Hydromorphologicaévolutionof a
restoredriver; a casestudyin the Upper
RiverEdencatchment

Submittedin partial fulfillment of the requirementsof the Degreeof Masterof Science

EllenorBarrow

Schoobf EnvironmentandLife Sciences
Collegeof Scienceand Technology
Universityof Salford,Salford,UK

2018






Declaration

| certify that this thesisconsistsof my own work. All quotationsfrom published
and unpublishedsourcesare acknowledgedas suchin the text. Material derived
from other sourcedsalsoindicated.

Name:
Signature:

Date:



Abstract

Riverrestoration hasundergonea shift in approachfrom structuralinterventionscontrollingunwanted
erosionto river naturalisationandthe & NYSS |y R SoRdhafr@lsbackto an historic planform. Thisis
driven by acknowledgementof rivers as dynamic systemsthat, through restoring erosional and
depositionalprocessesand floodplain connection,canrestore channelfeatures.Restoringprocessess
expectedto increasethe longterm succesof a restoration project. SwindaleBeckis an exampleof
sucha natural flood managementapproach,where new active meanderingchannelwas constructed,
replacingthe original canalisedchannel.Data acquiringby a small unmanned aerial vehicle (SUAV)
facilitated topographicaland photogrammetricdata (at the centimeter scale),used to characterise
habitat, assesssedimentand sedimentflux within the restored reach. The results show rapid initial
response;erosion and deposition at the site show rates in line with levels expected of an active
meanderingsystem.Hydraulicmodellingand habitat availability(through Froudenumbers)determined
and comparedbiotope presenceand diversityin the channelpre and post restoration. Resultsshowan
increasein the diversity of biotopes present within the restored reach, transitioning from a run
dominated river system.Bed shear stresswas investigatedacrossthe reachto determine levels of
entrainmentwith the majority of the reachsubjectto bed shearstressabovethe critical boundaryfor
entrainment, significantly enhancing the postrestoration channels geomorphology, habitat and

variability.
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1. Introduction

1.1 Background

Rivermanagementin the UK has undergonea major shift in approach over the past decade. This
changein approachincludesa moveawayfrom structuralengineeringand greenbankdeflectors,aimed
at controllingunwantederosion,towardsriver naturalisationprojects(Palmeret al., 2005). Theseriver
naturalisationprojectsinclude natural flood managementschemesand the restoration of rivers; all of
whichaimto work alongsidethe naturalriver processesasopposedto controllingand constrainingthe
channel.Thisis in stark contrastwith the previousmanagementechniquessuchaschannelisatiorand
other methods of Wi S O Kigod @ § | 3 S YT8c}inic&ranagementof rivers was previously
favoured for effective flood management,particularly as the decisionmaking processesand policies
were dominated by econonic factors and engineeringscience;rather than holistic river management
seentoday, that is largely driven by environmentaland ecologicalscience(Waylenet al., 2017). This
approachto river managementmay also be describedas processbased. With the regard to the
restoration of rivers, a processeebasedapproachis one in which the processeswithin a river system
which havepreviouslybeendisturbedand altered are reestablishedbackto normative or naturalrates

(Beechieetal., 2010).

The term river restoration refers to returning a stream to pristine or fre-disturbanc&conditions
recreatinga river channelthat resemblesits natural state (Rosgen,1997). A successfukestoration
project, therefore, takesinto accountthe entire geomorphologicabystem, with measuresin placeto
restore the channelmorphology,ecology,flow regime and sedimentregime of the river (Newson&
Newson, 2000; Rosgen,1997). River restoration as both a scienceand in practice is growing in
importanceasa necessaryneasue to conserverivers.Within the UKthis is driven by legislationsuchas
the EU Water Framework Directive (WFD) and funding from government bodies such as DEFRA

(Departmentfor EnvironmentFood& RuralAffairs)(Smith,Clifford & Mant, 2014).Theincluson of the



term hydromorphologywithin the WFDhas driven the importance of the inclusionof river processes
and landformswithin the study, analysisand managementof river systems(Belletti et al., 2017). The
term WK @ RNER Y 2 Ndelknad irfraiéced and defined in the Water FrameworkDirective (Boon,
Holmes& Raven2010).1t refersto both hydrologicaland geomorphologicafeaturesand processe®f
surfacewaters. The hydromorphologyof rivers directly influencestheir ecologyand is stated in the

water frameworkdirectiveaskeyto achieving? 3 2eofdgical U | iin ORRersby 2027.

Restorationis necessaryfor negatingand reducingthe detrimental impacts past human interference
hashad on riversandtheir ecosystemsRiverrestoration schemes often havea wide scopeof benefits,
havingeconomicand socialimplicationsin additionto the environmentalbenefits,suchasreducingthe
frequencyand magnitudeof floodingand creatingrecreationalspaceqJanest al., 2017;& Lake Bond,
& Reich,2007).Without suchintervention the health and functioning of river systemswill continueto

degrade(Wohlet al., 2005).

The shift in approach to river management can be attributed to the understanding and
acknowledgmentof rivers as dynamicssystemsrather than objects (Nienhuis& Leuven,2001; &
Rosgen1997). A healthy functioningriver, often describedas being W ANyS 3 Ah¥s& Ehannelthat is
constantly adjusting in responseto local changesto maintain its equilibrium. Channelsthat are in
disequiibrium, often as a result of previous management,may be channelsthat are aggradingor
incisingthiswouldbe anW d&§/S | f riftekoha@nel(Gomezet al., 2001).Thisunderstandingof riversas
constantly changing and adapting systemsrather than as singular objects is important for the
implementation of an effective managementscheme that works with the natural features and
processe®f the river to achievelongterm, sustainabléamprovement(Beechieet al., 2010; Guneralpet

al.,2012& Wohlet al., 2005).

There is a general consensusamong academicsthat the chancesof long term successof a river

restorationprojectincreasewhen the focusis on allowingthe river to function dynamicallyandin line
2



with its natural processesnd through the reintroduction of hydrologicalvariability (Bechtol& Laurian,
2005; Wohl et al., 2005 & Woolsey,2007). Throughthis consensusand understandingthe term Hver
naturalisatiorwas coined within river management.Rivernaturalisationfocuseson the alteration of
rivers backto an historic planform. Whilst similar to river restoration the term naturalisationhas an
increasedfocuson returning the river to a state ascloseto referenceconditionsaspossible therefore,
establishingrivers with varied morphologcal and hydrologicalconditions that support healthy and
diverseecosystemgRhoadset al., 1999).Thefocusof natural conditionsis of particularimportancein
current river restoration and is direct opposition with many previousrestoration schemesthat were
often centered around fisheries and artificial habitat creation, often creating habitats that were
unnaturally static (Beechieet al., 2010.,& Smith, Clifford & Mant, 2014).Returningrivers backto this
historicalplanformor towards pre-disturbane@ conditionsis not alwaysstraightforward, and dueto the
scopeand complexitiesof previousengineeringand structural river managementcan be difficult to

achieve(Bechtol& Laurian,2005).

Theaim of returning a river to its historic planformis a common goalof river restoration. Forexample,
the re-meanderingof a channelis one of the most visualand frequently implementedmethodsof river
restoration, and is a common goal for many rivers in the UK and developed world; previously
straightened for agricultural use (Kondolf, 2006). There are nhumerous problems associatedwith
previousmanagementechniqueof river straightening Many channelswere historicallystraightenedto
increasethe extent of humanutilisation of the floodplainandto control the river. Thepurposeof such
was, for exampleto makemore arableland for farming,for clearingland to build settlements,and for
irrigation (Brookes,1987; Richter& Richter,2000 & Werrity, 2006). The negativeimpactsassociated
includeareductionof biodiversityasa result of lackof flow variability, suchasthat found in a pool-riffle
system(Brookes,1987).Biodiversityis alsoreducedon the floodplain as a result of its disconnection
from the river channelin many straightenedreachesalsofeaturing artificial levees(Bechtol& Laurian,

2005; & Tockner,Sheimer,& Ward, 1998).Furthermorethrough the straighteningof the river channel



increasesdownstream flood risk through increasedflow efficiency, decreasedstorage within the

channelandareducedlagtime (Dixonet al., 2016,& Jane<et al., 2017).

Natural flood managements a relatively new concept,growingout of the river naturalisationconcept
and acknowledgementhat asrivers are dynamicsystemsthat are alwaysadjustingand therefore it is
difficult to control and constrain them (Howgate & Kenyon,2009). Natural flood managementis
describedasbeinga sustainablealternativeto the traditional methodsof managinglood risk; involving
the storageand slowingof flood watersthroughrestoringriversto a naturalisedstate (Janest al., 2017
& Lane,2017).Technique®f naturalflood managemenincludefull scaleriver restorationprojects,and
more localizedand managementechniquessuchasuplanddrain blockingandthe introduction of large

woodydebris(SEPA2015).



1.2 Aim & Objectives

The focus of this thesisis to study the hydromorphologicakevolution of SwindaleBeck,EasternLake
district, in responseto a river restoration project. Theaim of this thesisis to quantifiady monitor the
river responseto restoration at SwindaleBeck.To achievethis aim a number of objectivesare set
focusedon the hydromorphologicathangedo channelplanformandriver processesTheseobjectives
are to include an in-depth review of pertinent literature regardingriver restoration and natural flood
management,in which areasof consensusand disagreementbetween academicsis identified. The
morphologyof the channelwill be studiedusingrepeatsUAMV(smallunmannedaerialvehicle)surveyso
create digital elevation models of the channeland floodplain; these DEMswill be usedto identify
temporal changesto channelmorphology,characteriseriverine habitats and volumetrically calculate
sedimentflux. Theresultsof whichwill be usedto egablishthe responseof the river to the restoration,
drawing conclusionson the succesf the project. TUFLOWhydraulicmodellingis also completedto
identify biotope presenceand availabilitythrough an analysisof Froudenumberwithin the reach;thisis
usedto show a comparisonbetween pre and post restoration conditions. The sedimentologyof the
restoredreachis assessedhrough sedimentsamplingalongthe restoredreachandthe useof TUFLOW
modellingof the bed shearstresswithin the reach,againcomparingbetween pre and post restoration
conditions.Theoutcomeof the restorationwill be discussedn terms of its impactsto the overallriver

healthandecologicaktatusof the river, aswell asits impactson flood management.

It is expectedthat the repeat sUAVsurveyswill reveala period of rapid adjustmentto the restoration,
following on from which,the river is expectedto exhibit patternsandlevelsof erosionand depositionin

line with those expectedfrom a natural, singlethread, meandeing channel(Guneralpet al., 2012).
Habitatdiversityis alsoexpectedto increasewith the hydraulicmodellingshowingincreaseddispersion
and varietyin biotope quantity in the river channelat SwindaleBeck.It is likely that the restoredreach

will exhibita significantlydifferent bed shearstressin comparisorto the unrestoreddata.

Theorder of this thesisshownin figure 1 is asfollows; an outline of the study areaand details of the

restoration project is provided, followed by a review of literature pertaining to the topics of river
5



restoration, naturalisation and natural flood management. The methods used to study the
hydromorphologicalestoration of SwindaleBeckare then discussedalongwith justificationsfor the

chosenmethods.Followng on from this the resultswill be presented discussednd conclusiongirawn.
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Figure 1 Thesis overview



2. SwindaleBeckRestorationProject
2.1 StudyArea

Thereachstudiedflows through SwindaleFarmin ShapRuralin the EasternLakeDistrict, UK.Swindale
Beckis a tributary of the RiverEden,located closeto the HaweswaterReservoir(Figure2). Swindale
farm, alongwith nearbyNaddleFarm,are on longterm leasefrom United Utilities by the RSPBto be
includedaspart of a projectto improvefarmingand land practices.The landis leasedby the RSPE&nd
managedby a tenanted farmer, thus requiring cooperationbetween the landowner (united utilities),
project operators(RSPBand the land user (the farmer). Theproject aimsto benefit farmersaswell as
improving wildlife conditions and river water quality. Additionally the grazingrights to 3 upland
commonshavealsobeenacquiredfor this project (RSPB2015). Therestoration of SwindaleBeckis in
conjunction with this demonstration of sustainable land management (CIEEM,2017). Located

downstreamof the studyreachis the united utilities drinkingwater intake (Figure3).

Figure2 GoogleEarthimageryshowingthe locationof SwindaleBeck,EasternLakeDistrict.
Showing;l. Locationof the HaweswateiReservoir2. ThestudyReach3. Theriver Eden.



Figure3 GoogleEarthimageryof the United Utilities drinkingwater intake at Swindale

Thechannelat SwindaleBeckhad been heavilymodified, similarlyto manyrivers and watercoursesn
the UK, and other developed countries. The natural stream flow of rivers have been altered or
constrainedto create more useablefloodplains for agriculture and settlements (Richter & Richter,
2000). SwindaleBeck had been straightenedat least 160 years ago, evidencedby historical maps
showing the straight course of the river. Figure 4 illustrates the course of Swindale Beck after
straightening, like many rivers Swindale beck was straightened to create usable meadows for

agriculture(CIEEM2017).



Figure4 HistoricalOrdnanceSurveymap of the EasternLakeDistrict, showingthe straightened
courseof SwindaleBeckin the 1860s(Source OrdnanceSurvey2018).



The straightenedchannelat Swindalebeck was largelyuniform in width, depth and flow; with few in-
stream habitats present. The lack of channelvariability and habitat diversity of SwindaleBeckwas
evidencedby the absenceof poolriffle system,with a uniform flow being presentin the chanrel and
the absenceof gravelbars. Thelackof flow diversityand a pool-riffle sequencds commonlyattributed
to the lossof aquaticspecies particularlyfish in rivers (Brookes, 1987).1t is widely acknowledgedhat
the natural stream flow of rivers is crucial for maintaininga healthy river system;where rivers are
unconstrainedand the natural stream flow is allowed, rivers can constantly adapt to local changes
(Mant & Janes2005; Richter& Postel,2004). Acceleratedstream flow presentin the rock armoured
SwindaleBeckcausedproblemsat the united utilities drinking water intake; with smallergravelsand
silts regularly being entrained and deposited at the drinking water intake calling for regular
maintenancg(CIEEM2017).Thisacceleratedlow also posedissuedor downstreamflood risk, reducing
the length of the channeland the time taken for a unit of runoff to reach downstreamareaswhere

floodingis likely (Dixonet al., 2016).
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2.2 Restorationof SwindaleBeck

The river restoration projea at SwindaleBeckwas undertakenand completedin 2016, as part of a
partnershipbetweenthe RSPEBnd United Utilities, the land owners.Theproject createda new sinuous,
singlethread channel to replacethe previousstraightenedchannel,shownin figure 5. Thenew channel
measuresat 891min length, 140mlongerthan the original channelas a result of the meanders.The
constructedchannelis alsoapproximately2m wider than the previouschannel.Reconfiguratiorof river
channelsand the reintroduction of meandersis a reasonableand achievablerestoration goalthat has
beenwidely used (Kondolf,2006). For the goal of restoringthe river at SwindaleBeckto WLINA érii A y S Q
YLIRE & (i dzanditivrdtBe®emeanderingof the channelwascrucial;,combattingthe uniform flow,
channelplanformand lackof in streamhabitatsto createa channelthat reflectsthe natural conditions

expected(Rosgen1997).

891m long route of
restored sinuous river
channel

Riparian woodland
creation; 400 trees planted
Nov 2016

750m long route of old
straightened channel,
now in-filled and
reseeded with S551 hay
meadow seed

Potential flood

attenuation area with
3,000 trees planted
Nov 2016

436m section of river
restored through assisted
recovery by removing rock
armour on channel sides

3ha of bog restored by
blocking moorland drains

Potential flood
attenuation area

Figure5 Restorationof SwindaleBeck
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The new channelwas designedto be as natural as possible reflectingits pre-disturbanceconditions.

The new courseof the river wasdesignedusingevidencefrom paleochannelswhich are areasof lower

lying, wetter land, where the river previouslyflowed to. Thesepaleo channelswere usedasa Wo t dzS
LINJto/aid & Svindale. S Ofedibéation Theuseof paleochannelss well establishedn paleofluvial
studiesandthe study of the evolutionof fluvial systemgDollar,2004).Thenew channelalsopromoted
lateral connectivitybetweenthe river and the floodplain,where the previouschannelhad leveesalong

the river bank preventing water spilling out of the channel and onto the floodplain, decreasing

floodplainbiodiversityandincreasingdownstreamflood risk (Tockner Schiemeg Ward, 1998).

The methods for carryingout the restoration work were devebped and selectedto causeas little
damageas possibleto the environmentat SwindaleBeck.Thisincludedelectro fishingto removefish
from the straightenedchannelbefore constructionwork commenced following the completionof the
new channelthe fish were reintroduced.Electrofishings a simple and effective method for capturing
fishthat causeaminimalharmto the fish; usingan electricalcurrentin the water that attractsandthen

immobilizegthe fish (Bohlinet al., 1998).

Thegoalof the new channelat SwindaleBeckis to createa river channel,with lateral and longitudinal
connectivity that mimics the natural form of a meanderingriver, with processesof erosion and
depositionthat adjustto local changesmovingthe river toward a state of equilibrium (Mant & Janes,
2005). Thereare numerousgoalsof the restoration project which include improving the ecological
status of the river, allowing for erosion and deposition to occur in line with natural processes,
encouragingwildlife through increasedhabitat availabilitywithin the river and floodplain,and reducing
the downstreamflood risk. Reconnectiorwith the floodplainwill allow small natural floods to occur;
this is essentialto the maintenanceof a healthy floodplain. Under natural conditions floodplainsare
highlydiverselandscapesvith highbiodiversity(Bechtol& Laurian,2005.,& Tockner Schieme®& Ward,

1998).

12



Eithersideof SwindaleBeckon the floodplainis hay meadows,someof whichhavebeendesignatedas
Sites of SpecificScientific Interest (SSSIpr Specialareas of Conservation(SAC)RSPB2015). Hay
meadowsa rare habitat and are isolatedto the uplandvalleysof Northern EnglandJefferson2005).At
the unrestoredSwindaleBeckleveesdevelopedalongsidethe channelprevented water floodingout on
to the floodplain and later reenteringthe channel.Thiscreated stagnantpools of water, which had a
negativeimpacton the health of the hay meadowsand reducedbiodiversity(CIEEM2017).Smallflood
events,where the water can reenter the channelwhen flooding subsidedare essentialto shapingand
maintaininghigh levelsof biodiversityof the floodplains(Tockner Schiemer& Ward, 1998).1t is hoped
that with the creation new channeland removal of the levees,the ecologicalquality of the hay
meadowswill improve, aswater will be able to move betweenthe channeland floodplain asthe two

arereconnectedandthe lateral connectivityis restored.

Hay meadowsare significantasthey are both a rare and distinctive habitat, home to speciessuchas
wood cranesbill,great burnet andf I Rr@afitid (JNCC2017).In addition to the improvementsto the
hay meadows hoped to be achievedthrough the restoration project, land managementpractices
(monitored by a farm contractor, working for the RSPEs part of the sustainabldand use project) are
aimed at further assistingthe restoration of the hay meadows.The land use practicesimplemented
mirror traditional agriculturaltechniques;this includesnot usingfertiliser on the groundand carefully

managinghe seasonatiming of sheepgrazingon the land (RSPB2013).

Furthermore,the channelstraighteningand developmentof Leveesalso increasedthe downstream
flood risk, with water moving quickly through the channeland without adequat areasof storagein
times of high precipitation and high flows. The new sinuouschannelincreasedthe length of the river
channelas well as slowingthe flow of water, with backwatersproviding additional storage of water
(SEPA2015).Backwatersimplemented at SwindaleBeckfor water storage,are areasof water separate
from the main channelbut connectedat the downstreamend, allowingwater to enter in an upstream

direction(Wadeson& Rowntree,1998).

13



In a further attempt to causeaslittle damageto the current biodiversityas possiblethe new channel
was dug through areasthat were permanentlywet, or wet the majority of the time, and thus had a
lesserbiodiversity.Openspacea specialistenvironmentalcontractor, oversawthe project and prior to
commencementan impact assessmentvas undertakento determine whether the project would have

positiveimpactson biodiversity,allowingthe projectto gainsupportfrom NaturalEngland.

A reforestation project was also implemented as part of this wider schene with over 4,000 trees
plantedin the winter of 2016- 2017, it is hopedthat this will be beneficialto the river channelthrough

shadingof areasof the channelandasthe treesmature,the additionof woodeddebristo the channel.

14



3. Literature Revew

3.1Introduction

Thisliterature review will compareand contrastthe pertinent literature regardingto river restoration,
its significanceand commongoals.The newly emergingfield of Natural FloodManagement(NFM)wiill
be explored, and the long terms goals and monitoring of such projects discussedwith a view to
establishinggroundingfor this thesis studyingthe hydromorphologicakvolution of SwindaleBeckin

responseo river restoration;andthusthe succes®f the project.

At the forefront of hydrologicalscienceis the study and implementationof river restoration (Wohl et
al., 2005).Despiteits importanceand the generalagreementbetweenacademicf its significancehe
term restoration itself is interpreted differently. Cairns(1990) define river restoration as havingone
finite goal,to completelytransformthe structure and function of ariver to a pre-disturbancestate. This
view of a completetransformationof river systemsis mirrored by Rosgen(1997)where restorationis
defined asthe return of a river to a dynamicallystable channel,one which will not exhibit significant
changesveran engineeringimescale However,other academicwiew river restorationasa processof
enhancingdamagedrivers and their ecosystemgBrookes& Shelds, 1996; Kondolf, 2006; & Wohl,
2005). Thoughthe difference betweenthese definitionsinitially appearsto be slight, the emphasisof
the secondgroup of academicss the vital approachof river restoration being an ongoing process,
where conditions may be improved, yet the river may never be fully restored to pristine or pre-
disturbanceconditions (Kondolf,2006; & Wohl, 2005). The later opinion has a strong focus on the
processof improvementan enhancementand the ongoingnature of restoringa river. Thisapproachto
river restorationcanbe viewedasprocesshased ,where the focusliesin reestablishinghormativerates
of functioningin rivers, for examplethrough the restoration of nutrient transfer, sedimenttransport

andthe storageandrouting of water (Beechieet al., 2010).
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Furthermoredespite political commitmentsto river restoration suchas £110 million of funding from
DEFRAnNd driversfrom EUlegislationsuchas the Water FrameworkDirectivethere is disagreement
over the efficacy of methods for implementing successfulrestoration projects with long term
implications,with a perceptionthat the underlyingscienceremainsweak (Downs& Kondolf,2002.,&

Smith,Clifford& Mant, 2014).

Riverrestoration and natural flood management(NFM) are often closelyassociated With common
techniquesand methodsin river restoration suchas re-meanderingor the input of woody debrisinto
channelshavingpositiveeffectsfor flood managementwhilst alsohelpingto achievewider restoration
goals,suchasecologicaimprovementand increasinghabitat diversity (Nienhuis& Leuven,2001). The
Scottish Environmental Protection Agency (SEPA2015) refer to natural flood managementas an
approachwhichis basedon usingtechniguesthat work alongsidethe natural featuresand processe®f
a river; whilst typically focusingon storing and slowingthe flow of flood waters. Furthermorethey
outline that the techniquesand methodsusedin natural flood managementwhich may includelarge
river restoration projects, have wide ranging benefits in addition to flood managementincluding;
biodiversity enhancementsand improvementsin water quality as well as social effects includingthe

provisionof recreationalspacesandimprovedaccesgo wildlife (Janest al., 2017; & SEPA2015).
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3.2 Significanceof river restoration

As rivers and their floodplains are important natural systems,their health and quality is of high
importance. Riverrestoration is a focus acrossthe UK and many developedcountieswhere riverine
systemshavebeenheavilymodified (Richter& Richter,2000).Thismodificationof riversover the past
2,000years throughriver managemenpracticesfocusedon the control of water to mitigate floodsand
the utilisation of water for society(for exampe through, irrigation, water supply,hydroelectricpower),
is agreedby manyto be the leadingcauseof degradationin riverine ecosystemsand in reducingthe
capacityof riversto store water and attenuatefloods(Kondolf,2006.,& Lake Bond& Reich2007). Ina
discussiorover the future of river restoration and its approachesNewson& Large(2006)outline that
despite disagreementsover the most effective, holistic way of restoring a river ecosystemthere is
consensu®ver the needto repair the current damagedriver ecosystemsApproximately85%of river
restoration projects are carried out in lowland rivers, which are more likely to have experienced
previous managementand are often in close proximity to settlement sites and population centers
(Smith Clifford & Mant, 2014). Theterm processbasedrestoration focusseson correctingthese past
interventionsin river systemsfocusingon restoring processeswithin the river systemto negate and

undo previousmanagemeni{Beechiest al., 2010).

River redoration can be seenin two disciplinesbasedon the above, restoration for ecology and
restoration for flood management.Largely,these two goalsoverlap and are later discussedn more
detail. Legislations a key driver for both end goalsof restoration The EUWater FrameworkDirective
aimsto achieveW 3 2ezdbgicald (i | of dibs@facewaters by 2027, restorationto meet this goalis
focusedon aquaticecologyand water quality (Heringet al., 2010). Similarlyriver restoration schemes
often involve channelmaodificationsto create habitats favourableto desired species(Clarke,Bruce
Burgess& Warton, 2003).Riverrestorationhasdevelopedfrom its early form with a largefocusupon
fisheriesto restorationthat hasan ecologicafocusbut is broadly based(Smith,Clifford & Mant, 2015).

This shift in river restoration largely accountsfor the overlap in the two general themes of river
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restoration with ecologicalgoals being achievedthrough the implementation of schemessuch as
channel reconstructon and remeandering which have outreaching implications on the
hydromorphologyof the river, thus impactingflow regime,sedimenttransport, and flood risk (Werrity,

2006).

The ecologicalrestoration of riversis of particularimportancein responseto past human alterations
andat combattingextinctionrates;whichare five times higherthan terrestrial extinctionrates (Ricciardi
& Rasmussen1999). The second overarchingtheme is river restoration for flood management.
Combattingthe impactsof channds that had previouslybeenstraightened deepenedanddisconnected
from their floodplains,water storagecapacityhasbeenreduced,ashasthe transit time of water, both
alteringthe flood hydrographexacerbatinglood frequencyand magnitude(Dixonet al., 2016).Natural
flood managementschemes,overlappingwith river restoration are seen as a cheaper and more
sustainableway to manageflood risk, whilst also presentingbenefitsto the overall health of the river
and floodplains(Bechtol& Laurian,2005& Werrity, 2006). Theresultsof field study and modelling,by
Dixonet al., (2016)supportsthe potential of this sustainableand natural method of flood management,

suggestingts favourover hardengineeringand structuraldefences.
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3.3Engineere RiverRestoration& Remeandering

Asthe restoration project at Swindalebeck featuresthe creationof a new sinuouschannel,designed
basedon paleo channelevidence,academicperspectiveson engineeredriver restoration and the re-

meanderingof river channelds discussed.

The most visualform of river restoration is channelreconstruction,to mimic the natural state of the
river, for examplethrough re-meanderingthe river channel(Kondolf,2006). Thisis driven by societal
pressureto createariver channelthat is aestheticallypleasingandfits in with the typicallydesiredform
of a healthy river. A river that is meanderingappearsto the majority of people as a natural, healthy
river, as suchthis form of river restoration often garnerswidespreal public approval(Kondolf,2006).
However, re-meanderinga river provides more than just aesthetic benefits. Meanders, which are
inherentin river flow, naturally form in riverswhere the slopeand width-depth ratio is sufficientlylow
at formative dischages (Leopold& Wolman, 1957; & Parker,1976). Supportingthis further is the
acknowledgementhat a meanderingriver is natural and within it hasa pattern of sedimenttransport
and introduces habitat variability to a river (Garcia,Shnauder& Pusch,2012). As meanderingrivers
inherently contribute flow and habitat variability, where river restorationis concerned re-meandering
of a river should create a channelwhere natural processescan occur, allowing the river to reach
equilibrium where its dimensims and features will remain significantlyunchangedover engineering

timescalesyet will respondto localchangegThorneet al., 1996).

Engineeredriver restoration and re-meandering also includes alterations to the river channel to
enhance lateral comectivity. Through this lateral connectivity floodplain health is increasedand
downstreamflood risk reduced (Bechtol & Laurian,2005; Fischenich& Morrow, 2000; Guidaet al.,
2015;& Tockner Schieme& Ward,1998). Oneway in whichdownstreamflood risk is reducedthrough

channel reconstructionsand reestablishingfloodplain connectivity, such as levee removal, is the
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provisionof water storage.At high flows water is ableto overflow river banksonto the floodplain, this
in-turn, reducesthe dischargeand velocity of the water, and in comparisonto a constrainedriver
significantly reduces the impact and frequency of downstream flooding (Guida et al., 2015).
Additionally, many academicsstressthe importance of small, frequent flooding on to the floodplain,
whichby nameis anareaof land susceptiblao flooding. Thisagreementbetweenacademicstatesthat
naturalfloodingis essentialto the health of floodplains. Frequentand smallflood eventsreplenishand
sustain ecosystems gncouragingbiodiversty (Bechtol& Laurian,2005; Lane, 2017, Marteau et al.,

2017).

Moreover,in a studyof river flows andfloodplainforest restoration,the importanceof nutrient transfer
betweenfloodplainandriver is cited asessentialfor the health of both the river and floodplain, (Rood
et al., 2005). The importance of this nutrient transfer is widely agreed upon by academicsfor the
ecologicalhealth of the river channeland the floodplain (Bechtol& Laurian,2005; Guidaet al., 2015;
Junk, Bayley & Sparks,1989; Lane, 2017; & Tockner, Schiemer& Ward, 2005). Governmentand
environmentalauthoritiesare alsoin agreementwith the importanceof a natural flood regime, stating
floodplain connectionas a common and significantgoal of many restoration schemes(Environment

Agency2007).

A study of the restorationof two lowland Germanrivers, TheSchwalmand TheD I NJi NMENilg8bsdh
providescasestudy evidenceof the above.Therestoration projectsinvolvedthe remeanderingof the
channelsand lowered floodplainlevelsto increaseconnectivitywith the floodplain. In the post project
study and monitoring of these two restoration projects, it was observedthat flow diversity had
increased,as well as the variability in channelsubstrate and features. Within the river channelthe
restorationhad alsoleadto increasedpresencein macrophytesandincreasedoopulationand diversity
of macroinvertebrate families, genera and taxa. In addition, the health of the floodplain and its
ecosystemdad alsoincreased asevidencel by increasedspeciesdiversity of floodplainflora (Lorenz,

Jahnig& Hering,2009).
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3.4Riverrestoration goals

Theaim of river restorationis to create,enhanceandimprove conditions,structuresand functionsof a
river channel and its floodplain, aiming to achieve conditions that resemble the natural, or pre-
disturbancestate expectedof the river (Brooke& Shields,1996; Cairns,1990; Kondolf,2006; Rosgen,
1997; & Wohl, 2005).Fora river restoration project to be deemeda succesghe project shauld take a
holistic approach,and considerthe entire watershed.Thisis due to the complexinterconnectionof
physical,chemicaland biological processwithin the watershedover varyingtimescales(Wohl et al.,
2005).Furthermorethe chanceof achievingsuccessén river restorationare greatlyincreasedvhenthe
difficulties of doing past structural works are consideredalongsidethe desiredoutcomes(Bechtol&
Laurian,2005). Indicators of successfulriver restoration include, providing an enhancedservce to
society,and improved river ecosystemattributes such as; morphologicaland hydrologicalvariability,
nearnatural sediment transport and a nearnatural temperature regime, speciesabundanceand
diversity and vertical, lateral and longitudinal connedivity (Lake,Bond& Reich,2007). The ecological,
morphological,and floodplaincentric restoration goals are discussedas well the factors presenting

challengedo their achievement.

3.4.1Ecology

Ecologicalmprovementsare a commongoal of restoration projects,basedon the lossof diversityand
ecologicaldegradationcausedoy centuriesof humaninterferenceand alteration of river systemgJanes
et al., 2017; Wohl et al., 2005). Processhased river restoration focusseson the improvement of
procesgs in a river to reestablishnormative rates, and is in contrast with previous methods of
ecologicariver restorationwhichfocusedon the creationand engineeringof artificial habitats(Beechie

etal.,2010).
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The alteration of flow has been obseaved to have negative impacts on speciesdiversity. Dam
construction, for example,which decreasesflows in rivers and alters sediment supply has a direct
impact on the macroinvertebrate species assemblage.By examining hydrological and macro
invertebrate assenblage data for the GreenRiverin Utah, Vinson(2001)assessedhe impactsof the
FlamingGorge Dam on the river. The study revealsthat as a result of the dam the annual mean
minimum daily discharges,water temperature and sediment transport all decreasedsignificantly.
Moreover, the study found that after the closureof the dam, with the river following a more natural
coursethe meanmacroinvertebrate densityincreasedby 9,000 speciesper squaremetre, from 1,000
m/s?to 10,000m/s* Thisshowsthe importance of factors suchas discharge water temperature and

sedimenttransportof river ecology.

Smithet al., (2014)supportsthe findingsof Vinson(2001)acknowledgindghat habitatsare decliningand
fragmentingas a result of human alterationson river systemsand river processesTo combatthis re-
establishmentof biotic substrateand a focus upon restoring invertebrate communitiesis suggested
(Lorenz Jahnig& Hering,2009). Theimportanceof ecologicaimprovementsis widespread however,a
narrow focus on ecologicalimprovementsfor examplethe artificial creation of habitats and species
reintroductionsmayhaveshortlived effects,failingto achievelongterm successndchange Thisis due
to anincreasedocusgivento the endresultof habitat creationand speciesntroductionsandlessfocus
on the underlyinggeomorphologicaprocesseghat cansustainthis longterm (Clarke BruceBurgess
Wharton, 2003). Throughthe exampleof the GreenRiver,the re-establishmenthydromorphological
processes within a river is crucialto achievinglong term succesdor river restoration (Vinson,2001;
Woolsey,2007). Furthermore,within the UKmost river and floodplain restoration is modestin scale,
thus, limiting the extent of ecologicakuccesswith often ecologicakuccesdeinglimited to smallareas

andreacheswithin awatershed(AdamsPerrow& Carpenter2004).
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3.4.2Morphology

Morphologicalchangedo a river are commonin restoration;this maybe throughthe creationof a new
channelor through the formation of gravel bars. Much of the discussionregarding morphological
diversity as a river restoration goal has been previouslydiscussedunder the headingof ¥ 9 y 3 A y S S NB
Riverrestorationand re-Y' S | y R SHtlveiet, Bcthievinga functioning and morphologicallydiverse
river requiresmore than just the constructionof a new channel;schemesand adjustmentsneedto be

designedappropriatelywith individualconditionsconsideredPrettyet al., 2003).

Successes this areaof restoration includethe KissimmeeRiverRestorationProjectin Florida,where
the re-establishmentof a meanderingplanformin responseto channelisatiorin the 1960ssuccessfully
improved sediment transport and point bar development (Anderson,2014). A fluvial audit post
restoration on the RiverCole,UKrevealedan increasein geomorphologicafeatureswhen compared
with the pre-restoration channel. Asmentionedthis morphologicaldiversity createshabitats, resulting

in ecologicabenefitsto the river (Kronvanget al., 1998)

Not all restoration projectsare successfuin creatingmorphologicallydiversechannelsthat havewider
benefits. Contrastinglyto the findings of Anderson(2014)and Kronvanget al., (1998); Pretty et al.,
(2003)observeda weak responseof fish to river restoration acrossthe UK, attributed to a lackriver
specific planning resulting in poorly designedrestorations acrossinappropriate scalesin many low
gradient restored rivers. Therefore highlighting the importance of considering the individual

chaacteristicspresentin awatershedprior the implementationof ariver restorationscheme.

The restoration, enhancementand reconnection of the floodplains is increasinglyviewed as an
imperative fragment of a successfukiver restoration. It is viewed as more challengingthan that of
traditional in-channelrestoration. Thischallengeis posedby the uncertainty of the pre-disturbedstate
of the floodplain,the ability to create, maintainand improvethe linkageshetweenriver and floodplain;

alongwith additional complexitiesarisingfrom landownerand stakeholderinterference often wanting
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floodplain land to be usable (Adams,Period & Carpenter,2004). Similarly the interconnection of
processeds made more complexwith the scaleof impact increasedacrossthe river and floodplain,
leadingto difficulties in restoring floodplains(Wohl et al., 2005). Despitethe challengesand gapsin
understandingof floodplain restoration best practice,there is widespreadagreementthat throughthe
reconnection of rivers to their floodplains, re-naturalisation of the channel and flow, ecological
improvementsto the floodplain will result (Bechtol& Laurian,2005; Marteau et al., 2016; Tockner,

Schiemek Ward,1998).
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3.5 Natural FloodManagement

Floodplainrestoration and reconnectionwill alsoimpact on flood risk. The conceptof Natural Flood
Managementand its successeand challengesare discussedn the framework of restoration. Natural
flood managementwith river restorationis likely to havedevelopedthrough the understandingof how
channeland floodplaintopographyand geometryimpactson flood wave propagation.Riverrestoration
andflood risk practionersare implementingschemeghat alter the morphologyof the river channel,or
through the creationof new channelsand floodplainrestoration and reconnectionthat altersthe flow
and storageof river systemsto reducethe frequencyand magnitudeof downstreamflooding (Dixonet

al., 2016).
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Tablel NaturalFloodManagementechniquesand actions(SEPA2015)

MeasureGroup

MeasureType

Main Action

WoodlandCreation

Catchmentwoodlands

Runoffreduction

FloodplainWoodlands

Runoffreduction/floodplain

storage

Riparianwoodlands

Runoffreduction/ floodplain

storage
LandManagement Landandsoilmanagemat Runoffreduction
practices
Agriculturaland uplanddrainage| Runoffreduction
modifications
Nonfloodplainwetlands Runoffreduction

Overlandsedimenttraps

Runoffreduction/sediment

management

Riverand floodplain restoration

Riverbankrestoration

Sedimentmanagement

Rivermorphologyandfloodplain

restoration

Floodplainstorage/sediment

management

InstreamStructure(e.g.large

woodydebris)

Floodplainstorage

Washlandand offline storage

ponds

FloodplainStorage
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NaturalFloodManagementand RiverRestorationare closelyassociatedriver restorationprojectsoften
have the goal of reducing flooding, through natural and sustainablemeasures,and natural flood
managementschemesncludetechniquesusedin river restoration projects,or includethe restoration
of ariver itself asa measureto achieveflood management(SEPA2015). Thetechniquesand actions
that form NFM are shown in Table 1. Natural flood managementrefers to reducing downstream
flooding, through the storage of water, and the slowingof flows of storm water into river channels

(Janesetal., 2017).

Further linking the two disciplinesare the additional benefits that may be achieved from the
implementation of natural flood managementschemes,which have the potential to improve the
functioning of river catchments, provide ecologicalimprovementsand an increasein habitat and
species diversity (Janeset al., 2017; Nienhuis & Leuven, 2001; & SEPA,2015). Natural flood
managementis of increasingacademicand practical interest due to its potential to provide these
ecologicalbenefits whilst also providing major socialand economicbenefits through the reduction to
the costof flood infrastructureand potentially reducingthe costsand effectsof flood damage(Janeset
al., 2017;Merz et al., 2010; & Werrity, 2006). Theinput of woody debrisinto a channel,for example,
will slowand store water in highflow conditionswhilst alsoprovidingphysicahabitatsand nutrients to
the channelthat benefit aquatic species(Dixonet al., 2016). Natural flood managementis becoming
more widely incorporatedinto river restoration as projects move from the enhancementof individual
and isolatedreachesof modified riversto the wider catchmentscaleprojects (Smith, Clifford & Mant,

2015).

NFMappearsto be a promisingmethod for a more sustainable gfficient and cost effective strategyto
managingflood risk. Floodrisk in the UKis changingat a significantrate, which is associatedwith the
changingclimate and the potential increa® in physicaland meteorologicalconditions conduciveto
flooding (Dixonet al., 2016; Kelman,2001;& Merz et al., 2010). AsNFMis a relatively new discipline,
there are gapsin the knowledgeof the applicationand succes®f the techniquesfor flood management

goals.
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Despitethe consensudor a new approachto flood risk management(Howgate& Kenyon,2009.,&
Kelman,2001)andlegislationsuchasthe Water FrameworkDirective and DEFRAsonsultationW a |
SpaceFor Wi (i $h¥@® is still disagreementover whether NFM can successfullymanageflooding.
Werrity (2006) arguesthat NFM alone is not sufficientto manageflooding and protect settlements,
property and peoplefrom flooding. Arguingthat it is not aseffectiveastraditional hard engineeringand
structuraldefencesandshouldnot solelybe relied uponfor mitigatingflood risk. Despitethis claimthat
NFM is unreliable and deemed less effective at providing adequate protection from flood damage,
many traditional flood defenceschemeshave failed and causedincreaseddamage(Bechtol& Laurian,
2005). Kelman (2000) usesthe case study of Lewes,Sussexon 13 October 2000 to highlight the
potential of traditional flood defencesto causegreater damage.Flooddefencesin the town of Lewes
trapped breaded flood water in propertiesin the October2000 floods extendingthe duration of the
flood of drasticallyincreasingthe amount of damage. However,the failingsof previousschemesand
commonlyusedmethodsin casestudy examplealone, doesnot provide any evidenceto suggesthat
the implementationof NFM schemeswould be more successfulit preventingflooding and mitigating
flood damage.Furthermore, despite concernsover impact causedby the failure of structured flood
defences, when social and econonic interests must be consideredwhen flood infrastructure is
designed; as structured, hard engineeringmethods of flood managementcan be more precisely
designed,mplementedand managedallowingfor areasof high socialand economicimportanceto be

effedively protectedfrom flooding (Werrity, 2006).

Many of the basic principlesand theories undermining NFM are widely understood; with the basic
principlesfocusingon slowingthe flow of water and providingincreasedstoragein times of high flows
(Janeset al., 2017). Remeanderingof river channels,whilst being one of the most commonly and
frequently usedmethodsof river restoration, is further usefulin natural flood management(Kondolf,
2006).Throughincreasinghe length of the river channeland reducingthe velocity of water within the
channeldownstreamfloodingis reduced,increasinghe amountof time takenfor a runoff unit to travel

throughthe river systemto a point in whichflood riskis experiencedBechtol& Laurian,2005& Dixon
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et al., 2016). Furthermorea meanderingriver channel,allows a variety of flows and intense sediment

transportto occur(GarciaSchnaudef& Push 2012).

Downstreamflood riskis reducedsignificantlythrough reconnectionwith the floodplain,allowingwater
to leave the river channelinto the flood plain in times of high flow. Thisreducesthe dischargeand
velocityof water in comparisonto constrainedrivers,thus reducingthe amountof water andthe speed
of whichthe water will travel downstreamleadingto reducedfrequencyand magnitudeof downstream
flooding (Guidaet al., 2015;Kronvanget al., 1998). Furthermore,natural flood managementhaswide-
ranging benefits, for example the storage and slowing of water through reconnection with the

floodplainis needed to sustainandreplenishfloodplainecosystemgBechtol& Laurian. 2005).

Whilst the mitigation of downstreamflooding through the NFM methods of floodplain reconnection
andriver channelre-meanderingis promisingin the scienceand application of flood managementthe
impacts of differing flood managementor lack of managementacross sub-catchments and the
convergencef peakflows mustbe consideredThisis dueto the effect of watersfrom sub-catchments
with different managementwill have on the overall downstreamflood risk; which may reduce the
signifanceof any benefits provided by the implementationof NFMwithin parts of the catchment.The
converganceof flows from unmanagedcatchmentswill minimize the impact of NFM techniqueson
downstreamflooding as large amountsof fast flowing water will still enter the river channel(Werrity,
2006).Thismay particularlybe a problemin agriculturalareasas farming land managementhasoften
reducedthe connectionbetweenriver and floodplainand in many caseshasincludedthe straightening

of the river channel(Holsteadet al., 2017).

Legislatiorsuchasthe EUFloodsDirective(2007)andthe UKWater ManagementAct (2010)encourage
the use of techniquesthat provide sustainableflood mitigation, such as those encompassedwithin
NFM;focusingon restoringthe natural function, and the hydrologicaland morphologicalprocessesf
rivers,andthe benefitsthat this will haveuponwater quality and riparianareasin additionto reducing

flood risk (Bechtol & Laurian, 2005; & Janeset al., 2017). Additionally, natural flood management
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techniquesmay be favouredasthey are cheaperto implementthan traditional hard engineeringand
structural flood defences(Addy & Wilkinson,2016; & Howgate& Kenyon,2009).However at present
time the uncertaintiesin the effectivenessof NFM schemesand techniquesmean they are rarely

suggestedn favourof structurallyengineeredechniques(Waylenet al., 2017).
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3.6 PostProjectAppraisal

Todeterminewhether a river regoration scheme(or NFMscheme)hasbeena successthere needsto
be post project appraisaland monitoring, with the longerthe timescaleof monitoring, the greaterthe
learningpotential (Downs& Kondolf,2002). Within the UKthe principle sourceof data on monitored
river restoration projectsis the NationalRiverRestorationinventory (NRRIxreatedand curatedby the
UKRIiverRestorationCentre(RRC)Whilstthis inventoryis inherently positive,storingand disseminating
the outcomesof restoration projects,a major flaw lies within the data stored in the inventory. Asthe
NRRIis an archive of data, the data has been collected by different bodiessuchasthe Environment
Agency,independentriverstrusts and community groups;meaningthe scope,scaleand level of detalil

widelyvariesbetweeneachof the monitoring projectsarchived(Smith,Clifford & Mant, 2014).

Frequentlywith projectsof this nature there is a lack of publishedwork to monitor the successe®sr
failures of a river restoration projed, despite its agreed importance within academia(Woodward,
2015).1t is likely that financialconstraintslimit the extent to which river managementprojectscanbe
monitored and studied in a scientific manner. Researchinto new conceptsand ideas raises more
revenuein fundingthan appliedresearchand monitoring projectscanachieve(Wohl et al., 2005).Bash
& Ryan(2007) and Dickens& Suding(2013) identify constraintsto finance and labour as the key
obstaclelimiting the implementation of long-term monitoring projects of river restoration schemes.
Without the monitoringandappraisalf river restorationschemesovervaryingtimescalegshortterm,
intermediate term, and long-term) river restoration practionerscannotlearn from previousschemes,
thuslimiting the advancemenbf river restorationtheory and practiceand ultimately the rate of success
for current and future restoration schemeg Smith, Clifford & Mant, 2014).Giventhe nature of current
river restoration projects,schemesoften havea holistic W @ A app@sefitQ a strategicbrief with clearly
stated aimsand objectivesthat can be quantifiablymeasured.Thusthe completedrestoration project

becomesa live experimentfor the combinationof techniquesusedresultingin many of these projects
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often goingun-quantifiedandthe successeand failuresof the schemeunmeasuredNewson& Large,

2006).

Despitethe difficultiesin implementingsuchschemes)ongterm monitoring and continuallearningis
necessaryor the advancemenbf river regoration, flood managementand generalriver management
practiceand policy (Downs& Kondolf,2002;& Roniet al., 2008). Studyingand critically evaluatingthe
outcomes of river restoration projects providesthe necessaryknowledgeto guide future projects,
evaluatethe efficiencyof projectsand the techniquesused.All of whichis necessaryor the continual
improvementof practicesand for gainingpublic acceptanceand support (Woolseyet al., 2007). The
study of the KissimmeeRiver,Florida, spanneda 10 year timescale.The hydraulic conditions of the
reach were studied 10 years post completion, and revealedthat re-meanderingand closure of the
Flaming Gorge Dam improved conditions and processes,such as sediment transport; providing

importanceevidene of the succes®f the project (Anderson2014).

Thelong term effects of restoration are fundamentalto determiningits successtherefore monitoring
schemedong term is critical for lessonsto be learnedand best practiceestablishedn a study of the
Germanlowlandrivers The Schwalmand the GartropperMullehnbach,the riverswere studied2 years
post completionand followed up with monitoring 10 yearspost completion, as well asa comparison
with localanthropogenicallystraightenedriversto asses the effectsof the schemelongterm. It is also
suggestedn the studythat the riversshouldbe revisitedand re-studiedonce monitoring projectshave
ceasedLorenzJahnig& Hering,2009).Thenecessityof monitoring from a scientificperspectiveis well
outlined, however monitoring projects are also necessarywith regardsto practical implementation
issuesof river restoration project, soundscientificevidencesupportingmethods of river restorationis
paramount to gaining stakeholder support and ganing funding and acceptanceof future river

restorationprojects(Palmeret al., 2005& Smith,Clifford& Mant, 2014).
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The importance of monitoring schemessupports this (i K S &tAdi Rto the hydromorphological
restoration of SwindaleBeckfollowing river restoration, aimingto show the initial and intermediate
response of the river channel. The effect this restoration has on the ecology, hydrology and
geomorphologyof the river will be usedto determinethe succes®f the scheme, on whichlessonscan

be learnedandincorporatedinto future schemes.

Along with the necessityof creatinga schemeto monitor such projects, important questionsarise
regarding what constitutes a successfulriver restoration project, and which outcomes should be
monitored in order to determinethesesuccessed/ithin this thesisthe following are monitored over a
16 month period following the completion of the restoration project to determine the
hydromorphological changes which constitute success;topographic change and sedinent flux,
sedimentologyand bed shearstress,biotope characterisatiorand availability.Regardinghe conceptof
successjn keepingwith common restoration goals, this is determined by the extent to which the
channelresemblespristine or W Lagurban&S @onditions suchas channelmorphologyand ecology

and naturalflow andsedimentregimes(Beechieet al., 2010;Newson,2000;Rosgen1997).
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4. Methodology

Thischapteroutlinesthe methodologychosento study the hydromorphologicakvolution of Swihdale
beckin responseto restorationactivities.In additionto providingan outline of the methodsused,the
selectionof thesemethodswill be justified. ThemethodsincluderepeatsUAVsurveyingof the Swindale
Beck and its floodplain, the creation of DEMsof difference to assessmorphologicalchangesand

hydrologicaimodellingto asses$abitat availabilityand sedimentaryanalysis.

4.1 Topographicsurveyingof SwindaleBeck

The primary method of data collection used in this thesis is the acquisition of high resolution
topographicdata in the form of Aerial photographsremotely sensedusing an sUAV.The following
sectionoutlinesthe methodologyfrom data collectionto presentation. Thisdata was usedto detect
topographic change through time, assesschangesin sedimentation, characterise habitat and
volumetricallycalculatesedimentflux. The data was later usedfor habitat and sedimentaryanalysis,

discussedn the following sections.

4.1.1ImageAcquisition

Thestudy areawas surveyed6 times over a 16 month period usingan sUAVto obtain high resolution
topographicdata in the form of aerial photographs.Surveyswere conductedin the following months
October2016,November2016,April 2017,November2017,December2017,and February2018.Digitd
photographsare the most commontype of data acquiredusingUAVs.Previoussuccessfulpplications
of sUAVobtainedtopographicdata supportthe choiceof this method of data collectionand formatting
and support its validity and reliability for use in this project. Fleneret al., (2013) used UAV remote
sensedaerialphotographyin the mappingof river channelsat highresolution,finding UAVphotography

to be suitable of obtaining high resolution data suitablefor acquiringa suitablelevel of detail for the
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study of river channelsdespite the use of this technologybeingin its infancyat the time of writing.

Table2 outlineskey studiesthat havesuccessfullgmployedthis method of dataacquisition.

Table2 KeystudiesusingUAVgo obtain highresoluion topographicdata

Lejotet al., 2007

Veryhighspatialresolutionimageryfor channelbathymetryandtopography

from an unmannedmappingcontrolledplatform

Hervoueet al., 2011

Analysis of postflood recruitment patterns in braidedchannel rivers at
multiple scalesbased on an image series collected by unmanned aerial

vehiclesultra-light aerialvehicles and satellites

Fleneret al.,2013

Seamlessnappingof river channelsat highresolutionusingmobile LiDARand

UAVphotography

Fontstadet al., 2013

Topographicstructure from motion: a new developmentin photogrammetric

measurement

Tamminga et al.,

2015

Hyperspatiaremote sensingof channelreachmorphologyand hydraulicfish
habitat using an unmanned aerial vehicle (UAV):a first assessmenin the

contextof river researchandmanagement

Woodgetet al., 2015

Quantifyingsubmergedfluvial topographyusing hyperspatialresolution UAS|

imageryand structurefrom motion photogrammetry
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Outside of fluvial studies UAV surveyshave been used to collect topographic data for studies of
agriculture,landslides costalprocessesand the study of glaciers(Jameset al., 2017).Theuseof UAVs
allows for the data collection to be rapid, inexpensiveand flexible, especiallywhen comparedto
traditional data collection methods, such as LiDARand traditional surveying.The collection of high
resolution topographic data is generally associatedwith high costs of expertise and equipment

(Westobyet al., 2012;& Woodgetet al., 2015).

Table3 DJIphantom4 quadcopterspecification.

Weight(Battery& Propellerdncluded) | 1380g

MaxWind SpeedResistance 10m/s
MaxFlightTime Approx.28 minutes
CameraSensor M K H @GMOS

Effectivepixels:12.4Vi

GimbalStabilisation 3-axis(pitch, roll, yaw)

Forthe repeat surveysof SwindaleBecka DJlphantom4+ quadcopterUAVfitted with a 4k camerawas
used.The DJIPhantom4+ hasa maximumflight time of 28 minutesand a 5km range (Figure6; Table
W). The cameracaptureshigh resolution photos at a resolution of 4384 x 3288 MP and 1080p HD
recording.Thecamerais fitted to the UAVwith a remotely operated3 axisgyroscopiayimble,ensuring
stability of the cameraand accuracyof the angle,necessaryfor accuratedata collection.Foreachof the
6 surveysthe UAVwasflown at approximately35min height, the flight path following the banksof the

river on each side. The photos were taken at 3 secondintervalsto ensurethe necessaryoverlap
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required for image processing All surveyswere flown within the guidelinesof the UK Civil Aviation

Authority (CAAWwith alicenseddrone pilot and spotter presentat all times.
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@

Figure6 DJlphantom4+QuadcoptetUAV

Prior to each survey, before flying the UAV,the weather conditionswere consideredto determine
whether the surveywill obtain accurateand reliable data. Thisincludesassessinghe wind speed,as
speedshigherthan 5-10 m S*are problematic,due to the potential to create errors with the aspectof

the photographsand reducingthe control of the UAV during the flight. As shown in table 3, the

specifcation of the drone indicated a maximumwind resistanceof 10 m S*. Furthermorethe light

conditionsand degreeof cloudinessneedto be consideredto ensurethat photographstaken will be

clear, of good quality and contain sufficient detail, this meant flying the drone with suitable levels of

daylight and never in overly cloudy conditions which may interfere with the validity of the data
collected (Fleneret al., 2013). With the use of sUAVobtained data and its processingand analysis
ensuringthe data collectedis of sufficient quality to meet the study aimsis paramount(Jameset al.,

2017).
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4.1.2GroundControl Points

Tobegineachsurvey,precedingflying of the UAV ,a seriesof groundcontrol points (GCPs)vere marked
and measuredat the surveysite. TheGCP$or the October2016survey(surveyl) are shownin Figurea,
thoughthe locationsof GCPghangedor eachsurveyasthey were replotted the pattern andfrequency
for eachsurveyremainedthe same.Semipermanent survey paint was usedto spray paint a circle,
approximately50cmin diameteron the ground. The semipermanentpaint was chosenfor its easeof
use,asno markershaveto be collectedpostsurvey.Thewhite colouris alsoeasilyidentifiable during
the image processingin which the ground control points needto be manuallylocated. Asthe paintis
semipermanent it will have no lasting effect on the land and will be removed through natural

weatheringandrainfall.

As can be seenin Figure 7 the GCPsare located along both banks of the river channel, spaced
approximatelys0m apart and coverthe entire length of the survey. The GPSocationsof eachGCRwvere

recordedwith RealTimeKineticGPSRTKGPS)singa Total StationEDMtheodolite.
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Figure7 DigitalElevationModel of SwindaleBeck,October2016surveywith locationsof plotted
groundcontrol points.

Thepurposeof the GCPssto allow for the imagesto be constructedinto a DigitalelevationModel and
orthophoto that is transformedusingreal world coordinates rather than basedon an arbitrarily scaled
3d Pointcloudthat would otherwisebe created(JavernickBrasington& Caruso2014).Forthe creation
of DEM0f difference(DoDs}he useof groundcontrol pointswasessential asthey allow for the model
to be projectedaccurately,and on to a real world location, from which the 2 DEMsusedin eachDoD

couldbe accuratelysubtractedand compared.
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4.1.3ImageProcessin@nd Analysis

The data collected through the UAV surveyswas processedusing Structure from Motion (SfM)
photogrammetry. SfM is similar to traditional photogrammetryin its method of reconstructing3D

sceneausingimagesacquiredfrom multiple viewpoints(Fonstacdet al., 2013).

Onekey differencebetween SfM Photogrammetryand traditional photogrammetryis that with SfMthe
collinearity equationscan be solvedprior to the input of real world locationsderived from GCPsand
cameralocations. Furthermore SfM is capableof matchingimagery obtained from widely differing
angles,viewpoints and orientations that is not possibleusing traditional photogrammetry methods,
giving SfM an advantage (Woodget et al., 2004). A further advantage of SfM over traditional
photogrammetryis that the processis largelyautomatedand requiresminimal user input; this allows
for rapid and low cost image processingwith a reducedlevel of human error, whilst also makingit
widely accessibleThe accuracylevelsof SfM photogrammetryare on-par with LiDARwhich is widely
usedin topographicstudiesand by environmentalbodiessuchasthe EnvironmentAgency(Fonstadet
al., 2013). The main drawbackwith SfM data lies not in the applicationof SfM itself but with the
inputted data. The algorithmswithin an SfM packagefacilitate an easyworkflow and the creation of
detailed topographicmodels,often in the form of Digital elevationmodelsand orthophotos. The main
factor affectingthe validity of theseoutputs is the imageand surveyquality, which is highly variablein

practice(Jamest al., 2017).

AgisoftPhotoscanwvas usedto employ SfMto create DEMsand orthophotos from the high resolution
topographic data, collected in the form of aerial photographswith the sUAV.Used by Javernick,
Brasington& Caruso(2014) in modelling of shallow braided rivers, Agisoft Photoscanprovides a
software packagethat includes a W T NR& $iséRiritedfaze, allows for the control of numerous
parametersandhasaninclusivetransformativeability. Figure8 showsthe workflow from Datalnput to
output within AgisoftPhotoscanDigitalelevationmodelswere createdby inputting the photosinto the

software and aligningthe photosusingthe algorithmsbuilt into the sdoftware. After whichthe GCPsre
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manuallylocated and the coordinatesfor the GCPsecordedwith the RTKGP Sare inputted, this geo
referencesthe photos to realworld locations. The alignmentis then optimized. For all surveysthe
maximumerror was set at a maximumof 5cm. Thed 2 T ( gworlkiBwis then followed to create a
dense point cloud, following this a meshis built, with a texture layer then created resultingin an
accurateDEMreadyfor exporting.Orthophotosfor eachstudy, providingan overallimageof the study
site were also generatedand exported using the SfM workflow in Agisoft Photoscanto create the
orthophotho the workflow asabovewasfollowed with the additionalstepsof buildingand exportingan

orthophotho. Orthophothosand DEMswere generatedfor eachsurvey.
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Figure 8 Workflow for the creation of DEMs & orthophotos within Agisoft Photoscan; from data
input to DEM export

Followingthe creationof the DEMsfor eachsurveyof the study site, further processingvascarriedout

for analysisof the data. Initially this wasthe creation of DEMsof difference,which showthe areasof
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erosion and deposition. DEMsof difference have been widely and successfullyusedin a number of
studies. The processinvolvesthe subtraction one DEM from another DEM to reveal topographic
changedetweenthe two surveys(Kinceyet al., 2017).Negativevaluesrepresentareasof erosionand

positivevaluesareasof deposition.

Within DEMdifferencingthere is an elementof verticalerror present,whichis commonacrossits many
applicationg(Kinseyet al., 2017).Forthe purposeof analysinghesesurveysandthe basedon the data
provided a 10cm error is accountedfor. The DoD creation was completedin ESRIgArcGlSusing the
Wilinus{geoprocessingool, with the two individual DEMsbeing inputted as Rasterlayers. From the
implementation of the geoprocessingool Y$hinus' the Z value of one DEM s subtracted from the
subsequentDoD and an output raster layer, containingthe differencein elevation between the two

DEMsjscreated.

The DoD can be usedto calculatethe overall sedimentflux, through calculatingthe net erosionand
deposition occurring in the river channel. Using Golden{ 2 F (i g Bu@Xprdgramme the river
channelcanbe isolated. The function grid volume is used, outputting valuesof cut and fill valuesand

net balance;from whichlevelsof erosionand depositioncanbe deduced.

TheDoDprovidea visiblerepresentationof changedo the river channel showingareasof erosionand
deposition, from which inferencesabout the functioning of the river can be deduced.For example,
developmentof gravelbars and undercuttingof meanderbendswill be shownon a DoD,this canbe
determinedby the levelsof erosionor depositionand where in relation to the channelthey occur.For

assessinghe geomorphologicathangeshe creationandanalysioof DoDsis vital.
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4.2 Sedimentsamplingand bed shearstress

Sedimentsamplesvere takenat 5 sitesalongthe reachmeasuredon the a, b and c axis,from whichthe

Dsowas calculated.The samplingmethod usedis basedon Wolman Samplingwhich requires 60-100
sampksfrom eachsite to be recordedto establishthe meanpopulationsedimentsize(Rice& Church,
1997).TheDsyis the mediansedimentsizecalculatedfrom the measurement®f sedimenton the b axis
(Bunte & Abt, 2001). Site 1 is located at the downstreamend of the reachand site 5 locatedin the

middle of the reach(Figure9). The purposeof collecting100 samplesat all five sitesalongthe reachis
to allow a comparisonis sedimentsizesand Dspvaluesdownstreamthroughout the reach. TheDspcan
be cakulated through the 2 2 f Y I cyrg@avhich was the traditionally preferred method (Wolman,
1954). With the use of widely accessiblecomputer software such as Microsoft Excel,the Dsqcan be
computedquickly.Usingthe functionWt 9 w/ 9 b ¢wlitHinMie@sdt ERcelwhich returns the W-{h

percentile of valuesin a NJ y @&, for each site can be calculatedquickly and efficiently (Office
Support,2018).Forthe calculationof the Dsothe k-th percentileis the 50" percentilefraction of surface

bed materials.

TheDsg is usedfor the calculationof critical bed shearstressand a comparisonof sedimentsizealong
the reach.Though5 siteswere sampledwith atotal of 100 samplegakenat eachsite, the Dsg usedfor
the purposeof calculatingthe bed shear stresswastaken from site 5, which is located half way along

the reachandistherefore representativeof the entire reach.
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Figure9 Diagramof SwindaleBeckchannelat the restoredreachshowingthe locationof the 5
sedimentsamplesites.
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Tocalculatethe bed shearstressthe following equationwasused

Where;

t isthe criticalboundaryshearstress

N isthe criticaldimensionlesshearstress
0 iisthe densityof sedimentat 2650kgm™
0 Oisthe densityof water (1000kgm),

"Qisthe accelerationdueto gravity(9.81ms?)

o To o o Do I»

D5, isthe mediansedimentsize.

Thevaluefor critical boundaryshearstressis dependentupon the sorting of sedimentincluded,those
that are well sorted will usethe critical boundaryshearstressvalue of 0.06; and those sedimentsthat
are poorly sorted will use the value of 0.047. The critical boundary shear stressis the shearstress
requiredin the channelto mobilisebed material, therefore is the boundaryfor entrainment (Milan et

al., 2001).

Thecriticalshearstress whichis requiredfor the imitation of motion, is likelyto increasewith discharge
(Gordonet al., 2004). To study entrainment within the study reach at Swindalebeck the critical
boundaryshearstressis calculatedtwice, to assumefor well sorted or poorly sorted sediments.The
valueswill then be usedin conjunctionwith TUFLOWhodelling,discussedater, of the bed shearstress
within the river channelin two flow conditions,low flow and bank full. A comparisonof sediments
entrainedin thesetwo flow conditionsis expectedto reveal an increasein entrainmentat bank full.

Furthermore,the spatialvariability in entrainmentalongthe river channelwill be usedalongsidethe

valuesof Dso movingdownstreamin the channelto assessedimentsizeandtransport.
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4.3 Biotope characterisation

In addition to studyingthe morphologicalchangesin the river, and a study of sediment sizesand
entrainment; biotopesin the reachwere measuredand comparedacrossthe study period. Fromthe
initial pre-restoration LiDARdata and throughout the 6 repeat UAV surveysconductedfrom October
2016to February2018. Hydraulicmodelscreatedwith TUFLOWvere usedfor this purpose. TUFLOW
(TwodimensionalUnsteadyFlow) is a 2D hydraulic modelling system, originally developedfor tidal
hydraulics.Sinceits creaion TUFLOWhas undergonedevelopments,now describedasan WS E OSf f Sy
2D/1D flood modelling package(Syme,2001). For this investigation TUFLOWwas used to create
hydraulicmodelsof the river, usingthe DEMs from which the river was classifiedinto biotopes based
on the Froude number of the water. This method of modelling was also used for the sedimentary
analysisthrough the modelling of bed shear stress,outlined above. Thiswas done for each survey,
showingthe temporal changein biotope diversityin addition to a comparisonwith the baselinedata

obtainedprior to river restoration.

Froudenumberof water calculatedusingthe following equation;

Qo

Where;

A Fristhe Froudenumber,

A Visthe averagevelocityof the water in the channel
A gisthe accelerationdueto gravity(9.81m s™)

A Dthe hydraulicdepth.
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Within TUFLOWhe Froudenumberwas calculatedthroughout the length and widths, usingthe DEMs
of the river reachfor each of the surveysand the pre restoration LiDARdata, this is calculatedand

modelledin Lowflow andbankfull conditions.

The Froudenumber of water is stated as an easyto-measureindex, and is usefulfor categorisingand
characterisincghabitat types (Jowet,1993).As such,the Froudenumber hasbeen chosenasa method
for classifyinghabitat typesallowinga comparisonthroughoutthe riversadjustmentto the restoration
project and as a meansof assessinghabitat suitability at SwindaleBeckand how the river and its
availablehabitatshave changedover the courseof the studyandin comparisonto the pre-restoration
conditions. Different surface flow types are a result of spatial variation in hydraulic condtion, the
distribution of these flow types is used to provide an assessmenbf habitat heterogeneity. This
assessmentan be done visualthroughthe observationof characteristicgpresentedin eachflow type,
howeverfor this analysighe Froudenumberof water is chosenasa suitableparameterfrom whichthe
biotopespresent,representedby the different flow typescanbe quantified (Reid& Thoms,2008).The
interconnectnature of the relationshipbetween surfaceflow type, near bed hydraulicsand substrae
characteristicssuggeststhat this classificationbased on Froude number is an effective way to
characterisethe physicalhabitat in a river system.Moreover, classificationby surface flow type is
suggestedisvaluable time andresourceeffectivemeasue of habitat heterogeneityandthus a suitable

measureof potential biologicaldiversityand productivity of ariver (Reid& Thomas2008).

Usingthe data generatedfrom the TUFLOWhydraulicmodellingthe data was classifiedusing Surfer
software (GoldenSoftware). The data was analysedthrough the creation of Classechost mapswithin
the software. The classedpost maps were used to categorisethe data by Froude number to its
correspondinghabitat. The habitats present are categorisedas hydraulic biotopes. The biotope
classificationswvere taken from Entwistle, Milan & Heritage (2010) which studied the mapping and
identification of in-stream ecologicalunits. The 5 categoriesof used and the correspondinghabitat
types, with a visual representationin the form of a photograph for each category along with a

description of characteristicsand the Froude number are outlined in Figure 10. Water surface
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roughnessdelimiters used for terrestrial LiDARare also included, though were not used (Entwistle,

Milan & Heritage,2010).
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Theterm biotope asopposedto the term habitat is chosenfor this analysis.Thischoicewas madeto
differentiate between the abiotic environment required for a community (biotope) and the abiotic
environmental requirements for a species, the habitat (Wadeson,1994). As river restoration has
developedthe goalsof restoration projectshavealsodeveloped,for examplewith a move awayfrom
habitat enhancementschemesfocused on a certain speciesto general biodiversity enhancements
(Snith, Clifford & Mant, 2015).Thischangein approachfurther validatesthe choiceof the terminology
Wo A 2 dsthetBsorationat SwindaleBeckis aiming for widespreadbiodiversityenhancementsaasa
result of the restoration project. Pool, Glide and margin biotope is characterizedas havinga Froude
numberbetween0.009and 0.016,a pool is describedashavinga barelyperceptibleflow, asopposedto
a glidewhich exhibitsa flow that is clearlyperceptible.Pools,glidesand marginsare all without surface
disturbanceand canoccurover any substratedependentupon the depth of the water being sufficient
to reduceroughnesgWadeson& Rowntree,1998).In comparisonwater in riffles, runsand cascadess
much rougher, and therefore has a higher Froudenumber. A run is characterizedas havinga ripples
flow, all the way up to cascadesvhich are free flowing water over substratesuchaslarge rocksand

boulders(Wadeson& Rowntree,1998).

Theresults from the classedpost mapswere transferredinto tabular form, presentedin the results
section,to showthe percentageof the reachin eachcategoryand how thesevalueschangedfollowing
the restorationandthroughoutthe study period,andalsoacrossthe 2 flow conditions.The presenceof
different biotopespresentis usedas an indicator of the effect the SwindaleBeckRestorationproject

hashad on the aquatichiotopesandecologicaktandardof SwindaleBeck.
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5. Results

5.1 Topographicathannelchange

Theresultsof the repeat UAVsurveysare presental below, for the evaluationof successat Swindale
Beckthe surveysfrom November2016to February2018are included.Thisis as a result of the scope
and detail of the surveysbeing sufficientto presentthe hydromorphologicalchangespresent, from

whichconclusionsboutthe impactand succes®f the restorationcanbe drawn.

The new channelis a sinuoussinglethread channelvisible featureswithin the channelare shownin
figure 9 an orthophoto constructed at Swindale Beck using aerial photographs obtained in the
November2016 survey.Visuallyobservablefrom figure 11 is the shallowingof water towardsthe mid-
sectionof the reach,with the upstreamand downstreamendsof the reachhavingvisiblydeeperwater.
Gravelbar formationsinside meanderbends canalsobe seen,with smallersedimentsaccumulatingn
these areas.Deeperwaters, with higher dischargeand velocity can be seenon the outer meander
bendswhere erosionsshouldbe occurring.A backwateris visiblein the orthophotho whichalsoexhibis
a visibly deeper channeldepth. Throughoutthe majority of the channelareasof shallowwater and

sedimentationcanbe seen,aswell asareasof deeper,likely fasterflowingwater.
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Figurell Orthophotoof SwindaleBeckstudyreachconstructedfrom November2016 Surveydata.
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