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Introduction

Decades of research have improved the scientific understanding of urban hydrology and stream

processes, including hydraulics, that have informed the way stormwater is regulatedaraed. This

scientificbased understanding of stormwater runoff, its quality, quantiyd downstream impacts, has

advanced the innovative design of best management practices (BMPs) to better protect water

resourcesTo comply with the requirements ofié Clean Water Act (CWAJ)ile 4, Subtitle 2 of the

Environment Article of Annotated 2 RS 2 ¥ a | NE fthe yhinagerientioiS@rmiatet rinofi

is necessary to reduce stream channel erosion, pollution, siltation and sedimentation, and locabfloodin

Ftt 2F gKAOK KIF@S FROSNES AYLI Ol a HawveriitheSapacityd SNJ F yR f I yR NBaz2dz2NODSa
of upland BMPs to affect stream energy dynamics that reduce erosive flows causing channel instability

remains a needed area of research.

It is welldocumented that &ered hydrology within the drainage area due to urbanization is a major
cause of stream erosion leading to degraded stream water quality and biology (e.g8 Mayér, 2001;
Schueler et al., 20Q®awley, et al. 2019 The specific causes of degradation maytiebuted to site

or watershedspecific characteristighat alter the timing, magnitudeand rate of streamflow. For
example, thechanges in stream energy from higher magnitude and frequency flows resudreased
rates of channel erosion and sediment yield in urbanizing streams as documented by many researchers
(Trimble, 1997; Boot& Henshaw, 2001; LanglagdCronin, 2003; Allmendinger et al., 2007; Fraley et
al., 2009). Downcutting or channel incisiomisommon feature of urban stream channels due to high
volume scouring flows and lateral constraints to channel migration (Wolman, 1967; He&sBauth,
2000). Sediment correlation studies indicate that upland erosion and channel enlargement are
significaat components of the sediment budget (Allmendinger et al., 208l erosion and deposition
values are higher in unstable reaches (Bergm&a@lauser, 2011). Fraley et al. (2009) found that bank
erosion contributed an estimated 43% of the suspended sedirtad in an urbanizing Pennsylvania
tributary. Similarly, for an urban stream in southern California, Trimble (1997) found that channel
erosion contributed about twahirds of the total sediment yield. A study of streams in Maryland and
Pennsylvania fouhsediment loading rates attributed to stream channel erosion in the range of 300 to
1,500 Ib/ft/yr (Landstudies, 2005).

Given the requirements to meet stormwater performance standards as p@&WA National Pollutant
Discharge Elimination (NPDES), MipaitSeparate Storm Sewer SystMB¢) programto improve the
quality of streams, it is expected that practice designs that mimic a more natural hydrologic reidime
reduce impacts to receiving streams and as such enhance the potential for restoraberstecessful.

To dateresearchypically evaluates théydrologic benefits (i.e., reduction of peak discharge, volume
reduction) of BMPs at the sitar watershedscalebut researchislimited at evaluatngthe effect of BMP
implementation on the streanshannel itselfAulenbach et al. (2017) found that for every 1% increase in
watershed effective impervious area (EIA), abbisi% to2.6%increases in EIA treated by BMPs would
be required to counteract the effects of EIA added to the watershedslequatly addrespeak
streamflow, stormwater yield, and storm streamflow rund®aired watershed studies by Barr
Engineering (2006) and Claussen (2007) find that runoff reduction practices effectively reduce runoff
volumes by up to 97%ennino et al. (2016)anonstrated through a regional study of green
infrastructure impacts at the small watershed scale in Baltimore and Montgomery Counties in Maryland
that small watersheds with more than 10% of their total area treated by green infrastructure had less
flashyhydrology, with 44% lower peak runoff, 26% less frequent runoff events, and 26% less variable

1



runoff compared to watersheds without green infrastructu&and filters and infiltration trenches were
found tobe the most prevalent practices in the@atershed most likely accounting fahesereductions
Research to evaluate the hydrogeomorphic response attriduteBMPsis less studie regardingthe
degree ttat BMPs may mitigate flows that contribute to excessive stream bed and bank erosion.

The fdl recovery of a stream due to BMP impientation is a complex processe§pite expected water
qualityimprovement at the sitescale, he longterm and full restoration of stream health may be
hampered by lag effects (Lyerly et al., 2014), extantl typeof practice implemented, as well as
incomplete identification or inadequate treatment of the causes of degradation (Palmer et al., 2014;
Chesapeake Bay Program, 201A)study of stormwater basins Burns et al. (2011) fountthat
conventional approachet® stormwater managemene.g., focusing on peak storm rate contrial)l
because they do not addretise full spectrum othanges to the flow regime caused lgystream
development and subsequestormwater drainagelesignsHawleyand Vietz (2016fpundthat the
optimum design cteria for maintaining stream stability is a threshdidsed approach in which a critical
discharggQ;) target is established based on hydrogeomorphic data from the stream to
maintain/restore a more natural sediment transport regime similar to that of equilibrium channels of
undeveloped watershedsiis recommendationfocuson controlling stormwater duringelatively large
events (twoeyear and largerin such a way a® minimize frequencies and durations of discharges
greater than the Qdesign targefor a broader spectrum of storm frequencjaslative to the
predevelopment regime.

Sructural BMPs have aditionally been designeith Marylandto reduce the discharge from the two
yearpost-development peak flow rate to predevelopment levels (MR®,0).However,channel

instability may result despite reduced pedtvelopment peaklow magnitude and increasestorage
duration. In some cases, controlling the twear storm may accelerate streambank erosion because it
exposes the channel to a longer duration of erosive flows than it would have otherwise recdingd.
was demonstrated in a modeling study of aaheatchment in Colorado by Bledsoe (2002) that found a
2-year stormwater peak control detention facility would need its storage volume increased by 61% to
adequately protect the stream chann&knnesy et al(2001) evaluatedthe effectiveness of 5 different
stormwater management ordinanseising simulation studies arfdund thatalthoughall of the
ordinances required posievelopment runoff rates from the site be less than or equal to the
predevelopment runoff rates for each retu period(e.g, 100 yr¢ 1 yr,10 yr-2 yr), none of the
ordinanceswere effective at controllinghe 1 and2 year (or more frequent) storm evertisat are
associated with nuisance flooding astleam bank erosion.

Increasingly, MS4 jurisdictions are adiog storm water management design standards that use runoff
NERdzOGAZ2Y LINI OGAOSa 2NJ aaINBSy AYTFNI adNHzOG dzNB ¢
Lane, 2015)lmplementing Hawley antlietz recommendations would be difficult because of thiele

range of bed materiahnd different hydrologicegimesacross tle state of MarylandInstead the

current approach adopted biyne Maryland Department of Environme(¥IDF istowards smaller

RAZONROdzZI SR aeaisSya I yR Sy daNEy Ydbwldpmeént hjdkolody RSaA Iy

andreduce negative impacts on receiving stream chanriéiese tributed systems seek to promote
infiltration to increase groundwaterdivs with the intent to restore baseflow to urban streams

MarylandQ gerformance standard is to implement ESD BMPs to the maximum extent practicable (MEP)
to replicate runoffcharacteristics for a-year, 24-K 2 dzNJ &2 NY aAAYAf I NJ G2 dag22Ra
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(MDE, 2010). When the targeted rainfall is not met, any remaining channel protection volume (Cpv)
requirements shall be treated using structural practices.

Recent findings suggest unstable streambanks in headwater streams can recover channel statdity due
the implementation ofupstreamBMPsHawley et al. (2019) found in studying 61 suburban streams over
aten-yearperiod that suburban streams become unstable due to increases in impervious cover and
follow{ OK dzRY OX | y y S progkiad tazardydamic equilibriunwith the post
developmenthydrologic regimeHowever after 10 years only one stream channel approacpetential
geomorphic recoveryattributable to an upstream stormwater retrofitHawley et al. (2017) found that

this retrofit redued the cumulative sedimentansport capacity of th@re-retrofit condition by greater

than 40%and contributed to reduced flashiness and prolongpedeflows irthe receiving stream

Using a iterative nodeling approaclshowedthat existing basins can be retrofit to reduce the peak
discharge of design storms such as the thneenth, sixmonth, and oneyearevents to rates below §

while maintainingadequate levels of service for flood flows suchhes100yeardischargeFurther,

Hawley found thatetrofit designsdo not have to be complicated and can involve restrictions of the
low-flow orifice and a bypadsr largerthan the twoyear storm(Hawley etal. 2017).

Covington (2015) found thatream channel stability can be @eered due to implementation of BMPs
that treat nearly 100% of the drainage ar€ar more than 10 year§arroll County hasxperimented
with the retrofit of existing stormwater pondsriginally designed for peak flow contnasingenhanced
sandfilter and wet ponddesigrs. Modeling results indicate that thegetrofit designsreduce the two
year storm peak flow belowthat@f K S G F2NBad Ay 3JI22R O2whithrédicesy ¢ LISNF2NX I yOS &idt yRI NR
or ceases bank retreat armhusegevegetation of riparia areaso occurdownstream(Covington,

2015) Thereduction inpogt-development dischargef these designs is mugireaterthanthose from

a 02y @S ynbyeanpeak postdevelopmentto two-yearpost-redevelopmentdesign criteriaThe
Countyobserved ttat the highly eroded streambanks downstream of the retrofits stopped retreating
and began to resegetate over months or years after the construction of the retrofitsopond

retrofits in Carroll Countyvere selectedor analysis as part of this studpcluding Shannon Run and
Central MD SVCA description of the retrofits and their performance is provideth& Methods section
below.

This study was undertaken to examine th@vnstream éfects of Carroll Countysnhanced sand filter
and wet pondretrofit designautilizing two treatment and two control site$Vith the limited sample size
andtiming it takes for geomorphic changes to ocaesults fromstudies of this nature can take longer
than the study period allws. Howeverbased on the anecdotal evident®em the retrofit designs by
Carroll Countypbservation ohydrologic chageswere expectedas well as initial geomorphic changes
to the downstream channel he goals of this studyereto:

i. Determine the effetiveness of BMPeetrofited i 2 Y S S / | NaN@fiitel dedigh dzy (1 @ Qa
standard énd related design factors) on stream channel stability based on standard geomorphic
measurement methods.

ii.  Evaluate the extent that this type of retrofit practice can afféewnstream impacts such as
stream channel erosion.

iii.  Evaluate the extent that the retrofit can mitigate the effects of downstream uncontrolled runoff
from the same reach.



iv.  Provide recommendations to credit flow controlling BMPs as a hydrogeomorphic stream
stabilization technique for inclusion as part of the nutrient and sediment credits for the Bay
Total Maximum Daily Load{1DL.

The specific hypotheses this research seeks to address include:

H1: The implementation of BMRetrofitedto Y SS G / | NNRf f / 2 dzftdnla@willa I yR FAE 6§ SNJ RSaA3Ty
modify the runoff response from the watershed (hydrograph) resulting in a reduction of the
magnitude, duration and frequency of erosive flow rates that meet and or exutaid
performance standards f@tream channel protection.

H2: The implementation ofheseBMPs will create hydraulic conditions that lead to-setfovery of
channel stability.

a. The bank erosion rate in treatment reaches will be lower than the control reaches due to
reduction in magriude, duration and frequency in flows that contribute to bank erosion.

b. The treatment reaches will be aggrading due to reductiorstream power These
reductionswill reduce thesediment transport capacity resulting in sediment deposition on
the streambel, which results in aggradation

c. The longitudinal extent of reduced stream bank erosion downstream of the BMP
implementation sites will be a function of the total watershed area treated.(x linear ft
of stream for every yacre impervious area treateid the watershed).

H3: The implementation oftheseBMPs will decrease sediment loadings downstream as a result of
reduced bank erosion rates.

Methodsand Data

Study Design Overview

Amodified version of thepaired watershed study design approach described by CladsSgooner
(1993 andbefore after control impact(BACIxtudy described bysenberg et al2006) wasused to
evaluatethe effectiveness of stormwater retrofits on thgydrogeomorphic changes in downstream
stream channels and subsequent reductions in nutrient and sedim®htkiple treatment and control
siteswere usedfollowingthe modified BACI design approach described lmpvides et al. (2002)

Following the pairedvatershed design, a set of cant and treatment watersheds wergelected to
generate precipitation, ydrologic, hydrauliogeomorphicand riparian vegetation datduringthe
calibration (pretreatment) andposttreatment periods. A total of study sites2 treatment sites,and 2
control siteswere used irthis study(Tablel). A third treatment site (Blue Ridge) was originally included
in the studybut was removedecause the sand filteetrofit did not function as designed durirthe

study period Establishment of vegetation on the surface of the sand fitbmofit is an important aspect
to the continued functiondty of the BMP, as the root siggn of the grass keeps the surface of the
media from bindingA good stand of vegetation generally takes two growing seasmestablish
Unfortunately, Blue Ridge was completed just prior to record precipitation in 2018. The continued
inundation of the &cility prevented any vegetation from getting established and the weight of the water
and leaf detritus compressed the filter medighe media was tillednd reseeded it in therall of 2019.
The facility is now functioning as designed, but the interruptdd functionality removed it from this
study.Although not included as part of the analysis for this study,fresttment data continues to be
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collected at this site fouse in future analyse# detailed description of the methods is provided in the
Monitoring Plan and Quality Assurance Projetzn (Appendix A).

The total project period ifour yearsand9 months(Juy 1, 2016¢ March 31 221) with the key
activities that occurrediuringthe pretreatmentand posttreatment monitoring period presented in
Figurel.

Tablel. Study site characteristics.
Treatment | Drainage | Impervious | Study Reach Existing BMP| Retrofit

Sl i or Control | Area(ac) | Cover (%) | Length (ft) Type
Blue Ridg¥ Treatment Retention  Sand Filter
Central MD SVIC| Treatment 91.7 31.3% 325 Detention | Sand Filter
w2 6 S NJIi'Q 4 Control 28.8 37.%% 157 Extended N/A

Detention
Shannon Run Treatment 209 20% 366 Retention | Wet Pond
Piney Ridge Control 91.1 36.1% 559 Retention N/A

1Rain gauge located ate.
29te removed from analysidue to retrofit failure
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Study Sitéescription
The study area is located in Carroll County, MD in the Piedmont physiographic (fégime2). Five,
first-order tributaries and thir drainage areas were selected based on the following criteria

1 Treatment and Control sites have existing stormwater water management structure irageain
area designed to managey2ar and 16yearstorm evens.

1 Treatment sites wereelected based on planneghplementation of stormwater retrofits by
Carroll County, MD to address channel protection volume (Cpv)

1 TheBMPs in the drainage aré¢geat most of the runoff from the upstream impervious cover,
leaving minimal uncontrolled runoff entering the streamachel.

1 Channels have similar channel type, stream stability condition and evolutionary trend (e.g.,
Rosgen classification)

1 Drainage areas arénsilar in sizelocation,and land cover characteristics

Allthe selected study siteswelS Of  aaAFASR 4 aCé aiGaNBFY GeLSa | O0O2NRAy3 G2 GKS
classification system araharacterized as entrenched meandering riffle/pool channels on low gradients

with high width/depth ratiosd Cséream channels can develop very high bank erosion rateslerated

lateralmigration, significant bar deposition and accelerated channel aggradation and/or degradation

while providing for very high sediment supply and storage capacifiesy areoften observed to be

working towards reestablishment of a functional floodplain inside the confines of a channel that is

consistently increasing its width thin the valley (Rosgen 1994, 199B)ages of the stream study

reaches are providenh Figure3.
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N «}1 Robert's Field
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Figure2. Map of stream monitoring sites in Carroll County, Bie Ridge was removes a study site
due tofailure of thesand filter retrofit.
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Shannon RuﬁT)

Central MDSVQT) Roberts FieldC)

Figure3. Study site stream reach€% = Treatment; € Control)

Carroll County implemented stormwater retrofits at the treatment siteptovidechannel protection
volume.Table2 provides the hydraulic discharge summary for the-ped posttreatment conditions &
the Shannon Run and Central MYGreatment sites.Central MarylandsVGs located afn industrial

and commerciaRS @St 2 LIYSyd GKIFG sl a O2yadNUzOGSR Assinli KS

that does not provié any water quality treatment for the contributing runoffhe treatment consisted
of a surface sand filteretrofit designed tcprovideg I G SNJ lj dzt £ A& GNBL GY S
contributing imperviousrea. The existing damasraised to prowde adequate freeboard from the 100
yearwater surface elevatioriTheretrofit provides quantity management for up to the 2gear storm

and safe conveyance of the 1-§8ar storm(CLSI, 2019)

Shannon Ruis in a residential subdivisiamd was designed @swet pond thatwas constructed in the
M cp cp./THR &reatment consisted af retrofit design that maintained the existing riser and barrel
assembly and emergency spillway at their existing elevatiamew lowflow orifice was installed into
the existing iser and the existing opening bulkheaded to meet llyeraulic requirements of the retrofit
design included iffable2 (CLSI, 2016)
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Table2. Treatment site hydraulic discharge summary

Central MDSVC Shannon Run
PostTreatment PostTreatment
Pretreatment Surface Sand| Pretreatment Wet Pond
Detention Basin| Filter Retrofit Wet Pond Retrofit

WSE cfs WSE | cf$ | WSE cfe WSE cfs
1-Year 672.42 7.3 |673.48| 1.3 |453.95| 41.40 | 453.28| 4.1
2-Year 672.83 | 18.5 | 673.76] 6.5 | 45423 | 78.20 | 453.88| 14.3
5-Year 673.34 | 52.4 | 674.08| 32.4 - - - -
10-Year 673.68 | 80.9 | 674.36| 65.5 | 454.97| 207.30| 455.01| 154.00
25-Year 674.13 | 126.1 | 674.71| 122.5 | 455.58| 343.00| 455.78| 329.60
50-Year 674.39 | 164.3 | 674.95| 171.3 - - - -

100-Year | 674.49 | 227.3 | 675.12| 213.4 | 456.64| 527.70| 457.02| 528.80

IWSEL = water surface elevation (ft)
2cfs=discharge (cubic feet per second)

Hydrology andHydraulics Data Collection and Methods

Continuous stage and discharge datare used to evaluate the runoff response and discharge in the
stream channebecause oBMP implementationMeasurement methods to quantify these parameters
included precipitation, channel stage and ambient air pressure, and dischEl@BOware Pro version
3.7.13 software was used to process the data obtained from the rain gauges and pressure transducers.

Stage

Three Onset HOBQgssure transducer@Ts)wereinstalled in November 2016 at each of the three
crosssections of the study reachés obtain a continuous record of stage during - and post

treatment monitoring periodsCentral MD S® had four crossections, with PTs installed in three of the
four crosssections.ThePTs were secured in a PVC housing mouatedg one of the banks in each
crosssectionand extending down to the toe of the bankdditional pressure transducers to monitor
ambient air pressure ereinstalled at the Blue Ridge study site (Mmber 2016), with another one
installed at Shannon Run to measure ambient air temperature in March 2017. This allowed for
corrections in barometric pressure due to differences in altitude and temperature (CSGNetwork, 2017).

During the pretreatment periodnanual adjustments to th®Twater depth measurementwere made
at Blue Ridge and Piney Riddjee toscour below the P®r sediment depositiofrom bank slumping.
Thisresulted inerroneous water depth measurements from the PT as scour sites shogardero
depths, while anncrease irwater depths were measuredelative to previous depths for similar flows
for sites with sediment depositiouring theposttreatment period, the PTaere discovered missing
FTNRY w2 0o SniRifen Ridgen$drerestimated to have beestolensometime between January
andMarch2019.Toreplace the lost PTs and avoid additional Jake PTsvere reinstalled at all sites
using a modified approadhat involved securing smaller PVC housing secured diredlthe channel
bed. This setup was less visibleompared to the initial setupvith the PVC housingiountedalong the
streambank anavasassumed would discouragethet KS t ¢ a2 ¢SNB NBAyadltf SR
Field, and Central MBVQn June 201@nd at Piney Ridge and Shannon Rufiuigust 2019. Similar to
the pretreatment period, manual adjustments were made to the PT water depths tosiige before
and after thePT reinstallation occurredAppendixB provides the datedpcations,and adjusments.
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Discharge

Stream discharge was estimated based on discrete flow measurements in the stream channel using a
Flowtracker ADMFlow rating curves for each of the treatment and control study sites were developed
based onle stage andlischarge datdor the most stable crossection at each study site that produced
the best fit of a trendline through the datdhe flow rating curves were then used to extrapolate
dischargeo the continuous record of stage measurements recorded by the PT

The discharge measured at all the crgsstions at each study site were compiled into the one

representative crossection for each site to compensate for the small number of storm events. The

crossa SOl A2ya AyOf dzRSR w29v&EST) Riney RZIgeXSIRand $Shanndn RuAXSIE f a5
The discharge and start time of measurements at the other esestions were incorporated into the

plot of the representative crossection, where the start time of measurement was useddjust the
correspondingstage based on the representative cresstion.

Thedischargdrom Shannon Run was impacted due to a blockage at the low flow orifice during part of
the pretreatment period Consequently, discharge data for this site was supplemented with calculated
estimates of discharge using the stage located on the pond riser and pond hydraulics. Stage at the pond
riser was obtained by relocating the PT originally installed at eseson 2 to the pond riser. The
pretreatmentdata used for this site and its conti®@iney Ridge) was split into two separate
relationshipsone before the blockagf 1/13/2016- 3/4/2017) and one after the blockag@/11/2017 -
10/2/2017). The relationship after the blockage was used for thetpgatment period and compared

with the pog-treatment period results.

Rainfall

Local rainfall was monitored at three of the study site locaiosingHOBO Onset rain gauge and data

t233SNR 0. tdz2S wAR3ISTI a5 / Syl MDSVCagéFoximafeld w20 SNIiQa CAStRO® ¢KS /SyidN
ShannorRun and Riey Ridge and considered representative for all three of these study Shegain

gaugesrecorded every 0.01 inch of rainfall artie associated timeDuring the study period, there were

some gaps where the gages malfunctioned and did not collect data. Daily raofalVestminster, MD

was used as supplemental information to fill in the data gapsreate a continuous period of record.

Storm Event Meics

Analyses was also completed to evaluate change in stream hydraulics using selected storn{engtrics
changes in total volume, p&dlows rates and stream energfAndrade ad EstévezPérez, 2014 Low

and high flow variability metrics were calctde from the average daily discharge®(s) to characterize

and compare stream hydraulics across the paired study sites (Dingman 1993). Low flow variability was
calculated by determining the flow exceedance ratio of the 50%S84dflows (Qo/Qe0). High ow

variability (flashiness) was calculated by determining the flow exceedance ratio dd%hent 3%

flows (Qo/Qso). Low and higilow variability metrics that are closer to 1 infer less variability.
Pretreatment storm event metrics were calculated @entral MSVG YR w20 SNIIiQa CASEt R F2NJ 6KS LISNA2ZR
11/13/2016¢ 10/19/2017. Pretreatment storm event metrics were calculated for Shannon Run and
Piney Ridge for the period after the weir blockage was removed at Shannon Run (6/1¢/2017
10/19/2017). During the postreatment period, storm event metrics were calculated foentral MD

SVaG YR w20SNIQad CASt R ¢HZIRD20.RABtrdaiBidiih st ewent metriex H 1 My
were calculated foBhannon Run and Piney Ridge for the period 8/31/2012/3/2020.
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RunoffRespnseRelationship

The effect of treatment on the runoff response from the watersheasevaluated based othe change
in slope of the regression for thgre-and posttreatment runoff responseand change in runoff curve
numbers (RCNRunoff is expressed asdepth and is standardized for each study site by divittiag
discharge by the catchment aré&/hilethe runoff response reflects how the control and treatment
watersheds respond across a wide range of paired storm eydmsunoff curve number reflés how
the watershed responds to relatively large storm events

To compare the runoff respondeetween treatment and control sites, daily rainfall and runoff data for
each sitewere aggregatedhto multi-day events, using the following set of rulesat)event may span
multiple days, 2) any day with rainfall greater than 0.1 inches is part of a rainfall event sinde3the
runoff response may be delayed, the total runoff response incltidesum of all days where rainfall
exceeded 0.1 inches, plus th@lowing day. The rainfall for these paired events for treatment and
control sites were then plotted to compare the relationship between the control and treatment sites
during the pretreatment and posttreatment periodsfor two metrics: the runoff deph (cm) and the
peak discharge (7).

The relationshipof runoff depths and peak dischargestween treatment and control watershedsas
developed usingeastsquaresregression. For both the prand posttreatment periods, the regression
wasensured to bestatistically significant by evaluating the regres$§idivalud andensuring that the
regression met the basic assumptions of a linear model.analysis of covariancANCOVpwas used
to compareline slopes biveen pretreatment and postreatment periods.

Change in the RCN was also used to evaluate the effect of the treatmémé ounoff response from

the watershedThe curve number method is a simple, widely used method for determining the
approximate amounof runoff from a rainfall event. Although the method is designed for a single storm
event, it can be scaled to find average annual runoff values. Baseflow separation of the total discharge
at each site was required to calculate the storm flow for thisudation, where the total discharge

minus baseflow was considered storm flow. Baseflow was defined asdhg Binimum antecedent

flow using a method described by Jordan et al. (1997). Computation of the curve number is based on the
following equation.

i A

Where CN is curve number, P is precipitation (cm), Q is runoff (cm), and initial abstraction was assumed
to be 0.2 times potential retention, which is a common assumption (Christianson et al., aBi6)igh
research is finding this valghould bemuch smaller (Woodword et aR003)especiallyfor urban
watershedgKrajewsket al., 2020)
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Curve number values were adjusted for initial soil moisture basegtamy antecedent rainfall criteria
referenced in Chow et al. (1988). That is, a higk@&NX is calculated when antecedent soil moisture is
higher, or wet; compared to drier conditiohs
o P TO D
00 0O——7—F—.
T8 mruap O

v s p 10000
o0u 0
o ™oL 000

Where CNII represents normal moisture conditions, CNI is dry, and CNIII is wet. Conversion back to
normal conditions allows comparison of CN values regardless of soil moistheetahe of a storm.

Curve numbers were calculated for each site for rain events greater tirmch12.5cm) It has been

noted in research that estimating curve number values from smaller storms is generally not accurate
(Suresh Bab& Mishra, 2012; Chrignson et al., 2016). In addition, only rainfall data from the installed
gauges were used. Rainfall data from the Westminster Airport station used to fill in the missing gaps in
gauge data was excluded because it may not accurately represent rainfgivaresite, which would
misrepresent the relationship between rainfall and runoff. Storrargs greater than or equal to-ihch

were identified based on the rainfall record of the three rain gauges. The cumulative rainfall for an
individual event was baskon start and end times for a rainfall event. This may occur within an hour or
span 2 days of continuous rainfall.

Channel Stability

To evaluate channel stability, the frequerafybankful flow exceedancevascomparedboth before and
after treatment at both control andreatment sites. Rate of flow at Bnkfull was estimated using
alyyAy3aQé& 9ljdz2 dAzy

. P8 wo Y Y
0 -
3

Where:

Flow (cfs)

Channel Area (sf)
Hydraulic Radius (ft)
Slope

= alyyAy3aQa y

NP o)
It

Bankfull depth was estimated in the field for the gteveloped condition using field indicators, and
RiverMorph software was used talculatestream geometry at bankfljlincluding the Hydraulic Radius
(R) and the Channel Area (Ayeaches where flow was estimated from pressure transducer data

http://Iwww.utdallas.edu/~brikowi/Teaching/Applied_Modeling/SurfaceWater/LectureNotes/Travel_Time/Antece
dent_Rainfall_Limits.html#éntecedent
2a | ¥y A guati@riis pEesented in Sl Units. In practice, data were a combination of $etrid units, and flow
was calculated in cubic meters.
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(Reach 1 for Central MSVC Shannon Run and Piney Riggied Reach 2 for Rob@&tField)The feld-

measured bankfull channel dimensions (i.e., width, depth, and eestonal area) were copared to

the U.S Fish and Wildlife Servit¢SFWEBPiedmont Regional Cur¢&SFWS, 2@)to ensure the

appropriatebankfull feature was identifiedanKull indicatorswere assumed to be the same during the

postconstruction periodFurther, sitespecific channel slope (S) was estimated at these locations using

estimatedchannel surface elevations from RiverMorgil VYA Yy 3 Q& y & thenthallsh YI G SR dza Ay 3
described in Arcement and Schneid2®$9).Ly (KA a Y S K 2lieiscaltifafed usioghed S¢ Yy O
Limerinosequation:

T8t w ¢ QY
Y
PP @ 8L -

Where:
Dss = The 84 percentile diameter particle in ft.

Further adjustments were made this initial n value to account for Channel irregulagtyd Channel
Obstructionsusingguidance in Arcement and Schneider (1989)

Geomorphological Data Collection and Methods

The stream channel is defined as the path for water and sediment flowing within the streambanks up to
the top of banksFor the purposes of this studstabilityis operationally definethy measuring channel
adjustmensthrough data collected by changes in cragstions and longitudinal profilés response to
changes in flow.

Data to support an assessment of the streasomorphic functions includg channel evolution, lateral
stability, floodplain connectivity, ripariaregetation,and bed material characterization (Harman et al
2012). Measurement methods to quantify these functions inctuaeosssections, longitudinigprofiles,
bank pin surveys, streambed particle size distributions, and riparian vegetation assedSatant.
generatedwasused to evaluate the lateral rate of chanmeigration In addition to these
measurements, a geomorphic mapeated in November 2016f each of the study reachésppendix C)
providesqualitativedata documentinghe stream and riparian conditions that may influence results
from the other monitoring procedures described below.

Bulk Density

Bulk density samples were collected on J@6e2017. A total of three samples were taken at each
crosssection location representing the lower (below bankfull), middle (just above bankfull), and upper
extents of the banks. Samples were taken only from one bank at eachseraissn, either left bak or

right bank, and only the sides where erosion was evident. For example, samples were collected on the
outer meander bend as opposed to the inside bend where deposition was occurring. Samples were
collected from alternating left and right banks at eathdy site. The samples were analyzed by

Waypoint Analytical in Richmond, Virginia using Methods of Soil Analysis, Part 3, Chemical M&thods, 2
ed. Rev. Soil Science of America.
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Bed Sediment Particle Size Distribution

Pebble counts werased to generate &d sediment particle size distributiofidlowing the

methodology oMWolman(1954).At each crossection 150 individual pebbles were obtained from the
streambed by walking heel to toe across the bankfull channel width and selecting the particle at the toe
of the boot. The particles were measured using a gravelometer to classify them into half phi unit size
classes. Although measurement with a gravelometer may not accurately account for particles that have
one axis much larger than the other two, it provilen expedited method for collecting the data and
helped to reduce operator error in the measurements. Pebble counts were conducted in December
2016 during the pretreatment period.

CrossSectiorSurveys

Three rebarmonumented crossections wee installed at each study siexcept forCentral MD SVC,
which has four crossections. The crossections were installed in representative areas of each study
site based on the geomorphic mapping and included riffles, pool, runs, and glidess€etigas were
completed at each study site at the beginning and end of both the pretreatmenpasereatment
periods(Table3).

Table3. Gosssectional surveys of study sites.

Post Post
. Pretreatment | Pretreatment Construction Treatment
Study Site . Treatment
Start Survey | End Survey Period Start
End Survey
Survey

Phase 1pond
dredging July 2017
Phase 2: March
2019¢ August 201
Piney Ridg¢C) Feb/Apr 2017| Oct2018 N/A ¢ Control Site | Sept 2019 | Dec2020

Shannon Ru(T) Feb/Apr 2017| Oct 2018 Sept 2019 | Dec2020

N/A¢ N/AC
Blue Ridg€T) Feb/Apr 2017| Feb 2018 Nov 2017 May removed removed from
2018 from -
. analysis
analysis

w2 6 S NI @B | Feb/Apr 2017| Feb 2018 N/A - Control Site | Oct 2018 | Dec2020
Central MD SV(@) | Feb/Apr 2017| Feb 2018 Feb 20180d 2018 | Oct 2018 | Dec2020

The initial baseline crossections (start of pretreatment) were done with a rod and transit level and all
subsequent surveys were done with a total station. Shannon Run-seasi®ns were first surveyed
December 2016, with the remainder of the sites sy®d in February 2017.

WinXSPRO Version 3.0 from theited States Department of Agriculturd$DAForest Service was

used to measure the changes in channel dimension, including the area of erosion, deposition, and net
channel area change for the left g right baok, and channel bottonBank changes represent the area
of change between the top of bank and toe of slope, where the toe was determined based on visual
observation of the plotted crossection, as well as notes recorded during the cigesstin surveys.
Average bank erosion rates were calculated by dividing the eroded bank area by the bank height for
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each crossection.Figure4 shows an eample of the division between the left bank, right bank, and
channel change areas.

XS12-21-2017 + Bankfull Indicators ¥ Water Surface Points A XS12-2018

510—

Right_»

<— Left Bank — <— Channel —» —
i i : Bank

e I Su

Elevation (ft)

500—— : e

Deposition

495

Horizontal Distance (ft)

Figure4. Crosssection changelivision between the left bank, right bank, and channel change areas.

Changes in crossection area werealculated for both bankfull depth and total channel area extending

to the top of bank. Area was calculated using RiverMorph and estimates of bankfull depths were
obtained from the BANCS assessments. Bankfull field indicators were difficult to deterrttirestndy
reaches. As such, bankfull was approximated as 1 foot above the toe of slope for Cen8¥ICM

Shannon Run, and Piney Ridge. Bankfull depth was approximated as 0.8 feet above the toe of slope for
w2 0 S NI Thasebankiliddptibswere basal on the USFWS PiedmdRegionalCurve(USFWS,

2002) to ensurethe approximate depths were appropriat&he same bankfull elevations at each cross
section were used for both the pre and pastatment crosssection area calculations. The area of

change waslivided by the monitoring period length (in years) for theqaed posttreatment periods

to normalize the percentage of change that occurred on aygar basis.

Longitudinal Profile Surveys
Longitudinal profile surveysere conductedusing a total statiomluring thepre- and posttreatment
periodsfor each study sitePretreatment survegwere completed inJanuary and February 20and
posttreatment surveys wereonductedDecember 202@ February 2021During thepretreatment
monitoring period, the wet pond at Shannon Run was dewatered from Maraji\24drch 31, 2017 to
conduct maintenance for the low flow orifice blockage. A limited resurvey of the Shannon Run
longitudinal profile was conducted in October 2017 thraluded the thalweg and water surface that
was used as the pretreatment condition instead of the previous survey.
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The longitudinal profile survey extents were monumented withaa of rebamonuments (1 each side
of the strean) installed at the upstrearand downstream end of thetudy sitego replicate the
measurementsThe dat from the two time periodsvere compared todetermine changes iwater

surface slope and qualitatively identify systewde changes, including degradation and aggradation of

the channel bed.

Bank Pins

Bank pin installation and measurement followed the protocol for bank profile measurements in Rosgen
gSNB AyaidlttSR

OHAMNU D

t Ay &

I G

n ft20FdA2ya

Shannon Run and Pineidge in December 2016 he imeline forpre- and posttreatment bank pin
measurementss provided inTable4. Locations were chosen to representamge ofBank Erosion
Hazard Index/Near Bank StreB&EHI/NBscoresfrom the BANCS assessment and were installed in

locations other than the monumented croesections. The bank pins were installed horizontally into the

streambank at 3 positions along the bank profile: belamkfull depth, just above bankfull depth, and
mid to top of bankAverage bank erosion rates were calculated in RiverMd8iantec, 2013)which

generates bank profiles from the bank pin data. Subsequent bank profiles are overlain to calculate the

area ofbank erosion and average bank erosion rate.

AY

Table4. Bank pirsurveys of study sites.

Pretreatment End of Start of Post | End ofPost
Study Site Pin Pretreatm_e nt Construction Perio Treatme_nt Treatme_nt
. Bank Pin Bank Pin Bank Pin
Installation
Measuement Measurement| Measurement
Phase 1pond
Shannon RufT) | Dec 2016 | Nov 2017 gf:fé”g fvlljzczhm' Aug2019 | Dec2020
2019¢ August 201
Piney RidgéC) Dec 2016 Nov 2017 N/A ¢ Control Site | Aug2019 Dec2020
N/A¢ N/A¢
Blue Ridg€T) Dec 2016 Nov 2017 ’2\3/82017 May removed from | removed from
analysis analysis
w20 SNI @@ | Dec 2016 Nov 2017 N/A - Control Site | Oct 2018 Dec2020
Central MD SV() | Dec 2016 Nov 2017 Feb 20180d 2018 | Oct2018 Dec2020

BANCS Assessment

Thed . Iy

l a4Sa88yi

F2NNDSY / 2 vy aS BAKEY Odhad (Rosge, SRA Y Sy ¢

2001, Doll et al., 2003)vas usedo estimatethe total erosion potential from the study reaches. These
estimated rates of erosioare compared to rates of erosion derived from field measurements using

bank pinsandcross sectiosurveys.

Riparian Vegetation
Riparian vegetation was assessed in June 20ii7/November 2026t the end of the pretreatment and
posttreatment periods, respectivelyp characterize the function of buffers to support stream
geomorphic functionThe United StateBish andwildlife Service (USFW®R)iparian Buffer Vegetation
Evaluation Methods fromhie USFWS Chesapeake Bald Office weraused USFWS, 2013This
assessment included:
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Canopy coverage

Stand density

Regeneration

Species composition

Vegetative distance from stream

D D D>

Sediment Loadg Estimation

Total suspended solids (TSS) load estimates were calcldased on the results of the BANCS
assessment anthe TMDL Credit Reduction Workbook for Protocol 1 of the Recommendations of the
Expert Panel to Define Removal Rates for Individual Stream RéstoPabjectgSchuelei& Stack

2014 USFWS CBP OffigdEPR2017, Wood, 2@0). Theaverage measured bulk densiy each site was
used A sediment delivery factor and restoration efficiency were not applied in order to calculate the
total edgeof-streamload as opposed to an estimated credit from stream restoration. The estinate
sediment load attributed to stream erosion based on the TMDL Credit Workboetevthencompared

to measured rates of erosion.

Monitored rates of erosion from bank pins and creggtions were estimated from the bank height at

the monitoring site, estimate of the reach length represented by the monitoring locationthend

average measured bulk density of the study site. Readjtterepresented by the monitoring location

was approximated based dhe location of the monitoring locations in relation to the BANCS delineated
reaches. When a monitoring location was located within a BANCS assessed reach, it was assumed that
the monitoring location was representative of conditions that along thegtbrof that BANCS reach.

Results

The results are presented based on the research hypothegbscomplete data records provided in the
report appendices.

Hydrologic and Hydraulic Assessment

The following results relate tblypothesis 1éThe implementation of BMPs retrofitted to meet Carroll

| 2dzyieQa &FyR FTAEGSNI RSaAady adlyRFNR gAftf Y2RATE
resulting in a reduction of the magnitude, duration drejuency of erosive flow rates that meet and or

exceed MDE performance standards for stream channel protection.

The total annual rainfall during the pretreatmengnqod was similar to, butlightlylower when

compared to the30-yearclimate normakverage annual rainfalTable5). The posttreatment period
average annual rainfall was higher than the ldegn averageBecause of the limited pretreatment

period (12 nonths), there were greater opportunities to collect data during the ptsatment period

(26 months at Central MBVGQ Yy R w2 0 S MlinOréhs &€ $h&rindd Run and Piney Riddisgrete

flow measurements for three storm events were measuduring the pretreatment period, with an
additional four-six baseflow measurement$dble6). Eleven additional storm event discharge
measurements for Shannon Run wedculated based on pond hydraulics between May 25 and August
15, 2017 based on the stage recorded with the pressure transducer located on the ponBuigeg.

the posttreatment period 7 additionaldiscretestorm events were measureat Shannon Run ahPiney
Ridgeas well as 10 storm events at Central MBGind 13storm eventd ( w2 6 S BdghbaburCA St R
study sites were very responsive to rainfall events as shown by the change in stage and discharge
measurementsAn example of the continuous gfa and rainfall with discharge measurements is shown
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in Figure5 for the Central MESVGsite. AppendixD provides similar plots for all study sitedth the date
and number oflischarge measurementakenduring pretreatmentand post-treatment periods

provided inTable6.

Table5. Averageannual precipitatiohduring pretreatment monitoring period (November 2046
November 2017)posttreatment monitoring period August 2013, December 202@hannon Run
and Piney Ridg@ctober 201& December 2020 Central MBVG Y R w2 6 §,kdin@sdied 16 A

the longterm awerage

Average Annual Precipitation (in)

Pretreatment Period

PostTreatment Period

19812010 Climate Normal

39.46

49.98 (Central MIBVCR2 6 S NIi Q
49.67(Shannon Run, Piney Ridge)

419

1Annual precipitation data retrieved frarhttps://www.weather.gov/media/lwx/climate/bwiprecip.pdf

Table6. Summary of discharge measurements at each study site (T = treatmen

C =control site)

Study Site

Number ofDischarge
Measurements

Period of Record

Pre-Treatment Period

CentraMD SVC (T)

4 Baseflow, 3 Storm

1/18/2017-10/9/2017

Shannon Run () 6 Baseflow, 3 Storm | 1/19/2017¢ 7/21/2017
w20 SNI Q& ( 4Baseflow, 3 Storm | 1/18/2017 - 10/9/2017
Piney Ridge (C) 6 Baseflow, 3 Storm | 1/19/2017¢ 7/21/2017
PostTreatment

CentralMD SVQT) 10 Storm 12/15/2018¢ 10/29/2020
Shannon Ru(il) 7 Storm 12/10/2019¢ 11/12/2020
w20 SNI@BR J 13 Storm 5/18/2018¢ 10/29/2020
Piney RidgéC) 7 Storm 12/10/2019¢ 11/12/2020

1Discharge data for this site was supplemented with calculated estimates of 11 additional discha|
measurements using the stage located on the pond riser.
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Figureb. Central Marylan&VGtage rainfall, and discharge measuremerdaring the pretreatment
period.

A statistically significant regression mieasured stage and dischargasusedto generateflow rating
curvesfor each site Alinear relationship was used to represent stadjecharge at all sitesxcept for
Central MD SVC. While a ndinear relationship is more typical, linear relationship was chosen
becausehe rainfall and corresponding discharge and stagesugeanents wee not representative of
high-flow or large storm eventdzigure6 provides an example of a flow rating cutireear relationship
for Piney Ridge anEligure? providesthe flow rating curvewith power functionrelationshipfor Central
MD SVCThe flow rating curves fall the sies are providedn Appendibx&

Piney Ridge Cros3ection 1

@\ 0.6 )
(‘é) 0.5
E)’ 04 y =1.4789%0.4566 e
©0.3 R2=0.8912 g
e o
5 0.2

0 &

0 0.2 04 0.6 0.8

Stage (m)

Figure6. Piney Ridgerosssectionl flow rating curvdinear relationship
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Figure7. Central Maryland SV&@osssectionl flow rating curvepower functionrelationship

The flow rating curves were used to translate the continuous record of stage at each site into a
continuous record of discharg&he flow rating curvéor Piney Ridge generated negative discharges for
some of the lower recorded stages digenegative interceptgor the stagedischarge linear regression.
The negative discharges were corrected by assigning a minimum discharge becauseisipestenial
and had continuous flow. The minimum discharge was calculated as the average dischasgeeth
during baseflow conditions (0.005%s) to account for the slight variability in discharge measurements
during these lower recorded stages.

Storm event metricsvere estimated using the monitoring data at the control and tr@ant sites. The

metrics evaluatetotal volume, peak flows rategnd stream energy (e.dlashiness indexTable7). The

average daily peak flow rate decreasiuting the pst-treatment period at he treatment sites and

increased at the control sited\verage daily total flow increased all the sites except for Shannon Run.

The treatment sites had an increase in low flow variabilitigile the control sites had a decreagdl.the

sites had an increase in high fleariability. Note the increase in podteatment dailytotal flow in both

F2NJ/ SYGNrt a5 {z/ I takedls o amdzy\Teter peo@UschawHEg@a CA St
annual rainfall during theretreatment period compared to 5S5bichesduring the posttreatment period

according to regional rainfall data collected at BWI airfjoetble5).
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Table7. Storm event metrics.
Average Daily Peak| Average Daily Total Low Flow c;%g;lﬁ;v
Study Site Flow Rate (r¥/s) Flow (n¥/day) Variability (Flashiness)
Pre Post Pre Post Pre | Post| Pre Post
Piney Ruh(C) 0.0276 0.0365 965 1,467 | 1.06 | 1.01| 5.23 | 9.31
Shannon RUn(T) 0.0256 0.0154 1,101 746 1.15|1.24| 1.22 | 1.35
Rober@ FieldC) 0.0117 0.0170 404 740 1.51 | 1.15| 1.56 | 541
Central MDSVC (T) | 0.0182 0.0142 348 486 2.00 | 3.06| 4.13 | 6.32
1Pretreatment storm event metrics afer the period after the blockage was removed at Shannon Run (6/11/2017
10/19/2017).

RunoffRespons&elationship

The effect of treatment on the runoff response from the watershegbevaluated based othe change
in slope of the regression for th@e-and posttreatment runoff relationships and change in runoff curve
numbers (RCN)The runoffrelationshipsreflect how the control and treatment watersheds respond
across a wide range of paired storm evemssults of preand posttreatmentregressias for all paired
treatment and control waterséds (Figure8) suggest that theslope decreased (i.e., theeatment
watersheddid not have as much rungféfterthe pondretrofits were installed.This graph does not
include the full range of data recorded, however, becausepibst-treatment period included events
with larger runoff volumesand some influential outlier points. Consequently, the dataenenited so
that the pre and posttreatment periods included the same range of runoff depthghe control
watersheds during both periods. Appenéincludesplots of the full dataset, as well asdescription of
how the data were limited

The ANCOVA results for this limited data set confirm that the slagesignificantly lower at thiower
than 5% significancélable8; see model output in AppendB. The results of the same analysis for the
peak discharge are summarizedrigure9 and Table8, with details of the analysis described in
AppendixF. Overall, the results were similaxcept forthe pairing between Robe& Field and Shannon
Run, where both the preand posttreatment relationships wereot as strongandthe changen slope
wasbarelysignificant at the 5% level {galue of 0043).
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Table8. Comparison ofregressiorslopes betweerpre-and post-treatment conditions?
Pre- Post Significance
Paired Project Sites treatment | Treatment| Change | of Change
Slope Slope (p-Value
Runoff Depth (cm)
Central MDSV(QT)¢ Rober@ FieldC) 1.2 0.089 -1.09 <0.001
Shannon RufiT)¢ Rober@ FieldC) 0.13 0.034 -0.10 <0.001
Central MDSV(T)¢ Piney Rige(C) 0.49 0.16 -0.33 <0.001
Shannon RufiT)¢ Piney Rige(C) 0.15 0.024 -0.13 <0.001
Peak Discharge (its)
Central MDSV(QT)¢ Rober@ FieldC) 3.2 0.59 -2.56 <0.001
Shannon RufT)¢ Rober@ Field C) 0.27 0.068 -0.20 0.043
Central MDSVQT)¢ Piney Rige(C) 1.4 0.27 -1.11 <0.001
Shannon RufiT)¢ Piney Rige(C) 0.91 0.036 -0.87 <0.001
1Uses a limited set of data (See Apperitior Model Resultand data limitation$.

Change in the RCN was also used to evaluate the effect of the treatment on the runoff response from
the watershedThe number of storm events greater thannth (2.5 cm) used in tHRCN analysis varied

at each study sitérom three at Shannon Run duringpé pretreatment periodo 24 at Roberf Field

during the posttreatment period The storm events and corresponding RCN calculations for all sites are
included inAppendixG anddepicted inFigurel0. The average RCNSs for each study aiteprovided in
Table9.

Table9. Measuired awrve number comparison to the theoretical predevelopment, post development, and retro
design curve numbers.

Commented [LFM1]: Retrofit design dyr and 2yr RCNs
for Shannon Run to be inserted here.

Calculated Measured Measured
Calculated Calculated Post Pre- Calculated | Calculated Post
a2 22R Pre development treatment Retrofit Retrofit Treatment
Study Site Good develooment RCI\(Fl]:’re Average Design: Design: Average
| 2y RA RCpN . Calculated | 1-yrRCN | 2-yr RCN | Calculated
RCN BMPY RCN (# Reductiorf | Reductiorf RCN (#
Storms} Stormsy
CentralMD SVC 89.0 65.5
(T 68 69 84 (5 storms) a4 54 (17 storms)
LA N 74.6 81.6
w20 SN @H N/A 60 75 (6 storms) N/A N/A (24 storms)
84.83 65.58
iShannon Ru(iT) 58 60 72 (3 storms) (5 storms)
. . 87.31 91.01
Piney RidgéC) N/A 60 75 (4 storms) N/A N/A (8 storms)
iQalculated based on thisydrologic soil group and drainage areas providedin{ L 6 HAmMdp0 FyR /[ {L O6HAmMC

RCNsgrom the MD Stormwater Design Manual (MDE1@0

1 Predevelopment condition indicates woads meadows. Predevelopment RCNs were obtained from Carroll County.
2Postdevelopment RCN (pretreatment BMP) indisatee RCN for the existing ponds during the pretreatment period. RCNs were obtai
from the County. The Shannon Run and CeMEaISV@ostdevelopment RCNs are weighted averages based on a subarea curve num|
analysis from CLSI (2019) and CLSI (2016).

SPretreatmentaverage RCN was calculated based on stoktéchduring the pretreatment period.

4Retrofit design RCN was obtathfrom Carroll County.

SPosttreatment average RCN was calculated based on staqiasichduring the postreatment period.
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The data suggest that theontrol watersheds (Robe@ Field and Piney Ridd®th show an increasing
RCNandthe treatment watershed¢Central MDSVGnd Shannon Ruishow a substantial decrease in
RCN A visual inspection of the dat&ifurel0) suggest a similargttern. The posttreatment calculated
averageRCN for Central MBVGs slightly lowerand Shannon Run is slightly higiieK | v ( K S
322 R 02 pefolmarce sfaddard from MDE (2010).is not possible to draw eonclusion from
these data withconfidence, however, due to two confounding variables. The first is that the number
and range of events was different between thiee- and posttreatment periods, and thelata suggest
that lower curve numbers are predicted for higher runoff volumes (degtween at Robe® Field and
Shannon Run faunoff depths over6 cm). Another potential confounding variable is thistecedent
moisture condition (AMC), which is calculated based on the rainfall in the days preceding a rainfall
event. Using thecalculation methods described to bac&lculate the curve numbeeyvents with low
antecedent moisture (AMC1) appear to have the higlradtulatedcurve numbergFigurel0), with
values decreasing @dkse AMC value increasehis effect, combined with amnequal distribution of
AMC conditions in tapredevelopmenicondition,result in very few points with which to directly
compare the curve number results.
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FigurelO. Storm event alculatedcurve numbers
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Channel Stability

TheShannorRunand Central Maryland&VQetrofits substantially reduced there-retrofit discharges
over a range of flow ratesTheexceedancesf the critical velocity across these storras shown in
Hawleyet al. (2017) and Hawley et al. (20X®uld not be done without additional pebble cowentd
storm flowdata. Toevaluate channel stabilitghe number of peak discharges observed above the
bankfull rate of dischargerere comparedetween thepre- and posttreatment monitoring periods

PaAy3 alyyay3aQa Sljdz A2 Wwas cimdedd éaghicrdsmicon Wierd S 2 ¥ RA A OKI NBS

the peak discharge was measured. Next, the number of events where bankfull flow was exceeded in
each conditiorwas summarizedsing paired peak dischargata. The resultsT@ble10) indicate that

the bankfull discharge was not exceeded at any site during thérpegment period, but there were a

few exceedances in thgosttreatment period with most of the exceedances at Piney Ridge, and none

at Shannon Run. These few data points may anecdotally point to a decreased rate of bankfull discharge
and accompanying shear stress in treatment watersheds, but insufficieatadatavailable to draw
conclusions with confidence.
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Tablel0. Bankfulldischargecalculations ancdhumber ofexceedances

Channel Characteristics fron Field Number of Events
RiverMorph Data Calculated Data Exceedin@ischarge
Dsa Calculated
Channel| Hydraulic Particle| Estimated| Bankfull
Area Radius | Channel| size |a | y Yy A| Discharge Pre Post
(sf) (ft) Slope | (mmy nt (m¥s) | treatment | Treatment
Rober@
Field(C) 4.7 0.54 |0.03961| 92.01 0.062 0.42 0 1
Piney
Ridge(C) 6.4 0.72 0.00701| 77.12 0.051 0.35 0 3
Shannon 235 | 1.09 |0.02255| 109.8 | 0.053 2.97 0 0
Run(T)
Central MD
svaT) 8.1 0.89 0.01778| 62.78 0.046 0.91 0 1

1The estimated valuis calculated based on Hydraulic Radius and pasizkandncludesan adjustment factor of 0.008 for
channel irregularityat all sites, 0.002 foobstructions at all siteexcept Robef Field, which had an adjustment factor of 0.005
for obstructions.

2To avoidinfluence of the bimodal particle size distribution related to fine sedintkatl, particle sizevas calculated excluding
particles <2mm measuretlring the pebble counts.

Geomorphological Assessment
The following results relate to Hypothesist@he implementation of BMPs as retrofits will create
hydraulic conditions that lead to secovery of channel stabili/

Bulk Density

A total of 39 bulk density samples were taken for stream banks frostualy sites with values ranging
from 44.95 to 72.42lb/ftwith an average bulk density value of 56.3 IB/fA summary of the bulk
density values for each of the sites is provide@ablel1l. These measured bulk densities are
comparable to bulk density measurements from other projects across Virginia, Maryland, and
Pennsylvania.

Tablell. Average measured bulk density for each site.
. Number of Average Bulk L .
Study Site Samples Densit;? b/ ftd) Minimum Maximum

Shannon Ru(ir) 9 62.29 51.19 68.67
Piney RidgéC) 7 61.09 54.94 72.42
CentralMD SVQT) 7 53.78 44.95 63.05
Blue Ridg€T) 8 52.91 46.20 58.06
Rober®d FieldC) 8 51.27 48.07 56.81

Total: 39 56.27 44.95 72.42
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Bed Sediment Particle Size Distribution

The DBs, Dso, andDg4 for each of the study sites provided inTablel2. It should be noted that all sites
exhibited a bimodal partictsize distributiordue to the presence of a high percentage of fine particles
(2mm) during the pebble coumheasurementsFigurell provides an example cumulatiyarticle size
distribution andhistogram for Central MD SVC.

Tablel2. Particle size distbutions measured at each cresection locatiorduring the pretreatment
period.
Study Site Das(mm) Dso(mm) (rlrjlar;)
CentralMD SV(QT)
XS 1 (pool] 10.37 17.41 55.80
XS 2 (riffle) 16.13 27.79 103.30
XS 4 (riffle) 13.41 22.12 62.48
ReachAverage 13.07 22.36 73.58
Shannon Run (T)
XS 1 (riffle) 8.86 20.67 97.98
XS 2 (pool] 11.43 27.97 89.6
XS 3 (riffle) 18.29 30.74 89.56
Reach Averagg 12.66 27.30 92.96
w206 SNIIiQada CASEtR 6/ 0
XS 1 (glide 4.38 10.06 51.84
XS 2 (riffle) 9.38 16.51 77.00
XS 3 (run) 1.88 7.81 57.26
Reach Average 4.64 12.60 62.45
Piney Rdge Village (C)
XS 1 (pool] 10.09 18.38 71.67
XS 2 (riffle) 3.86 10.02 38.06
XS 3 (glide] 3.10 7.16 29.58
Reach Average 5.11 10.81 42.87
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CrossSection Survey

Example crossectional profiles are shown Figurel2 ¢ Figurel5illustrating the erosion that occurred
during thepre- and posttreatment periods. Shannon Run and Piney Ridge bexthibited undercutting

and bank retreat, with ShanndRunshowing the greatest degree of undercuttifrosssection changes

at these two sites are the more pronounced of all the study sites, but also had the longest pretreatment
time period, extending fromApril 2017 to October 2018. The pretreatment period at the otstedy

sites ended February 2018.
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Figurel2. Shannon Run crosection 2 showing an undercut and retreating left bank.
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Figurel3. Piney Ridgerosssectionl showing an undercut and retreatingght bank.
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Figurel4. Central MarylandSVQrosssection3 showingleft bank erosion
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Figurel5.w 2 6 S NI @assseCtior shiawingan undercut right bankndleft bank that eroded
during the end of thegosttreatment period.

A summary of thestreambank changes observed from the crgsstion surveyss provided inFigurel6
andFigurel?. The complete crossection change analysis resuliie included in Appendik. The
crosssectionpretreatment bankerosionrate (sum of both left and right bank erosion rat@ngedfrom
0.00to 0.69 ft/yr at treatment sites and®.13 to 0.28 ft/yrat control sitesThecrosssectionpost-
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treatment bank erosion rate ranged from 0.09 to 0ff¢r at treatment sites and).09 to 0.25 ft/yrat
control sitesBank erosion at all crosections deeased between th@re- and posttreatment period,
except forthe crosssections at Central MBVQhat all increased in erosion rates during the post
treatment period.Deposition along the banks was variabktween the sites and thpre- and post
treatment periods and ndiscernable patterns were observed.
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Figurel6. Crosssection bank erosion rates.



Cross-Section Bank Deposition Rates
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Figurel7. Crosssection bank deposition rates.

Changes in crossection area were also calculated fasth bankfull depth and total channel area
extending to the topf bank.Figurel8and Figurel9 showthe total channel area change and bankfull
area of change per year comparison across thessites and ranitoring periods.

Total channel areghange decreased during the pretreatment period and increased during the post

treatment period forthree of the four crossections atCentral MDSVGFigurel8). Total channel area

change during the podteatment period wa lesdor all of the study sites (both treatment and control)
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in comparison to the pretreatment periodhe bankfull channel area change showed a similar trend of
lower percentages odhange during the posteatment period. However, bankfull channel area change
(Figurel9) predominantly decreaskacross all of the study sites foott the pre and posttreatment
periods, whereashe total channel area change varied between increases and decreases
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Figurel8. Percentage of total channel area change per year
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Figurel9. Percentage of bankfull channel area change per year.

Thecrosssection channel widthat the bankfull depti(Figure20) and top of banKFigure21) were
calculated to determine if any patterns of channel widening occunkeddiscernable patterns of
channel width change were determined.
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Figure20. Percentage of bankfull channel width change per year.
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Figure21. Percentage of top of bank channel width change yzar.

LongitudinaProfileSurveg

The top of banks, thalweg, bankfull, and water surface elevations were plotted to generate longitudinal
profiles for the study sites-igure22 provides an example of the pestatment longitudinal profile for
Shannon Run. Thare- and posttreatment longitudinal profiles foall the study sites are provided in
Appendix.

The water surfacslopesfor each of the stug reachesare provided inTable13. The slopes were
estimated by fitting a linear regression model to the estimasedaceelevations from the RiverMorph
software. Water surface slopesicreasedslightly for Shannon Run anécreased for all other
watershedsbetween thepre- and posttreatment periods. None of these changes atatistically
significant (based on an ANCOVA analysis testing the clastgpg. Further, the changes were not
meaningfully differentwith the geatest slope change (Shannon Rbejng a 0.043% slope difference

Tablel3. Water surface slope.
PostTreatment
Pretreatment Water Water Surface Change in

Study Site Surface Slope Slope Slope
Shannon RufiT) 0.01873 0.01916 0.00043
Piney Ridg€C) 0.01229 0.01518 -0.00011
CentraMD SVQT) 0.02458 0.02440 -0.00018
Robertd FieldC) 0.02643 0.02613 -0.00030
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Shannon Run 2-4-2021
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Figure22. Shannon Rupost-treatment longitudinal profile.

The pre and posttreatment thalweg elevations weralsocompared at each of the study sitéSgure
23) to determine ifpatterns of bed aggradation and degradaticould be olserved Central MDSVCa
treatment sitg exhibited systemwide aggradatiandicative of a trend toward stability as per the
Channel Evolution Model. However, so ik S w2 6 Sdnliofsite. SBanrtbh Ruftreatment)and
Piney Ridgécontrol)exhibited both aggradation and degradation
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Figure23. Longitudinal profile thalweg elevation change.

Bank Pins
Awerage bank erosion ratext the bank pin locationare provided irFigure24. Results show that the
average ero®n ratesrangedbetween 0.0 and 0.2 ft/yrSlight increases in thgank erosion rates

occurred atall the sites Central MDSV(had a decreasm erosion rateat two bank pin locationgnd an
increase at three of the bank pin locations.
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Figure24. Averageerosionrates atbankpin locations.

BANC8®&ssessment

The BANCS assessment for pine- and posttreatment periodsfound most ofthe streams had a
relatively high erosion potential based on the BEHI and NBS ratings. The results of the BANCS
assessment for the entire stream reach for aliffsites is providedh Appendix]. Figure25 - Figure28
summarizehe BEHI ratings frorthe BANCs assessment tbe pre and postreatment periods.The
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BANCS assessment results were used to estigrason rates and sediment loading presented in the
subsequent sections.
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Figure25. Central MDSV(re- and post-treatment BEHlengths
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Shannon Run
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Figure27. Shannon Rupre- andpost-treatment BEHlengths
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Figure28. Piney Ridgere- and post-treatment BEHlengths

Comparison of BANGS&ossSection, and Bank Pin Results

Crosssections and dnkpins were installed at representative locatidossed on the BEHI and NBS

ratings2 ¥ G KS aGNBFIY olylad WwSLINBaASY(llI GAGSQ 61& RSTFAY
ratings For example, more than orget of bank pins wernstalled atlocationsfor BEHINBS ratings

that occurred frequentl, while one bank pisetmay be installed when a BENBS rating occurred only

w»
puls
(o]
Q¢
w»
puls
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acouple of tmes.AppendixJincludes the distribution of bank pins and cresstionsamongthe BEHI
and NBS scores

Tablel4 andFigure29 provide acomparison betweethe BANCS estimated erosion ragasdthe
monitored erosion rates from bank pins and cregstions.Ths comparison wamade at the point
where the BANCS assessedches and monitoring locations overlap (i.e., thenitored erosion rates
correspond to the eroding bank and are not representative of the entire chanfteldata includes
erosion rates from both there- and posttreatment monitoring periodslue to te limited sample sizes
of comparing each of these monitoring periods individualinlyeroding reachesletermined from the
BANCS assessments are compared with the monitored erosion Aditdee BANCS estimated erosion
rateswere higher than those monired, except forreaches with 8EHI/NBS characterization of
low/low. The differences between the estimated and monitored erosion rates bedonaneasingly
more pronouncedvhen moving fronthe low to very high BEldhd NBSharacterizatios. Less than 5
monitored erosion rats are available foall the BEHI/NBS characterizatiorggcept forhigh/high
(n=12),high/moderate (n=12), and high/low(n=23ven with theseharacterizations with higher
sample sizes, the monitored erosion rates were lower than estimated from BANG@&ored erosion
rates across all BEHI/NBS characterizatwer® less thar®.5 ft/yr, while BANCS ranged from 0.03 to 2.5
ft/yr.

Comparison of BANCS and Monitored Streambank Erosion Rates
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Figure29. Comparison of BANCS and monitored streambank erosion rates
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Tablel4. Comparison of BANCS and monitored streambank erosion rates.

BANCS BEHI/NBS

© S 2z o]

£ = o <

) (] ]

2 o > |5 > | & |38 3 2

w E |> | T I 5 | = s |4

5|z 5|8 |2 |2 |8 |5 |8 |2 |% |z

T |W | |2 |2 |T |2 |T |2 |5 |5 |3

5] = ] = =l 5] =2 ) = o o 3
© . > T > T I > T > T = = |
g Min 0.12] 0.11 | 004 [ 0.17 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02
P Max 021|017 004 ] 017 ] 056 | 020 | 0.16 | 0.21 | 0.25 | 0.00 | 0.01 | 0.14
§ Quartle 1 | 0.14 | 0.12 | 0.04 | 0.17 | 0.00 | 0.02 | 0.00 | 0.04 | 0.00 | 0.00 | 0.00 | 0.05
o Quartle3 | 0.19 | 0.15 | 0.04 | 0.17 | 0.35 | 0.15 | 0.06 | 0.13 | 0.11 | 0.00 | 0.00 | 0.11
8 | Awg 0.16 | 0.14 | 004 | 0.17 | 0.18 | 0.09 | 0.04 | 0.10 | 0.06 | 0.00 | 0.00 | 0.08
2 g | Median [ 0.16 [ 0.14 | 0.04] 0.17 | 010 0.08 | 0.03 | 0.09 | 0.02 [ 0.00 | 0.00 | 0.08
& n 2 2 1 1 |12 4 | 12] 5 | 23] 1 3 2
BANCS Erosion | 5 50| 250 | 1.75 | 1.75 | 1.00 | 1.00 | 0.64 | 0.64 | 0.40 | 0.30 | 0.13 | 0.03
Rate (ft/yr)

Riparian Vegetation

The riparian vegetation was subdivided into five areas to assess the adjacent canopy cover, understory,
ground layer and stream bank vegetatidtxamples ofeasonaktreambank vegetation at the study

sites is provided ifablel5. Results of the riparian vegetation survey are showhahlel6.

43



Tablel5. Seasonal comparison of streambank vegetation.

March 2020 \ June 2020 September 2020

Central MDSVC
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Table16. Pre- and posttreatment riparian vegetation survey resulBreen” & C dzy OYViehoy A &/ QdzyT O (i A JRBI y #1 bl2{i NIz 1061 T 2
Shannon Run Piney Ridge CentralMD SVC w20 SNIQa CJ
Metric (Treatment) (Control) (Treatment) (Control)
Pretreatment | PostTreatment | Pretreatment | PostTreatment | Pretreatment | PostTreatment | Pretreatment | PostTreatment
CANOPY COVER
% Canopy Cover| 91 % 80% 91% 80% 90% 76% 88% 7%

% Native 100% 100% 100% 100% 100% 100% 100% 100%
Density (BA), ft | 83 70(-) 96 90 () 83 101 (+) 97 102 (+)
Representative Black walnut, J. nigraA. Black walnut, | Mixed Red maple; A.rubrum; P.

. Red maple, Red maple A. rubrum .
Species rubrum Red maple Hardwoods Black cherry serotina
Green ash
UNDERSTORY
Regeneration
(# stems/ac) 2l Sl
Representative L. bensoin Green Ash |. opaca Black walnut, J.virginiana N/A A. rubrum
species Am. holly
22;”” coverage | 4o, 60%(+) 35%(+) 57% 58%(+)
GROUND LAYER
0,
Total cover (%) | 68% 70%(+) 65% 85%(+) 73% [ 49%
(no change)
0, 0,

% Native species 40% 34% 54% 54% 65.%) Si410 .

) Fern, Skunk ; . Spicebush, L.bensoin

Species Va. Creeper Spicebush L. bensoin

cabbage Ferns Ferns
% Nonnative 60% 66% 46% 46% 35% 41%
species Stiltgrass, Stiltarass Jap. Jap. Multiflora rose R. multiflora, L

Species Multiflora rose 9 honeysuckle honeysuckle japonica
STREANBANK
Total Cover (%) 40%(+)

0,
% Native species e .?:vc)elweed ;5?: ensi
Species Jewelweed ! > EEREELE
ferns ferns
;/:)g'c‘i’gga“"e 38%Multifora 35% Multifora | 61%
Species rose rose R. multiflora




Posttreatment tree canopy cover and compositiohangel from pre to postconditions,but these

changes were minor as all sites are still in Bumctioningcategory according ttdSFW$013. Two

sites (Shannon Run and Piney Ridge) showed maéestase in basal areand 2 sites (CentrdliD SVC

and Rober® Field) had modest increase in basal area. Tree loss was attributed mostly to tree falling
into the stream and green ash mortality due to the Emerald Ash Borer. Sites that increased tmaal are
dominated by fast growing, early successional trees like red mApkr fubrum) and yellow poplar
(Liriodendron tulipiferp

Posttreatment understoryregeneration conditions declined at altes primarily due to the lack of

native tree regeneratin; regeneration at all sites is considered Not Functionimdjcating ot more

than 769 seedlings or 307 saplings per asger the USFWS (2013) performance standdiue

primary drivers for this decline are a combination of an overabundance of sdiltdeer and the
continued expansion of wedlstablished nomative plant invasions. Regeneration of native forest trees
is mostly limited to species deer do not typically browse including American holly (llex opaca) and
eastern red cedarJ(niperus virgiana). Posttreatment understoryshrub conditions varied across

sites, Shannon Run, CenthdD SVCand Robe® Field had modest increases in shrub coverage,
however, only Shannon Run is considered Functioning with Cénibe&dV@nd Rober® Field both
considered Functioning At Risk. Piney Ridge had slight decrease in shrub coverage and continues to be
considered Not Functioning. Blue Ridge had a decrease in shrub coverage and is now considered
Functioning At Risk, down from Functioning, however,whs directly a result of clearing by survey
crews between prdreatment and posttreatment vegetation data collections and therefore should not
be considered. At all sites the shrub layer was dominated by spicebinste a benzoinyith multiflora
rose(Rosa multiflorajhe most prevalent and abundant nerative invasive shrub species

Posttreatment ground cover conditions declined at all sites primarily due to the expansion ef non

native invasive plantsOnesite (Rober® Field) had a decrease in gral cover, one site (Centr®1D

SV(Q¢ had no change, and two sites had an increase in ground cover (Shannon Run and Piney Ridge). The
increase in ground cover at Shannon Run and Piney Ridge is entirely associated with the expansion of
invasive plant popul#ons, particularly Japanese stiltgraddi¢rostegium vimineum

Stream bank vegetation coverage declined at 3 sites (Piney Ridge, G&dt&CRoberf Field) and
increasel at 1 site (Shannon RynHowever, only Shannon Run is rated as Functioningskta® other

sites are rates as Not Functioning. Like ground cover most of the increase in stream bank vegetation is
associated with nomative invasive plants. Some these plants, like Japanese stiltgrass are annual and
only provide vegetative coveragkiring the growing season. Most of the native vegetation growing on

the banks consisted of a variety of ferns, mainly hay scented Benr(staedtia punctilobu)aand

Christmas fernRolystichum acrostichoidgsand spotted jewelweedrfpatienscapensis

Posttreatment data collection occurred on November 23, 2020 duringdéatonditions. As a result,

some of the data accuracy is reduced from-peatment leaf on conditions, this is most noticeable

when estimating canopy coverage and growader. Species like skunk cabba§gniplocarpus

foetidug which were identified in the pretreatment assessments at Shannon Run would have been
dormant and not visible during the peskeatment site visit. Ground cover estimates did take into
consideratdn visible plant residue from annual plans such as Japanese stiltgrass to provide an estimate.
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Sediment Loading Estimation
The following results relate to Hypothesis®3¢ KS A Y LI SYSy Gl GA2y 2F NHzy2FF NBRdzOGA2Y .ata gAff
sediment loadingsdown&rl ¥ |4 | NB&adzZ & 2F NBRdzOSR o6yl SNRaA2Y NI GSaodé

Tablel7 providesa comparison of the measured and estimateediment loadindrom streambank
erosion for thepre- and posttreatment periods AppendixJprovides the complete BANCS sediment
loading daéa andAppendixK provides the sediment loadingada for each monitoring location.

The BANCS estimatéotal TSS load increased during the posaitment period forall the sites.

However, the order of magnitude of the increasas higher at theontrol sites (28% at Piney Ridge and
M2 i w20SNIQa GdathenRsiles B2ay CohtiDRSVEN2 4% # Shannon Run).
In comparison to BANCS, the monitoredd estimate wasonsiderably lower due to differences in the
BANCa&Nd monitoring data estimated erosion ratpeesented inFigure29 and Table14. The calculatd
loads from monitoring showedn increase in loads during the pastatment period for CentraMD

SVaE YR w20SNIQad CAStRI |yR I SR&MNRBATacxtdnyoftdta? | Ra F2NJ t AySe wiaR3AS | yR
bank length that included a representative monitoring location varied 8196 in Piney Ridge to 92% in
w2 0 S NI The baBKilehdth’ that did not include a representative monitoring location were
included in the calculatioof loads from monitoring data, whidikely resulted in an underestimate of
the calculated monitoring loads.

Tablel7. Sediment loads estimated from BANCS and monitoring déa the study sites.
BANCS Monitoring Data
% of Total
Post Bank Length
Pretreatment | Treatment with
Total TSS Total TSS | Pretreatment Post Representative
Load Load TSS Load | Treatment TSS  Monitoring
StudySite (tons/yr) (tonslyr) (tonslyr) Load (tons/yr) Locatiorf
CentraMD SV(T) 42.11 45.04 3.42 8.92 89.8%
Piney Ridg¢C) 59.25 75.9 0.72 0.40 31.3%
Shannon Ru(il) 54.49 56.54 11.06 7.35 52.5%
Rober® FieldC) 24.26 27.21 1.01 1.83 91.5%
IThe loads represent the total load at edgiestreamwithout a sediment delivery factor or stream restoration efficiency appli
as per the CBP stream restoration crediting protocols.
2Total bank length obtained from the top of bank survey from the longitudinal pesfdencludes both the left and right bank
lines.
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Discussiomand Recommendations

The resultsof this studyare highly encouraginand showi K - & NB i NB FA ( (eh.2Fard O2y @Sy A2yl ¢
peak to postdevelopment peak¥tormwater BMPs to meet the Carr@buntyenhancedsand filter

designstandard andvet pond desigmeduces the magnitude, duration and frequency of erosive flow

rates It is extremely valuable that baselines have been established by this study that will be added to

the future data the Couty plans to collectHopefully time and continued monitoring will demonstrate

the geomorphichenefits more conclusively.

In general, this study would have benefitted with more time to conduohitoring to account for
variability in thesize and intensity of the storms measured during the-pred posttreatment periods.

This is especially true becaub® geomorphic resporesof channel gemorphologyto changes in the

flow regime (e.g., the effect of the retrofitgypically occurs ovemuch longer periods than the duration
of this study It was hoped that the beginning stages of channel adjustments would have been detected
in this studyand there may well be ongoing adjustments leading to channel stability resulting from the
retrofits that themonitoring couldnot detect.Further, having additional sites to monitor would have
been helpfulto address issues related to retrofit construction dadlty equipmentwhichcan betypical

of hydrologic and geomorphic studiel$ is encouraging that Carroll County is intending to keep
monitoringthe study sites and hopefully there will be enoughroéits to expandon the sample size
should monitoring resources become available.

A more detailed discussion of how the data relates to each ofttree hypothess is presented below.

HI:¢ KS AYLX SYSy(dlF A2y 2F . at d shBfitet®eBigni 6 SR (2 YSSiG /I NNBf f |
standard will modify the runoff response from the watershed (hydrograph) resulting in a

reduction of the magnitude, duration and frequency of erosive flow rates that meet and

or exceed MDE performance standards for stream channel pratect

The analysis of the change in RCéerm event metricsand runoff statistics shows that the retrofits

reduce the magnitude, duration and frequency of erosive flow rabespite variability in the

population of storms monitoretbetween the pre and posttreatment periods, the aerage daily peak

flow ratesdecreased at the treatment sitefuring the posttreatmentperiodwhile theaverage daily

peak flow ratesncreased at the control sitg3 able7). Additionallythe flashiness inderecreased at

the treatment sitesandincreased at the control site3his is to be expectegiven theadded degree of

hydraulic controlssociated witht8 NBGNBFAGUOAY 3T 2F GKS .andviet 62 / FNNBff /2dzydieQa al yR
ponddesign standarsl Also as expecteghosttreatment runoff (Figure8) and peak discharge response

(Figure9) relationships showed substantial reductions at thigeatment sites compared to theontrol

sites.

The averag&®CNluring the posttreatment period wasonsiderablyess than the pretreatment period

for the treatment siteswhile the RCNs increased slightly at the two control gifeble8).a 5 9 Qa

stream channel performance standard is to reduce pbstconstructon RCNo & #ods ingood

conditioni¢ KSNB A& | RATFTS NS yaddmeasyrediCKSvhiah Gan be@xigécted SR w/ b a
given the inherent inaccuracies of the RCN methazbimputing RCNSs for single storrikwever it is

interesting to note that themeasured postreatment RCN fo€entral MD SV®asreasonably close to

the design standardRCNwoods in good conditioncompared to the controls that far exceeded the
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design standardFor ShannoRun,the RCN was sligi greaterthan the design standard RChich
maybe related to only 5 storms available for the calculation of the RCN.

It wasnot possibleto evaluatethe frequency and exceedance of critical discharges resulting from the
retrofits as per Hawley and \tie(2016)without more detailed pebble count datend a more complete
flow recordandadditional study of these sites would benefit from this type of analyisstead, bannel
stabilitywas evaluatedy compaingthe number of peak discharges observed above the bankfull rate of
discharge between the prand posttreatment monitoring periodsvith the logic that the greater
number ofexceedancesf the bankfull discharge corresponds to a greater erosion potemtitde
channel The results (Table)9ndicatethat the bankfull discharge was not exceeded at any site during
the pretreatment period, but there were a few exceedances in the {@sitment period, with most of
the exceedances at Piney Ridgentrol), andnone at Shannon Ryfreatment). Aithough much more
data is neededor a robust analysis such asHawley and Viet{2016), the data are encouragirg
showinga decreased rate of bankfull dischaligemost casesvhich suggests corresponding reductions
of shear stres$or a range of storm conditioria treatment watersheds

H2: The implementation of BMRSS G NP FAGGSR (2 YSSG /FNNRtf /2dzyieQa &l yR
standard wilcreate hydraulic conditions that lead to sedtovery of channel stability.
Thishypothesisassumedhe following:

1 The bank erosion rate in treatment reaches will be lower than the control reaches due to
reduction in magnitude, duration and frequency in flows that contribute to bank erosion.

1 The treatment reaches will be aggrading due to reductiorstream power These
reductionswill reduce thesediment transport capacity resulting in sediment deposition on
the streambed, which results in aggradation

1 The longitudinal extent of reduced stream bank erosion downstream of the BMP
implementation sites will be a functioof the total watershed area treatea(g.,x linear ft
of stream for every yacre impervious area treated in the watershed).

Hawley et al(2019)studiedtime-series surveyever 10 yearsit 61 strearmonitoring siteson
suburban streamsnd found theyfollowed patternsof evolution consistentvith the Channel Evolution
Model (CEM) of Schumm et al. (198&)age 1€quilibrium) istypicallyfollowed bya period of
streambed coarsening and incisi@ia@e 2)which isfollowed by downcutting and wideningtage 3) to
the point that the stream cano longer transport the slumped material from failing bankkis leads to
atransition to a period of additional widening and sedimentatistage4) and ultimate recoverystage
5). Ninety percenbf the channels were found to henstable according to the CEfgtage 24), with

only 1 siteapproaching geomorphic recovery (stage 4 leading to stageé}o an upstream
stormwater retrofit Qualitative observations @l the study sites for this pregt indicate they are in
stages2 and3 of channel evolutionConsistent with the findings of Méey et al. (2019)he retrofits
implemented at the treatment sitewere expected taesult in a trajetory toward stages 4 and 5 much
sooner than the contratites

Thebankpin, crosssectional surveysandlongitudinal profile were done to measure geomorphic
change resulting from the retrofitélowever, the data were generally inconclusive and did not support
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this hypothesisChanges in the crosectional aea between the treatment and control sites were
variable and did not show any effect that can be attributed to the retroBgskfull channel area change
did decreaseacross all the study sitemdicating gotential trend towards stabilityln comparison,ite
crosssectional surveys did not show any significpatterns ofwidening that would be indicative of a
trajectory towards recoverl & LIS NJ { O KSahvinfn@et al./19B4)ikewise, the bank pin data
and longiudinal profiles did not show any conclusive change resulting from the retrofits. This is most
likely dueto the limited monitoring period of the study

Schumm et al. (1984oted that channel evolution from a disturbed to a restored state could take
decacdes. Similarly, Henshaw and Booth (2000) found that in response to urbanization, channel
restabilization in the Puget Sound lowlands generally occurs within one or two decades of constant
watershed land use. This study is not directly comparable since mespo runoff reductiorwas

assesseds a restoration practice and in a different region, but it does provide an indication of the
potential timeframe over which responses could be sére posttreatment monitoring periodf this
studyranged from18moh Ka | & { KFyy2y wdzy FyR tAySe wiAR3IS (G2 Hc Y2ydKa i w2o
Central MD SVCAs noted by Henshaw and Booth (2000), there is no generalizable formula for channel
restabilization. When, and if, an individual channel will restabilize depends on laireation of

hydrologic and geomorphic characteristics of the channel and its waterStobthmm et al. (1984joted

that recovery would require the widening (with deposition) of the stream channel untétaggn is
established, the stream/floodplain is péically restored to sufficiently resist the excess flow energy, or
the input flows to the stream are reduced to levels that decrease the rate of streambed erosion.
Although the input flows tdhe treatment siteshave been reduced angualitative observatins have

been made of vegetation establishment on the streambartks, resulting geomorphic changeaytake

a much longer period that that of this study.

o
Z

Maodifications to the channel geomorphology are expected, especially at the treatment sites, as these

KFyySita FRedad (2 GKS aySe¢g¢ Fi2¢o NBEIAYS [ FFSOGSR o608 GKS NBUGNRFAGA |
and hydraulic analysis. For these sites, the data shows the calculatechfRGBssonably close ®

wooded condition and are substantially lower tharepetrofit values. Therefore, it is likely, that over

time these channels will begin to stabilize and perhaps show less erosion potential and the development

of a new floodplain. It will be interesting to reexamine the geomorphic data after an additiehgkars

of monitoring asanecdotalobservations fronCarrollCounty staff have showgeomorphic stabilization

to occur at other retrofit sites.

During the postreatment period, lank pins generally showed a slight increase in erosion rate at all
sites.However, he rates of erosion wersuch lowercompaedto the erosion rates observed from the
crosssection surveys. This is most likely due to how the pins were installed, withedow bankfull,

one just above bankfull, and one rdiop of bank. The upper bank pin at the mid to top of bank was
usually located closer to the middle of the bank, except for locations with low bank heights. This
positioning was susceptible to missing simn that occurred at the top of bank that would have been
included as part of the crosection surveys. Generally, more erosion occurred closer to the top of bank
due to sloughing that was then deposited at the bottom of the bank. In many instancdsamkepins

were found buried in deposition during remeasuremehtture bank pins surveyare suggested tbe
conducted such that the pins cover a better representation of the middle to top of bank, in addition to
the lower portions.
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A longer study periodan also help to accotifor differencesn precipitation patterns between the pre

and posttreatment periods. The podteatment period was wetter than normal. Pretreatment average

FyydzZ f NIAYFEEE g1 & | LILINGtmanyaveia§eindualmaintall oD 2 YLIF NBR (2 L2 4
FLIWNBEAYFGSte pné YR G(KS Of A YhiddcoytagiNgtitat CatolBS NI 3S | yydzZh £ NI Ay TFlLEt 27
County plans to continue monitoring these siteghich should help to determine if the precipitation

patterns during the postreatment period significantly impacted the results and document the channel

response over a longer timeframe.

H3: The implementation of BMPs will decrease sediment loadings downstream as a result

of reduced bank erosiomates.

Sreambank sediment loadings were calculating using both a modeling approach (BANCS assessment)
andmonitoringapproach(crosssections andank pins), with the results varying substantially between

the two. This relates to the variation in erosion rates between the methedth all the BANCS

estimated erosion rates beingdtier than the erosion rates obtained through monitoring, except for
reaches with a BEHI/NBS characterization of low/Bledifferences between the estimated and
monitored erosion rates become increasingly more pronouriogtie high and very higBEHI and NBS
characterizationswhichaccounted fomost ofthe assessed BANCS reaches.

The BANCSssessment is a modeling approach ardlevmany studies have applied the method, there
are few that have collected actual measurements of streambank erosion to validate the results and
establish a level of accurachhe literature indicates that the BAN@®thod generally predicts
streambank erosion within an order of magnitu¢ichueler and Stack, 201#)is important to note

that the BANCS method accounts for a much larger spectrum of storms than those encoushieireyl
this study.The estimated erosion rates from the BANCS assessment were basadlioierim regional
curve developed fo€hesapeake Bay TMDL pusps using data from multiple stream sources, including
Hickey Runbutthis curve should be used witlaation because limited data was used to construct it.
The development of new regional bank erosion rate cuwasa recommendation of the new updated
Chesapeake Barotocols \Woods, 2019 However, curve development could take several yeass

many datapoints are needed from multiple stream reachtegproduce curves that are representative of
streambank conditions within similar geographic and geomorphic settings without being skewed by
localized influences.

In terms of how theBANCS and monitoring résichanged between thpre- and posttreatment

periods, the BANCS results showed thiithe study sites had increased sediment loading during the

posttreatment period.However, the order of magnitude of the increase was higher attmerol sites

compared to thetreatment sites This same trend was not observed with the monitoring resultgch

showedan increase in loads during the pdstatment period for CentraMD SVE Yy R w26 SNIiQa CA St RZ
and a decrease in loads for Piney Ridge and ShaRoarSome of this variation may be relatedriot

allthe bank lengths in the studsitesbeing represented by a monitoring location, and therefbewving

an incomplete estimate of sediment loadi®m the monitoring dataThis is particularly true for

Shamon Run andPiney Ridge that showed reductions in loads during the-preatment period, but

also only had 52% and 32% of tis¢al streambank lengthepresented in the monitoring results.
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One of the goals of this project was to utilize the results wvjsterecommendationgo credit flow
controlling BMPs as a hydrogeomorphic stream stabilization technique for inclusion as part of the
nutrient and sediment credits for the Chesapeake Bay TNHDIen the variation in the sediment loading
results, it is nopossible to generateecommendations at this timéfhe geomorphic analysis was
inconclusive modlikely because of the limited time over which monitoring occurrsd it is no surprise
that the measured and predicted reductions in sediment erosion dubdaetrofits isalsoinconclusive.
However, as per the above discussion on geomorphic monitoring, there is strong evidence that the
channels below the treatment sites will stabilize and adjust as the frequency of erosive flows diminishes.
This will likelytranslateto correspondinglecreases in sediment erosioBontinuedgeomorphic
monitoringof the study site®ver a longer time makelp to provide additional insight into the potential
for flow controllingBMPs to be included as an option for TMErediting.

Conclusion

Theenhanced sand filteand wet pondretrofits performed as designe@nd reduced the magnitude,

duration, and frequency of erosive flow ratesibstantially reducing themeasured runoff curve

numbers andsimulating a hydrologic regieclose to thatothed § 2 2 R& Ay 322 R 02y RAGA2YE
performance standardAlthough geomorphic trends did nget show a undeniableresponsen the

study timeframe it is likely the channelsre on a trajectory leading towardsabilizationas anecdotal

evidence(which includes photograph&om Carroll County staffuggestslt is anticipatedhat the

results of this study W lead to recommendations thatil £ f 2 6 F 2 NJ ofkeBuctor@ MB RA G Ay 3 ¢
streanbank erosion (and attached nutrients) attributedlretrofits Y SSG Ay 3 / I NNRft / 2dzy (& Qa
standard However, more time andontinuedmonitoring will likely be needetb allow bank stability to

be fully achieved and measured geomorphic response to be undenigfiestudy established baselines

RSaA3y

for the hydrologic and geomorphic responsetidah f t 0SS o0dzA f G dz2l)l2y o0& G(KS /2dzyieqQa O2ydAydzsSR

monitoring efforts.
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Appendix AMonitoring Plan and Quality Assurance Project Plan
(provided as a separate document)
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AppendiB. Pressure Transducer Adjustments

During the monitoring period it was observed that stage measurement from the pressure transducers
suddenly adjusted to near zero water depth or in some cases increased depth. Reductions in water
depth were observed when scour occurred below the pressure transducer housing and the cord
prevented the transducer from moving lower to the new lower elevatid the toe of slope. In some
cases, the cord was long enough that the pressure transducer moved further under the water when
scour occurred, and the water depth was now recording higher than previous measurements. There
were also instances where the psese transducer housing was covered in deposited sediment and
after the transducer was removed for downloading it did not go fully down into the enclosure because it
was sitting on top of the deposited sediment. For all these situations, the pressurelticars and

housing were adjusted in the field to ensure that the transducers would remain in the housing to
minimize damage.

Duringthe posti NB I G YSy G LISNA2RI (GKS t¢a 6SNB RAAO2OSNBR YA&daAy3a FNRBY w20 SN

and are estimated to have e stolen sometime between January addrch2019.Toreplace the lost

PTs and avoid additional loss, the PTs were reinstalled at all sites using a modified approach that
involved securing a smaller PVC housing secured directly to the channel bed. -Tipisvsest less visible
compared to the initial setup with the PVC housing mounted along the streambank and was assumed
would discourage theffTableB-1 provides a summary of all pressure transducer adjustments.
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TableB-1. Compiled summary of all PT adjustments.

XS

8/23/2017

9/8/2017

9/18/2017

5/15/2018

8/3/2018

10/31/2018

6/25/2019

8/28/2019

BR XS1

PT sticking out
odpé 0S8t
Bottom of PVC
Mné | o02¢
channel bottom.
Lowered PVC
FyYyR t¢
above channel
bottom and
adjusted cord.

T Post reset.
Pre adjustment
water surface to
bottom of PVC ]
andMo ’M cé
channel bottom
to bottom of
PVC was 5 and
Px meBost
adjustment
channel bottom
to bottom of
PVC was 3 and

MAKMCE ®

PT sticking out
nomMpQ 0§
PVCPre
adjustment
channel bottom
to PVC bottom
gl a nonp
adjustment
channel bottom
to PVC bottom
gl a noHd
Adjusted PT so
flush with PVC
bottom.

PT reinstalled.
Bottom of
original PT
housing was
buried in
sediment and
could notbe
measured.
New PT
location is
ndHc Q H
sedimentation
on the
channel bed.

BR XS2

PT sticlout:
bk Mc €
Channel
bottom to
bottom of PVC:
qiMoKmMC €
Adjusted PT so
flush with PVC
bottom.

PT reinstalled.
Original setup
had the PT
sticking out
nondpQ F
bottom of the
housing and
sitting on the
channel bed.
New PT setup
has PT locateq
nomMmH Q
channel
bottom.

BR XS3

Slid PVC down
né G2 Oz
which had slid
down tolower
channel bottom
due to scour and
adjusted cord.

PT reinstalled.
Measurement
from the
bottom of the
originalPVC
housing and
PT to the

bottom of the
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TableB-1. Compiled summary of all PT adjustments.

XS

8/23/2017

9/8/2017

9/18/2017

5/15/2018

8/3/2018

10/31/2018

6/25/2019

8/28/2019

newsetupis
nonp QP

PR XS1

PT reinstalled.
Original setup
hadPT sitting
at the bottom
of the PVC
housing
directly on

the channel
bed. New
setup has the
PT located
approximately
0.09Q I 02
the channel
bed.

PR XS2

PT reinstalled.
Original setup
hadPT sitting
at the bottom
of the PVC
housing
directly on

the channel
bed.New
setup has the
PT located
approximately
nonoQ N
the channel
bed.

PR XS3

Sediment
covering PVC
and PT. No

PT reinstalled.
Originalsetup
hadPT sitting
at the bottom
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TableB-1. Compiled summary of all PT adjustments.

XS 8/23/2017 9/8/2017 9/18/2017 5/15/2018 8/3/2018 10/31/2018 6/25/2019 8/28/2019
adjustments of the PVC
made. housing

approximately
noHoQ N
the channel
bed.New
setup has PT
resting on the
channel bed.
PT reinstalled.
Original setup
Preadjustment | had PT
channel sticking out
bottomto PVC | 013Q o St
bottom was the PVC
CM XS1 n d) phQP h995|ng and
adjustment sittingon
channel channel bed.
bottom to PVC | New setup
bottom was has the PT
nodoy Qo located 012Q
above the
channel bed.
PT reinstalled.
. Original setup
Pre-adjustment had PT
channel sticking out
bottom to PVC g N
bottom was neéncQ g
HdoyOd the PVC
CM XS2 oy housingand
adjustment - ;
sitting directly
channel on deposition
bottom to PVC P
area atbank
bottom was
toe. New
NOHT QO
setupalsohas
PTsitting
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TableB-1. Compiled summary of all PT adjustments.

XS 8/23/2017 9/8/2017 9/18/2017 5/15/2018 8/3/2018 10/31/2018 6/25/2019 8/28/2019
directly on
bank toe

PT sticking out
below the
PVC. Pre
adjustment PT
PT sticlout: 1 :r?;tr?rr:]elto
MpKMCE&
Channel bottom was 5
bottom to Lh)afniel BK M
bottom Of PVC: bottom to PVC
CM XS4 1vPKYPT was
. . bottom was 7 | PT Abandoned.
(PT#3) resting against =
YR HKM
channel
Post
bottom). adjustment
Adjusted PT so chJanneI
El;ftgn\q"th pvC bottom to PVC
' bottom was 4
YR m™mnk
Adjusted PT sd
flush with PVC
bottom.
PT reinstalled.
PT sticlout: 1 Originalsetup
MAKme é had PT sitting
Channel directly on
bottom to the channel
RF XS1 bottom of PVC: bed.New
Lmnkmcé setup has the
Adjusted PT so PT located
flush with PVC nonce |
bottom. the channel
bed.
RE XS2 PT stlclout:' PT rglnstalled.
MOKMC € Original setup
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TableB-1. Compiled summary of all PT adjustments.

XS

8/23/2017

9/8/2017

9/18/2017

5/15/2018

8/3/2018

10/31/2018

6/25/2019

8/28/2019

Channel
bottom to

bottom of PVC:

24k madjusted
PT so flush
with PVC
bottom.

had PT sitting
directly on
the channel
bed. New
setup has the
PT located
02Q I 02
channel bed.

RF XS3

PT Abandoned.

SR XS1

PT reinstalled.
Original setup
hadthe PT
sticking out
nomoQ ¢
the PVC
housingand
sitting on
chamel bed.
New PT
housing was
placed flush
with the bank
toe.

SR X$2

SR XS3

PT reinstalled.
Original setup
had the PT
sticking out
nemtT Q g
the PVC
housingand
sitting on the
bank toe.

New setup
also has PT

Commented [LFM2]:
Byron, do you know the date the PT was removed from !
XS2 and moved tie riser?
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TableB-1. Compiled summary of all PT adjustments.

XS

8/23/2017

9/8/2017

9/18/2017

5/15/2018

8/3/2018

10/31/2018

6/25/2019

8/28/2019

sitting directly
on bank toe.
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To adjust the recorded stage data based on adjustments to the pressure transducer position, water
depth data were adjusted up or down to match data before phessure transducer position change

was made. This was a manual adjustment using best profession judgement based on previous sensor
measurements and future measurements. Sensor position changes were usually due to storm events
causing scour or movement tife sensor or sensor support. An example @gb adjustments can be
found inFigureB-1 and FigureB-2. Note that these recorded stage adjustments were only done for the
representative crossection useda develop the flow rating curves for each site and the paired
watershed relationships. The stage data for all other ceEsgions vas not adjusted.

Plot Title: Piney Ridge 1
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FigureB-1. Pressure transducer data showing water depth at cross section one of the Piney Ridge site.
These data have one very noticeable shift in June of 2017 and several other smaller shifts, which were
corrected.
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FigureB-2. Pressure transducer data showing water depth at cross section one of the Piney Ridge site.
These data have been adjusted.
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AppendixC. Geomorphic Maps

Geomorphic mapping for all sites wesnducted inNovember 2016.
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Shannon Run
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AppendixD. Stage Rainfall, and Discharge Measurements

MD SVC Water Levels (m)
® Discharge Measurements ~ ———MD SVC_1 @ Daily Rainfall MD SVC or WM
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FigureD-1. Pretreatment stage, rainfall, and dischameasurementst Central MD SVC.
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Figure B2. Post-treatment stage, rainfall, and dischargeeasurementsat Central MD SVC.

78

Rainfall {cm)

Rainfall {cm)



Piney Ridge Water Levels (m)

Piney Ridge 1 m  Discharge Measurements ® Daily Rainfall MD SVC or W
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Figure B3. Pretreatment stage, rainfall, and dischamgeasurementst Piney Ridge.
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Figure B4. Post-treatment stage, rainfall, and dischargeeasurementsat Piney Ridge.
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Robert's Field Water Levels (m)

——Robert's Field 2 ® Discharge Measurements Daily Rainfall RF or WM
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Figure Bb. Pretreatment stage, rainfall, and dischamgeasurementst Robert's Field.
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Figure B6. Post-treatment stage, rainfall, and dischargeeasurementat Robert's Field.
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Figure B7. Pretreatment stage, rainfall, and dischameasurementsat Shannon Run.

Figure B8. Post-treatment stage, rainfall, and dischargeeasurementsat Shannon Run.
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