but also assists in determining whether the channel was sized correctly. However, information on the
bankfull dischargeised for the design (primarily for projects designed using a NCD approach) was not
available for each project. To provide a standardized estimate of stream discharge for each project, bankfull
discharge in fi's (Qx) was calculated based on drainage aireaquare miles (DA) using the Maryland
Piedmont (Cinotto, 2003) and Coastal Plain (Kristolic and Chaplin, 2007) regional curves, as shown in
equations 22 and 2-3, respectively. The regional curdischarge output in f's was converted to s for
the statistical analysis

Qur=53.1(DA)8+2 (2-2)
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Qur=19.6655(DAY*2 (2-3)

Flood prone width is defined as the width of the floodplain at an elevation of two times bankfull
depth above the channel invert and is indicative of the ability of the stream to access the floodplain during
high flows. This floodplain dimension was foundchoosing a typical design cross section within the project
reach on the DEMs and then using the 3D analyst tools in ArcMAP to extract a plot of theectoss
elevations. GIS was used to determine this parameter, rather than the design drawingsdéuaextent of
design drawings frequently did not cover the width of the floodplain.

Specific stream power, a metric that describes the ability of a stream to do work on its boundary
(banks and bed), was calculated using equafigh

0 ¥ (2-4)

where: = specific stream powelhf/ft./s);
' ALISOATAO6283BAPKG 2F o6 GSNI o
Q = stream dischargé.¢/s);
S = stream slope; and,
w = stream bankfull widthft).

Sinuosity is the ratio of the slope of the stream valley to thencled slope (alternatively, the ratio of
the total stream length to valley length) and is often used in stream classification. Stream sinuosity provides
a quantitative measure of how much the channel meanders. While stream meanders naturally migrate
outward and downstream, stream channels that are designed with too high a sinuosity may experience
aggradation and channel avulsion, while streams designed with too low a sinuosity tend to incise and/or
erode the outside of meander bends. Therefore, sinuosity ¢ritical design factor that was considered in
this analysis. Straight line valley length was determined by measuring the distance between the inlet and
outlet locations of each project using the measure tool in Google Earth. Total stream length esmsided
from project design plans.

As with the average watershed soil erodibility, the leng#kighted average soil erodibility of the
streambank soils, as quantified by thdd€tor from theRUSLE2quation USDANRCS, Washington, D.C.).
Theerodibility of the banks was determined by identifying the soil erodibility at the project location on the
soil erodibility maps developed in the watershechle analysis.

Sediment size is an important indicator of channel bed erosion resistanceyas ibcluded in this
analysis to determine if larger bed material, which is less susceptible to entrainment, was correlated with
higher stream restoration success. As with design discharge, the riffle median sedimentgized&ch
project was determied by studying design plans or through communication with designers. If salvaged bed
material was used in the channel, tbe, from the particle sizedistribution from existing conditions surveys
found in design reports was used.
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The use of isstream strictures is a common technique utilized in stream restoration for bank
stabilization, grade control, and habitat enhancement (Harman et al., 2001; Thompson and Stull, 2002).
However, varying scales of success and failure in their use have been documeaded) te criticisms of
their use due to lack of planning in their design and implementation (National Research Council, 1992; Roper
et al., 1998). For this reason, the density of structures in each stream project was considered. Structure
density was detanined by counting the number of#stream structures implemented per one thousaieet
of stream project. A single structure was counted as any foreign material introduced to the channel for a
single purpose. For example, a series of root wads utilizednjunction for the protection of one meander
bend were counted as one structure.

Even the best stream restoration design can be impacted by upstream or downstream disturbances.
To examine the susceptibility of each project to resist knickpoint formatmalica migration, the distance
from the downstream end of each project reach to the nearest downstream grade control measure (e.g.,
instream structure, culvert, bridge etc.), and the distance from the upstream project extent to the nearest
upstream grade aatrol were determined by measuring along the channel thalweg. If the nearest grade
control was not included in the design plans, this distance was assessed using the measure tool in Google
Maps.

2.2.3 Data Analysis

All project data were stored in a Microf$ Access (Microsoft, Redmond, WA) databesbkoth Sl and
English units. The statistical analysis was conducted using Sl Tmésalethe projectscale variables to
account for the size of each stream reach, ratios were developed. These ratioghumtkd variableare
described inTable 28.

Table 28 Ratios developed tecaleprojectscale variables.

Ratio Numerator Denominator
Discharge t@area Bankfull discharge (fs) Watershed aregm?)
Width to depth Bankfull width Bankfull depth
Entrenchment ratio Flood prone width Bankfull width

Preliminary data analysis included individually plotting all variable combinations listedia 29 to
visually evaluate relationships between measures of project success and the explanatory yaBabél on
thesevisual observatiog data transformations were developed to ensim@moscedasticity and linear
relationships. Outliers were also identified. Additional plots were developed to assess the relationships
between each assessment score.

Regresion analysis was used to evaluate relationships between the three measures of project
success and the explanatory variablesi SLIg A4S aSft SOGRRFaANVSTi K2 REABANRAGA RV &
Proc Reg, Cary, NC) were run to identify several modelsaébr eestoration metricPotential models were
evaluatedusing adjusted?, predicted r?, and Mallows Cpo compare regression equationsta8dardized
regression coefficientaere used to asseshe magnitudeof explanatory variables in multivariategression
models.Null hypotheses for variable significance were tested<.05.
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Table2.9 Preliminary data comparisons
Response variable Explanatory dataset

Function score (field assessment) | Watershedlevel
Design Score (field assessment) | Watershedlevel
Monitoring Score Watershedlevel
Function score (field assessment) | Projectlevel
Design Score (field assessment) | Projectlevel
Monitoring Score Projectlevel

Preliminary diagnostic analysis of these model&lentify potentialproblems in the regressions
included summarizing and comparing the variables and general trends shown in each model (i.e. positive or
negative effect), such as multicollinearivpdditionally, to determine the relationship between each
explanatory varial@d and project success individually, the rcorr function in the Hmisc package in R was used
to assess correlation. Spearman correlation was used because not all relationships were linear. These
correlations in addition to the variance inflation factamere used to further inform regression model
creation by helping identify multicollinearity. Becausg iDformation was not available for all of the
projects, the projeclevel regressions were run twice: once withoub Bs an explanatory variable, and once
without the projects lacking 49information so [ could be includedh the analysisin addition, as two
projects received 0% scores in the design assessment, these were taken to be outliers and the design
assessment regressions were run with and withtem.

2.3 Results and Discussion

Information was obtainedrom the project partnergor 57 stream restoratiomprojects however, not
all projects had sufficient information to be included in the stu@®f.these projects, the numbexf projects
utilized per county is shown in Table 2.&0dthe availability of project files is summarized in Table 2 AL
project data are available in a Microsoft Access database, which is available upon raffhese projects
included a significant tributary, the butary and main stem were evaluatseparately since the tributary
watershed and channel had different characteristics from the main stem.

Since a complete collection of project information was aailablefor every project, not alprojects
were able to be assesseding all three assessment methods total, 41 project reaches were assessed
using monitoring reports, while field assessments were completed for 44 project reaches. Of these reaches,
29 were assessed both in the field and gsmonitoring reportsFigure 21 is a map showing the locations of
all assessment locations.

Distributions of the scores developed in each assessmerghayenin Figure 23. There was no
significant relationshifpetween the geomorphic function scoeand either the design score or the monitoring
score. However, there wassignificantpositive correlation between the design score and the monitoring
score ( = 0.47, p = 0.011), indicating the monitoring reports contain more information about the durability
of the constructed project and less information regarding geomorphic function, such as floodplain access,
habitat, and flow diversity.
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Table 210 Project breakdown by county.

County Number of projects

Anne Arundel 9
Baltimore
Calvert
Frederick
Harford
Howard
Montgomery
Prince Georges

PRI NO 0o - ©

At the watershed scale, watershed area varied fi@@05to 53.6mi? with an average 08.52mi?
and a median 00.54mi?. Landusdn 2016also varied between watersheds, with percent high density
development rangingrom 0-33%, percent forested from-88% and percent agriculture fromT0%
Landuse changes in the project watersheds were typified by increases in high and medium density
development and decreases in low density development, forest, and agriculture. Percent change in land use
for the period 20012016 ranged from no change to ancrease in low density development in one
watershedfrom 23% to 33%

Of the projects assesseachlength ranged fronl00 ft.to 4502 ft, while channel slopes ranged
from 002% to7.5%. Averagand mediarprojectlength and slope wer&508 ft.and 124 ft.and 1.4%and
0.93% respectively.

Table2.11 Information availability.

Material Provided Numper of
Projects
Design Report 16
Design Plan 39
AsBuilt Plan 24
Monitoring Repors 41

2.3.1 ProjectAssessment

Function assessment scores determined from field visits ranged 42%nto 100%Lower function
scores were commonlgue tolow bed heterogeneity, high bank heights, and lack of, or invakiveinated,
riparian vegetation, while projects scoring higherhie function assessment displayed bed and bank features
associated with geomorphic equilibrium. Visually, projects that tended to score higher for function had low
bank heights and weblstablished, native vegetation. For example, projects 7 and 28 sceréetpscores in
the function assessment and exhigsitthe aforementioned attributes of a functionally successful stream
restoration project as well as a range of flow depths and velocitidsotographs shown irigure 24 and 25
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Figure2.3 Score digibutions from assessments; (a) function score from field assessment, (b) design score
from field assessment, (c) monitoring assessment score.
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Figure 24  Project 7.

Figure 25 Project 28
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highlight these characteristics. On average, the assga®gelcts scored highest in the riparian vegetation
category and lowest in the cover diversity category. The categories exhibiting the greatest discrepancy
between highscoring (>75%) and lescoring (<50%) projects were floodplain access and cover diuersit

Designassessment scores from the field ranged from 0% to 100%. Two of the oldest projects
(constructed in 1995 and 1999) had the lowest design scores, which could reflect an improvement in design
techniques with time and/or the increasing number of storms experienced by the oldest proftiotse the
monitoring protocols were not necessarily targeted at assessing the fureti@hdesigrfocused goals
utilized in this study, it was difficult to earately assess project success using monitoring reports without
depending on photographs to fill in missing information. Also, since only half of the assessed projects had
been assessed preonstruction, there was no consistent relative condition to which dzO0Sa &¢ ¢ a
compared. Further, as only 12 of 33 projects had clearly stated goals, it was difficult to determine whether
functional success was relevant to original project goals at all. Therefore, the monitoring report assessment
tool was developed assning function and design success were important. Project scores based on the
monitoring assessments ranged from 33% to 100%. On average, projects scored highekeih the
aggradation/degradatiorategory, and lowest in the structure categofpe larges differences between
high-scoring (>75%) and lescoring (<50%) projects occurred in the bank stability, riparian vegetation, and
structure categories.

Because the objectives on which this study focused tended toward geomorphic function and design
succes, certain elements wereonsideredvhenreviewing themonitoring reports. These elements atite
frequency ofinclusion in the monitoring reports utilized in this study are showrainle2.12. If all of these
elements were not included in the monitorimgports, assessment scores were estimated based on general
descriptions given in the report, or based on monitoring photograpinsject assessment scores based on
the monitoring reports ranged from a minimum of 33% to a maximum of 100%. The mostaignifi
problem noted in the monitoring reports was structure failure: approximately 30% of the projects had low
structure scores. Poor bank stability affected approximately a quarter of the projects.

Table 212 Elements included id4 assessed monitoringeports.

Monitoring Element Included Number of Projects
Clearly stated project goals 18
Pre-construction monitoring 17
Baseline monitoring 25
Bank stability inspection 36
Planting inspection 27
Cross section survey 32
Longitudinal profile survey 23
Bed sediment survey 14
In-stream structure inspection 36
Photographic documentation 31

As discussed in the literature review, stream restoration has many goals, leading to much debate and
difficulty in defining universally accepted success criteria. Some projects could be considered successful
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according to one definition of success, amsiwccessfubccording to another. For instance, in this study, a
IABSYy LINRP2SOG YlIe KIFI@®S KIR OSNE RAFTFSNByld fSgSt a
assessment discrepancibstween the design score and function scoressieveralprojectsareillustrated in

Figure 26.

These differences in project assessment scores do not mean any project was strictly successful or
unsuccessful, but instead likely reflect differences in project goals and constraints, whether they were
explicitly stated onot. The greatest differences between scores occurred when the design score was high
and the function score was low (e.g. projects 1, 4, 21, 33, 34, 42, and 47). These projedypivaly
constructed irurbanizedareasand wereconfined byadjacentdevelopment. For example, project 47 scored
100% for the design, indicating the construction was resilient and stable. The function score, however, was
only 50%, as it scored low for all function categories except bank stability and riparian vegefdtidrutes
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1 3 4 7 15192122 2627 28 3133 34 3639 40 42 47 50 51 60 61 62
Project number

M Design Score W Function Score

Figure2.6 Comparison of design and function scores from field assessrf@rassubset of the projects.

such adloodplain access and flow diversity weret apparent during the field assessmedat these projects

As can be seen irigure 27, project 47 consisted ghostlylarge rock, so sediment mobility was not

intended. This project was located adjacent to a housing development, where space for construction was
limited, and where oubf-bank flooding would have impacted homes. At some points along the stream, the
project limits of disturbance aligned with adjacent property lines. Becauigesé spatial constraints,
restoration of geomorphic function was difficuand preference was clearly given to channel stability.
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In contrast, projects 3 and 22 scored zero in the design assessment but exkibdedce of
multiple geomorphic processes. These two projects were two of the oldest projects assessed in this stud
having been constructed prior to 2000. In both projects, the majority -chiannel work consisted of bank
stabilization through stone or wood placement. As none of the bank stabilization measures were observed
during the field assessments, they hadddiover the course of the project lifetirmeSince they were
minimally invasive to the stream channel; however, their failure did not Isayficanteffects on stream
function. Both projects received high scores for bedforms, substrate, and.cBtetographs of these two
projects are shown in Figur@s3 and 29. Note that both projects appear to beansporting sediment and
developing regionally appropriate bedforms and a diversity of velocities and déqthep intact structural
design componentsra apparent.

2.3.2 Watershed andProject FeaturesCorrelated withProject Quccess

Relationships between the three assessments of project success and both watershed and project
characteristics were assessed statistically using correlationauitiple linearregression analysis. Spearman
correlation between watershedcale variables and assessment scamregenerallyweak, with the average
watershed streambank soil erodibility £-0.33, p = 0.038; Table13), the percent change in agriculte
sinceprojectconstruction(r = 0.40, p = 0.011), and the percent of water and wetlands in 202832, p =
0.047)being significantly correlated with geomorphic function score. ddsign scorés negatively

P
Figure2.7 Project 47.
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Figure2.8 Project 3

Figue2.9 Project 22
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Table 213 Spearman correlation coefficients between waterstsdle variables angrojectassessment
scores (values inold denote statistically significantorrelation coefficiens, p<0.0%.

Variable Function Design | Monitoring
Score Score Score
2016 % high density development 0.18 -0.04 -0.02
2016 % medium density development -0.01 0.04 -0.05
2016 % low density development -0.24 -0.06 021
2016 % forested 0.17 -0.02 0.14
2016 % agricultural 0.13 0.01 0.2
2016 % water 0.32 -0.12 0.9
%change high density since construction -0.03 -0.04 -0.24
%change medium density since construction -0.03 -0.44 -041
%change low density since construction -0.17 -0.24 -0.13
%change forested since construction 0.08 0.35 -0.06
%change agricultural since construction 0.40 0.23 0.36
%change water since construction -0.06 0.28 0.12
Lengthweighted soil erodibility of stream channels in
Watgrshedgnetwork v 033 0.18 0.06
Slope of longest channel in stream network -0.4 0.27 -0.04
Watershed area 0.27 -0.41 0.06
Stormwaterpracticedensity -0.20 -0.17 -0.08
Areaaveraged soil erodibility of the watershed 0.11 0.08 -0.22

correlatedwith watershed arear(=-0.41, p = 0.010) and percecitange in medium density since
construction(r =-0.44, p = 0.00%. The percent change farest landcoversince project constructiors also
correlated with design succegs=0.3%, p =0.031) . Similarly, the project score based on the monitoring
reportsis negatively correlatedith the percent change in medium density development¢0.41, p =

0.009) and positively related to agricultural lacmverchange i =0.36, p = 0.024) since project construction
These correlationgenerallyindicate that lanccoverand watershed areare important predictors of stream
restoration project successvith lower project scores being associated with increased urbanization since
project completion likely due to increased stormwater runoff

Several project characteristiese significantly orrelated with the geomorphic function scof@able
2.14) Both W:D and sinuosigye positively correlated with stream function € 0.37, 0.44; p = 0.019, 0%,
respectively) Channels with low W:D are entrenched and unlikely to access the floodBiamiarly,
channels with low sinuosity were likely channelized angelmarrower floodplains In contrast, project
function scoresre inversely related to the bankfull discharge and the number of structures per 1006-ft. (
0.35,-0.38, p = 0.@9, 0.019, respectively). Since both discharge and structure density are also correkated
0.53, p < 0.001), the relationship between these two project characteristics and the geomorphic function
scores is difficult to assess via correlation alone.
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Table 214 Spearman correlation coefficients between projscile variables and project assessment
scores (values in bold denote statistically significant correlation coefficients, p<0.05).

Variable Function Design Monitoring
Score Score Score
Year completed -0.06 0.47 0.35
Project length/bankfull width -0.24 0.2 -0.29
Project channel slope -0.29 0.26 0.06
Width:depth 0.37 -0.14 0.13
Entrenchment ratio -0.04 0.07 0.12
Bankfull discharge/watershed area -0.35 0.23 -0.11
Specificstream power -0.07 -0.23 0.00
f;vgsge streambank soil erodibility along project 0.2 021 011
Sinuosity 0.44 -0.15 0.03
Dso/bankfull depth -0.30 0.31 -0.11
Structure density (#/1000 ft.) -0.38 0.15 0.07
Distance to upstream grade control from upstream
end ofproject/pbankfull €\3vidth i 0.18 0.10 0.16
Distance to downstream grade control from
downstream end of projegt/bankfull width 0.02 0.2 0.03

2.3.3 FactordnfluencingGeomorphicFunction

Multiple linear regression was conducted to evaluate both watershed and project characteristics that
are correlatedto stream restoration project success. The significant regression equations are presented in
Table 215. Because the explanatory variablesre standardized by subtracting the mean and dividing by
the standard deviation, the coefficients for each variable indicate the relative importance of that variable in
the equation. The adjusted correlation coefficient (ad)jimdicates the amount ofariance in the score
explained by the equation, taking into account the number of predictors in the equation. The predicted
correlation coefficient (pred.?yindicates how well the regression equation could predict project success
scores and was used a regression diagnostic to indicate model efitting.

All of the presented regression equatioare highly significant and explain 21%6@% of the
variance in the project scores. Examination of the relationships in Tdl@stow that increases imedium
density development and decreases in agricultural land since project completion are significant predictors of
both geomorphic function and design success. These watershed attributes apple@einf the sx
regression equations and have the higheoefficients in each equation, indicating their importance in
predicting project geomorphic function and design succésfditionally, stormwater BMP density, the
number of stormwater practices per unit area of medium and high density developmenteagasively
correlated with project design scores. Due to the transition in stormwater management from larger
stormwater structures to a greater number of smaller, more distributed practices, a greater BMP density is
indicative of more recent developmentat was likely not considered during project desigithough
stormwater management reduces the impact of urbanization from more frequent storm events, there is less
control for runoff from larger events, such as they@recurrence interval and largetsms.
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Table 215 Regression equations between project assessment scores and watershed and project variables.
All coefficients significant &<0.05and coefficients represent the relative importance of the

variable
Project Adj." | Pred? | Regression
Score RegressiorEquatiort r2 r2 p-value
GES’:C%%’:'C = 8.4 %ag_change5.7 Q/WS_Aréat+ 5.5 WD 0.38 | 0.30 | <0.0001
Geomorphic) _g 7\wp 6.2D50/BFD 024 | 017 | 0.0
Function
Design | =-16.4%med_change + 7050/BFDx, 6.2 power 0.69 | 0.62 | <0.0001
Design | =12.5Year+8.8D50/BFLx, 7.6 BMPdens 0.50 | 0.37 <0.0001
Design | =-14.8 %med_change5.9 WS_Area 0.45 | 0.35 | <0.0001
Monitoring | _ ¢ 5y jength/BFW 5.9Year 021 | 013 | 0.005
Report

* O%ag_change = percent change in agricultural angrsince construction, Q/WS_Area = bankfull discharge
scaled by watershed are®/D = width:depth D50 = median particle size of rifflé&&D = bankfullepth,
%med_change = percent change in medium density development since project completion, Epeeife
stream power, Year = year of project completiBMPdens = number of BMPs per squiitemeterof high and
medium density developmenWS_Area = area of contributing watersh&dpj_length = length of projecand

BFW = bankfull width
Adjusted corréation coefficient
# Predicted correlation coefficient

Urbanization affects more than just runoff volume and peak flow. A watershed containing higher
percentages of rural land will have more space available for channel adjustment, energy dissipation, an
riparian buffer developmentWatershed land covealsohas large effects on hydrological response. In their
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efficient transport of runoff associated with urbanization. In other words, increased urbanization results in
higher and flashier peak flowBledsoe (2002) described the effects loése hydrologic changes as a
disruption in the balance between the capacity of a stream to move sediment and the amount of sediment
delivered from the watershed, and summarized potential geomorphic responsesimgtiinnel
enlargement, bank instabilityncision, and plant community alteration. In particular, he interpreted the work
of Thorne (1990) to show that flashy flows can cause bank instability througheitieg, desiccation,
and/or rapid drawdown. Additionally, urbanization has been shown ¢osiase stream temperatures
(Pluhowski,1970; Rice et al., 2011) which can increase stream bank erosion due to a difference between
stream temperature and streambank soil temperature (Akinola et al., 2019).

The designed widtto-depth ratio (W:D) of the sti@m channel occurs in both regression equations
predicting project geomorphic function, providing strong evidence that channels with a high W:D have better
geomorphic function. The relationship between stream flow and flow area is described by the dgntinui

equation:

where: Q= gream flow (ft/s);

(2-5)
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V =flow velocity (ft./s); and,
A=flow area (ft?).

Additionally, the relationship between flow area and velocity is governed by a force balance between gravity
(flow-drivingforce) and stream channel friction (flekgsisting force). This relationship is commonly

RSAONAROSR dzaAy3d NBaAadlyoOoS SldzriAzyas GKS Y2ald 0O2YY;:
1891):

(2-6)

where: V = flow velocityft./s);
R = hydraulic radius (flow area divided by wetted perimeter, ft.);
S = energy slope (ft./ft.); and,
y I' alyyAydaQa NRdAKySaa O02STFFAOASyGo®

The continuity equation shows that as discharge increases, either flow area or velocity must
increase. LikewiS> al yyAy3aQa Sljdzr A2y aKz2g¢a GKIG Fa RAAOKF NH
balance the extra driving force with additional friction. In effect, flow area increases until flow reaches the
floodplain, when wetted perimeter increases dramatlg as the flow spreads across the relatively horizontal
floodplain. This behavior is wellustrated in Figure 20. As can be seen in the rating curve (stdigeharge
relationship), larger increases in discharge result in smaller increases in stagehetflow reaches the
floodplain.
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Figure 2.10Determining bankfull stage from a rating curve (from FISRWG, .1998)
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In shallower streams (i.e. those with higher width to depth ratios), flows can reach the floodplain at lower
discharges and at more fregat intervals. Since floodplain connection is so important to stream function
(e.g.Loose and Shader, 2016; Hupp et al., 2008 positive correlation betweeW:D and function score
provides a good basis for improvement of stream restoration desigroifigephic function is a primary goal
Inverse regression of width to depth ratio against function score showed that, according to this stidy, a
of 12would result in a function score 82%.

Bothbankfull discharge per unit watershed area and thedian riffle particle sizeexpressed as a
fraction ofbankfull depth, were negatively correlated wigigomorphicfunction. Streams will relatively
higher unit discharge will have higher energy and will be more likely to jreidecing floodplain acces
However, since not every design drawing or report indicated the bankfull discharge, this value was estimated
for each projecusingMaryland nonurbanregional curves rather than bankfull indicators and/or USGS
gaging information.Additionally, not dlof the project watersheds were rural, so there will be some error in
this predictor. While the unit bankfull discharigestatistically significant, it only appears in a single
regression relationship and the coefficient is relatively low, suggestiagiplanatory variable is not as
important as landuse or bed material particle size.

The median substrate particle sizes{fDwvas negatively correlated with geomorphic function, but
positively correlated with the design success score. Upon further stiihedunction assessment andd
data, it became apparent that projects with substrate Greater than 6 in. had significantly lower average
scores in the bedforms and substrate categories of the function assessment (p<0.05). Because projects with
larger bed sediment sizes tended to be armored and were intended to be immobile, it makes sense that
these components of stream function would decrease with increasiag ID contrastDso was positively
correlated with the durability of project designs anppgared intwo of the three significant regression
equations for design score. Projects with very conservative designs typically had material consisting of large
rock, relative to the channel size (Figure 2.11), indicating these projectsdesigned aghreshold channels
(i.e. bed material sized to bexmobilefor most floods).

Other factors that are negatively related to project design scores include specific stream power and
watershed area. The specific stream power represents the amount oftiwerktream flow can do on the
channel bed and is a function of stream discharge, channel slope, and channel width; therefore, channels
with high stream power are more likely to erode the channel and to move instream structures. Similarly,
stream restoratn projects with large watersheds, and thus larger discharges, are less resilient. Additionally,
because the size of boulders used in stream restoration projects is limited by construction equipment, stream
restoration projects in larger rivers must utdi structures constructed of a greater number of relatively
smaller elements, which increases the risk of structure failure.

The regression analysis also indicates a positive relationship between construction year and design
score, which suggests streawstoration design and construction techniques may be improving with time as
a result of greater experience of restoration professionals, and/or the newer projects have experienced
FSH6SNI £ FNBHS ai2Ny¥ae® DAGSY GKIF G amuaytotabrainiall af ovedBE I Y RQA&
in. compared to the 3§ear average of 47 in. (PRISM Climate Group)], coupled with the shorter amount of
time for vegetation establishment for the younger projects, support the conclusion that more experience
within the stream restoration profession has resulted in more resilient projects. Year was also positively
correlated with the project score based on the monitoring reports. This relationship could again be explained
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Figure 2.11Conservative design of project Li8ed large rock relative the
channel size.

by improved restoration designs and construction techniques with time, or by an increased ability to discern
project success from newer and potentially more detailed monitoring reports. However, no relatioveship
apparent between the number of elements included in a monitoring report and monitoring score, so the
assessment was not biased toward or against monitoring reports with more detail (Fig@je4&s such,

these results also suggest stream restorati@sign and construction are improving with time and

experience.

Although there is no relationship between monitoring score and monitoring detail, there seems to
be a strong positive relationship between construction year and the number of elements indfuthes
monitoring reports, as the Spearman correlation between the two is GRfure2.13illustrates that
monitoring reports are getting mordetailed overtime. Despite an increase in the amount of information
included in monitoring reports, relatiohps between monitoring scores and watershadd projectlevel
variables in this study were weak. Few significant regression models or correlation coeffieietad to the
project scores based on the monitoring reponisre developed, and most that werdeveloped lacked
consistency. Since conclusive relationships were developed withafiskelssed function and design scores,
this weakness shows that assessing stream restoration success using monitoring reports is difficult and may
not provide sufficieninsight into the benefits supplied by a restoration project. However, the definitions of
success emphasized in this study may not perfectly align with those of the assessed projects. Since only half
of the projectsreferenced a preconstruction assessmeagainst which postestoration conditiongould be
evaluated, and even fewer projects stated clear objectives, a definitipnojéct-specificsuccessvas
difficult to develop
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2.4 Stream Restoration Project Assessnténnclusions

Stream restoratiorhas rapidly gained in populariggs a practice to meet TMDL requiremertsit
restoration science continues to lag bedl the fastgrowing practice. This study sought to bridge this gap by
providing insight into the conditions under which stream restoration projects are successful. A selection of
completed stream restoration projects in Maryland were assessed to evghuaject success.

In this study, restoratioproject success was defined with respect to geomorphic function and
design resilience. For example, function success could align with compensatory mitigation goals of creating
GFdzy OG A2yl f f AsEcoddaligh witR TMDS §oalsof eradiolz@e0uUstion and increased channel
stability. Because these two goals may be contradictory (e.g. functional streams naturally migrate over time,
but channel migration typically leads to design failure), it is unssinggithatthe differentassessment scores
for an individual project are differenfThus, the answers to the research questions addressed by this study
differ depending on project goals and the success criteria associated with those goaksxample, theise
of larger bed material was negatively correlated with project geomorphic funttimmpositively correlated
to design success.

At the watershed scale, land cover was most strongly related to project success. Increased
development within the contribubg watershed following project construction was correlated with reduced
design lifespan. In contrast, increasing agricultural landuse was positively related to the restoration of
greater stream geomorphic function, likely due to more stable stream hgdyolfewer infrastructure
constraints on designs, and more room for thecreation of floodplains in rural watersheds. Stream
restoration projects in larger watersheds and catchments with higher discharge and specific stream power
were less successflikely due to greater hydraulic forces on the channel and instream structures. At the
project level, restorations with higher width to depth ratios scored higher on the functional assessment.
Projects with greater bed particles sizes traded channel lgiabyr geomorphic function as use of larger bed
particle sizes resulted in increased project durability, but reduced channel mobility. Study results suggest
stream restoration designs are improving over time, but the ability to determine project suitoass
standard monitoring reports is limited.
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3.0 InstreamStructures

Instream structures havhistoricallybeen utilized in stream restoration. Early attempts by humans
to harness streams for water, food, or energy have involved the use of instream structures. In the United
States, rivefalteration occurred throughout the 1700s and 1800s to increase navigyadnid provide flood
control (Puckett, 2007). Contemporary stream restoration in the United States began in the early 1900s and
is differentiated from its predecessors because its goals were to improve fish habitat and water quality,
rather than the suitabity of a waterway for human use (Puckett, 2007). Since contemporary stream
restoration emerged in the early 1900s, it has alstizedinstream structures (Thompson, 2005). These
structures focused primarily on fish and were implemented to decreaseigtance between pools, increase
the number of spawning locations, provide fish habitat and shelter, and in some cases detain fish in certain
reaches (Thompson, 2005). Although degradation of instream ecosystems, habitat, and water quality are
generally afributed to watershedscale problems such as land use change or overfishirsgraam
structures have been an attractive solution to these issues because they can be implemented on a local scale
(Thompson, 2005)However, little evidence exists that thestructures improve fish populations
(Thompson, 2006; Griffith & McManus, 2020).

¢KS Y2RSNY &A0GNBFY NBaild2NIGA2Y AyRdzaGNE KFa 0SSy
valued at over $1 billion dollars per year (Bernhardt et al., 2005). édihapecific practices have evolved
since the early 1900s, modern stream restoration is still performed to rehabilitate streams that have been
negatively affected by anthropogenic influences (Puckett, 2007). The goals of such rehabilitation can include
improved water quality, riparian buffer quality, aquatic organism habitat, and/or reduced sediment loading
from the channel boundary (Endreny & Soulman, 2011). The Clean Water Act (CWA) is a major driver of
stream restoration, especially in the midlantic Lhited States. Section 404 of the CWA mandateszeed
cumulative stream losses (Clean Water Act, 2002). As a result, stream restoration is often performed to offset
disturbances to streams caused by road construction or other development. Under secBaf 8@ CWA,
states must establish water quality standards and identify impaired waters (Clean Water Act, 2002). Thus,
stream restoration is also performed to reduce pollution loads to impaired downstream waterways to meet
total maximum daily load (TMDtgduction goals (Clean Water Act, 2002; Noe et al., 2020). Another major
driver of stream restoration, especially on the west coast of the United States, is restoring stream habitat for
endangered anadromous fish species such as sockeye salmon (Crangr, 201

Stream restoration generally refers to a combination of reacéle practices that can include
livestock exclusion, instream structures, hard stabilization measuregngimeering techniques, riparian
replanting, floodplain reconnection, and dam/ dikemoval (National Research Council, 1992). However,
stream restoration can also include watershathle practices such as reforestation, runoff attenuation, and
erosion control to address the watershadale processes responsible for stream degraddtiational
Research Council, 1992; Thompson, 2005). The focus of this project is instream structures.

A widely reported issue for instream structures leegn is failure (Mooney et al., 2007; Niezgoda &
Johnson, 2006; Puckett, 2007; Thompson, 2005). Ossilgle explanation of structure failure is a lack of
robust design guidance; for most instream structures, there is little consensus about how they should be
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designed or whether they achieve their design goals (Roni et al., 2002; Thompson, 2005). leastiticeys
confirm the need to improve structure design and construction guidelines, with 80% of practitioners
reporting that existingyuidelinesare inadequate (Radspinner et al., 2010).

The shortcomings in instream structure design guidance stem &eues related to their
development and the conclusions drawn about them after they are implemented. The majority of design and
construction techniques for instream structures have been developed through a process of trial and error
with little understandimy of stream function and without an underlying methodical approach (Puckett, 2007,
Thompson, 2005). Although use of hydrodynamic models have been recommended for structure design, their
use is limited because 3D flow and sediment transport models are exnapld computationally intensive
O{20ANRLIRdzf 24 9 S5ALX AT wamMnO® az2dd RSaAAIYy 3AdzARFYyOS
site conditions (Radspinner et al., 2010; Sotiropoulos & Diplas, 2014). Thus, restoration design is informally
referreR G2 a GUGKS NI 2F NBaili2NI GA2yé 0SOFdzaS LINI OGAGA
light of limited design guidance (Thompson, 2005).

Another issue that could contribute to poor instream structure performance is-passtruction
monitoring, which is performed for only a handful of projects (Thompson, 2005). This issue was highlighted
by Bernhardt et al. (2005) who reported that only 6% of the stream restoration projects in the Chesapeake
Bay watershed included paesbnstruction monitoringWithout postconstruction assessments of instream
structures, there is a low likelihood that successes and failures will be identified and used to improve design
guidance.

Instream structures are influenced by a wide variety of factors. Locally, theraetors related to
their construction: the geometry of each component of the structure, what materials were used, the size of
these materials, and the proximity to other structures. On a larger scale, structures are affected by factors
related to the reach and watershed where they are located. Given the lack of reséastd design
guidance, the goal of this project was to evaluate existing instream structures with the aim of informing
structure design. To achieve the project goal, instream structuese wvaluated in the field and the
structures scores were correlated with watershed and project characteristics, as well as design specifications.

3.1 Instream Structurekiterature Review

3.1.1 Bank Protection

Bank protection (BP) structures are a fanoifynstream structures that directly reinforce or block
streambanks from erosive flows. The BP structures evaluated in this study were constructed out of rocks or
logs and were either walls or toe protection. BP walls are generally taller than stonecteeton. As
suggested by the name, toe protection aims to protect the lower part of the streambank, where shear stress
and scour tend to be higher. BP structures not assessed as part of this study include root wads and branch
packs.

3.1.1.1Purpose

Regadless of structure height, all BP structures aim to protect the streambank toe which is where
most bank failures originate (Baird et al., 2015). BP is considered a hard stabilization practice because it
physically reinforces the stream channel as opposesioft stabilization practices that provide stabilization
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by redirecting or decreasing flow velocities adjacent to the channel banks (Doll et al., 2003). BP is an
alternative to soft stabilization practices; however, they are typically less desirablestifiastabilization

because they alter the streambanks more, decreasing their value as habitat (Doll et al., 2003). Where bank
protection is a priority, BP can be utilized in conjunction with fileflecting structures for additional

protection (Baird et a) 2015). On a project scale, BP is used to prevent meander migration, maintain channel
sinuosity, or protect infrastructure (Niezgoda & Johnson, 2006). For example, BP structures are often
installed in the proximity of bridges or confluences where flowimgement poses a threat to bank stability
(King County WA, 1993).

3.1.1.2 History and Earliest Instance

¢KS LINPBRSOSa&a2NA (G2 O2yidSYLRNINEB .t aiNHz0( dzNEB &
habitat structures that aimed to compensate for kaaf undercut banks, root structures, and large woody
debris (Thompson, 2005). These early BP structures included but were not limited to bank lunkers, channel
constrictors, and riprap revetments (Thompson, 2005). Like contemporary structures, theserssutid
not alter the hydrology or morphology of stream channels but simply aimed to stabilize the banks against
erosion (Thompson, 2005). Unfortunately, these early structures experienced considerable problems
including the collapse of structures attenipg to simulate bank overhangs, decay of wood structures
constructed above the low water level, and poor vegetation growth where riprap revetments had been
installed (Thompson, 2005).

3.1.1.3Current Design

The two major BP types assessed in this study lad well documented designs were imbricated
rock walls and stone toe. Imbricated rock walls consist of large rectangular stones, stacked\adrtiealr
angles, that extend up the entire streambank (FigBirB. These rock walls are advantageous fat@cting
banks where there will be flows directed against the bank or where soil piping is a risk (MDE, 2000). The
stones used to construct imbricated rock walls are large and typically weigh upwards of 500 Ib. with
diameters between 8 in. and 3 fKingCounty WA, 1993; NRCS, 2007e). These stones are typically sized so
that the longest axis is least one third of the designed wall height (MDE, 2000). When constructing imbricated
rock walls, stones should be staggered so that a given rock is centered mtheetween the two rocks
below it (MDE, 2000). The wall itself should slope away from the channel at a slope between 1H:3V and
1H:6V (MDE, 2000). The base of imbricated rock walls should extend into the stream bed below the depth of
scour and have ad¢nch directly adjacent to the streaside of the footers that is filled with riprap sized to
resist bankfull flows for extra stability (MDE, 2000). Finally, to avoid soil piping, the bank behind imbricated
rock walls is graded back at a 2H:1V and the ramgispace behind the wall is filled with gravel (MDE,
2000). This gravel fill is then capped with a layer of soil that is deep enough to permit the growth of
vegetation (MDE, 2000). Figuse depicts a crossection view illustration of an imbricated roevall from
MDE (2000). Vegetated rock walls are an alternative type of imbricated rock wall where the wall is
constructed directly against a soil face and vegetation, typically livestakes, is planted in the gaps in the stone
to provide stabilizationRigue 33; NRCS, 2007e). The cost of imbricated BP is $90 per linear foot (King
County WA, 1993; MDE, 2000).
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Figure3.1 Two examples of imbricated rock walls from restoration project 1 (a) and re@pectively.

SECTION VIEW
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to support stabilizin ion)
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minimum width equalto 113 the
vertical height of the wall
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pumping of fines
"= stable cut face
. - free — draining backfill

composed of gravel
(max. of 5% fines)

toe trench and footer rock —
minimum toe trench depth below
channel invert should be designed
based on site charcteristics and to
prevent failure due to scour

Figure3.2 Design detail for ambricated rock wal{MDE 2000)

Stone toe is as a restoration practice that involves placing riprap along the toe of the streambank to
provide stabilization and prevent undercutting (Massachusetts DEP, n.d.; MDE, 2000; Baird et al., 2015; lowa
DNR2018b; Bigham, 2020). Two examples of stone toepaneired inFigure 34. It should be noted that
GaitzyS G2S¢ Aa a2YSGAySa dzaSR (2 NBFSNI G2 Fyeé NROJ
of structure can include short imbricated BRone toe as a restoration practice typically uses riprap, which is
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Figure 33 lllustration of vegetated rock walNRCS2007f).

advantageous because riprap is satjusting in response to disturbances (MDE, 2000; Baird et al., 2015). The
riprap usedo construct stone toe is generakyzed to some design flow between 2 and 100 years, and is

placed with a thickness that exceeds the largest rocks in the mix, typically tinges the By (NRCS, 2007e ;

Baird et al., 2015). Oversizing stones is disaged when designing stone toe because it can lead to excess

cost and construction difficulties (King County WA, 1993). Stone toe is constructed from the base of the
streambank to the level of vegetation growth on the bank, ideally to protect only thegbéine streambank

that cannot be vegetated (NRCS, 2007e; Baird et al., 2015). Given that stone toe is constructed using dumped
rock, design guidance recommends placing it at a maximum slope between 1.5H:1V and 2H:1V (NRCS, 2007¢;
Baird et al., 2015). Thepst of stone toe is estimated to be between $17 and $67 per linear foot

(Massachusetts DEP, n.d.; MDE, 2000).

Extensions of the stone toe into the bank behind the structiigre 3), known as tiebacks, are
recommended to increase stability, especialtythe structure margins (King County WA, 1993; Baird et al.,
2015). A terminal tieback at the end of the structure provides additional protection by preventing flow
expansion and subsequent erosion (McCullah & Gray, 2005; Baird et al., 2015). Lotateehals of the
structure, terminal tiebacks are typically angled 30° to 45° into the bank while intermediate tiebacks are
located in the middle of the structure and are angled perpendicular to the bank (NRCS, 2007e; Baird et al.,
2015). Tiebacks should Bpaced every-12 channel widths, extend into the bank as far as meander
migration is expected, and be constructed using 20% more rock per linear foot than the stone toe itself to
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maximize stability (Baird et al., 2015). Hdeflecting structures can alse utilized on the downstream end

of stone toe to provide the same function as terminal tiebacks (Baird et al., 2015). Furthermore, stone toe
should be keyed into the streambed a minimunm®dt. or 1.5 times the thickness of the stone toe to ensure
stahility.

Figure 3 Examples of stone toe from restoration project 22 (a) and 33 (b).

BP structures are typically constructed on the outside of meander bends where secondary flows
make banks susceptible to erosion. Reinforcement along banks is matchatong the downstream end of
a bend, as erosion potential remains high after the bend itself (King County WA, 1993). It is therefore
recommended that BP extend one channel width upstream of where the line tangent to the upstream inside
bank would meethe outside bank and extend 1.5 channel widths downstream of where the bend ends
(Figure 36; Baird et al., 2015).

3.12 Full Span Vanes

Full span, or channapanning, vanes (FSVs) encompass a wide variety of structures that extend
across the entire widtlof the stream channel, intentionally alter channel hydraulics, prmyide grade
control. some are designed to provide BP by redirecting flow away from the banks ( Mooney et al., 2007,
Hickman, 2019). FSVs are constructed using dunfgigdre 37) or stackd rocks, logs, or a combination of
the two (Hickman, 2019). Cross vanes are the most ubiquitous member of this diverse structure family, which
also includes vanes, vortex rock weirs, sills, modiffeabks, grade control structures, step structuresaad
u- vanes, wweirs, and crib structures (Hickman, 2018jlIs are the most simple type of FSV, as they are flat
and constructed perpendicular to streamflow. Cross vanes consist of two single arm vanes that slope
upwards towards the banksom the chanml bed, connected in the center of the channel by a flat sill
oriented perpendicular to streamflow (Puckett, 2007; Radspinner et al., 2010). Cross vanes concentrate flows
which creates a downstream scour pool while aggradation occurs upstream, creaifiig @tooney et al.,
2007). Modified4hooks, which are also referred to as asymmetricahoes, consist of a single arm vane on
one bank that is connected to a sill that spans the rest of the channel (Mooney et al., 2007; NRCS, 2007a).
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Figure 37 A cross vane constructed using dumped stone from restoration project 35.

3.1.2.1 History and Earliest Instance

Humans have been constructing the predecessors to modern chapaehing vanes for centuries,
possibly millennia. As documented by Puckett (2007), some of the earliest chsgpameling structures were
constructed by nive Americans to provide easier fish capture by redirecting fish or preventing upstream or
downstream migration (Gilmore, 1953; Lutins, 1992). Chaspahning structures were also utilized in China
as early as 256 BC to provide irrigation and flood abiftri & Xu, 2006). Moreover, chantsglanning weirs
were constructed in the Tf.century in Wales to direct flows through the Old Dee Bridge to downstream
power mills (Cragg, 1997). The earliest use of FSVs in stream restoration originates from thdur®gps,
boom in stream restoration overseen by the Civilian Conservation Corps and the US Forest Service
(Thompson, 2005). These early charshnning weirs were constructed to increase instream habitat and
restore streams (Mooney et al., 2007). Manytied design guidelines developed during this era of stream
restoration were utilized well into the 1980s and 1990s, often providing more detailed design guidance
compared to then contemporary resources (Thompson, 2005). The vortex rock weir was develtped i
1980s to provide grade control and increase flow diversity (Puckett, 2007).

Based on 1996 design guidance from Dave Rosgen, cross vanes are used in stream restoration design
to provide energy dissipation where sinuosity is constrained and to ceeater pool habitat for aquatic
organisms (Puckett, 2007). Presently, cross vanes are one of the most widespread instream structures utilized
in stream restoration; upwards of 80% of practitioners reported having experience with these structures
(Radspinneet al., 2010). Cost estimates for cross vanes range from $1,212 to $8,000 (MDE, 2000; Puckett,
2007).

3.1.2.2Purpose

FSVs are designed to function over a range of flows, provide grade control, and dissipate energy over
their drop (MDE, 2000; Rosgen, 20oll et al., 2003; Gordon & Collins, 2016). FSVs create a step in the
channel bed reducing upstream and downstream channel slopes, and the footers prevent the migration of
knickpoints (Copeland et al., 2000). Chanspanning structures usually causgstream deposition where
the channel bed is held in place and a downstream scour pool due to the drop over the structure (MDE, 2000;
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Rosgen; 2001; Doll et al., 2003; Radspinner et al., 2010). Moreover, the drop over these structures provides
flow diversityand habitat in the form of a downstream scour pool (MDE, 2000; Rosgen, 2001; Doll et al.,
2003). Channedpanning vanes can also be utilized to increase water surface elevation for irrigation
diversions, stabilize incising channels, and raise water lev@iomote floodplain and secondary channel
access (Mooney et al., 2007).

Certain FSVs, such as cross vanes, also provide BP by redirecting flows away from the banks and
concentrating them in the center of the channel (MDE, 2000). Cross vanes alsotpratteal channel
YAIANI GA2Y FYR IINB 2FG4Sy dzaSR Fa Iy |faGSNYyFrGAGS (2
are more invasive and associated with decreased stream function (Rosgen, 2001; Sotiropoulos & Diplas,
2014). As a result, FS¥an be used to protect bridge piers by directing flows through them (Sotiropoulos &
Diplas, 2014). Although FSVs are designed to function and remain intact during high flow events, they have a
high risk of failure due to their location within the main chah Therefore, Hickman (2019) recommended
these structures only be utilized where infrastructure protection and grade control are required.

3.1.2.3 Current Design

As stated in the previous section, it is recommended that FSVs only be utilized whaséichure
protection and grade control are required (Hickman, 2019). Although this section will outlineofdttasmb
for constructing channedpanning vanes, design calculations and modeling are always recommended for
these structures due to high ris&rfunintended bed or bank erosion, impaired aquatic organism passage,
and overall structure failure (Cramer, 2012; Gordon & Collins, 2016).

FSVs are typically constructed out of stone, wood, or a combination thereof and the materials that
naturally occuiin a stream should be strongly considered when deciding structure material (F&)8rasd
3.9; MDE, 2000; Hickman, 2019). Logs are the least expensive construction material for FSVs; however, their
design life can be limited due to natural decay if tlaeg in a location where they experience cycles of
wetting and drying (Hickman, 2019). Logs are best utilized where baseflow is consistent and continual
submergence is ensured (Hickman, 2019). Wood FSVs are also more prone to undermining than their stone
counterparts (VDSWC, 2004; NRCS, 2007a). The diameter of logs used to construct FSVs should be at least 8
inches, but bundles can be used as long as logs are bolted together or bound with sturdy cables or rebar
(MDE, 2000; Rosgen, 2001; VDSWC, 2004).

Stoneis a more expensive construction material for FSVs, but it tends to be more durable, easier to
construct, and easier to key into the banks (Hickman, 2019). Stone is recommended where a long design life
is required, for example, in infrastructupgotection projectsor where grade control is a goal of the structure
(MDE, 2000; VDSWC, 2004). Boulders should be sized to resist design discharges with &attar of
safety and be heavy enough to prevent vandalism (NRCS, 2007c; Gordon & Collins, 2046xHsuad be
resistant to breakdown, have flat faces that allow them to fit together (Doll et al., 2003). The boulders used
to construct FSVs should be stacked on the joint between the two rocks below them and footers should be
slightly bigger than the shes above them to maximize stability (MDE, 2000). Regardless of construction
material, FSVs should be constructed utilizing geotextile fabric on the upstream side of prevent soil piping
through the structure (Doll et al., 2003).

A common failure mode fd¢SVs is undermining, which is caused by scouring below footers on the
downstream side of the vane, which results in structure failkigyre 310; Puckett, 2007). As a result,
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Figure 3 Two examples of rodkill span vanefrom restoration project 24 (a) and 28 (a).

properly designed footers are among the most important features of FSVs. Typically, FSVs are constructed
with 1-2 layers of footers thatdBS G A KAy 3t SRE Ay (GKS R246yaA0GNBFY RANBOIGA
rocks into the pool (MDE, 2000). Depth of scour is the main criterion used to determine the appropriate

footer depth. For vanes with sloped arms, such as cross vanes, this maximumndepth occurs adjacent to

the banks where the drop height is the greatest and should be used to inform structure the footer depth
(Hickman, 2019). Where preventing the migration of a kpigiat is a design objective, or where the channel
consists of edly transported sediment, footers should be 1%times deeper than the calculated depth of

scour or should extend to a resistant layer such as bedrock (Hickman, 2019). Doll et al. (2003) noted that
rocks used to constructed cross vanes generally weigidsn 1-2 tons; the consensus throughout most

design literature is that rocks should be sized according to shear stress based on a design flow (MDE, 2000;
Rosgen, 2001; VDSWC, 2004; NRCS, 2007c; lowa DNR, 2018a). As identified by Mooney et al. (2007), FSVs
have higher rates of success when constructed on bedrock than alluvial material. However, this guidance
conflicts with guidelines put forward by MDE (2000) which advises against constructing FSVs on bedrock.
Other options for increasing the longevity @Ws include the use of concrete, dmicks, and grout, but
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these materials may conflict with stream restoration design principles which prioritize using materials native
to the stream channel (Mooney et al., 2007).

Figure 310 Examples of a knigboint and resulting structure failure from restoration project8full span
vane thatfailed due to the migration of a knigboint, such that the structure is now above the
current baseflow water surface elevation and structure materials were displacethiato
downstream pool(a) andthe downstream reach that was affected by this krjopdint (b).

While footer depth is the primary defense against failure due to kpimkt migration orexcessive
scour pool growth, the height of a structure and the resul@hgvation drop play a considerable role in
determining the depth of scour caused by a structure, as well as its suitability for aquatic organism passage.
Generally, a larger drop over a structure increases shear stress and thus the likelihood of treedlispteof
structure materials (Doll et al., 2003). Where excessive scour is the primary concern, the maximum drop over
a cross vane should not exceed AMDE, 2000). Where aquatic organism passage is a concern, MT DNRC
(2020) recommends drops should revtceed 1.5 ft. while VDSWC (2004) recommends drops should not
exceed 0.5 ft. Differences in the recommended drop height reflect the swimming abilities of different species
of fish native to Montana and Virginia. Although high flow conditions are impottaobnsider for structural
stability and scour, FSVs should also maintain sufficient depth during low flow conditions to allow fish
passage (MDE, 2000).

Another common failure mechanism for FSVs occurs when water erodes around the structure at the
banks known as flankingHigure 311; Puckett, 2007). To protect against flanking, FSVs should be constructed
into the banks a sufficient length that flows cannot bypass the structure. Most design guidance simply
recommends that FSVs be keyed into the banksg&o<2001; Doll et al., 2003; Puckett, 2007; Gordon &
Collins, 2016). E. Hickman (2019) recommends arkdigtance between a quarter and half of the bankfull
width of the channel. The orientation of these keys is mostly provided in pictures in the desigmce,
leading to two types of structure keys: extendadn keys and cuoff sills. Extende@rm keys are extensions
of each FSV arm into the barfkidure 312). Cutoff sills, which are mostly associated with Natural Channel
Design structure guidancextend perpendicularly into the bank (see Rosgen, 2001; Doll et al., 2003; NRCS
2007a;Figure 312). Although it is advised to key FSVs into the bank at bankfull elevation where possible, key
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ins below bankfull depth are permissible where a-kept bankull depth would result in arm slopes outside
of the recommended range (Rosgen, 2001; Doll et al., 2003).

Figure 311 Twofull span vansthat failed due to flanking. a) shows a rock cross vane from restoration
project 31; b) shows a log cross vanenfroestoration project 28, which is missitige entire
right arm.

Arm slope is a design parameter only applicable to certain FSVs. Sills do not have sloped arms, while
most vanetype structures do. Where arm slope is applicable, such as for cross Viaeeshould slope
upwards from the center of the channel to the channel banks to encourage flow redirection away from the
channel banks (Doll et al., 2003). Recommended arm slope ranges vary; for example, Maryland Department
of the Environment (2000) reconends 3 7%, Rosgen (2001) recommendg %, and Doll et al. (2003)
recommends 220%. Flume studies by (Puckett, 2007) indicate that increased arm slope could decrease bank
stability.

For cross vanes, it is recommended that each arm and the sill occ8myf thie bankfull channel
width (MDE, 2000; NRCS, 2007b; Sotiropoulos & Diplas, 2014), and that each arm be angled 20° to 30°
horizontally with respect to the upstream bank (MDE, 2000; Doll et al., 2003). It should be noted that
increased bank angles aresaciated with increased bank protection as well as increased risk of structure
failure, while smaller bank angles may not be suitable for ssir@lams due to flow deflection into the
opposite bank (Sotiropoulos & Diplas, 2014). Bigeire 313 for illustrations of FSVs, specifically cross vanes,
andTable3.1 for a summary of design recommendations for the construction of FSVs.

Cross vane placement is generally recommended in streams wheregofflesequences naturally
occur: Rosgen AB4,B3B4, C3C4, F&4, and G&4 (MDE, 2000). Additionally, Murphy & Valenzuela (2018)
recommend placing vanes in channels with width to depth ratios greater than 12. The Maryland Department
of the Environment (2000) recommends the use of cross vanesearss that are actively incising, have
moderate to high gradients, and have coarse bed material. Cross vanes are not appropriate in channels with
exposed bedrock, or where there is no reason to prevent channel migration (MDE, 2000).
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Figure 312 Full sparvaneswith cut-off sills(top) andextendedarm sills
(bottom).

Where space is a constraint, cross vanes can be constructed without a sill, but this carries a risk of
higher failure rates stemming from a greater likelihood of flow redirection from ormeagainst the opposite
arm (Hickman, 2019).-#anes are another alternative cross vane constructed with an extra sill to distribute
energy and decrease the step height of a given step (NRCS, 2007a, Sotiropoulos & Diplas, 2014; Hickman,
2019).

FSVs shouldot be constructed at the apex of meanders because of increased risks of flanking as the
meander bend naturally migrates (Mooney et al., 2007). Doll et al. (2003) recommend placing FSVs in runs.
FSVs constructed in sequence have higher success rateshitsmdonstructed alone due to increased
energy dissipation over a series of structures (Biedenharn & Hubbard, 2001; Mooney et al., 2007; NRCS,
2007d). However, when constructed in sequence, the top of the vane sills should align with the channel slope
to prevent backwatering or excessive energy dissipation (Mooney et al., 2007). When constructing FSVs to
redirect flows for infrastructure protection, they should be constructed3d.®bankfull, as the scour pool will
extendapproximately twice the length ¢he shortest vane arm (Mooney et al., 2007). Additionally, the
deepest part of the scour pool created by a cross vane will occur at the end of the shortest arm (Mooney et
al., 2007).
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FSVs are most effective in slightly different conditions than paph yanes (PSVs). FSVs are noted
to perform more effectively in high gradient straight reaches, whereas PSVs perform are more effective in
more sinuous reaches especially when installed in meander bends (MDE, 2000; Puckett, 2007).

1/4 to 1/2 bankfull width 1/3 bankfull width
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Figure 313 Cross vae dan view(a) and profile (bjHickman & Thompson, 2010a)
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Table3.1 Summary of design dimensions fall span vanesspecifically with regards to parameters
analyzed in this study.

Structure
Parameter Value Source
Minimum % BFW lowa DNR (2018a)
Key distance
2 ft. minimum VDSWC (2004)
Key angle 90° VDSWC (2004)
Arm bank MDE (2000), Rosgen (2001), Doll et al. (2003),
anale 20> 30° VDSWC (2004), Sotiropoulos & Diplas (2014), lo
9 DNR (2018a)
Arm normal . MDE (2000)Rosgen (2001), VDSWC (2004), NRC
distance 1/3 bankfull width (2007a), Sotiropoulos & Diplas (2014)
2-20% Doll et al. (2003)
2-15% VDSWC (2004)
2-7% in smaller systems
Arm slope
2-7% Rosgen (2001), NRCS (2007a), lowa DNR (2018:
37% MDE (2000)
. . MDE (2000), Johnson et al. (2001), VDSWC (200
Sill length 1/3 bankfullwidth lowa DNR (2018a)
Footer depth | 1-2 tiers of boulders MDE, (2000), Doll et al. (2003)
Minimum b-axis 1.5 ft. VDSWC (2004)
Boulder width Generally, 12 tons in gravel
cobble bed streams Doll et al.(2003)

3.1.3 Partial Span Vanes

Partial span vanes (PSVs) are instream structures that affect stream flow, but do not span the entire
width of the channel. PSVs slope downwards from the channel banks to channel bottom and are often angled
in the upstream direction, although there are fasces of structures situated perpendicular to flow or angled
in the downstream direction (Radspinner et al., 2010). Because PSVs redirect flows, they are often used to
provide bank protection and create aquatic organism habitat in the resulting downstseaar pool (MDE,

2000). PSVs can be constructed out of stone, logs, or a combination thereof (Hickman, 2019). This project
evaluated single arm vanes antdgok vanes. Single arm vanes are a flow redirection structure also referred
to as singlenving vanesand straight vanes (MDE, 2000). Developed in the 1990s by Dave Rdsgah, |

vanes are a variant of single arm vanes that havstape formed by a sill that extends farther into the
channel and creates a larger scour pool (Rosgen, 2001). These stauctunstitute the most common PSVs
utilized in the midAtlantic United States, but it should be noted that other single arm vanes exist including
bendwayweirs, barbs, groins.
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3.1.3.1Purpose

PSVs redirect flows away from channel banks and create a ti@ansscour pool (MDE, 2000).
Flow redirection results in lower nedank velocities downstream, which induces deposition and makes
conditions more suitable for the establishment of vegetation (Radspinner et al., 2010). PSVs can be an
appropriate alternatve to traditional hard bank stabilization practices given that they are less expensive,
have fewer negative impacts on riparian ecosystems, and affect riparian drainage and hydrology to a lesser
extent (Baird et al., 2015). PSVs may also provide ecolegic& by creating flow diversity and a
downstream scour pool that can serve as habitat for aquatic organisms (Rosgen, 2001; McCullah & Gray,
2005). Furthermore, practitioner surveys conducted by Radspinner et al. (2010) indicate that PSVs are a
common andvidespread element in contemporary stream restoration with between approximately 70 to
80% of practitioners having experience with them.

3.1.3.2History and Earliest Instance

The predecessors to contemporary PSVs were described by Thoi@@@&hand rekrred to as
deflectors. Deflector structures were widely utilized throughout the 1930s in the Civilian Conversation Corps
era of stream restoration, primarily to create flow diversity for aquatic organisms (Thompson, 2005). These
deflectors included a wideariety of bankattached and miechannel structures such as triangle deflectors,
peninsularwing deflectors, \deflectors, ydeflectors, adeflectors, and-tleflectors (Thompson, 2005). Many
of these structures fell out of favor in the 1960s due to higjtufe rates and little evidence of improved
aquatic organism habitat (Thompson, 2005).

3.1.3.3Current Design

Current design guidelines for single arm vanes ammbk vanes share considerable similarities
which, unless otherwise specified, will be disgrsgenerally as the current guidelines for PSVs. PSVs can be
constructed out of rock, logs, or a combination of these materials (FigutésHickman, 2019). Log is less
expensive than rock and is recommended for projects wheighannel wood is the pmary contributor to
diversity in channel morphology (Doll et al., 2003). Brown (2000) recommends using logs in channels that do
not contain large rock. It is noteworthy that, because wood decays, structures constructed out of wood are
likely to have shortedesign lives, especially if they are subject to-awst cycles, which increase
decomposition rates compared to being continuously submerged (Hickman, 2019). The diameter of logs used
to construct PSVs should be at least 8 in., but bundles can be usmthess logs are bolted together or
bound with sturdy cables or rebar (MDE, 2000; Rosgen, 2001; VDSWC, 2004).

Stone construction materials are recommended for projects where PSVs must be durable, such as
where infrastructure protection is a goal (MDE, QQ¥DSWC, 2004). Stone is also recommended for projects
where large rock naturally occurs (Hickman, 2019). While stone PSVs are easier to construct than their log
counterparts, they are more expensive (Hickman, 2019). The rocks used to construct PSY/beskingd
with a 1.21.5 factor of safety such that they maintain stability during design flows (NRCS, 2007c; Gordon &
Collins, 2016). MDE, (2000) recommends using rocks with a median diameter of 2.5 ft. and minimum weight
of 200 Ib. Doll et al. (2003) tes that rock sizes will vary based on design flows, but that stones used in gravel
and cobblebed channels will generally be between?ltons. The stones used to construct PSVs should be
rectangular with a long axis at least 3.5 times the shortest axensure stability (McCullah & Gray, 2005).
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Additionally, the stones used to construct PSVs should be resistant to dissolution or natural decay, and have
the same geology as native material if possible (Doll et al., 2003).

Figure 314 Two examples ofockpartial span vang Asingle arm vane from restoration projec{d) and
two single arm vanes from restoration project @1.

PSVs should be situated in the planform such that they are angled 20° to 30° to the upstream bank
(Figure3.15 MDE, 2000; Doll et al., 2003). When choosing bank angles, there is a tradeoff between smaller
and larger angles. Larger bank angles will result in a greatgths ofdownstream bank protection, but
create a higher risk of scour and structure failurel(Bt al., 2003; Sotiropoulos & Diplas, 2014). Although
smaller bank angles are associated with increased structure stability, in small streams small bank angles can
cause flow deflection into the opposite bank (Sotiropoulos & Diplas, 2014).

The arm of P&%s should slope downwards from the streambank into the streambed, where the tip
should be buried (MDE, 2000). Recommended arm slope ranges vary; for exsiidl€2000jecommends
3- 7%, Rosgen (2001) recommend§ %, and Doll et al. (2003) recommend2@%. Although previous
literature (Rosgen, 2001) recommended the vane arm key into the bank at bankfull elevation, more recent
design guidelines recommend lower kieyelevations such that maximum arm slopes are not exceeded (Doll
et al., 2003).

General @sign guidance recommends that PSVs be keyed into banks ¥ to % of the bankfull channel
width (Figure 3.15Hickman, 2019). MDE (2000) recommends tying log single arm vanes five to six feet into
the bank, rock PSVs two to three rocks into the bank, andjrbokk vanes one to two rocks into the bank. It
is also recommended that the arm of PSVs generally only occupy 1/3 of the bankfull width (MDE, 2000;
VDSWC, 2004; Sotiropoulos & Diplas, 2014). However, for channels less than 20 ft. wide, the PSV arms may
occupy up to 50% of the channel width (Doll et al., 2003). The depth of footers for PSVs should be
determined based on the deepest depth of scour, which will occur closest to the bank where the total drop in
water surface elevation will be greatest over thteucture (Hickman, 2019). It is recommended that multiple
layers of footers be used such that they extend to a depth 1.5 to 3 times the depth of scour (Hickman, 2019).
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To enhance stability, footers should be placed such that they protrude in the dovansti@ection and are
centered over the joint between the two underlying stones (MDE, 2000). See F&jlitesd 3.16for
illustrations of single arm vanes, a simple type of PSV.

A

Figure 315 Plan viewof a single arm vangHickman & Thompsqr2010).

1/4 to 1/2 bankfull width 1/3 bankfull width

o bankfull or inner berm elevation
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Figure 316 Profile view of a single arm vaneection A Q Ay C(Migkomm®& o ®mp
Thompson2010)
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Jhook vanes are similar to single arm vanes, but include a sill that is usually slightly Eigued (
3.17;Rosgen, 2001previousdesign recommedationsrecommended spacinipe top row of stones bhalf
the diameter of the rocks, to induce additional scour (MDE, 2000; Rosgen, 2001); however, this
recommendation is no longer used in practice. Contemporaigoks have largely been replaced by meifi
j-hooks, a FSV, discussed in section 2.2.3. It is recommended that thempgesill rocks extend at most
10% of the bankfull depth above the channel bottom and that the underlying footers be at least three times
this protrusion height deep below thetreambed (MDE, 2000; Rosgen, 2001). Furthermore, an e#toely
vane should occupy no more than 60% of the bankfull width (MDE, 2000)a8&3.2 for a summary of
design recommendations for PSVs, with respect to the variables considered in this study

Figure3.17 Two examples of rocktjooks includingthe sill portion of a-hook from restoration project 28
(a) anda large jhook from restoration project 35 where the sill is submergieq

It is recommended that PSVs be spaced by 5 to 7 channel widths when they are being placed for
meander development or by 1 channel width when they are being used to create aquatic organism habitat
(MDE, 2000). When protecting infrastructure, it is recommeghthat PSVs be placed 1.5 to 2 bankfull widths
upstream of the infrastructure (Sotiropoulos & Diplas, 2014). PSVs, usually single arm vanes, can be placed in
series along the outside of meander bends to provide meander protection and increase the tucdlgiich
structure (MDE, 2000; NRCS, 2007a). Sotiropoulos & Diplas (2014) recommend -basetiospacing
method when placing PSVs in meander bends, which is depictgdure 318. Using this method, the first
PSV iplaced at the apex of the meandbend and angled 20° to 30° to the tangent line of the apex of the
meander. The second PSV is placed such that it is aligned with the tip of the previous vane, with respect to a
5¢ offset from the tangent line of the meander apex. If a third PSV is cotedrlitis placed such that it is
aligned with the tip of the second vane, with respect to a 20° offset from the tangent line of the meander
apex Figure 318).
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Table 2 Summary of design recommendations fiartial span vang

Structure
Parameter

Value

Source

Key distance

1/3 bankfull width
15 ft.
2- 3 rocks into banksfngle armvane)

1-2 rocks into bank {pook)
5 ft. (log structure$

lowa DNR (2018c)

MD NRC (2001)

MDE (2000)

Key angle 90° VDSWC (2004)
Arm bank Brown(2000), MDE (2000), MD NRC (2001),
anale 20 30° Rosgen (2001), Doll et al. (2003), VDSWC (20C
9 lowa DNR (2018c)
Maximum 1/2 bankfull width Doll et al. (2003)
1/3 bankfull width VDSWC (2004)\RCS (2007a),Sotiropoulos &
Arm normal Diplas (2007a), lowa DNR (2018c)
distance
1/4- 1/3 bankfull width Brown (2000), Rosgen (2001)
Maximum 1/4 bankfull width MDE (2000), MD NRC (2001)
2-20% Doll et al. (2003)
2-15% 2-7% in larger systems VDSWC (2004)
Arm slope
2-7% Rosgen (2001), NRCS (2007a), lowa @BIE8c)
3-7% MDE (2000)
Thook sill 1/3 bankfull width Rosgen (2001), VDSWC (2004), lowa DNR (20
length

4/15 bankfull width

MDE (2000)

Footer depth

3x sill protrusion height (gravel/ cobbl
bed)

6x sill protrusion height (sand bed)

1-2 tiers of rocks

Rosgen (2001)

Doll et al. (2003)

MDE (2000)

Boulder size

2.5 ft. minimum diameter
200 Ib. minimum

Generally 12 tons in gravetobble bed
streams

2-4 ft. typical diameter

Minimum b-axisof 1.5 ft.

MDE (2000)

Doll et al. (2003)

MD NRC (2001)

VDSWC (2004)
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PSVs have a high risk of failure because they are constructed in the active channel, as a result, they are best
used purposely to protect infrastructure or provide erosion control (Hickman, 2019). Common failure
mechanisms for PSVs inclugedermining, flanking, and displacement of rocks (Radspinner et al., 2010). To
ensure stability of these structures, PSVs should not be constructed in channels with eBpdeszk, slopes
greater than 3%, high sediment or debris loads, or where chanigghtion is desired (MDE, 2000; Doll et al.,
2003; Hickman & Thompson, 2010).

Tangent Line

Parallel Line
Offset angle

Meander Apex
Tangent Line

Horizontal Line
(Parallel to first tangent)

2nd offset angle

Figure 3.8 Illustration of vectotbased spacing method from Sotiropoulos & Diplas (2014).

3.1.4 Constructed Riffles

Constructed riffles (RFs) are instream structures coogtdion or at the channel bed out of
substrate. Sometimes RFs are constructed with larger rock on the upstream and/or downstream end of the
structure to provide stabilization. RFs are often designed based on natural riffles, which are a stream
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bedform thatoccur in conjunction with pools (Doll et al., 2003). Riffles typically occur in streams with slopes
of 0.00%0.02 and occur periodically, alternating with pools, every 5 to 7 channel wilidpgré 3.19
Montgomery & Buffington, 1997; Walker, 2002).

Pool and Riffle =4 Wto 6 W

| . |

| 7l
High Flow — __

I

Meander Length=8 Wto 12 W

Figure 3.19 Profile and planrview of rifflepool morphologyNewbury et al.1997).

Natural riffles are characterized by coarser bed substrate, shallower flows, and steeper water surface
slopes than pools (Doll et al., 2003). Riffles account for a conbigesenount of the hydraulic diversity
where they occur by creating standing waves, hydraulic jumps, and backwater regions (Radspinner et al.,
2010). Moreover, turbulence associated with riffles causes oxygenation of the water that flows over them
(Figure 320; Radspinner et al., 2010). The sediment transport behavior at riffles differs at low and high flows.
It is theorized that low flows winnow fine material from the surface of riffles, depositing it in pools, while high
flows scour pools, leading to theplosition of sediment on the surface of riffles, a phenomena referred to as
velocity reversal (Walker, 2002; Hassan et al., 2021). Riffles have considerable habitat value: riffles are the
most productive habitat for benthic macroinvertebrates and are z¢ili by some species of fish for spawning
(Walker, 2002; Doll et al., 2003).

3.1.4.1Purpose

Because natural riffles can take between 10 and-y1®éxs to reestablish, RFs are frequently used to
rapidly restore bed conditions where natural riffles have bdeturbed or are nonexistent (Walker, 2002).
The purpose of RFs is to provide habitat, usually for fish spawning but also for macroinvertebrates, and to
provide bed stabilization or protect structures that are located under the channel bed (Walker, R6@2).
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iure 3.20A riffle located along tRlda River in Vlrglni.

have a significant effect on channel hydraulics and can be responsible for between 50 to 100% of the energy
dissipation through a reach by creating form and grain roughness (Wab@2). At high flows, RFs do not
become washed out and still provide significant flow resistance (Walker, 2002). Due to their roughness, RFs
can also be used to increase water elevations and encourage overbank flows during high discharges (Walker,
2002). s can also be installed to regulate sediment transport and provide grade control (lowa DNR, 2018a).
As a result, constructed riffles can be used to significantly increase the stability of constructed channels, as
compared to uniformly graded channels (Nawy & Gaboury, 1993).

3.1.4.2History and Earliest Instance

RFs were first utilized to restore the spawning locations for anadromous fish where habitat had been
lost (Watershed Restoration Program, 1997). One of the earliest instances of Rfenaiascted in Scotland
during the mid1950s, as described by Newbury (1995), wherein practitioners dumped gravel into a newly
diverted stream channel everybchannel widths resulting in a rifffgool channel after a few flood seasons.

In the United Stas, RFs were first utilized by practitioners on the west coast (Watershed Restoration
Program, 1997). However, practitioner surveys indicate that RFs are a common instream structure with
widespread use throughout the entire United States (Radspinner,e2@l0).

3.1.4.3Current Design

Given that RFs are typically constructed to recreate-delleloped, natural riffles, they can be
designed based on existing riffles in the reach of interest or a reference reach (Newbury & Gaboury, 1993).
Ideally, RFs shalireplicate reference reach flow, substrate, cover, and channel conditions to maximize the
habitat value they provide (Watershed Restoration Program, 1997). Given that RFs affect channel hydraulics
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and bed elevation, their effect on upstream and downstreaools should be considered (Newbury &
Gaboury, 1993). Moreover, sequences of RFs should be constructed so that their crests follow the channel
slope (Newbury & Gaboury, 1993).

RFs are typically constructed out of some bed substrate analog such as bethhfaim the reach
of interest, bed material from an outside reach, or quarried rock. For channels with floodplains, this substrate
should be sized to resist movement at bankfull discharge (Watershed Restoration Program, 1997). A good
rule of thumb when onstructing riffles is to use a range of rock sizes that would naturally occur in riffles, and
size the Epto be stable during some maximum permissible flow depth (Walker, 2002). Newbury et al. (1997)
recommended riprapping channel banks adjacent to BEEmhance stability. This element of design
guidance should be considered carefully, especially when habitat improvement is an objective, because
riprapped banks are associated with reduced stream function and habitat value (Baird et al. F2Q0is).
3.21 shows RFs that utilized bank armoring, wifiigure 32 shows constructed riffles that did not utilize
bank armoring.

X d igt i 7R Y. ,'f‘.;.;i-».'—i Tl
Figure 1 Two examples afonstructed riffles that included armor on the adjacent banknstructed
riffle from restoration projet 10 that is experiencing bank erosion on the adjacent banks,
despite large rocks that were placed to provide armofagConstructed riffldfrom restoration
project 18 that utilized the same substrate to construct the riffle andiiaekarmor (b).

The average recommended riffle spacing 48 Bhannel widths in streams below 2% slope and 2
channel widths in steeper channels,£2% slopes, or where channel obstructions are common (Walker, 2002).
When determining RF placement, the location of wealdyedoped riffles or existing pools should be strongly
considered (Watershed Restoration Program, 1997; Walker et al., 2004).

RFs should span the entire channel width over their length (Walker, 2002). The length of RFs can be
estimated from natural rifflegWalker, 2002). However, general guidelines of their length are between 1 and
3 channel widths (Walker, 2002) or 1 to 4 channel widths (lowa DNR, 2018a). RFs have a triangular cross
section along the thalweg, with a crest and slopes on either siggi(e3.23; Walker, 2002). The crest of RFs
may be constructed out of larger rocks to increase structure stability (Walker, 2002). The elevation of this
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Figure 322 Two examples of RFs that did not utilize armor on the adjacent b&aksstructed rifflfrom
restoration project 9a).Constructed riffldrom restoration project 28 that is constructed
directly upstream of a cross vane that is providing stabilizatipn

crest will affect channel hydraulics most, therefore it should not be so hightthegults in undesired losses

in channel capacity or causes excessive backwatering upstream (Watershed Restoration Program, 1997).
Generally, RFs should still permit the conveyance of bankfull flows through the channel with the assumption
that flow is crical at some point over the riffle (Froude number = 1; Newbury et al., 1997). Eq&ation

allows calculation of the maximum crest height that will contain a discharge of interest, given channel
geometry (Walker 2002)

y H  — - = (31)

whereY  is maximum crest height (mj) is maximum upstream water depth or bank height (f):;

07 and is the design unit discharges); W is channel width (m); and g is gravitational acceleration

(m/s?; Figure 3.23)When solving Equiatn 1, conditions should correspond to subcritical flow in the channel
(Walker, 2002). Pasternack & Brown (2013) considered RF amplitude, the distance between the riffle crest
and bottom of the pool, and found that an amplitude less tlah ft. 0.75 m) or amplitude/Dso of

approximately 1612 maximized habitat creation and enhancement for salmon. The crest, as well as the
entire RF surface, should beskiaped to ensure flows remain centrally concentrated (Walker, 2002). The
GRALX 0Si6SSy ofie Sreskahdddwéstpoint, lti2 apgxidepth, should generally be between
1 and 2 ft. 0.3 and 0.6 mWalker, 2002). Alternatively, the recommended slope from the bank to the apex
depth of a RF is between 3:1 and 2:1 (lowa DNR, 2018a).

Although the slopef RFs should be based on what would be appropriate in a given stream, an
average slope of the downstream riffle face is 4%. The downstream slope of RFs should generally be below
10%, but slopes as high as 17% have been observed in the field (Walkgr,R200%rmore, the upstream
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face of the RF should have a steeper slope (between 25% and 100%) than the downstream face to encourage
sediment deposition on the crest and downstream face (Walker, 2002).

| Wi |

Planform Cross Section Profile

Figure 33 lllustrations ofconstructed riffleswith dimensions adapted from designs in Newbury et al.
(1997)where L is riffle length, Wis bottom width,Y is crest height, Supstream face slope«%
downstream face slope is apex depth, \Ws top width, and s side slope.

3.1.5 Regenerative Stream Conveyance

Regenerative stream conveyance (RSC) is an instream best management practice (BMP) that consists
of alternating riffleweirs and pools underlain by infiltration media (Flores et al., 2012). RSCs are also referred
to as regeneative stormwater conveyances, coastal plain outfalls, and sand seepage wetlands (MD DNR,
2018). Development of this management practice was the result of new stormwater regulations in the state
of Maryland that stressed environmental site design (Floted.e2009). These new regulations led to more
widespread adoption of BMPs that encouraged stormwater infiltration, including rain gardens, bioretention
cells, and grassed waterways (Flores et al., 2009). As a result, RSCs are most widely implenfenteidtin t
Atlantic United States (Duan et al., 2019).

RSCs were originally developed in Maryland as a way to remediate highly incised outfall channels
that had previously been addressed using trapezoidal concrete channels or riprap (Flores et al., 2009). RSCs
constructed to address degraded outfalls are referred to as dry channel RSCs and are better described as a
stormwater retrofit than a stream restoration practice, since they are installed in ephemeral channels
downstream of stormwater outfalls (Berg et,@013). Use of RSCs was expanded to perennial or
intermittent streams to increase floodplain access for flow events below thgrir&currence interval and to
create stream and wetland complexes, referred to as wet channel RSCs (Berg et al., 20.3heGivaect
focus on structures used in the restoration of predominantly perennial streams, dry channel RSCs were not
evaluated. All further reference to RSCs refers only to wet channel RSCs.

3.1.5.1Purpose

RSCs are designed to keep water on site $dpag as possible by slowing it down and spreading it
across the floodplain, which is accomplished by the ifféérs and berms on the floodplain (MD DNR, 2018).
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RSC rifflaveirs are constructed at elevations that detain water on the floodplain anaefiierms

perpendicular to streamflow, constructed to span the floodplain adjacent to eachwiffle Figure 34; MD

DNR, 2018). Furthermore, vegetation and the roughness of the weirs slow the water as flow moves through
the system (MD DNR, 2018). Incs&my floodplain access has positive hydrologic functions including

increased groundwater recharge, support of riparian vegetation, and increased biogeochemical processes
(MD DNR, 2018). RSCs further encourage biogeochemical processes, which occuratstbethe

infiltration media that underlies the entire system (MD DNR, 2018). RSCs also increase energy dissipation and
sedimentation (Flores et al., 2012).

Figure 3.24Regenerative stream conveyaneeir and floodplain bernfa) withthe correspondinglesign
plan from restoration project 2&). In the photograph, water is flowing from left to right and
can be seen on the floodplain detained behind the berm.

3.1.5.2Current Design

RSCs are typically constructed for watershed areas betweeB0l8c. but arerarelyused in
watersheds exceeding 50 ac., due to limitations related to cost and material sizing (WV DEP, 2012). These
structures can be constructed in three contexts. In tgghdient channels, where slopes exceed 2%, RSCs can
mimic the energyissipation function of natural step pool or cascade bedforrigure 36; Flores et al.,
2012). High gradient RSCs are often employed to remediate highly incised streams that have formed deep
gullies (Flores et al., 2012). In lower gradient channelsyevblepes are less than 2%, RSCs are installed to
accommodate baseflow discharges and convey and disperse high discharges by spreading them over the
floodplain (Flores et al., 2012). Finally, RSCs can be constructed as isolateciffithat encourage
sedimentation in the main channel and slowly restore floodplain connectivity by raising the channel bed
(Flores et al., 2012). Although they can be adapted for steeper slopes, RSCs are not recommended where
slopes exceed 10% (Flores et al., 2012). Wheaerl slopes exceed 5%, it is recommended that cascades
be installed, followed by three riffleveir pool sequences (Flores et al., 2012; WV DEP, 2012).
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The riffleweirs consist of an upstream slope, riffle, and a downstream slBigeie 3.25Flores et
al., 2012). Cobbles are placed on the riffle portion of the weir and sometimes on the upstream slope which is
referred to as a cobble apron (Flores et al., 2012; MD DNR, 2018).
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Figure 3.25Ahigh gradientegenerative stream conveyance (RSC) strucatirestoration project §a) and
a low gradient RSC sequence at restoration projeti).6

The downstream slope of the riffl@eir consists of large rocks that form a weir/ crest and footer
rocks Figures3.26 and3.27; Flores et al., 2012; MD DNR, 20IB®)e cobbles used to construct the apron and
riffle of an RSC weir should be at least 6 in. in diameter but sized to resist the anticipated hydraulic forces
(Flores et al, 2012). Riprap between 9.6 in. and 13.2 in. can be used in place of cobble (A0LD)EPhe
thickness of the layer of particles used to construct the apron and riffle should be twicedbétBose
particles (Flores et al., 2012). The apron on the upstream slope of thewdfteshould be a minimum of 4 ft.
long (Flores et al., 2@}, while riffle should be a maximum of 8 ft. and a minimum of 20 ft. in width (Flores et
al., 2012; WV DEP, 2012). Finally, following placement of riffle rocks, gravel and sand should be washed into
the riffle-weir to fill any voids (MD DNR, 2018).

The weir/ crest should be constructed out of boulders that are at leadttBnes heavier than the
riffle material, and at least 2 ft. in diameter (Flores et al., 2012). Sandstone is recommended for RSCs
constructed in the coastal plain, while granite or siitanes can be used in other regions (Flores et al.,
2012). Limestone and other cemented stones are not recommended for use due to risk of degradation over
time (Flores et al., 2012). The weir crest should be curved upwards towards the bank at apprgx@datel
tying into the bank at or one foot below the floodplain elevation and extending into the bank a distance of at
least 2 ft.(Flores et al., 2012; MD DNR, 2018). Unlike other instream structures where footers are placed
directly below other large stas and function as a foundation, the footers of an RSC crest should be angled
along the downstream slope of the rifflgeir such that they hold up the crest boulders and are generally
exposed to flow (Flores et al., 2012). Multiple layers of footers shmeildsed below the crest rocks and
should tie into the pool at least two feet below its lowest point (Flores et al., 2012). Furthermore, footers
should maintain the parabolic shape of the crest (MD DNR, 2018). Acceptable footer materials can be roughly
264 in. in diameter or smaller where shear stresses are lower (WV DEP, 2012).
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RSC pools should be at least twice as long as the upstream weir (Flores et al., 2012). Although pool
width should be maximized, pools should be at least the width of the upstreaimand can be irregularly
shaped with depths between 1.5 ft. and 3(flores et al., 2012; WV DEP, 2012; MD DNR, 2018).

J FITER FABRC UNDER BOULDERS 0
5‘“3{:"23 FOOTER BOULDERS EXTEND 4 AND SIUCA COBBLES (18 N WN)
A MINIVMUM OF 6 INCHES ' FILTER FABRIC 8-‘7.{[;4/
NID DXSTNG GROUND - )
SAND/WOOD CHMIP LAYER

AND EXISTING CROUND

Figure 3.26 Longitudinal view of regenerative storm conveyance sequeavittean upstream slope/cobble
apron (Su)acobble riffle Riffle), anda downstream boulder weir and footers (S@reenville

County SG2018).
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Figure 7 Regenerative stream conveyanpéan view (a) and cross sections fiores et a.2012).

Furthermore, pool side slopes should be at most 3H:iMafmored or lined with concrete sand, and the
longitudinal slope through the pool should not exceed 1% (Flores et al., 2012; WV DEP, 2012; MD DNR, 2018).
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The entire RSC system should be underlain by infiltration media consisting of organic matter and
sand(MD DNR, 2018). Given that RSCs are often constructed to raise the bed of incised channels, this
infiltration media is employed as fill in the existing channel during construction (MD DNR, 2018). When filled
with infiltration media, the channel itself cae utilized as the haul road for the project wherein construction
occurs from downstream to upstream causing minimal disturbance to the floodplain (MD DNR, 2018). This
infiltration media also benefits water quality by encouraging hyporheic and biogeocheprocesses (MD
DNR, 2018). The ratio of organic matter to sand in the infiltration media should be 1:4 by volume, and it
should be spread with a minimum width of 4 ft. and minimum depth of 1 &fores et al., 2012). The sand
used in this mix should be between 0.02 and 0.04 in. in diameter and bebsileal; rock dust should not be
used (WV DEP, 2012). Wood chips are recommended as the source of organic matter for the infiltration
media becaus¢hey leach less dissolved organic carbon, phosphorus, and nitrogen compared to more easily
decomposed organic matter (e.g., leaf litter; Duan et al., 2019).-8ém@mposing organic matter in the
infiltration media is also beneficial because it gives iparfan system more time to adjust to the RSC and
contribute carbon to the system (Duan et al., 2019). Finally the sand and organic matter should be added in
layers, rather than a mix, to encourage heterogeneity of the hyporheic zone (MD DNR, 2018)ng¥léng
RSCs, notice should be taken of the natural soil properties. Where stratified lenses of gravel or sand are
observed, they should be mimicked as the channel is filled (Flores et al., 2012).

Berms are the final component that RSCs can inclugeally in wider valleys. Berms should extend
outwards from where the rifflaveirs tie into the banks and continue along the floodplain perpendicular to
streamflow until they reach natural topographic elevatiorg(re 7; MD DNR, 2018). To minimize tisk
of failure, the berms should be flat and broad with a top width of at least@MD DNR, 2018). These berms
should not be constructed out of silty material, should be covered in woodchips, and should be vegetated to
minimize the risk of failure (MDNR, 2018).

Finally, certain general practices are recommended when designing RSCs. Disturbance of existing
riparian vegetation should be minimized (MD DNR, 2018). To ensure proper drainage, it is recommended that
pools drain to their design depth withir2 hours of storm events (WV DEP, 2012). Finally, it is recommended
that RSCs be stable and capable of conveyingyl @charges without risk of failure (WV DEP, 2012).

3.1.6 Step Pools

A geomorphic feature of natural streams, step pools (SPs) typazaly where channel slope
exceeds 3% and bed material consists of boulders and gravel (Johnson et al., 2002). When used in stream
restoration, SP structures consist of alternating sills and pools where the step sills are composed of boulders
or logs and pols have finer materials such as sand, gravel, or cobbles (MDE, 2000). Typically, SPs are
constructed in sequences but can be constructed in isolation to dissipate energy and provide grade control.
Figure3.28 depicts two examples of SPs.

3.1.6.1Purpose

SPs can be constructed to restore natural bed conditions, but are frequently used to rehabilitate
incised channels that have been affected by urbanization or land use change (Chin et al., 2009). Like natural
SPs, constructed SPs provide grade controlrggndissipation, and channel stabilization (MDE, 2000; Doll et
al., 2003; VDSWC, 2004; lowa DNR, 2018). SPs are also effective for creating instream habitat, particularly in
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ephemeral and intermediate streams because the pools hold water when the chaookl atherwise be

dry (MDE, 2000; lowa DNR, 2018a). Constructed SPs are effective for remediating incised streams because
they convey water over steep slopes, eliminate large drops, and allow aquatic organism passage (Chin et al.,
2009).

P i AL .-

Figure 228 Twoexamples obtep pookfrom restoration project 4 (a) and 28 (b).

3.1.6.2Current Design

SP channels should be constructed where they are geomorphically appropriate, typically streams
where slopes are between 3 and 6.5% (MDE, 2000; lowa DNR, 2018#. $\dpes exceed 6.5%, streams
are more likely to trend towards cascade bedforms, which still have largeginnel obstructions but lack
defined sills (MDE, 2000). Generally, it is recommended that SP sequences have a pool spacing between 1
and 4 channelidths (MDE, 2000; VDSWC, 2004) or 0.5 and 4 channel widths (lowa DNR, 2018a). Moreover,
lowa DNR (2018a) recommends that roughly 70% of total SP length correspond to pools and roughly 30%
correspond to sills.

Ratio of mean steepness is another parametsed to design SPs, which is the ratio between SP
slope and channel slope (MDE, 2000). Ratio of mean steegfessd using by Equatiod2 (MDE, 2000)

Y6 OEQR QGO QQR & Qi (32)

whereOis step distanceft(), 0 is the length between those step. |, and™Vis the channel slopdt(/ft. ).

Generally, a ratio of mean steepness between 1 and 2 is recommended for SP channels (MDE, 2000; VDSWC,
2004). Given that steps/sills are subject to considerable hydrauliedpsill height and particle size should
positively correlate with one another (Chin et al., 2009). Sill stones should be sized with respect to the
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hydraulic forces to which they will be subjected; a rafehumb is the baxis of stones should be 1.5 imes

the step height (Chin et al., 2009). Moreover, SP sills should be constructed with 1 to 2 layers of footers to
mitigate the risk of undermining (MDE, 2000). It is also recommended that SP sill key into the bank 2 ft.
(VDSWC, 2004; lowa DNR, 2018afjume studies, it was noted that 90% of SP failures were the result of
failure of the front-most keystone that suppoed the rest of the sill stones (Zhang et al., 20T&)ring
construction care should be taken the ensure the stability of this fromst footer rock(Figures 3.29-30).

Figure 9 Profile view ofa step poolwhere L is the length between
steps,Q is the channel slope, and H is the step distance
(MDE 2000).

3.2 Instream Structures Methods

Sructures within 39 projects in the Maryland Piedmont and Coastal Rlare evaluatedFigure
3.31). These projects were chosen to have diverse characteristics including age, location, watershed size, and
design approach. Pregts with significant tributaries were subdivided such that the tributaries were treated
as separate projects from the mainstems.

Field assessments took place during the Spring of 2019 and Winter of 2020. Structure type was
recorded, then each structureag evaluated in three areas of potential success: structural stability, impact
on sediment transport, and function (Tat830 ® ¢ KS G a G NHzOG dzNIF f & dFoAf AGee OF
a4dzo OF 6S3A2NRAS&EsE GLISNDSYy(d NBYI Ay Ay TédtdtwoRubdaddgoiy SNR | £ Y 2 ¢
scoresScorePCTRemandScoreMatMove® ¢ KS GaASRAYSy(d GNIyalLR2NIié¢ OF{iS3z2i
4dzo OF 6S3A2NRAS&asY aGdzyAyGSYyRSR 33INIRFGAZ2YE YR adzyAyidSy
subcategory scoreScoreErosioandScaeAggrad(Table 380 @ ¢ KS aFdzy Ol A2y ¢ OF 6S32NE
subcategories, and structures were rated based on a single s8ooeeFunctiofiTable 33). The importance
of each of these three categories on structure success was deemed equallyanipso they were given
equal weight and used to develop a final, overall sc8@(eOverglliranging from €L8 to quantify the
performance of each structur&coreOveralvas used as the main response variable in statistical analyses,
but analyses weralso performed using scores in each of the five subcategories (I&ple
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Figure 331 Selected project locations in Maryland
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Table 3.3 Structure assessmemntethodology.

Scoring System
Category Subcategory Score Criteria
3 75-100% remaining
Percent remaining 2 50 75% remaining
(ScorePCTRemain 1 25-50% remaining
0 0 ¢ 25% remaining
Structural stability
3 Significant
Material movement 2 Moderate
(ScoreMatMovg 1 Slight
0 None
3 Significant
Unintended erosion or scour 2 Moderate
(ScoreErosign 1 Slight
0 None
Sediment transport
3 Significant
Unintended aggradation 2 Moderate
(ScoreAggrap 1 Slight
0 None
. 6 Yes
Function Function . 3 Partially
(ScoreFunction 0 No

Structures had a range of predictor variables subdivided into strugtpreject, and watershee
scale variables (Appendss TableB.J). Structurescale predictors encompasddata about each structure
related to the construction, geometry, and relationship to other structures. Struesuede data about each
structure were gathered from engineering design plans. Pregeate and watershedcale data were
gathered as part of previous project from engineering design plans and using ArcMAP (ESRI, Redlands, WA).
Projectscale data included properties of the restoration project reach related to flow energy, erosion
resistance, and design approach. Watersisedle data considereggroperties of the project watershed that
could influence flow energy or erosion resistance of the channel boundaries. While strscalespredictors
varied for each structure, projecand watersheescale predictors were the same for all structures withi
given restoration reach.

Preliminary data analyses were performed to determine the average subcategory scores for log and
rock structures in each structure family. Singlad multivariate linear regression anaswere used to
determine the relatimships between structurscale predictors an8coreOveralLinear mixeeeffects
models were used to determine the relationship between projectd watersheescale predictors and
ScoreOverglwith Projectas a random effecfHarrison et al., 2018)
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3.2.1 Structure Assessment

To assess structure success, three main questions were considered:

1. Is the structure intact?
2. Is the structure causing unintended erosion or sedimentation?
3. Isthe structure functioning effectively in the context of the overall pctf

CKS aaidNHzOUGdzNI £ adlk oAt AdvaludtedvhietNaZDrictimeSBriere dtact 8 & Y Sy
and consisted of two subcategoriba g KA OK & (i NHzO(Gi dzZNB & O02dzZ R 6S a02NBRY dalL
Y2@PSYSy(émwd |.oXBK od & i RHEzO & dA8IOf BcBréREdREMandSTdiddlatMove,
could be between 0 and 3 (Table8B ScorePCTRemaias used to quantify the amount of the structure that
was remaining in the channel. The highest valuSairePCTRemairas a 3 which correspondgo 75100%
of the structure remaining in the channel, while a 2 corresponded t33®, a 1 corresponded to 250%,
and 0 was the lowest scgre/hich corresponded to-25% of the structure remaining in the channel (Table
3.3). ScoreMatMovavas used to gantify the removal or shifting of materials from the structure that had or
could lead to structure failure or impaired functidBcoreMatMoveaanged from 0 to 3 and corresponded to
the degree of material movement: significant (0), moderate (1), slighb(2)one (3; Table.3).
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unintended aggradation or erosion and consisted of two subcategories were structures could receive a score
0SG6SSY n | SRR SWNR@EM2NY RN R O2dzNE | YR 30 dey A KESYRERY L SH
SNRAAZ2Y 2NJ a02 dzSdoreEakonab uisé&dIoydEhtify 3h® det&e Jo which a structure had
caused or been compromised by unintended erosion of the channel bobdil S& ® ¢ KS dadzyAyidSy RS
F33aANI RFGA2Yy$E ESdatefggradhas dskdto qliabifyNd® Hegree to which a structure had
caused or been compromised by the unintended deposition of sediment. The sediment assessment of a
structure related to the specififtinction of each structure family. For example, a cross vane, which is
expected to have the sill flush with the upstream channel bed and a downstream scour pool, would lose
points if these features had not been developed or maintairgzbreErosioand SoreAggradcould be
between 0 and 3 and corresponded to the degree to which unintended aggradation or erosion had occurred:
significant (0), moderate (1), slight (2), or none (3; Tal8g 3
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overall context of the project and included no subcategory. The function subcategory ScorefFunctign
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dependng on whether a structure was serving its intended purpoSesreFunctiowas determined using
knowledge about structure purpose within the context of a project. For example, cross arndesigned to
provide grade control so a cross vane wouldbeglvendy 2¢ A F Al 61 & y23G LINROARAY T

DAQ@SY U(KA& &aO02NAY3I a8aidsSyz adNHz2OGdNBa ¢6SNB FaasSa
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structure, ScoreOveralranged from 0 to 18 and was developed by taking the sum of all subcategory scores
(ScorePCTRemalBcoreMatMoveScoreErosigrscoreAggradandScoreFunction

81



3.2.2 Explanatory Variables

Explanatory variables for this project wengbslivided into watershed project, and structurescale
predictors (AppendiB, TableB.1). Watershedand projectscale predictors were the same for all structures
from a given reach. Watershestale variables described properties of a watershed thateel to flow
energy and erosion resistanderojectscale variables described properties of a design reach related to flow
energy, erosion resistance, and design approach and were determined from engineering design plans and as
builts using ArcMap. Structerscale explanatory variables were unique to each structure and varied
depending on the structure family. Structuseale predictors were obtained from engineeringoasit
drawingsor design plans for each project and described how structures were constructed, their geometry,
and their position in the channel with respect to other structures and channel morphology.

3.2.2.1Watershedscale Variables

Watershedscale explanatory vatidesare summarized in Appendix B, Tabl2 BNhere appropriate,
these variables werscaled to channel sizs listed in Tablg.3

Best management practice (BMP) density was included as an explanatory variable because
stormwater BMPs attenuate the relsa of runoff to natural systems. Increased BMP density was predicted
to have a positive effect on structure performance by reducing stormwater volume and peak flows.
Furthermore, stormwater requirements in the state of Maryland have been increasing $88eathd rapidly
expanded the use of environmental site design in the late 1990s, which employs a large number of smaller
practices(Flores et al., 2009; Withers, 2018MP density was developed by dividing the total number of
BMPs in a watershed by theea of high and medium density developmeBMPDen} It was predicted that
higherBMPDensvould correspond to newer developments where smalfeore distributed practices were
employed, as compared to older development which may not have had stormwateagearent or used
fewer, larger BMPs. Thus, we predicted that structures located within watersheds with BiytiDens
would have increased performance because of greater runoff attenuation.

Watershed soil erodibility was determined using the soil eroitjtitfactor from the second revised
universal soil loss equation (RUSLE?2) and-avesaging the erodibility of all soils within a watershéde@K.
We predicted that greateAreaKwould correspond to increased fine sediment supply to a stream, which was
predicted to increase the risk of structure aggradation.

Drainage network stream bank soil erodibility was also determined using-thetét from RUSLE?2,
but was calculated by averaging only the streambank erodibility of all tributaries draining ¢geatmeach
(Drainagek LikeAreaK we predicted that greatebrainagekvould correspond to greater sediment supply
to a system due to increased likelihood of systetee bank erosion, increasing aggradation risk.
Furthermore, we predicted that increas@&tainagekcould also be correlated to increased local bank
erodibility, increasing the susceptibility of structures to local erosion and scour.

Longest channel slopedngChS)pwas the average slope from a project outlet to the farthest
upstream firstorder channel. We predicted that larger valued.ohgChSIwould correspond to increased
channel flow energy, resulting decreased structure performance.

Land use was determined from the National Landcover Database from 2016 (NLCD 2016) using
aggregationsutlined by the Maryland 2008 land use category descript{@able 2.7MDP, 2010) Land use
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was expressed as a faction of total watershed area used for the following categories: high density
development FracHighDejy medium density developmenEfacMed@n), low density development
(FracLowDe)) agriculture FracAg, forest FracForegt and open water/wetlandsHracWate}. Specific

information about these categories and their relationship to NLCD 2016 land use categories can be found in
Table B.4Land ge within a watershed was included as an explanatory variable because of the impact of land
use on watershed hydrology and stream sediment supply. We predicted that gfaatetdighDemvould
correspond to lower structure scores, due to increased stormwateoff and peak discharges. We also
predicted that increase@fracForestvould correspond to greater structure performance due to decreased

peak flow rates.

Percent change in land use since project completion was also calculated and used as a predictor
variable corresponding to each of the aforementioned land use categories: high density development
(HighDenC}) medium density developmeniedDenCl low density development.pwDenC)) agriculture
(AgCh, forest ForestCh and open water/ wetlandd/Nater(h). For land use change, two additional
categories were developed using the other categories: urbxtbdnChandrural (RuralCh UrbanCh
corresponded to urban land use change, or the change in both high and medium density development in a
watershed this predictor aimed to give a more complete view of development in a waterdRedICh
corresponded to rural land use change, or the change in forested, agricultural, and open water/wetlands and
similarly aimed to give a complete view of changes inareithin a watershed where water would be slowed
or infiltrated. It was predicted that structure performance would decreas&d@mnChncreased andRuralCh
decreased.

3.2.2.2Projectscale Variables

Projectscale explanatory variablese summarized indble B.5. Similar to the watershadale
variables, project variables were scaled to the channel size (Table B.3).

Two projectscale variables were categorical: design approach and Rosgen chann®R@$ (
20079g) Design approactbesignApproadhwas he design approach of a project whialas determined
based on visual observations of project and included the following categories: natural channel design (NCD),
regenerative stream conveyance (RSC), wetland restoration, and valley restoration. Rosgesh tyfpen
(RosgenTypewas the Rosgen channel type of a project reachvaasi recorded for each stream if this
information was documented in the design plans or repbBiRCS2007g)

Year completed is the year a project was completéeaf Comp and gives insight into multiple
factors that could influence the success of instream structures. Older projects would have more opportunity
to establish vegetation and fequilibrate following construction, both of which could influence the degree to
which erosion was visible along the channel boundaries during the assessment. On the other hand, older
projects would have a greater likelihood of having experienced high flow events that could negatively impact
structure performance.

Project length is théength of stream restored as part of a stream restoration projecojLen and
describes both the extent of disturbance and restoration of a project. As a result, iRgbjeercould have a
negative impact on structures due to the greater length ofutisaince or a positive impact on structures by
AYONBlFaAy3a GKS RSINBS (2 6KAOK | a0 NOahwmNB 61 & GAYyac
expressed as a number of bankfull widths.
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Project slope was calculated as the average slope between thedmmon stream features at the
upstream and downstream end of the projeddginChDSI) such as riffles or grade control structures.
MainChDSlpvas included as a projestale variable because slope is one of the primary factors driving flow
energy through groject reach. It was predicted that higher valuesMainChDSlpvould result in greater
flow energies, causing decreased structure performance.

Flood prone width was the width of the floodplain at an elevation that was two times the bankfull
depth abowe the deepest point in the channdtlpod. Floodindicated the floodplain width during high
discharges. Systems with narrower floodplains (referred to as more confined) will have greater flow depths
during high discharges, resulting in greater shear sgeslong the channel boundaries per unit discharge.
Smaller values dfloodwere predicted to decrease structure performanééoodwas scaled using bankfull
width to yield entrenchment ratio (floodprone width/bankfull width; Talides).

Design dischge is commonly used in stream restorattorrepresentthe range of natural flow
conditions that produce the stream morphologya given reach. There amultiple methods that can be
used todeterminedesign discharge. Design discharge was only listesbfoe of the projects in this study, so
bankfulldischarge values westimatedusing regional curves for the Maryland Piedm@inotto, 2003)
and Coastal PlaifiKrstolic & Chaplin, 200.7yhese methods calculated bankfull dischaBjischusing
drainage area. It was predicted that higher value®6Dischvould correlate to increased likelihood of
structure failure.

Sinuosity quantified the degree to which a stream meandered and can be calculated by dividing
stream length by valley length or streastope by valley slopé&{nuosity. Sinuositywas calculated by dividing
total stream length, as determined from design plans, by valley leagtletermined in Google Earth (Google
LLC, Mountain View, CA) as the strailgid distance, following the channel, between the upstream and
downstream project extents. Many of these restoration projects altered channel sinuSsityositywas
included as qredictor variable because a design sinuosity differing from natural equilibrium could have
negative impacts on structures. Structures in channels with too Sighositycould risk excessive
aggradation or be abandoned altogether because of channelianulStructures in channels with too low a
Snuositycould risk flanking or scouring as the channel adjusts to increase sinuosity.

The projeciscale soil erodibility of the project bank®r¢jectRisa similar explanatory variable to
DrainageKBoth usehe soil erodibility Kactor from RUSLE?2, bBtojectkencompasses only the
streambanks of the project reach, rather than the project reach and tributaries. MHigkctkvaluescould
increase the likelihood of scour or bank erosion that could comprostiseture stability, thus reducing
structure score.

The median particle size of riffles (riffleogPRFD5Pwas included as an explanatory variable to
quantify bed stabilityRFD5@vas determined using design plans or through communication with designers
RFD5Q@vasscaledto bankfull width to scale it to stream size. It was predicted that larger valuB$DE0
would result in greater channel stability and possibly result in increased structure performance.

Structure density was included as an explamateariable to encompass the effect of nearby
structures on the performance of individual structures on a projeicte scale. Structures were classified as
any foreign materials added to the chanmel part of the stream restoration designd included irstream
structures not studied as part of this project, such as+wats. Structures densit{rucDepwas measured
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as the number of structures per 1000 df stream. Literature indicates that some structures have a
protective effect when in close proxity to one another, so it was anticipated that higher valueSwiicDen
would generally result in better structure performan@dDE 2000; McCullah & Gray, 2005)

Distance from the upstream and downstreanost ends of the project to the nearest gradentm|
structure was also considered $G@nd DSGCespectively). Projects with downstream grade control are
more likely to be protected against channel incision due to the migration of downstream knickpoints.
Similarly, upstream grade control could redwtannel incision due to bed scour from high flowSGG@nd
DSGa@vere bothscaledto bankfull width to quantify their proximity with respect to project stream size.

Finally, the project itself was included as a projgcdle explanatory variable ttetermine the significance of
the individual project (e.g. design and construction techniques, project overstghtrelative to structure
design characteristics.

3.2.2.3Structurescale Variables

Stream restoration structures were grouped into six strwe families, including bank protection
(BP), full span vanes (FSV), partial span vanes (PSV), constructed riffles (RF), regenerative stream conveyance
(RSC), and step pools (SP). BP structures are walls that aim to protect streambanks from diraotdflows
stabilize the channel margins. FSVs and PSVs ar¢ypeistructures constructed in the stream channel to
redirectstreamflow, create downstream pools, and provide grade control (FSVs. dwdyhe names imply,
FSVs span the entire stream channel vaaer PSVs only span a portion of the channel. RFs are constructed on
the stream channel bed with the intent of creating a stable riffle bedform that provides habitattzarthel
stabilization. RSCs are valggale structurethat consist ofalternating weis and pools that detain water,
encourage overbank flows, and enhance the hydrologic connectivity of a stream with adjacent groundwater
and riparian areas. Finally, SPs are constructed in steep reaches and consist of alternating steps and pools
that provide energy dissipation and grade control. Structacale variables diffed between each of the six
structure families and were related to structure geometry, construction technique, or features of a given
structure type.Information onstructure-scale predttorsis provided inAppendix B

To account for the size of the stream where a structure was constructed, all length variables were
scaled with respect to a length parameter such as bankfull width, bankfull depth, or step distance. Lengths
measured in @nform were scaled using bankfull width. Lengths measured vertically were adjusted using
either bankfull depth or step distance. Bankfull depth was used for BPs, FSVs, PSVs, and RFs. Given that SPs
are often constructed to convey streamflow through unseliligh gradient reaches, average step distance
gl a dzaSR NIYGKSNJ GKFy o0Fyl1¥FdAZf RSLIGK 06SOIFdzaS AdG NBLINI
structure is dissipating energy. For RSCs, vertical lesugtle variables werscaledto the distance between
each weir crest and the downstream weir crest, also referred to as step distance. ThasB&Ssas part
of this project occurred in sequence sometimes, but often occurred as individual units that minimally
interacted with each otherso theRSC weirs were considered individual structures while a step pool
sequence was viewed as a single structWknere possible, the step distance was determined based on the
distance between the top of two weirs but wasaluatedwith respect to another streture or stable
bedform (riffle) when not possibl&heratios developed tscalethe structurescale predictorgare provided
in Tables B.18 B19
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Structurescale variables for each structure were determined from engineeridgudisand design
drawings.For some projectthe data consisted of abuilt drawingsand design plans, just dmuilts, or just
design plans. As a result, the following hierarchy was used determine which source of information would be
used in preference to others: dmililt structuretables or details; abuilt drawingmeasurementsing
AutoCAD:; design plan structure tables or details; design plan draméaguremenusing AutoCAD; and,
photographic analysis from field investigations. Analysis using AutoCAD was performed by uploading
engineering design plan sheets into AutoCAD, scaling the image to the drawing scale, and using the measure
tool to determine lengths and angles.

Common Structure Variables

Certain structurescale variables were common between most or all structure familieese
variables quantified general construction practices such as footer depth, material type and sizing, location
with respect to stream planform, and location with respect to other structukéstsof structurescale
variables common to all structurgtheir units, data sources, and acquisition mettawd provided in Tables
B.6 and B.13

Material type was a categorical variable shared between all structlingss), except constructed RFs
and RSCs, and could be either rock, log, or composite. Whexgpaltts of a structure interacting with flow
GSNB aid2ySsy GKIFIG Aa0NIDIIKNENB I Bt RSAADFOl ZR2F al o &R KPzO (
were wood, excludingid | y1 adGt oAt AT I GAZ2Yy &iG2yS&asé (&R yirmpBsiieNIzOQ 2zNB
structures were those where the construction included stone and wood and both materials were exposed to
the flow.

The size of stone construction materials was quantified by boulder wtithidWwid, or the average
intermediate (middle or b) axighgth of construction stones. The intermediate axis of stone size was only
determined based on construction material specifications (i.e. structure tables or design specifications). The
size of wood construction material was quantified by log diamdteddia), also determined from structure
tables or design specifications. The values for material size were estimates since most were given as
minimum or maximum sizes rather than exact sizsce the materials were natural and not manufactured
BouldWidandLogDiawere both scaled with respect to bankfull depth.

Footer depth was the distance from the channel bottom to the lowest average depth of footers
(FootDep and wasscaledby bankfull depth (BPs, FSVs, PSVs) or step distance (SPs, RSCs) deperding on th
structure.FootDepwas not a variable for RAsootDepwas determined based on specified depths or by
multiplying the number of layers of footers by the size of the construction material.

Distance upstream (US) or downstream (DS) to other structuresidfkected flows (USFlpDSFlo
for FSVs, PSVs, RSCs, and SPs) and structures that were flush with the channel hdé8RUdPE Fldor BPs
or RFs) was also determined. These groups of structures were differentiated in the analysis because
structures affecting flow are more likely to redirect and concentrate flows, which may affect the hydraulic
stress on structures in their proximity SFIUDSFIUUSFlpandDSFlavere allscaledby bankfull width.

Planform location was used to quantify the location of structures in the stream planRianform
was a categorical variable that was determined qualitatively and given a value afr@ dorresponding to
curvature of the channel planform where a structure was located: straight (0), slight bend (1), and bend (2).
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The objective of including this variable was to represent the likelihood of secondary flows in the channel (i.e.
helical flav present in meander bend) which could affect structure success.

Finally, channel dimensions at each structure was quantified using width to depthB&NgEFD
BFWBFDvas determined by dividing bankfull width by bankfull depth. Bankfull width and deptk
determined using the highest resolution information provided in the design plans, where values of each of
these were provided at each structure. Where structieeel information was not present, projestale
bankfull widths and depths were used determined from design plans.

Bank Protection

The unique structurespecific variables collected for BP were typgag, wall height \VallHeigh),
wall length WallLength), and whether or not the construction material was stacked or unstacked
(StackUnstak). Typeand StackUnstacknly applied to log and rock BP, respectivalypefor log BP included
two categories: log toe and log meander protection. Log toe consists of logs stacked parallel to the
streambank, typically secured by a combination of woostpdor piles) and rebar to secure the logs to each
other (Figures 32and 333). Log meander protection consists of log toe, crib logs that extend into the
streambank, and root wadsll of which are secured by cables and wood piles (Figugdsad 335).

LOGS, 12" - 18" DIAM.

LOGS, 12" - 18" DIAM.

FOOTER LOG BURIED

12 TS DIAMETER (MIN.) M

GEOTEXTILE, CLASS PE (8" DIA. MIN
TYPE Il

2" LONG (MIN.)
#5 COATED

VARIES, SEE TABLE

\ OFFSET FOOTER LOG
8' LONG (MIN) TO SUPPORT TOP LOGS

TIMBER PILE

SECTION

Figure 3.32Design detaitirawings for log toe from restoration project 28.

StackUnstackvas used to describe the practice used to construct rock BP: stacked or unstacked.
Generally, stacked BP was constructed using the design approach refeasdmbricated BP (Figures38
and 337) while unstacked BP was constructed using the stone toe design approach, where rocks are placed
loosely along the toe of the streambank (Figurg8. StackUnstackvas determined exclusively using site
photographs because actual construction techniqgues sometimes differed from the design details.
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Figures 3.380g toestructureon the right streambanka) andog toe with exposed rebar and visible
wood piles(b). Both images are from restoration project 36.

Figure 3.34Design details for log meander protection from restoration project 28.
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Figure 335 Pictures of log meander protection from restoration project 28.
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Figure 336 Detail for imbricated rock whkfrom restoration project 36.

Wall height was the average distance from the streambed to the top of a BP strudiatiHgigh).
Wall length was the total length of a BP structure with respect to the stream centeviia8Length.
WallHeightwas represnted as a fraction of bankfull depth akdallLengthwas expressed as a number of
bankfull widths. BBpecific structurescale predictorsire provided in Table B.7 and tredios developed to
scaleBRspecific structurescale predictorare shown in TablB.14

Full Span Vanes

The unique structurespecific variables for FSVs relategroperties of the keys, arms, and silipe
was a categorical variable used to classify the type of H¥@shad nine possible categories based on a
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Figure 3.37Sacked imbricated bank protection from restoration project 2.
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combination of three construction material types and three structure types. FSVs were either sills, cross
vanes, or modiéd jhooks. Sills were defined as structures that generally extended straight across the
channel with arms that did not slope upwards to the bank (i.e. sills were flush with the streambed). Cross
vanes were defined as amdglphabetweir,€ such as A, U, &f weirs,consisting of at least two arms that
sloped upwards towards the channel banks. Modifitbdks consisted of a single arm and a long sill that
extended across the channel into the opposite bank. FSVs could be constructed out of either rool; #gs,
combination of the two (composite). ThuBypeconsisted of nine unique types of FSVs based on design
approach and construction material.

Variables for the bank key (the portion of a FSV constructed into the bank) were key bank angle
(KeyAng and ke normal distance into the bankKéyDist. Variables for the arms were arm bank angle
(BankAng, arm length ArmLen, arm normal distance in the chann@lrnNorn), arm slopeArmSlp), and
vertical distance occupied by structure arms in the chaniehi/er). Variables for the sill were sill length
(SillLel and silprotrusion height ProtHeigh}. Figures 3.39 and 3.40 depict a FSV with each of these
dimensions labeled for reference.

Bank Bank

Figure 339 Plan view of cross vanhere A=SillLenB=
ArmNorm C=ArmLen D =KeyDistE=BankAng
andF=KeyAng
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Figure 340 Profile view of cross vanghere G=ProtHeight H=ArmSIp andl =
ArmVert

BankAngwvas measured with respect to the upstream bakkkyAngvas measured the same as
BankAng such that whera key was a straight extension of the FSV arm (see Figa#etBe angle of the key
and arm were the same. Where the arm or key was oriented perpendicular to streamflow, the angle®was 90
Where the arm or key was oriented parallel to streamflow, thelamgas 0. ArmSlpwas measured as the
slope along the tognost face of a vane arm from the sill to where the structure keyed into the bEmkSIp
was measured in percent (rise/run * 10BankAngKeyAng andArmSipwere not scaled because thaye
dimensionless.

ArmLenwas the length of the arm when viewed in planform (i.e. excluding the additional distance
that would be added if slope was accounted for). Likews##,enwas the length of a FSV sill. Completely
straight sill structures were couatl as only having a sill, which oc@gihe entire channel. Sills with slightly
angled arms, or a slight bend in the middle, were considered to have arms but AorsMormwas
measured as the distance perpendicular to flow that a FSV arm occupiesl ehdmnel Similarly KeyDist
was measured as the distance perpendicular to flow that a key occupied in theAramken SillLen
ArmNorm andKeyDistvere all scaled to bankfull width.

ProtHeightwas measured as the distance from the top of the sill to the upstream channel bed.
ProtHeightwas frequently zero because FSVs are often designed so that their sills are flush with the
upstream bedHickman & Thompson, 2010&rmVertwas measured as thetal verticaldistance a FSV,
includingthe sill and arms, occupied in the channel. BBtlotHeightand ArmVertoccupied by structure were
scaledto bankfull depth.

FSVs are typically constructed with two aramgla key that extends into the bank from daarm.
For each structure, dataeveO2 f f SOGSR FT2NJ SIOK FNY FyR 1Se& fSIFRAyYy3
Distinguishing between right and left is arbitrary and means very little when trying to meaningfully interpret
results and develop designguidds ® ! aAy 3 (KS RAalGAYyOGAZ2Y 2F GAYyaARS
arms was considered as a way to categorize arms based on similar hydraulic conditions, but this alternate
labeling approach was limited by structures located in straight reachesiéiadry bend geometries. Right
and left data vere combined using knowledge of restoration design to determine singular representative
values ArmSlpand ArmVertwere similar for most structures, so they were averaged for analpsiaskAng
and KeyAngwvere averaged when similar (withirfb However, whemBankAngor KeyAngwere different, the
Y2ad SEGNBYS Gl tdzS g1 a dzaSR 6KSNBE GSEINBYS03W! a
(MDE, 2000; Rosgen, 20@poll et al., 2003yDSWC, 2004; Sotiropoulos & Displas, 2ixda INR 2018).
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ArmLenand ArmNormwere chosen to correspond to the arm with the largest arm normal distance in the
channel. The most extreme bank or key angle and the arm with the largest normal distanceliatmel
were chosen to represent the structure because it was predicted that these values would correspond to
aspects of structure design more likétyresult in structure failure. Finally, because modifigubpks have an
arm and an extended sill, valsiérom the single arm were chosen to represent the structure-$gfg¢ific
structure-scale explanatory variablemdratios developed tscaleFSWspecific explanatory variablese
provided in Tables B.8 and B.15, respectively

Partial Span Vanes

PSVs sire most of their structurescale explanatory variables with FSWAgoewas the only
explanatory variable for partial PSVs that differed from FSVs. Six types of PSVs were identified based on a
combination of three construction material types (rock, logcomposite) and two structure types. The two
structure types were single arm vanes asltbpks. Single arm vanes are a single, straight arm that estend
from one channel bank into the channel bedhabk vanes consist of an arm connected to a sill thatsduoat
connect to the bank.

Like FSVs, the other structure structigeale variables for PSVs related to properties of the key, arm,
and sill. Variables for the key were key bank angkyAng and key normal distanc&¢yDist Variables for
the arm werearm bank angleRankAng, arm length ArmLer), arm normal distance in chann&rtnNorn),
arm slope ArmSlIp, and vertical distance occupied in chaniginiVer). Finally, variables for the sill were sill
length GillLef and protrusion heightRrotHeighj. These variables were the same as the variables for. FSVs
SeeTable B.9or PSVspecific structurescale explanatory variables and TaBlé6for ratios developed to
scalePSVspecific structurescale explanatory variables.

Constructed Riffles

The unige structurespecific variables for RFs describe their dimensions and how they were
constructedand includdength/width (REenWid, substrate depthRFSubD@psubstrate by (RFD5) and
downstream RFDSG@nd upstream grade contrdREUSGCRFLenWiavas the ratio between length and
width of a RF, where length was parallel to streamflow and width was perpendicular to streamflow.
RFSubDegescribed the maximum depth of material used to construct a RF andaededto bankfull depth.
RFD5@vas the medin particle size of the material used to construct a RF andsealsdto bankfull depth.

Finally, some RFs were constructed with grade control, a rock or log sill, at the upstream and/or downstream
end of the structure. The variabl®&FUSGQ RFDSG®ere binary and indicated the presence, or lack of

one or both. Tables B.10 and B.17 provide additional detail on the variables used to describe constructed
riffles.

Regenerative Stream Conveyance

The unique structurespecific variables for RSCs descriletthio major components of each
AYRADGARdzZEE w{/ aGdzyAlGéY GKS GSANI I yR (K@eirLéa®ig © + 1 NR I ¢
width/bankfull width WeirWidBFVW, width/valley bottom width WeirWidValley, weir crest slopeWeirSlIp,
cobble o (WeirD50, and cobble thicknes¥\(eirCobDep Variables related to the pool were length/width
(PoolLenWiyl depth PoolDep, and the presence or absence of a stone perimeReritmetej. The thickness
of the underlying infiltration media waalso quantifie (InfMedThiclk Unlike otherinstreamstructures, the
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verticalscalingvariable used for RSCs was step height becauspriésentedthe potential energy acting on a
given weir.

WeirLenWidvas the ratio between the length and width of the weir, wheregédnand width are
parallel and perpendicular to streamflow, respectively. RSCs were typically constructed in the context of a
stream channel and floodplain; therefore, weir width vezsiledto both bankfull width YWeirwidBFWand
valley bottom width WWeirMdValley. The latter indicated what fraction of the valley width the weir
occupial. Valley bottom width was determined in AutoCAD at each weir location using topographic maps of
the site, based on inflection points between floodplains/terraces and hiksdNeirSlpwvas the slope along
the top of the riffleweir, parallel to streamflow, and was expressed as a per&getrD50was the median
particle diameter of the surface material used to construct RSC weirs anscatasto step distance.
WeirCobDepvas the thickness of the uppermosieir substrate and was also scaled by step distance. RSC
weirs also had footer variables such as footer depibotDep and boulder diameterBouldWid. These
footers were present on the downstream face of some RSC wWeitDepwas determined based on the
distance below the bottom of the pool that footers extended and wealedby the step distance.

Similar toWeirLenWidPoolLenWidvas the ratio between length and width of the pool where
length was parallel to streamflow and width was perpendicular tBdblDepvas the distance between the
pool water surface (elevation of the crest of the downstream weir) and the lowest poinegidbl.PoolDep
wasscaledto step distancePerimeterwas a binary variable that described whether or not RSC pools were
surrounded by reinforcing stoneblost projects included an underlying sand/woodchip mixture, the
thickness of which was quantified e variableinfMedThickandscaledto step distance. Segable B.1%or
RS&pecific structurescale explanatory variables and TaBlé&8for ratios developed tscaleRS&pecific
structure-scale explanatory variables.

Step Pools

SPs consist of alteating sills and pools. The unique structisgecific variables used to describe SPs
qguantified the properties of an entire SP sequence or average properties of the individuailpanlts that
comprise the system. These variables were numbeingbe), average step slopeHLavg, ratio of mean
steepnessKLavgy sill width Gillwid, pool depth PoolDep, pool length/width PoolLenWiyl total length
(TotalLen, substrate depthRoolSubDeép pool substrate B (PoolSubD50 and perimeterRerimeter Tables
B.12 and B.IJ®Numberreferred to the number of step pools in a system of SPs, and was determined by
counting the number of pools present in a system. The average slope of each step was represented by the
variableHLavg HLavgecould also be representeil @ G KS S j dzl dvieg YA was dhe ehfingeind 3 £
elevation between two sills and L was the horizontal distance between those two sills. The ratio of mean
steepness of each SP system was represented by the vaHableg&nd was the ratio between avega SP
slope and channel slopelLavg® 2 dzf R | f 42 06S NBLINB &Sy (véhere DwastieK S S j dzl
slope of the stream where a SP system was constru&itVidwas the average width of the sills
constructed in a SP sequence and wealedto bankfull width. PoolDepwvas the average depth of all pools in
a system, where depth is the height of water that would be impounded in the pool by the downsireesn
sill. PoolDepwvas scaled to the average step distance of the syskoolLenWidvas the aveage ratio of the
length and width of all pools, where length was parallel to streamflow and width is perpendicular to it.
TotalLenwas measured as the distance between the upstreaost and downstreanmost sills of the SP
system, and was expressed as a bemof bankfull widthsPoolSubDepvas the depth of the substrate
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placed at the bottom of each pool and was scaled to average step distance. LikeoakabD5Was the
median diameter of the substrate placed on the bottom of the pools andseakedto average step distance.
Finally, similar to the RS@=®rimetemwas a categorical binary variable used to quantify whether the pools
were constructed with or without a rock perimeter.

3.2.3 Data Analysis
RStudio version 4.0.3 was used to perform all stiegstanalyse$Version 4.0.3R Core Team, 2020)

¢KS aOFNEZ dafvYSnés aljLIOwé X avdzyit aedOKeés aNRBRIE f A0NI
GIAIFLIX 2GHE fAONINEB 4l a dzZASR F2NJ LX 200Ay3d DAGBSY (GKI G
the plots shown in thishapterwere gend&Nd G SR dzaAy 3 Ga2A0GSNE G6KAOK &t AIKGT

so the total number of data points is cledihe main statistical analyses were conducted uSitmyeOverall
(between 0 and 18) as the response variable. Statistical analyses were alsmteahusing the five structure
assessment subcategory scor8sorePCTRemaBcoreMatMoveScoreErosiqgrscoreAggradScoreFunction.

First, data were scaledas appropriate and compiled into final datasets that contained struefure
project, and waterbed-scale predictors. Initially, relationships betweBooreOveralind the explanatory
variables were assessed visually using scatter plots and quantitatively using simple linear regression. The
studentized residuals of these simple regressions were guoéis scatterplots, histograms, and@plots to
investigate outliers and assess normality.

Based on the initial data analysis, data transformations were performed on all variables as
appropriate to ensure homoscedasticity and normally distributed res&llPredictor variables were
transformed by either applying a base 10 logarithm or square root. Predictor variables were also checked for
underlying polynomial relationships. The highest order polynomial relationships found/investigated were
guadratic. Wken predictors were identified as having a quadratic relationship, that predictor was squared to
create a new predictor that could be added to the linear models to encompass quadratic behavior. A square
root transformation wasnvestigatedfor ScoreOveralllThe best transformation of each predictor variable
was plotted against the untransformed and squaoet-transformedScoreOveralBasedon these plots, it
was determined that leavin§coreOveralintransformed would maximize the homoscedasticity and
normality of the distribution of residuals.

Once transformed, each of the final datasets were further divided. Where applicable, structure
families were sorted into log structures and rock structufisice the number of composite structures was
too low tobe analyzed separatelypmposite structures were included in both categories. The level of design
information provided about each structure varied from project to project, so not all explanatory variables
could be quantified for each structure. As a réselch dataset was further subdivided to either maximize
the number of structures in each dataset or maximize the number of explanatory variables in each dataset.
¢KS aYIFEAYdzY adNHzOGdzNBaé¢ RIGFaSia ¢SNBE and@Sof2 LISR

YAaaAy3a RFEGF® | 26SOSNE a2YS aiNUzOGdzZNBa 6SNB adAff

typically if a structure was missing large amounts of data that would cause one or multiple predictor gariable
to be excluded due to missing data ¢ KS &Yl EAYdzy LINBRAOG2NE RIFGlasSiaa
structures in a dataset that had missing data to allow for assessment of all the predictor variables. For
example, the result of these two subdivisions resulted in four final datasetsSs:Fock maximum

structures, rock maximum predictors, log maximum structures, and log maximum predictors. Maximum
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predictor datasets were subsets of maximum structure datasets, so statistical relationships of a given variable
that only occurred in the mamum predictor datasets but not in the maximum structure datasets were
excluded.

Analysis of the final datasets was performed separately for struetoade and projeetand
watershedscale predictors. For structwsxale predictors, regression analyseswised to determine
significant relationships betweeBcoreOveralind the explanatory variables usiag< 0.05 as the criteria to
reject the null hypothesis that a variable was not significant. Both single linear regressions and forward
stepwise selectin were used to develop a set of significant singled multivariate models. To gain
additional insight into these relationships, significant predictor variables were analyzed against score in each
of the five structure assessment subcategories usingtinegression.

Significant models were then evaluated by broadly interpreting the model (i.e. did an explanatory
variable have a positive or negative effect); summarizing important model parameters such as adjusted
predictedr? or predicted residual mor sum of squares (PRESSYajue, slope and intercept estimates, error,
and sample size; andisually assessing model fit, outliers, and data points with high leverage.
Multicollinearity of multivariate linear models was assessed wita variable irflation factor at a threshold
of <5 to ensure parameters were not causing variable inflation. Multicollinearity in all models was considered
by developing correlation matrices to determine which parameters were highly correlated and possibly
redundant. Usig knowledge about each structure and this suite of diagnostic tools, final relationships
between structurescale predictors an8coreOveralvere determined. Furthermore, significant relationships
that had small? values(typically < 0.10)vere excluded from the final results because they indicated the
variable explained little of the variance in teucturescores.

Relationships between projecand watersheescale predictors an8coreOverallvere assessed
using linear mixegffects moals. To account for the grouping effect of project on projecid watershee
predictors, which resulted in identical or very similar predictor values for all structures from a given project,
each model was developed with a single projectwatershedscaé predictor as a fixed effect arRtojectas
a random effect. Linear mixegffects models were only utilized to analyze datasets containing at least five
levels of the random effect (five projects) that contained a minimum of three observations eachir{gllow
one degree of freedom for each suiodel;Harrison et al., 2018An alipossible models approach was used
with a < 0.05 to determine when fixed effects (projeatatershedscale predictors) were significant. Each
statistically significant model wasaxined using the same set of diagnostics as the struesuede models
to determine the final results. Moreover, predictors that produced significant relationships were analyzed
against score in each of the five structure assessment subcategories togjght into the nature of these
relationships.

The structure assessment subcategory scores were analyzed for all of the structures and each
structure family. The average subcategory score was summarized as a fraction of the highest possible score.
Subcaggory scores for structures with rock and wood construction were analyzed using-Whitney
nonparametric 2sample tests to determine if average subcategory scores differed significantly between each
construction material.
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3.3 Instream StructureResults

In total, 536 structures located within 38 projects in Maryland, across seven counties were assessed.
The final dataset included 510 structures: 147 bank protection (BP) structures, 105 full span vanes (FSVs), 68
partial span vanes (PSVs), 102 construciffids (RFs), 57 RSC weirs (RSCs), and 31 step pools (SPs). Many of
the excluded structures were vortex rock weirs, which were not included in the final datasets because they
had high rates of failure and subsequerdhg no longer used in practice. A dimaumber of RSC weirs were
excluded from the final datasets because their design plans indicated that the step distance to the
downstream weir was negative, which presented issues when performing transformations and created
outliers for all design variad that werescaledo step distance. The following sections will describe the
significant relationships found within the data. Sksbles B.20 to B.34r descriptive statistics for each
structure family.

3.3.1 All Structures

The average score in each structure assessment subcategory was determined for all log and rock
structures, respectively (Tab84). Log structures received the highest scoreSdnrePCTRemaand lowest
in ScoreFunctiofiTable3.4). The trend of log strtures scoring high iBcorePCTRemairas observed in
other datasets, such as log FSVs and PSVs. Unintended aggradation was not commonly associated with rock
structures the most common problem observddr rock structures overalas material movement (Tée
3.4).

Mann-Whitney nonparametric Zample tests were conducted to compare scores between all log and
rock structures for each structure assessment subcategory. These tests indicated that rock structures scored
significantly lower foScorePCTRemaind ScoreMatMovelikely because individual rocks are easier to
mobilize because they are only secured by their submerged weight and adjacent stones, making them easier
to move thanentire logs. Although the ManiVhitney nonparametric ample tests took saphe size into
account, it should be noted that the sample sizes between all log (n = 36) and rock (n = 492) structures were
very different.

Table 3.4 Average subcategory score, as a fraction of the maximum score for all
log (n = 36) and rock (n = 4%2)uctures.

Average Fraction of Highest Possible Score
Subcategory Score All LogStructures All RockStructures
ScorePCTRemair 0.96 0.86
ScoreMatMove 0.87 0.75
ScoreErosior 0.88 0.83
ScoreAggrag 0.85 0.88
ScoreFunctior 0.83 0.82

* Assessmensubcategory scores are significantly differént ¢ ) betveep log
and rock structuresising ManAWhitney nonparametric Zample test
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Two significant models were developed for all structures uSicmgreOverallone for log structures
and one for rok structures (Table 3.5). No significant models were developed using stristtale
predictors. There was a negative relationship betw&eoreOveralind DrainageKor log structuregn = 26,
adj.r?=0.273, pvalue = 0.0077; Figure 3.41ndicating tfat log structures are morsusceptibleo failure in
watersheds with highly erodible riparian soilBrainagekanged from 0.35 to 0.43, with higher values
indicating greater susceptibility to erosioResults of dinear mixedeffects modeindicated the random
effect, Project did not explain any variability in the scores for log structures (Table 3.5)

For the rock structures, there was a negative relationship betw&eoreOverahndMedDenCHn =
282, adjr?=0.207, pvalue = 0.0024Figure 3.42)MedDenChanged from 1.4% to 5.6%d.0 explore the role
of individual projects, #inear mixedeffects modelwas developed witlProjectasthe random effect This
model showedProjectexplained 12.6% of the variability in the data while the fixed effdetdiDenCh
explained 8.0% of the variabiliffable 3.5). The combination of these two modeticatesthat, while land
cover change following construction was significéimg specifigorojectin which a rock structure was
constructedplayed a larger e in determininghe success of rock structures overall

Table 3.5 Significant lineamixed-effects models for all log (n = 36) and rock (n = 282) structures.

Fixed Effect Regression
Equation Fixed Random | Fixed Effect

Structure Family (ScoreOverall X 0| Model 2 | Effect? | Effect? p-value
All log structures =-45.88DrainageK 0.121 0.121 0.0 0.0379
All rock structures,
excludingRis =-1.17MedDenCh 0.207 0.080 0.1%6 0.0024

. Y
15 Ty
* e ] B -

Overall Structure Score (ScoreOverall)

0.36 0
Drainage Network Soil Erodibility (DrainageK)

Figure 3.410verall structure score versus the lengtleighted USLE satodibility (K) of the
stream drainage network.
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Figure3.42 Overall structure score versus the percent change in medium density
development following project construction

3.3.2 Bank Protection

Average structure assessment subcategory scores for logauk BP are listed in Table 3.6.
ScoreMatMoveavas the lowesiscoring subcategory for log BP whiere were no observed issues related to
unintended aggradation. Similarly, rock BP received the highest scor8sdoeAggra@nd the lowest scores
in SoreMatMove

Mann-Whitney nonparametric Zample tests were conducted to investigate the difference between
assessment subcategory scores between log and rock BP. These tests indicated that log and rock BP did not
have significantly different scores in asiybcategoy (Table 3.6). Thus, structure material was not an
important factor with respect to score in each subcategory. Although the M&hitney nonparametric 2
sample tests take sample size into accoutrghouldbe noted that the sample sizes of Igg= 13) and rock (n
= 113) BP were very different.

Five significant models were developed for rock BP uBiageOveraltwo corresponding to
structure-scale predictors (Table 3.7) and three corresponding to prdjeatershedscale predictors (Table
3.8). No significant models were developed for log BP, likely due to the small samgle=siz8) Project
and watersheescale predictors were not analyzed for log BP because there were too few projects and
structures to develop linear mixeeffects modes.
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Table3.6 Average subcategory score, as a fraction of the maximum score for log (n
=13) and rock (n = 13Bank protection (BR)

Average Fraction of Highest Possible Score
Subcategory Score Log BP Rock BP
ScorePCTRema 0.96 0.90
ScoreMatMove 0.79 0.77
ScoreErosiol 0.92 0.85
ScoreAggrac 1.00 0.97
ScoreFunctior 0.94 0.88

Tabk 3.7 Significant linear regression equations for réak protection(BP;n = 127).

LinearRegression Equation Regression
Structure Family (ScoreOverall X 0 Adjusted P | Predictedr? p-value
= 15.76 for stacked
Rock BP — 13.84 for unstacked 0.040 0.013 0.0133
Rock BP = 4.16WallHeight 0.132 0.106 < 0.0001

Table3.8 Linear mixeeeffects models for rockank protection(BP;n = 116).

FixedEffect Regression
Equation Model Fixed Random | Fixed Effect
Structure Family (ScoreOverall X 0 r Effect? | EffectpP p-value
Rock BP =-3.30BFDisch 0.308 0.168 0.140 0.0029
Rock BP =3.75StrucDen 0.309 0.027 0.282 0.0259
Rock BP =4.50ProjLen 0.308 0.032 0.276 0.0319

Stacked BP scored significantly higher than unstacked BP (Big@reThe linear regression
relationship indicates that stacked BP scored 12.2% higher than unstacked BP, which is equivalent to 2 points
on the structure assessment (n = 127, agl 0.040, pvalue = 0.0133; Tab®7). Of the 127 BP structures
used to develop this relationship, 89 were stacked and 38 were unstacked. This relationship only explains 4%
of the variability in the data, which is reasonable since this relationshiplessloped using a categorical
variable with two options.

Field observationgand fundamental physicglemonstratedthere were inherent differences in how
unstacked and stacked BP were constructed. Unstacked BP was frequently designed as stone toe using
smaller boulders. ManiVhitney 2sample tests verified that stacked BP has significantly larger values of
boulder widh (BouldWid than unstacked BP. Stacked BP alasconstructed with significantly higher wall
heights (VallHeigh) than unstacked BP (n = 127, adj 0.58, pvalue = < 0.0001Yhe averagéVallHeight
of unstacked BP was 0.5 bankfull depths whereaskstd BP was constructed to an aver&ygallHeightof
1.9 bankfull depths (Figure 3.44).
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Analysis oBouldWidversus stacked and unstacked BP indicated that stacked BP was constructed
with significantly larger boulders than unstacked BP (n = 127;%adj041, pvalue = < 0.0001BouldWidof
stacked BP ranged from 0.41 to 3.33 bankfull depths, whereaBdh&lWidof unstacked BP ranged from
0.31 to 0.77 bankfull depths. On average, unstacked BP was constructed with boulders that were 0.4 bankfull
depths h diameter whereas stacked BP was constructed with boulders that were 1.2 bankfull depths in
diameter (Figure3.44). These results clearly indicate significant design differences between stacked and

unstacked BP: stacked BP was constructed four times th@& unstacked BP using boulders that were three
times larger.

Unstacked

Stacked . L . . . . .

10 15
Overall Structure Score (ScoreQverall)

Figure3.43 Differences betweemverall structure scoréor stacked versus unstackéank
protection.

Given that stacked and unstacked BP have very different designs, they were analyzed separately. For
stacked BP, there was a significant positive relationship betv@semeOveratind WallHeight(n = 89, adijr?
= 0.305, pvalue = < 0.0001). The significaraf WallHeightsuggests that a major failure mechanism for rock
BP is overtopping and erosion behind the structure; field observations confirmed this. For unstacked BP,
there were no significant relationships betwe8goreOveralind other structurescalepredictorsthat could
provide insight into possible design factors related to the failure of unstacked BP

A statistical analysis was also performed for unstacked and stacked BP versus the structure
assessment subcategory scores. These results inditledtacked BP had fewer issues with unintended
scour or erosion and overall structure function, indicating that stacked BP, which is constructed taller and
using larger rocks, functions and prevents erosion to a greater degree than unstacked BP.
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Figue 3.44 Differences irscaled wall height and boulder widbetween stacked and
unstackecbank protection.

For all rock BP, there was a positive relationship betwgesreOveraindWallHeight(n = 127, ad,.
r’=0.132, pvalue = < 0.001; Tab®7, Figue 3.45). As discussed previously, this relationship was significant
for the subset of this dataset consisting of stacked BP but not for unstacked BP. Further analysis was
performed to investigate the relationship between the structure assessment subagtegores and wall
height. There were positive relationships betweafallHeightand all subcategory scores except
ScoreAggradvhichwas the subcategory that rock BP scored highest in (average score of 97%3.8)able
This finding indicates tha/allHeightis positively correlated with high scores in all subcategowés|Height
ranged from 0.25 to 4.44 bankfull depths. From Fighids, there appears to be a threshold above 1 bankfull
depth (0.0 in figure) where rock BP scored higher. This ltlatdss the uppeibound of wall height for
unstacked BP; all structures above this threshvdtle stacked.

For all rock BP, there was a negative relationship betv@&mreOveradind BFDisclin = 116adj. P
= 0.308, pvalue = 0.0029Table 3.7; Figure.86).BFDisclmanged from 7 to 1519 cubic feet per second (cfs).
Of the variability in the data explained by this linear miedi@cts model (30.8%), slightly more than half was
explained by the fixed effecBFDiscl{16.8%), as compared to the random etfeProject(14.0%; see’r
values in Table 3.8). Higher bankfull discharge is more likely to dislodge individual stones in a rock structure
and rock structures scored lowest for material movement overall (Table 3.6).

There was a positive relationship beten ScoreOveralind ProjLerfor rock BRn = 116ad;j. P =
0.309, pvalue = 0.0259Table 3.8; Figure 3.4BrojLerranged from 19.5 to 450.2 bankfull widths. Of the
variability in the data explained by the linear mixeffiects model (30.8%), nearlyl af it was explained by
the random effect (27.6%lProject as compared to the fixed effect (3.2®JpjectLer(see f values in Table
3.8). Similarly, there was a positive relationship betw@serallScorand StrucDer{number of structures/
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Figure3.46 Relationship between overall structure score and bankfull discharge for bank

protection (n = 116).
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1000 ft.) for rock Bifn = 116adj.r?= 0.308, pvalue = 0.0319Table3.8; Figure3.48). StrucDemranged from

2 to 119 structures per 1000 ft. Of the variability explained by the linear raiedts model (30.8%), nearly

all of it was explained by the random effect (28.2P#hject rather than the fixed effect (2.7%8trucDen

The large fraction dhe variance irScoreOverattxplained by thespecificrestoration project indicates that

the overall differences between projects play a greater role in structure stloam differences irProjLeror
StrucDenThe random effecProject likely encompass a variety of hidden variablésat account for

structure performance such as design and construction quality, construction oversight, and whether repairs
were made.

Figure3.47 Relationship between overall structure score and scaled project lengthl(6).

3.3.3 Full Span Vanes

The average score in each structure assessment subcategory was determined for log and rock FSVs
(Table 3.9). Log FSVs scored higheStorePCTRemamresult that also occurred for all log structures and
log PSVs (Tabl8s6 and 3.12). However, log FSVs scored the lowextoneAggradwhich was also the result
for PSVs (Table 3.12). An aggraded wood FSV is pictured in Figure 3.49a. Rock FSV scored highest in
ScorePCTRemaint scored similarly to log FSVs in every otiesessment subcategory (Table 3.9).

MannWhitney nonparametric Zample tests were conducted to determine if log or rock FSVs
scored significantly differently in any of the structure assessment subcategories. The results of these tests
indicate that roclkand log FSVs did not score significantly differently in any of the structure assessment
subcategories, indicating structure material does not account for significant differences in subcategory
scores. However, the sample size for log FSVs was very small.
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