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1 ExecutiveSummary

Since2012 ParksCanadahasbeenworking with the Tla-o-qui-aht First Nation, academicpartnersand

volunteersto restorethe ecologicalintegrity andrecoverassociatedpeciest risk atthe Tayus(Schooner
Cove)dune in the Pacific Rim National Park Re®rve and the traditional territory of the Tla-o-qui-aht

First Nation. As with most coastalsandecosystem®n the Canadianand American Pacific coaststhe

Tayus dunes were degraded by the establishment of invasive grasses(Ammophila arenaria and
breviligulatd). Thesegrassspeciedoth out competenative plant speciesand interfere with natural sand
transportregime, stabilizing the dune systemand allowing acceleratedsuccessiono aforestecobpe?z By

helping to consene biodiversity through the restorationand preservationof disturbancedriven habitats,
the projectsupportsCOSEWIG and SARArlisted specie®f conservationconcern,suchasthe endangered
Pink Sandverbena(Abronia umbellata and the threatened Silky BeachPea(Lathyrus littoralis), that

dependon theseconditions.1?

ParksCanadahasbeenmonitoring and assessinthe progressof this work by implementing high accuracy
land surveysusingtotal stations,RTK GPSand dronesto track changesn vegetationand geomorphology.
However, ParksCanadahasnot to date fully analyzedthe drone imagery. This project aimsto further

inform the restoration of healthy and dynamic sandtransportation processesby evaluating how

effectively photogrammetricanalysisof drone imagery candetectchangesn coastaldune environments.
Using a consistentsetof ground control points (GCPs) resulting in orthomosaicsdigital surfacemodel
(DSM) difference maps,and elevation transects this work will assessanddistribution, dune dynamics,
and associatd vegetation changeacrossmultiple years (December2020to January2025), while also
consideringfactorsthat influence DSM precisionand accuracy.

Between December2022 and January2025, Kinnikinnick expanded35.75m?2 (net amount) along the
landward dune margin, particularly in the middle section, correlating with sandloss,longer transport
distances,and low elevation variability closeto the margin in adjacenttransects,indicating reduced
backdune sandmovement and limited sedimentinflow from the foredune and backshore.Difference
modelsandelevationprofile comparisonshowthat the SchooneiCovedunesareundergoingactivedune-
building, with a dynamic nature and widespreadsand deposition - especiallyin the foredune, where
accretionreached0.61to 0.77m - andonly localizedareasof minor elevationlossin the backdune While
model comparability generally fell within acceptableaccuracy rangesfor the 20212025 datasets,
discrepancieswere pronounced when comparing models generated with different drone systems,
especiallythe 2020Mavic 2 Pro datasetwhich showedvertical GCPRMSEf 4.4-4.7 cm and horizontal
errorsof 5.3-7.3cmaswell aswith 0.825px the overall modelreprojectionerror. Theseuncertaintiesmust
therefore be consideredwhen interpreting smallelevationchangesor mappingvegetationencroachment.
Overall, the photogrammetric outputs demonstratestrong comparability betweenmodelsand provide a
reliable basisfor detectingbroader,longer-term geomorphologicakrends,though they are lesssuited for
identifying very smallor short-term changessomeof which mayreflect brief weatherevents.Toimprove
future asgssmentssurveysshould be conductedmore frequently, with consistenttiming, standardized
surveyparametersandthe useof the sameor comparabledrone systemsand fixed checkpoints.

2 Introduction

The site of interest, the Tayus(SchoonerCove dunes,locatedin the Pacific Rim National Park Reserve
on the uncededterritory of the Tla-o-qui-aht First Nation, is an important componentof Ca n a thi@ 6 s
andsensitiveCoastalSandEcosystem$CSEs)which contribute significantly to C a n a bicalidessity and
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provide critical climate-related serviceg Globally, coastal dune systemsplay similarly vital roles,
strengtheningresilienceto sealevel rise and extreme weather eventsaswell assupporting a range of

specializedand often endangeredspecieslike shorebirds,dune plants,and invertebrates,whosesurvival

dependon the dynamic conditions of thesehabitats. Thereis substantialevidenceworldwide that coastal
dune ecosystemsare under threat by factorssuchascoastaldevelopment,invasivespeciesand recreation
which hasled to fragmentationandlossof coastadune habitatandthe lossof ecologicalintegrity of whole

dune systemg'3 4547

In British Columbia CSEsaredistributed irregularly on 125marine sites in four areaswithin the Georgia
Basin,along the central coast,Haida Gwaii and the west coastof Vancouverlsland?In comparisonto

other locations,the CSEsalongthe westcoastof Vancouverlsland, like the SchoonerCovedunesin the

Pacific Rim National Park Reservearetypically found in form of largeembayedbeachesmostly lacking

well developeddunesunder the influence of often high energetic wind and wave conditions? The
SchoonerCoveDune is consideredan active dune with sandmovementoccurring at present,which has
beenformedthrough accumulatingaeoliansandtransportationandthe establishmentbof aterrestrial sand
ridge, asocalledforedune,landward of the badk shoreof Schoonerbeachovertime. With the dominant
substratebeing sand,soilsin this ecosystemare usually fastdraining, nutrient poor and dry. Existingin

the interface betweenbeachesand forest, and therefore being under constantmarine impact in form of

tides,sandmovement,storm surgesand saltspray,coastakandecosystemsactasinhospitabledisturbance

driven physicalenvironmentsfor arare setof well adapteddune plants and animals? Given the ongoing
changedn sealevel, climatic conditions, and coastaldynamics,the objective of dune managemenis not

to preservedunesin their current form, but to sustainthe natural processe and dynamicpotential aswell

asto preservethe indigenous vegetation cover that underpin these ecosystemé&.44 Conserving dune
habitats aligns closely with Tla-o-qui-aht cultural values, which emphasize the protection of

interconnectedcoastalecosystemshat sustainboth community well-beingandthe land-searelationships
centralto their stewardshiptraditions.+2

These delicate coastalenvironments face threats not only from developmentand climate changebut
particularly from the establishmentof two invasive speciesEuropeanBeachgras§Ammophila arenaria
and American Beachgras6Ammophila breviligulatd). TheseAmmophila pecieshavebeenintroduced by
humansin the pastto mitigate dune erosionalongthe coastlineand have sincethen widely proliferated.
Thesegrassesnterfere with the natural movementof sandby growing on the fordunesand forming a
wind-barrier, which in turn limits the dynamic aeolianprocesseand sandinflow into the backdune that
help maintain this ever-changingecosystemD. Heathfield and I. Walker (2011)identified that between
1973 and 2007 rapid vegetationexpansionreducedactive sandsurfaceby 29.9%at the SchoonerCove
dunesite®. The stabilizing processand lossof dynamic habitat negativelyimpactsCOSEWIG and SARA
listed native speciesof conservation concern, such as the endangeredPink Sandverbena (Abronia
umbellata, the threatenedSilky BeachPea(Lathyrus littoralis), both of which dependon disturbance

driven habitatsto thrive, or the very rare endangerededwards BeachMoth (Anarta edwardsiy. Other at

risk CSEspeciedike the SandverbenaMoth (Copablepharorfuscun) rely on its soleassociatedhostplant,
the Yellow Sandverbend®.

In addition to invasive grassesthere are other factors contributing to stabilization and the trapping of
windblown sand,like large woody debris (LWD), a result of decade®f logging activity®. Additionally,
during winter storms,theselogscan causesignificant damageo the plantsgrowing on the beach,which
getsonly exacerbatedy human on-site activities, leadingto further habitat loss2 Without a continuous
landward influx of abrasivesandfrom the shoreline, the sensitive dune speciesare at risk of being
overtaken by more stable, densely vegetatedareas,facilitated by slowly forming humus soils. This is
evident, for example,in the expansionof Kinnikinnick (Arctostaphylosuvaurs) or other shrubs,aswell
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asultimately the formation of Sitka spruce (Piceasitchensiy dominated forest zoneson the stabilized
foreduneandasexpansionof the forestmargins.This encroachmenttompeteswith the sensitive sparsely
vegetatednative dune speciesdisrupting the natural successiomprocessethat are essentiako the health

and resilienceof the coastalsandecosystent.Thesedisturbanceshaveled to a dramatic declinein dune

habitat over the pastcentury. A comparisonof historic aerial photographsfrom 1930and 2007revealsa
significant reduction in the typical native, sparselyvegetated, herbaceousecological community at

SchoonerCoved from 4.4hectaresn 1930to just 1.0hectarein 2007, representingonly 23%of its historic

extent. Of this loss,1.9 hectareshave beenoutcompetedby invasivespeciesuchasAmmophila spp?

ParksC a n a &chdbiserCove Dune RestorationProject, initiated in 2012 aspart of a larger effort to
restoreseveralcoastalandecosystensiteswithin the PacificRim National Park Reserveaimsto enhance
the dynamicdunehabitat, restorethe original speciexompositionof coastakandecosystemsand prevent
the demographiccollapseof endangeredspecies particularly the native Pink Sandverbena (Abronia
umbellata. The projectis part of aholistic conservationapproachrecordedwithin aMulti -speciesAction
Planfor the Pacific Rim National Park Reserveof Canadan 20172 The site wasidentified asone of five
suitablelocationsfor translocationof Pink Sandverbenawithin the Pacific Rim National Park Reserve
(PRNPR),asongoing restoration and translocation efforts had improved habitat suitability. Theseseeds
were originally collectedfrom the lastremaining population at Clo-ooseBayin 2001/2002. Over several
yearsof translocation, habitat restoration and protection efforts since 2012 the previously unrecorded
native Pink Sandverbenahasbeensuccessfullyintroduced to the SchoonerCove dunes- first through
seedpropagationand later through natural regrowth of wild plants The population peakedat 1.777 wild
individuals in 2018. However, restoration challenges,including invasive plant encroachmentand the
impactsof the pandemic,led to an abrupt decline over the following years,reachingonly about43 wild
plantsin 202211 In the mostrecent years,though, numbershave begunto rise again(Collyer, personal
communication2025)

In addition to seed propagation, other restoration strategieshave been implemented, including the
removalof invasiveplant speciesparticularly Ammophilaspp.,aswell asthe relocation of beachlogsand
the reduction of encroaching forest vegetation. The primary method for removing invasive grasses
involved hand removal through digging, pulling, and cutting, aswell asthe use of shovelsfor cost
effectivenessMechanicalmethodswere alsoemployed,suchasusingbackhoes and excavatorawith root
rakes to separatethe grassfor burning. Later, this was modified to include a -deep buriald technique

known asii h o r 1 [ io p where thedirst approximatelylm depth wasexcavatedgrassvegetativeand
root material removedby hand sorting andthen adeeperayerwasexcavatedthe sandfrom the top layer
was depositedin the bottom of the excavationand the bottom layer placedon top. This method has
provento bethe mostefficient and effective.!

Overall, the restoration efforts at SchoonerCove duneshave beensuccessfulwith 100%of the degraded
dune ecosystenrestored,and dynamic sandtransport regimesre-establishedasof 2017, however efforts
to maintain the restored habitat have been challenging with only 85% in a restored state as of 2022
(Collyer, personalcommunication 2025)4

The effect of the restoration on physical processedike sand movementand erosionaswell asspecies
distributions and compositionare overseerby regular monitoring programs.

To deepenthe understandingof rare speciesneedsand to further evaluatethe effectivenessof the
restoration activities, the Pacific Rim National Park Reservestartedin 2019to gather high resolution
imagery and dataof the SchoonerCovedune areathrough drone surveys Rapidadvancemenin remote
sensingcombinedwith GIStechnologiesprovidespowerful tools for managing protecting, planning, and
conservingnatural resourcesThe teamhasbeenaiming to run asurveyoneto three timeseveryyear.In



recentyears,the SchoonerCove datasetdhave beenusedmainly to assessegetationdistribution, with
only minor applicationto geomorphologicabnalysis.

As the literature suggestsgonservingor reactivating aeolianprocesseand complexdynamic behavioris
essentiaffor restoring coastaldune ecosystemsThis project overall aimsto evaluatethe extent to which
photogrammetric analysisof drone imagery using high accuracyand consistentground control points,
resulting in digital surfacemodels(DSMs) difference maps,can detectchangesn sanddistribution and
dune dynamicsin the SchoonerCove areaover time. The work alsointends to confirm and assess
vegetationencroachmentin relation to theseprocesseswhile consideringfactorsthat may affect DSM
precisionand accuracy.The methodspresentedoffer a more straightforward approachto analyzingdune
dynamics and informing restoration, comparedto earlier, more complex geospatialand geostatistical
analysesonductedat the Wickaninnish Dunesby |. Walker, 1.B. Darke, J.B.R.Eamer,and P.A. Hesp,
which focusedon geomorphicvolume changesin coastaldune systemsalsousing LIDAR datasetsand
GeomorphicChangeDetection software+16,

Aiming to inform the restoration of healthy and dynamic sandtransportation processef the Schooner
CoveDune restoration site the studentproposeghe following overarching goa/s(1-4) and objectives(a
c) of the project:

AGoal 1) Visualize vegetation encroachmentin the Schooner Cove Dunes (2020-2025) based on
photogrammetricdata

Objectives:
(a) Reviewand consolidatea setof Ground control coordinates.
(b) Createone comparableorthoimageper yearfor the period 2020 2025using Ground
Control data.
(c) UseGlSsoftwareto digitize the growth line of Kinnikinnick for further spatialanalysis.

A Goal2) Visualize geomorphicchangesn the SchoonerCoveDunes(2020-2025)basedon
photogrammetricdata

Objectives:
(a) Generateone comparableDigital SurfaceModel (DSM) per yearfor the period 2020
2025using Ground Control data.
(b) UseGlSsoftwareto producerastermodelsof differenceto outline elevationchanges
betweensurveyyears.
(c) Createtransectsfrom the DSMsat representativedune sitesto extract elevation
profiles for comparativemorphologicalanalysisover time.

A Goal3) Conducta preliminary assessmentf correlationsbetweengeomorphicchangeand vegetation
encroachment

Objectives:
(a) Provide an overview and analysisof elevation changesobservedoetweensurvey
years.
(b) Summarizethe rate of Kinnikinnick encroachmentalongthe backdunearea.
(c) Evaluatepotential correlationsbetweenelevation changeintensity and vegetation
expansionpatterns.

A Goal4) Provide recommendationdor future drone mappingprojects



Objectives:
(a) Summarizekey findings and challengesencounteredduring dataacquisitionand
Processing.
(b) List practicalrecommendationgo improve the accuracyand efficiency of future
drone-basedmappingand analysisat the SchoonerCovedune restorationsite.
(c) Createa stepby-stepguidefor processinglatain Agisoft Metashapdo keepfuture
work consistentand efficient.

3 Methods

3.1 ProjectLocation

The projectis basedon drone imagery collectedby ParksCanadaat the SchoonerCoveDune Restoration
site,locatedwithin the LongBeachUnit of Pacific Rim National Park Reservepne of three geographically
distinct areasof the park on the west coastof Vancouverlsland (seeFigure 1). Pacific Rim National Park
Reserves hometo the largestconcentrationof sandbeachesand duneson Vancouverlsland?

The site is accessiblevia the Pacific Rim Highway by walking north along Long Beach from the
L aiiga/Icinerator Rock parking lot at low tide. After passingthe community of Esowistaand Schooner
Beach,the dune habitat is situatedjust north of Box Island, around the headlandat the easternend of
TayugSchoonerCove,at coordinates49°0 3 6 512B467NOW.0 6 6



Schooner Cove Dune Restoration Site - Location

Pacific Rim National Park Reserve - Long Beach Unit

Eséhooner Beach
[

#Schooner Cove Dunes g
-
5

Beaches

¥ Incinerator Rock carpark
@ Pacific Rim Hwy

& Schooner Cove dune

? schooner Cove Trail

(Ucluelet

Google Earth Vancouver Island

Data S0, NOAA, U;S. Navy, NGA, GEBCO Pacific Rim Nationalpark Reserve/Schooner Cove
Image Landsat / Copemnicus

Figure 1. Project site location.

3.2 Methods

3.2.1Ground control and drone survey

Tosupportthep r o j avardll dbojectives previously collectedimageryfrom drone surveysconductedby
Parks Canadaat the SchoonerDune site since 2020 was utilized to generateaccurate3D modelsand
georeferencednaps.

Eachdrone surveyconsistedof two main components:

(1) a ground control survey, during which highly accurategeographiccoordinate® known as Ground
Control Points (GCPs@ were collectedto align andgeoreferencahe aerialimagery;and

(2) the actualdrone flight anddataacquisition.

(1) For the first part of eachsurvey,following an onsite safetysurvey and missionbriefing, the PRNPR
field teamsetup aReal Time-Kinematic (RTK) GNSSground control surveyusinga E-SurveyE600high-
precisionGNSSGlobal Navigation Satellite System)survey system,consistingof a fixed basestation and
amobile rover unit. For every mission,the GNSSasewasusually setupover aknown benchmark(DL2),
anail in alarge stabledriftwood log, in the easternflight section Measurementsf the ground control
points (GCPs)were taken using the rover. EachGCP consistedof a 2-meter-long pieceof rebar driven
into the sand,with approximately 2 to 10 cm exposedabove the surface,and distributed acrossthe
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mappingarea(seeFigure2). Thesemeasurementsvere usedto assesgariation in GCPcoordinatescaused
by factorssuchasfrost heaveand GNSSconditions, and to ensurethat other measurementgvegetation,
topographicfeaturesandcheckpoints)align within the samdocalgrid. A checkerboardargetwasaffixed

to the top of eachrebar post (seeFigure 2C). Sincecoordinateswere recordedat the top of eachrebar,the

vertical distancefrom the ground surfaceto the rebartip wassubtractedfrom the elevation(Z) values(see
Figure 2C)to ensureaccurateelevationdatafor subsequenprocessing.

o S : B Ei
Figure?2. (A) Surveyingof GCP3 with the rover; (B)

v i g

Basestation setup at DL2 (C) Rebarmeasurement.

In addition, the GPSpositionsof avarying number of checkpointtargetsare usually recordedto evaluate
the accuracyof the final data products. In most casesa grid line was drawn in the sand, and the

intersection points were measuredor that purpose,and often additional targetswere placedat different

locationsthroughout the surveyarea(seeFigure 3).

Legend
@ ground control points
© benchmark DL2
© checkpoints
(example 250118)

Figure 3. 250118orthophoto with GCPlocations, surveybenchmark,and checkpoints.

(2) Since2019,the ParksCanadaPacific Rim teamhasconducteddrone-basedsurveysbetweenone and
three times annually, with the most consistentoperationsoccurring during the fall and winter months.
For the purposesof this study, surveyswere selectively chosenfrom this seasonalvindow to reducethe
influence of peakvegetationgrowth during the summer,which candistort the representationof ground
elevation in digital surfacemodels (DSMs).Accordingly, the following survey dateswere selectedfor



comparative analysis: December 17, 2020 (201217); October 7, 2021 (211007); December 11, 2022
(221211)December6, 2023(231206);and Januaryl18,2025(250118).

Acrossthe five surveysanalyzedin this project, three different drone modelswere used.The 2020survey
was carried out using the DJI Mavic 2 Pro (M2P), while the 2021to 2023 surveysmadeuseof the DJI
Phantom 4 RTK (P4RTK) Both dronesare equippedwith 1-inch, 20 MP CMOS sensorshowever the
M2P utilizes an electronic shutter while the PARTK usesa mechanicalshutter. The mostrecent survey
consideredin this report, conductedin January2025,took placeusingthe DJI Mavic 3 Enterprisewith a
more advanced4/3-inch, 20 MP CMOS sensorresulting in improved image quality and greater light
sensitivity.3> Eachdrone surveywasconducted,dividing the mappingareainto two sectionswith separate
flight plansto coverthe entire area(seeFigure4). All the flights wereflown in astandardmappingpattern
with an 80 frontal overlapanda 70 or 80 sideoverlap and an expectedground sampledistance(GSD)of
approximatelylcm/px,which resultedin varying flight heightsandflight duration assummarizedn 7able
1

Legend

@ Flight route - west
© Flight route - east

Figure4. The mapillustratesthe segmentediight paths(westand east)usedfor aerialdatacollection across
the SchoonerDunesarea.

All coordinate data and photogrammetric outputs are referencedusing the WGS 84/ UTM Zone 10N
coordinate system(EPSG:32610Beforethis project, the availabledatasetshave primarily beenusedto
generate rapid orthoimages and digital elevation models, typically without Ground Control Point
correction or additional rasteranalysis.

Table 1. Flight parametersSource.Flight notesin the ParksCanadadlatabasend processingeportsfrom Agisoft
Metashape.
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Flight parameters

Survey 201217 211007 221211 231206 250118
Aircraft Mavic 2 Pro Phantom 4 RTK Phantom 4 RTK Phantom 4 RTK Mavis 3 Enterprise
Camera 1-inch CMOS 1-inch CMOS 1-inch CMOS 1-inch CMOS 4/3-inch CMQS
sensor, 20MP, sensor, 20MP, sensor, 20MP, sensor, 20MP, sensor, 20MP
Test_Pro FC6310R (8.8mm), |FC6310R (8.8mm), | FC6310R M3M RGB
(10.26mm), 5472x3648, 5472x3648, (8.8mm), (12.29mm),
5472x3648, 2.41x2.41 ym 2.41x2.41 ym 5472x3648, 5280x3956,
2.41%2.41 ym 2.41x2.41 pm 3.36x3.36 um
GNSS receiver E-Survey E600 | E-Survey E600 E-Survey E600 E-Survey EG00 E-Survey E600
Flight Altitude (m) |43.3 37.9 36.2 33.2 35.3
Overlap (Frontal/ | 80/ 80 NA NA 80/70 80/70
Side)
Expected GSD 1 (0.94) 1 (0.99) 1(0.93) 1(0.87) 1(0.89)
(cm/px)
Speed (m/s) 3.4 NA NA West: 2.7 2
East: 2.3
Images taken West & East: West: 259 West: 259 West: 241 West: 211
580 East: 298 East: 280 East: 259 East: 229
Weather Fine NA Sunny Sunny Sunny
conditions
Flight duration West: ~ 25m West: ~11min West: ~11min West: 9m 41s East: 13m32s
East: ~ 20m East: ~12min East: ~13min East: 11m43s West: 12m32s

3.2.2Drone photogrammetry

3.2.2.10rthomosaicand DSM creation with Agisoft Metashape

The photogrammetric analysispresentedin this report is basedon a seriesof orthomosaicsand digital
surfacemodels (DSMs)generatedusing aerial imagery from drone surveysconductedat the Schooner
Dunes Restoration site. Processingand 3D reconstruction were carried out in Agisoft Metashape
(ProfessionaEdition, Version 2.1.1build 17821(64 bit)). (Referto Appendix A for model/outputs.)

To align the generatedcoordinate systemsof the modelswith realworld geographiccoordinatesand
generatecomparability, a setof five consistentGCPswvasusedfor georeferencingacrossall models.These
X, Y and z valuesare basedon averagedRTK measurementgollectedduring the October7, 2021, ground
control survey (seeTableZ for coordinates)The projectcoordinatereferencesystem(CRS)wasuniformly
setto WGS84/ UTM Zone 10N (EPSG:32610hroughout all stageof dataprocessing.

TableZ2. Projectground control points.

Name Northing Easting Elevation
GCP 1 5438542.1205 296099.3619 -11.2248
GCP 2 5438617.7719 295998.6856 -4.8223
GCP3 5438605.1095 295817.9705 -10.4292
GCP 4 5438581.5131 295772.9771 -11.3198
GCP5 5438637.8324 295699.5877 -12.3760
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Although all three drones are equippedwith GNSSreceiversthat geotageach individual image, the
integration of GCPsremains essentialto achieving the highest level of positional accuracy?! This is
particularly important as the resulting models are not standalone products, but are intended for
comparisonto assesKinnikinnick encroachmentin the backdunezone(Objective 1) and changesn sand
surfaceelevationover time (Objective 2).

The Protocol in Appendix B showsdetailed step by-stepinstructions for the procedureof obtaining the
correctedand comparableorthomosaicsand digital surfacemodelsfor further geospatiaknalysisin the
GlSsoftware QG/Sversion3.40. :Bratislava

3.2.2.2Using QGIS'to determine vegetationexpansion

Oncethe orthomosaicand DSMshave beencreatedvia Agisoft Metashapefurther analysistook placein
QGIS.

To achievegoal (1) & (3) and associateabjectivesthis softwarewasusedto:

1. Gothrough accuracyassessmerdf the orthoimagesand DSMsto checkcongruency.

2. Createvectorlayersand determineprinciples for vector line placementto visualizeextent of
Kinnikinnick in the backdune.

3. Perform vector calculationsto obtain information on plant mat expansionbetweentwo
definedsurveyyears.

3.2.2.2.1Vertical and horizontal accuracyassessment

To determine how suitablethe createdmodelsarefor conducting analysisof changebetweendrone data
of different years,it wasimportant to evaluatehow well any two datasetschosenfor comparisonalign
with eachother, vertically and horizontally. For that purpose selectedbermanentfeaturesvisible in both
orthomosaichave beenchosen,to obtain horizontal (X, Y) and vertical (Z) positionsin eachmodel for
comparison.

One group of permanent features consistsof the five fixed checkerboard ground control targets.
Coordinateswere taken from the central point of thesetargetsfor eachorthophoto viathe il dent i fy
Fe at toal ia QGISat a 1:3 scaleand subsequentlycomparedfor eachmodel pair. A workbook (see
Appendix C for workbook and formulas), provided by Roger Stephen,Geospatiallechnology Specialist
andinstructor of the Mappingwith DronesZ2classvasusedto quantify the level of horizontal andvertical
alignmentbetweenlayersusingthe two setsof coordinates'’ The averagalifferencesin horizontal (X, Y)
and vertical (Z) positionswere calculatedaswell asthe total averagehorizontal difference and the root
meansquarederror (RMSE)for both vertical (Z) and horizontal positions,servingasoverall performance
indicators.Tofurther evaluatethe horizontal andvertical alignmentof the datasetsadditional pointswere
takenfrom both endsof long-depositeddriftwood logsin the reardune areaand coordinatescomparedas
well (seeFigure5 and6).
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Figure 5. RTK point measurementsit both endsof long-depositeddrifiwood logsin the backdune.

Typically, additional check points are placedwithin the surveyareaalongsideground control points, not
only to assesthe comparability of datasetdut alsoto analyzeand, if necessarygorrect the absoluteand
relative positioning of individual datasést”

The coordinatesof these surveyedcheck points representthe realworld positions of specific target
featuresand can be comparedto their correspondinglocationsin the orthomosaic!” Over the courseof
the survey period, additional RTK-basedcheck point data was recorded (seeexamplein Figure 3).
However, while the positionsof the GCPsremainedconsistentacrosssurveys,the check point datawas
collected at varying locations for each survey, under different GNSSconditions, and sometimeswith

discrepanciesn the basestation coordinatescausedby errorsin survey setup.Although theseblunders
could be corrected (aseach survey included observationsof the GCPS$, this was out of scopefor this
studentproject. Consequently the decisionwasmadeto usethe long-depositeddriftwood logsin the rear
dune areaascheckpointsfor the assesaent of the relative accuracyof eachdataset(seeFigure 6).

Legend

O driftwood log checkpoints
@ ground control points

Figure 6. Locationof GCPsin relation to driftwood log checkpoints.

For this purpose,the actual lengths of the two logs were measuredand comparedwith the distances
betweentheir correspondingend-point coordinatesextractedin QGIS (see Appendix D for spreadsheet
and formulas) This provides an estimate of relative accuracy, meaning how accurately the spatial
relationshipswithin the dataseteflect the true distancesand positions

betweenfeatures regardlesf their absolutelocation.t”
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In addition to the determination of level of alignmentbetweendatasetandrelative accuracyassessment
of the positional accuracyof eachmodel itself hasbeenimplemented by comparing the surveyedreal
world ground control point coordinates(see7able 2) with the coordinatesof the model ground control
points. Thelevel of error detectedprovidesanindication on how accuratelythe created3-D modelsreflect
the real world. This assessmenis further enriched by the reprojection details obtained from each
automatedprocessingeport of the model stitching in Agisoft Metashae.

During dataprocessingand accuracyassessmengnly four of the five ground control points (GCPs)were
availablefor georeferencinghe 2025imagery,asGCP4wasoccupiedby the GNSShaseduring the survey
on Januaryl8". As aresult, georeferencingwithin Agisoft Metashapeor the correspondingorthomosaic
wasperformedusingonly four of the five typically usedGCPsFor consistencyin the accuracyassessment
workbook, the coordinatesof GCP4were recorded using the samevaluesasin the comparedmodel,
despitenot being usedin the 2025georeferencingprocess.

The following datasampleshave beenchosenfor comparisonto measurechangein sandelevation over
time:

Long-term.

A231206and 250118
A221211and 250118
A211007and 250118
A201217and 250118

Consecutive:

A231206to 250118
A221211to 231206
A211007to 221211
A201217to 211007

Consideringaccuracyassessmentthe angleof light penetrationandits impact on shadingand, therefore
suitability for analysisthe following two datasethavebeenchosento be comparedin termsof vegetation

encroachmentin the backdune:

A221211and 250118

3.2.2.2.2V/ector mappingof Kinnikinnick encroachment

Kinnikinnick (Arctostaphylos uvaursj is a mat forming evergreenshrub with long, flexible rooting
brancheswhich favorssandy,well-drained exposedsitesand therefore commonly inhabits the margins
of dunes.By increasingorganic matter and reducing moisture stressthey promote successiortowards
larger shrub-communitieswith Salal(Gaultheriashallor) or other forestspeciedike Western RedCedar
(Thuja plicatd .22

To mapthe encroachmentof dune stabilizing shrub vegetationin the backdune, a vector line hasbeen

drawn alongthe oceanwardextensionof the ground covering dwarf shrub Kinnikinnick on the baseof
the orthophotosfrom Decemberl1h 2022and Januaryl8th 2025viathe i N eShapefileL a y fumction
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in QGIS (seeFigure 9). The methodologyis basedon knowledgethe studentgainedin the classlecture
GIS Skills and Mapping taught by Dr. Jessic&leal 4

The starting point of the line hasbeensetat an agglomerationof driftwood visible in the orthomoasicof
both surveysat49°0 4060 . Nl &1d 1254 7560 . W/ 9ndhe far westsectionof the restorationsite. The
vectorline wasscreendigitized at ascaleof 1:26,ending at the discontinuationof the Kinnikinnick extent
in the far eastof the duneareaat 49°0 3566 . N &nd 125°4 7269 . W .8To realize consistentmapping
resultsthe following setof mappingguidelineshavebeencompiledon the baseof the student'sassessment:

A The vector line follows alongthe main baseof the plant, not outlining offshoots.
A Only areasof Kinnikinnick areincluded, which show at least50%vegetationcoverage(seeFigure 7).

Flgure 7. A) Visual estimation of faﬂége co veF3 B- D) Kinnikinnick Vectar//ne p/acemenlfar model
250118.

A Only the continued growth areais to be outlined. Only include growth patchesdisconnectedfrom
the main plant coverinto the growth line, when they arelocatedlessthan 20cmawayand areat least
60cmin diameterin the widestareaand havea 50%vegetationcoverage.

AWhere driftwood or other objectsbreakup the Kinnikinnick mat, the line is drawn in away to match
the growth extent of the surrounding areas(seeFigure8A).

AWhere the growth of the continuousKinnikinnick patch stopsthe vector lines follow the expansion
of shrubsand treesinsteadand in a way that the vector layersof different yearsare congruent (see
F/gure8B) (This will preventthe varlanceof othervegetatlongrowth mto the results)

'ﬁc
f...x

1\ . <
N (A Satie RO u) 3 \&M )
F/gureB A B) Vector lines 22121 J(b/ue) and2501 1 8(arange)f0//0W driftwood and shrub fr/nge n
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congruent alignment. Orthomosaic:250118.

ATheoutlined growth areamay include bryophyte mats,if blendedinto the Kinnikinnick or adjunctive
dueto adistinction beinglimited to imageresolution.

Any distancemeasurementshroughout thesestepsaredonewith the i Me a 4 i mteolo

Legend
=== 221211 KK line

=== 250118 KK line

Figure 9. Comparisonof Kinnikinnick fringe vector lines: 221211vs. 250118

3.2.2.2.3Vector mensurationof Kinnikinnick encroachmen

To determinethe extent of Kinnikinnick expansionor retreatacrosdifferent areasof the restorationsite,
the oceanwardvector lines representingKinnikinnick presencefor each comparisonyear were closed
congruently to form continuous boundary outlines.

Using the vector geometry tool -Lines to Polygonsp

these outlines were subsequently converted into

polygons,allowing for further areabasedcalculations
(seeFigure 10). By overlaying the polygons,a more
accurateassessmerdf the overall areaof Kinnikinnick

expansion aswell aszonesof retreat or burial by sand
input - wasachievedfor the period betweenDecember
2022and January2025.Gain and losswere determined
through vector-based calculations using the vector

geoprocessindool Differenced in QGIS. Specifically,
subtractingthe earlier polygon (221211)rom the more

Figure10 Conversionof Kinnikinnick vectorline data recent one (250118) |dent|f|fed the nop-overlappl_ng
into polygon features(in orange). areasthat representvegetation expansion,shown in

yellow in Figure11 Conversely,subtractingthe recent
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polygon from the earlier one generateda new layer highlighting areasof vegetationretreat (seeFigure

11).

To supportfurther interpretation of the results,the initial site-wide polygonswere subdividedinto three
sections- 6 We,® tMd d dnd @ B & sidingthe i N e ShapefileLayero function in QGIS (seeFigure 11
for sectionboundaries)Thesesectionalpolygonswere then usedasclip layersand overlaid onto the total
gain and losspolygonsvia the vector geoprocessingool fiC | i This groducedsix new sectionalvector
layers,eachrepresentingeither gain or lossin one of the three site sections.Area and perimeter values
were then calculatedusing the vector geometry tool i A dGkometry Attributes.o The resulting surface
areaand perimeter measurementsvere accessedty right clicking the relevantlayer in the LayersPanel
andselectingfi O p Attnibute Tableo

Legend
I section ‘West’ | | Kinnikinnick gain
I Section ‘Middle’  [[1] Kinnikinnick loss

[ Section ‘East’ Kinnikinnick polygons

Figure11 Areasof Kinnikinnick loss(pink) andgain (yellow) within the different sectionsof the vegetation
surveyarea - West (blue), Middle (purple) and East(green).

3.2.2.3Using QG/S'to detectelevationchange

To achievegoal (2) & (3) and associateabjectivesthis softwarewill be usedto:

1. Todeterminethe consecutiveandlong-term elevationchangebetweenDSMs of the last5 years
utilizing thei Ra £tad rc utba# t or o
2. Createan appropriatecolour codeof the difference mapsto visualizesanddepositionversussand

erosion.
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3. Clip the resulting rastermodelsto a uniform polygon of the sanddune areato obtain coherent
models.
4. Createand compareelevationprofiles alongmultiple transectswithin the surveysite.

3.2.2.3.1Sanddune elevation changedetection through rastercalculation

To map the changein surfaceelevation over the sanddune restoration site between chosenyears,the
Agisoft Metashapagenerateddigital surfacemodelswere run through a mathematicaloperation within
the i R a sctael rc u tod in QGIS. To identify areasof sand deposition or erosion over time, the
difference betweenthe mostrecentmodelandthe earlier modelin eachcomparisonpair wascalculated.
Throughoutthat processthe rastercalculatoralignsthe grid of the two choseelevationmodelsbasedon
the cell position andthen subtractsthe cell elevationvaluesthat are overlapping. (See-igure 13 in section
3.2.2.3.3or an examplemap of difference.)

3.2.2.3.2Colour coding for elevation changedetection

As statedin Section 3.2.2.2.1,sevenof these model comparisonshave been carried out. Four of the
resulting elevationchangerasterlayersmapthe calculateddifferences- andtherefore long-term changes
- betweenJanuary2025and the datafrom surveysconductedin the fall/winter of eachyearstartingfrom
2020.The remaining three rasterlayerscompareelevation changesdbetweenconsecutivesurveyyears.

For clearvisualization, the following layer coloration settingswere applied consistentlyto both the
initial digital surfacemodels(DSMs)and the elevationchangemodels(seeFigure 12).

Rendertype: Singlebandpseudocolor

Bandwidth minimum: -1

Bandwidth maximum: 1

Interpolation: Discrete

Color ramp:RdGy

Labelprecision:2

Model: Equalinterval

Number of classes40

Color ramp gradientstops:0i 40%red, 50%white, 60i 100%grey

To T o T Do To Do I o

Thesesettingsensurethat elevationchangesare easilyinterpreted and comparableacrossdatasetswithin
QGIS.
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Figure12. Layercoloration settingsfor digital surfaceand elevationchangemodelsin QGIS.

Red shadescorrespondto areasof sanderosion (negativeelevation change),while grey shadedndicate
sanddeposition (positive elevation change).White marksareaswith minimal or no changein elevation.
The asymmetryin the gradient- where red occupieshe lower 40%,white marksthe midpoint, andgrey
spanghe upper40%- enhanceghe visualdifferentiation of terrain changesparticularly aroundthe zero-
changethreshold.

3.2.2.3.3Spatialdelimitation of the mappingarea

As a final stepin the process.all digital surfacemodelswere overlaid with a newly created polygon
representingthe actual areaof interest, the SchoonerCove sanddune restoration site, usingthe i N e w
ShapefileLayerofunction. Clipping this layer to the original modelsremovesirrelevant areasjmproving
visualization (seeFigure 13). This wasachievedin QGISusingthe Rasterfi E x t r @apltandthefi Cl i p
Rasterby Mask Layerfunction.

. e
. A a (YA i s
- Rl r -

Figure 13 Clipped map of difference betweenDSMs211007and 22121 1on top of unclipped orthoimage
211007.

3.2.2.3.4Display of changeover time through elevation profiles

To make concrete statementsabout changesn dune elevation betweenselectedyears,and to assesthe
presenceof sanddynamicsin areasof interest, four digital transects,representedasvector lines, were
placedwithin the survey area (seeFigure 14). Thesetransectswere strategically located to capture a
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representativerangeof conditionswithin the dunerestorationsite. Additionally, they were positionedto
exploreapotential correlation betweensignificantvegetationencroachmentor retreatat the forestmargin
andthe degreeof sanddynamics.

Figure 14. Placemeniof transectlines W1, W2, E1,and E2Zfor elevationchangeanalysis.

After creating four new vector layersvia the i N e jece ECEEESTDELOS
Shapefile L a y dundiion, elevation profiles were
generatedon the baseof all five digital surfacemodels
concurrently for every transectby working with the
fiEl ev@n o fparlelview in QGIS (seeSection |, o 31370 -
4.1.5for resulting diagrams)Both the Y- (elevation)  .imumeevaton 10,5183 -
and X- (distance)axisintervals were setasshown in
Figure 15 to the right. The chart rangesfor distance
andelevationaredeterminedautomaticallydepending ... e imenal 10,0000
on the nature of the transect. After that, elevation o gridiine interval 2,000
sampleswere taken from created points in a 1m
interval along all four lines W1, W2, E1 and E2 by

Chart Ranges
Minimum distance 0,0000

Maximum distance 31,1965 a

4r| 4r 4

Distance Axis Settings

Label interval 5,0000 a

4r] 40| (4

Elevation Axis Settings

H . ? Label interval 0,2000 a |
maklng useOf the "POIntS Along G eome tbm y-m Major grid line interval 0,4000 a |;
eXternaI plug-in ﬁ P 0 Ismpllng t o Owaé then Minor grid line interval 0,1000 a |

utilized to obtain an overview of the elevation values
at thes.epomts for all the raStermOde_ISfrom 2029t0 Figure 15 Diagramsettingsfor the elevationprofile of
2025 simultaneously.To add a numerical foundation ,,s0022

to the visual analysis of sand dynamics at the

restorationsite, the surveyyearwith the highestelevationat eachpoint alongthe transectwasidentified,
with the aim of detecting alternating elevation patterns as an index of dynamic dune behaviour.
Additionally, elevationchangesn meterswere calculatedalongthe transectsfor the periodsfrom 2022
to 2025,2023to 2025,2022to 2023 and 2020to 2025. Theseindices were then usedto gain a more
quantitative understanding of sediment movement in recent years and its potential influence on
vegetationpatternsover time. (SeeAppendix E for point elevationvaluesspreadsheets.)

Cancel Save

4 Resultsandinterpretation

The following section provides an overview of the results, on the one hand, to evaluat whether the
chosenmethodsand photogrammetric deliverablesoffer a reliable foundation for informing long-term
dune restoration planning. In addition, a closerlook is taken at both the visual and numerical results
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derived from the generatedmaps,which are further interpreted in relation to sand and vegetation
dynamics.

4.1 Accuracyassessment

An assessmentf the congruency of model pairs basedon comparisonsof the five ground control
coordinatesrevealedvery low averagehorizontal and vertical errors, ranging overall from <1 mm to 4.8
cm (seeTable3, highestvaluesin yellow). The smallesterrors (between<lmm andl.2cm)were observed
when comparingdataacquiredeither by the Phantom4 RTK alone(211007,221211,231206)or between
the Phantom 4 RTK and the Mavic 3 Enterprise (250118) Therefore, the highestaccuracyis achieved
when outputs are comparedwithin the sameor technically comparabledrone systemsThe Root Mean
SquareError (RMSE)for both horizontal (X/Y) and vertical (Z) coordinatesfurther emphasizehis, with
error valuesbeingat least3-4cmhigher when datasetsare comparedwith the surveyconductedusingthe
Mavic 2 Pro on Decemberl7,2020.

Table3. Horizontal and vertical alignment assessmerttetweenmodelsbaseabn control coordinatesin meter.

Horizontal/Vertical alignment between models on the basis of control coordinates in (m)
Surveys compared | Avg AX AvgAY AvgAZ Avg AHorizontal | RMSE Z RMSE Horizontal
201217 to 250118 0,004 0,021 -0,008 0,040 0,044 0,050
201217 to 211007 0,001 0,004 | -0,015 0,048 0,047 0,053
211007 to 221211 0,006 0,003 | -0,001 0,011 0,016 0,013
221211 to 231206 -0,003 0 0,001 0,007 0,007 0,007
211007 to 250118 0,003 0,003 0,000 0,012 0,003 0,014
221211 to 250118 -0,005 | 0,000 | -0,003 0,011 0,017 0,013
231206 to 250118 -0,002 | -0,002 | -0,005 0,008 0,015 0,010

The error valuesassociatedvith soleground control points (GCPs)incorporatedinto this assessmerdo
not directly representthe true alignment of amap, sincethey areincorporatedinto the model processing
through a weighted mathematical adjustment, which forcesthe reconstructed GCP positionsto align
closely with their surveyedrealworld locations. Therefore, the recordedlow GCP error reflects the
successfubptimization rather than the overallmapaccuracy.Toreliably assesthe accuracy|t is esential
to include independently measuredcheckpoints,which are not usedduring georeferencing(seeProtoco/
in Appendix B for checkpointinclusion in Agisoft Metashapeprocedures}® Suchfixed checkpointswere
not consistentlyrecordedacrosshe five-yearsurveyperiod. Asshownin Table4, alternative checksusing
four log targetcheckpointcoordinatesndicatedslightly higher inaccuraciesparticularly betweenmodels
201217and 250118, and 201217 and 211007, suggestinggreater local distortion and inaccuraciesin
elevationchangedetectionin mapareadarther from GCPs.
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Table4. Horizontal and vertical alignment assessmentsing driftwood log checkpointsin modelsin meter.

Horizontal alignment between log check points in models in (m)
Surveys compared Avg AX Avg AY Avg AHorizontal RMSE Horizontal
201217 to 250118 0,001 -0,058 0,063 0,073
201217 to 211007 -0,003 -0,044 0,046 0,053
211007 to 221211 0,005 -0,003 0,018 0,024
221211 to 231206 0,008 -0,007 0,023 0,029
211007 to 250118 0,003 -0,002 0,024 0,027
221211 to 250118 -0,002 0,001 0,019 0,022
231206 to 250118 -0,010 0,008 0,022 0,026

Further assessmentsf the absolute accuracy evaluate the georeferencing performance in Agisoft
Metashapeshowingthat the derived modelsdiffer in their projection from the true GCPvaluesbetween
<1 mm to amaximum of 1.1cmfor modelscreatedon the bass of Phantom4 RTK and Mavic 3 Enterprise
data (seeTable 5). This low error is alsoreflected through similar low numbersin the RMSE section.
However,the mapreproduction on the baseof the drone surveyconductedwith the Mavic 2 Proin 2020,
showslower performancewith error valuesrangingbetween3.8and5.2cm.

Table5. Absolute horizontal and vertical accuracyassessmerttetweentrue and modelground contro/
coordinatesin meter.

Absolute horizontal/vertical accuracy between true and model ground
control coordinates in (m)

Survey | Avg AX AvgAY AvgAZ Avg AHorizontal | RMSEZ RMSE Horizontal
201217 | 0,000 | -0,005 & 0,012 0,048 0,038 0,052
211007 | 0,002 | -0,002 | 0,001 0,009 0,004 0,010
221211 ( 0,005 | -0,003 | 0,000 0,011 0,016 0,012
231206 | 0,002 | 0,001 | 0,002 0,011 0,016 0,012
250118 | 0,002 | 0,001 | 0,001 0,010 0,003 0,012

A review of the ProcessindReportin Agisoft Metashaperin Table 6 providesadditional indicators of the
absoluteaccuracyof the five reconstructedmodels.The X, Y, and Z error valuesrepresentthe root mean
squareerror (RMSE)of all correspondingcoordinatesin the drone imagery.In addition, the reprojection
error (expressedn pixels) quantifies the distancebetweenthe reconstructed3D point on animageand
the original projection of that 3D point. As shownin Table 6, Survey201217 conductedwith a Mavic 2
Pro, recordedthe highesterror valuesacrossall categoriesHowever, its reprojection error of 0.825px
remainswithin the acceptablerange.The reprojection error servesasan indicator of the quality of the
cameracalibration processand should genemlly be below one pixel (px), with lower valuesreflecting
higher calibration accuracy?334
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Overall, using Ground Control Points brings the expectedabsoluteaccuracyof a correctly reconstructed
and georeferencedlataseto a maximum of around 2-5cm horizontally, and 4-8cm vertically.2°As 7able
5and6in Section4.1.Ireflect, the overall performanceof the map reconstructionsfrom the 2021 2025
datasetsan be consideredto fall within the acceptableabsoluteaccuracyrange,exceptfor the Mavic 2
Pro datasetof 20201819

Table6. Overall absolutehorizontal and vertical accuracyassessmerfor eachmodel.

Overall absolute horizontal/vertical accuracy for each model
Survey X error Y error Zermor XY error Total XYZ Reprojection
(cm) (cm) (cm) (cm) error (cm) error (px)
201217 1.36 4.60 2.30 4.80 5.32 0.825
211007 0.38 0.81 0.35 0.90 0.96 0.766
221211 0.86 0.54 1.56 1.01 1.86 0.652
231206 0.91 0.68 1.50 1.14 1.88 0.527
250118 0.69 0.90 0.23 1.13 1.16 0,66

What is particularly relevantfor the purposeof this project - detecting changeover time andthe degree
to which the comparedmodelsalign - is the relative accuracyof eachindividual datasetThis canbe,inter

alia, obtained by comparing realworld featuresof known dimensionswith their counterpartsin the

processednaps? Relativeaccuracygivesasenseof how i a ¢ ¢ u pomts ardpagsitionedrelative to each
other within the samedatasetregardles®f their realworld | o ¢ a . The expgectedrelative accuracyof

a correctly reconstructedand georeferenceddatasetis typically estimatedto be 1i 2 times the ground

samplingdistance(GSD)for horizontal (X, Y) values,and 1-3 times the GSDfor vertical (Z) values?® In

this project, the GSDwassetto 1 cm/px for all surveyflights. Basedon this standardand the comparison
of the actualand projectedlog lengthsin the different model, the modelsall lie with an averageength

difference of 0.4to 1.4 cm and length difference RMSEof 0.6to 2.2 cm within the expectedrange (see
Table 7). It should be noted that length measurementsre subjectto somedegreeof subjectiveerror due
to the placementof pointsin QGIS,which canbefurther affectedby low imageresolution.
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Table 7. Relative horizontal accuracybaseabn driftwood log measurements.

Relative horizontal accuracy based on driftwood log measurements
Survey Target Measured Reconstructed | Avg ARMSE
length length Alength

Log 1 5.218 5.191

201217 -0,005 0,022
Log 2 3.210 3.226
Log 1 5.218 5.212

211007 -0,006 0,006
Log 2 3.210 3.203
Log 1 5.218 5.197

221211 -0,014 0,016
Log 2 3.210 3.204
Log 1 5.218 5.236

231206 0,011 0,013
Log 2 3.210 3.213
Log 1 5.218 5.201

250118 -0,004 0,014
Log 2 3.210 3.219

Even though most of theseerror numbersfall within the valid accuracyrangeand indicate a generally
high degreeof alignment, pronounceddiscrepanciesstill needto be consideredwhen comparingdune
elevation valuesand mapping the extent of Kinnikinnick expansionor retreat. For example,vertical
discrepancie®f 4.4 cm and 4.7 cm (RMSE)in the model comparisonsbetween 201217and 250118or
211007 respectively,should be consideredwhen interpreting elevation changesbetweenthesesurvey
years.Additionally, relatively high horizontal alignmenterrorsof 5.3cmand 7.3cm (RMSE)for the same
model comparisonsmay introduce inaccuraciesin change detection due to geographic shifts. The
inaccuraciesin thesespecific model comparisonsmay be rooted in the noticeable discrepanciesn the
absolutehorizontal and vertical accuracyof model 201217generatedon imagerytakenwith the Mavic 2
Pro.

4.2 Photogrammetricdeliverables

The following 7able 8 describesthe data deliverablesgeneratedin MetashapeAgisoft throughout the
courseof this project. All datais provided usingthe WGS84UTM Zone 10N (EPSG:32610)projected
coordinatesystemand ellipsoidal elevation
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Table8. Agisoft Metashapeoutputs for the project.

Ortho TIFF 0.94
201217 580/544 0.0641
DSM TIFF 1.88
Ortho TIFF 0.99
211007 557/443 0.07
DSM TIFF 1.99
Ortho TIFF 0.93
221211 539/439 0.0728
DSM TIFF 1.87
Ortho TIFF 0.87
231206 500/442 0.0724
DSM TIFF 1.74
Ortho TIFF 0.89 Ground control with 4/5 points
250118 440/413 0.0631
DSM TIFF 1.79 Ground control with 4/5 points

4.3 Kinnikinnick encroachment

Area calculationson the baseof the associatedorthomosaicsinvestigating the level of Kinnikinnick
growth alongthe landward dune margin and whole extent of the restorationsite revealedan overall net
expansionof the mat forming shrub of 35.75m? between December2022 and January2025 which is
specifically carried by a significant growth within the middle sectionof the dune.

The total areawasdivided into three sectionsto further define the zonesthat predominately experience
expansionor loss (seeFigure11in Section3.2.2.2.3).

The middle section,spanningapproximately220 metersin linear distance,extendsfrom 49°4628.010N,
125°53628.0@W to 49°4627.48N, 125 51653.3MW. It encompassethe mostsignificant Kinnikinnick
accretion,totaling 116.71m2, comparedto the smallerwestern(28.6m2) and eastern(12.01mz2) sections
(seeTable 9). The relatively minor Kinnikinnick lossresultsin anet gainof 104.15m2 in this section.In
contrast,the segmentat the westernend of the surveyarea- stretching approximately 130 metersfrom
49°4630.410N, 125°53 52.8MW toward the middle - aswell asthe easternsegmentwhich extends90
metersto 49°4625.93DN, 125°51641.38W, areboth characterizedby anet decreasén encroachingshrub
vegetation,totaling acombinedlossof 68.4mz2.

Table9. Gainandlossof Kinnikinnick vegetationcover.

Total
Dune Section West m2 % ?:s“; oF Middle m2 % ?:;: o8 East m2 Z"r :sI: gaiar:felzss

(m2)
KK Loss (in m2) 44,66 37 % 12,56 10 % 64,35 53 % 121,57
KK Gain (in m2) 28,60 18 % 116,71 74 % 12,01 8 % 157,32
NET gain+ve / loss -ve -16,06 -19 % 104,15 64 % 52,34 | -45% 35,75
Sums 73,26 55 % 129,27 85 % 76,36 61 % 278,89

Aspart of the successionalunesequencegdwarf-shrublandcommunitiesmigrateinto the duneecosystem
following the establishmentof pioneering, soil-enhancing bryophytes. These bryophytes typically
colonizeareascharacterizedoy reducedsandmovementand higher wind protection, forming matsfurther
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inland where salt sprayis lessof a growth-limiting factor22> The mappedencroachmentof Kinnikinnick
along the forestedmargin of the dune, particularly in the middle section since 2022, can therefore be
interpreted asan indicator of reduceddynamic sand movement within the backdune,sandlossor of
limited sandinflow from the foreduneor backshoreareas.

4.4 Sanddune dynamics

Elevation profiles were generatedirom the forestmargin to the beginning of the backshore(seeFigure
16; and 14 in Section3.2.2.3.4hnd then elevation changesanalyzedat 1 m intervals alongdune cross
sectionsbetweenDecember2022and January2025.This occurredwith particular focuson zones,
showing notable Kinnikinnick expansionor retreat, to explore potential links with sedimenary
processesSeedppendix E for point value spreadsheetand largerdiagrams)

Profile W1 o Profile W2
Foredune

Incipient dune —4

— 250118 _dem
4 231206_dem
221211_dem
e[ |— 211007 _dem
— 201217 _dem

7

124
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13,2
am s n s ) 3 30 s 0 as som am 5 s P » e o

Figure 16. Elevationprofiles comparingsurfaceelevationover five years(2020 2025), createdin QGISbaseabn vector
transectlines placedfrom the forestmargin to the foreduneat different locationswithin the SchoonerCovedune.

Figures17 and 18 presentthe difference mapsderived from the digital surfacemodels,illustrating the
notablechangedn sandelevationover the pastfive yearsand betweenconsecutivesurveyyears.
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Elevation Change 201217 to 250118 - long-term
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Figure 17. Elevation profiles comparingsurfaceelevation over five years(202Q' 2025), createdin QGISbaseabn vector transect
lines placedfrom the forestmargin to the foreduneat different locationswithin the SchoonerCovedune.
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Elevation Change years 201217 to 250118 - consecutive
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Figure 18 Yearto-yearsandelevationchangesn the SchoonerCovedune, December2020- January2025.
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A review of the consecutiveand long-term difference mapsindicatesoverall reducedsanddepositionin

the backdunearea,particularly in the easternsectionof the surveysiteandin someminor portionsin the
west aswell asin recentyears.The elevation profiles of W2 and E1, locatedwithin this area,provide
supportingevidencefor this trend aswell. Sandprofile analysedbetween2020and 2025indicate sandloss
alongthe transectW2, extending up to approximately 22 m from the forest margin, with an elevation
decreasen the rangeof 0.06 0.10m, particularly since2022.This depletion occursover alonger section
and with agreaterchangein elevation comparedto transectW1, which is situatedin an areawhere an
overall retreat of Kinnikinnick hasbeenrecorded.Furthermore, transectW2 iswith 70mthe longest,so
that in the areaof theseelevationprofilesthe sandand saltspraymusttravel the farthestdistanceto arrive
in the backdunefrom the backshore specificallywhen looking at the dominant direction of aeoliansand
transportthroughout the year at the Schoonerdunes.Winter winds are blowing consistentlyand more
unidirectional from the SEinto aNW direction andthereforewith ahigher sedimenttransportpotential,

whereasfrom April to Augustthe main direction of transportis towards ESE2®

This pattern is similar to the backduneareaof transectE1,
which is further protectedfrom WNW -directed sandinflux
by a forested protrusion to the west. Additionally, shrubs
growing in the foredune areamay impedethe inflow path,
thereby limiting furth er sanddepositionin the backdune. Z
Profile E1 alsoshowsa smallamount of sandlossupto 16 m
from the forest margin. Specifically notable is that the
comparisonof the elevation profile lines of ELand W2 of all
yearsfrom 2020to 2025 show little variation in elevation
over time or more of a chronological sanddevelopmentin
comparisonto W1 and E2. This indicates a relatively low
level of dune dynamics and, consequently, conditions
favorablefor vegetationencroachment.

Whereassandloss,longer sandtransportation distancefrom
the foredune and low elevation variability support a
correlation with the Kinnikinnick mat extentin the middle
section, elevation profiles W1 and E2 reflect conditions,
which support a more dynamic sand movement and
therefore, an inhibition of the vegetation encroachment. Figure19 Depositionof largewoody debrisin the
Since 2023, the areaof sandlossalong W1 hascontracted /oreduneareaof transectW1, photographedtacing
from 14 to 12 meters from the forest margin and sand 70"tweston Novemberist 2025.

deposition hasreplacedearlier sandloss acrossa broader section further up the transect, which may
indicate a trend of more dynamic sandmovementinto the dune. As the orthoimagesfrom 2020to 2025
show, LWD is accumulatingat the westernend of the restoration site with weather-induced changesn
its composition. Driftwood has been confirmed to have a significant function in trapping and storing
sedimentand canthrough increasedsurfaceroughnesscreatea barrier for sandflow.” However the high
amount of sandstoragewithin LargeWoody Debiris still allows for landward transportation especially
during high winds, which in that casewould be the Sommerstormsblowing into the dune from the
Northwest, and when the logs are lightly packed- asin the associatedoredune? This processmay
contribute to positive sand budgetsalong the transectand could help explain the observedretreat of
Kinnikinnick in the backdune.

In contrast to the other three transects,E2 shows a continuous high sand accumulation from 2020
onwards,extendingfrom the backduneup to the incipient dune area,approximately22 m from the forest
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margin. Digital surfacemodelsconfirm that significant yearsof sandaccumulationacrossbroaderareasof
the restoration site, especiallyin the mid-easternforeduneto backdunezones,canbe identified as2021
and 2023.

Despiteminor areasof sanddepletion, both the long-term difference map (December2020to January
2025)and the elevation profiles confirm that the SchoonerCove duneshave undergonesustainedsand
accumulationand active dune building over the pastfive years.This processds driven by a steadyinflux
of aeoliansand,most pronouncedin the foredune,with maximum elevation increasesof 0.77 m along
transectW?2 and0.62m alongE1. Theinflowing sandat Schoonerdunescanbe tracedbackmostly to an
origin in subtidal glaciofluvial sanddeposits but alsoto somesedimentdelivery by rivers aswell through
the eroding bluffs at FlorenciaBay in the Pacific Rim National Park Reserveabout 15km further south.
With the foredune being mostprominent in elevation profiles W2 and E1 (seeFigure 20), a correlation
may be drawn to the observedKinnikinnick mat expansionin this area.As the duneincreasesn height,
the backdunebecomesincreasingly shelteredfrom prevailing winds. Such conditions may alsoinhibit
sandtransport landward of the duneridge, while growth remainsstableon the seawardside of the crest
under conditions of low erosion3°

Figure20 (A) Foreduneareaof transectW?2 and (B) foreduneareaof transectE1, both photographedfacing

easton Novemberl, 2025.

Accumulationin the foreduneareaindicatessandtrapping through roughnesslementslike vegetationor
log debris2Continuousrestorationeffortsin the form of removing overstabilizingbeachgraséAmmophila
spp) and recently occurring horsetail (Equisetumspp) in the foredune aim to achievea low level of
stabilization in which native plants can interact with their environment in a healthy way. Such a
relationship promotes the development of vertical topography while maintaining dynamic sand
movement, as the sand is moderately stabilized by buried roots, stems, and leaves from natural
vegetation3! The restoration activities are visible in the digital elevation changemodels as a dotted,
speckledred texture, indicating the removal of individual vegetationobjectsin comparisonto cohesive
ground-surfacechangesElevation value tables(seeAppendix E)indicate that foredunegrowth and sand
accumulationin the lee of the foredune occurred primarily during the two mostrecent periods,2022

2023and 2023 2025, suggestingestoration successk-urthermore, a consistent,and recently expanding,
patch of the very rare and endangeredPink Sandverbena(Abronia umbellatj has developedin the
foredune areaof the western flight section, adjacentto GCP4and transect W1 (seeFigure 21). This
population originated from plantings betweenW1 and W2 in 2013and 2014;other plantingswere also
conductedacrosghe SchoonerCovedune site between2012and 201548 This indicatessuitabledynamic
habitatin this area
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Flgure21. Presenceof Pink Sandverbenain the foreduneof the westerndune section.

Basedon the elevation profile lines from 2020to 2025 of transectW1, W2, E1, E2 conclusionscan be
drawn on the stagesthrough which a foredune has and will progressin an evolutionary sequence.
Comparingthe appearanceof the foredune section of the elevation profiles, H e s mdrgho-ecological
modelof establishedoreduneevolution?” allowsto deductthat the foreduneof transectE1lreflect astable,
gradually building dune,whereasE2 and W2 representthe courseof a stable,gradualerosionalforedune
with slight landward movement.Furthermore, the more flattened appearancef the elevation profilesin
E2isindicative of alower level of sandtrapping vegetationcover,sothat aeolianprocessearemore likely
to transportsandto higher partsof the dunesand over the leewardslopes’

Suchmulti-yearelevationprofilescan,like W1, alsorevealshort-term, substantiaimpactsof erosivehigh-

water events,which resultin apronouncedlossof sandfrom the foredune.This is visible, for example,in

the mostseveredrop in elevationin the westernsectionbetween2021and 2022with sandlossreaching
up to one meter, aswell asin the altered shapeof the elevation profile recordedin January2025.The

coastlineof the PacificRim is exposedo seasonallyhigh wind andwaveenergyevents,which canchange
the shapeof the beachand sandreservoirdrastically. Strongwinds especiallyfrom the SE,storm surges
and big swells mainly from WSW, lead to much steeperbeachesthroughout the winter months, the

erosionalperiod 22

Also, elevation change models of the periods December2020to October 2021 and October 2021 to

December2022aswell asDecember2023to December2024show a pronouncedlossin elevationin the

western foreshore and, to someextent, in the backshoresectian. Local historical weather data from

Environment CanadaStation, Tofino A, and correspondingswell reports recorded significant weather
eventsduring theseperiods.For example,in early January2021,one of the strongestgustson record (94

km/h from the northwest) occurredin combinationwith persistentsouthwesterlyswell over severaldays.
Similarly, in early April 2022,wind gustsreachedup to 84km/h from the westaccompaniedy high swell

conditions (seeFigure 22).2632Theseeventslikely contributed to sandlossin the incipient and foredune
zones primarily becausef storm surgesmpacting the more exposedvesternsectionof the dune system.
(Referto Appendix F for historical weatherdatacoveringall surveyperiods.)
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Figure 22 Averagegustspeedandwind direction for (A) December2020to Septembe2021and (B) October2021to November
2022.Datafrom Historical Climate Data, Station Tofino A, Governmentof Canadé?

When making long-term geomorphologicalassumptionsof the Schooner Cove dune system, it is

important to considerboth rapid, short-term, but alsogradualweatherdynamics,including the increased
likelihood of extremeeventssuchasstorm surgesandcoastaflooding, aswell asrelative seadevelrise,the

climate changedriven increasein sealevel relative to vertical land movement causedby postglacial
reboundandtectonic shifts. At the coastof British Columbia,the RLSRhasbeenestimatedat0.7mm/year
in contrastto 1 mm/yearglobally>. Basedn recordsfrom 1910to 2014the averagesealevelin Tofino fell

atarate of 12.4cm per century®. Thesefactorshavean overall impact, for instance,on beachwidth, sand
availability andthe effective distancefor onshoreaeoliansandtransport25

As thesepreviousexamplesdemonstrate the createdorthomosaicsand digital elevation changemodels,
combined with vegetation mat vector lines/areapolygons and profile diagrams,can be usedto make
informed statementsaboutthe geomorphologicakvolution of the Schoonerdunesand,in turn, help guide
restorationobjectives.

Understandingthe full range of factorscontrolling dune morphodynamics,like wind patterns,sediment
supply, vegetationcharacteristics hydrological trends, and beachdune mobility, requiresdetailed site-
specificanalyseswhich arebeyondthe scopeof this project. Instead,the next sectionfocusen discussing
the results and interpretations based on the accuracy assessmentand methodology, followed by
recommendationgor improving photogrammetricoutputsin future surveys

5 Discussion

This project aimedto evaluatethe suitability of basicphotogrammetricanalysisof drone imagery, using
orthophotos, digital surfacemodels (DSMs), DSMsof difference and ground control points (GCPs),to
detectand quantify changesn sanddistribution anddunedynamicsin the SchoonerCoveareaovertime.
Additionally, it seekdo assessegetationencroachmentin relation to thesegeomorphicprocessesyhile
consideringfactorsinfluencing DSM precisionandaccuracy.

For this purpose five orthomosaicsand digital surfacemodelswere generatedusingthe software Agisoft
Metashapeon the baseof data collected from drone-based photogrammetry surveys, which were
conductedat Schoonercoveoverfive consecutivefall-winter seasonbetween2020and 2025.All models
were georef@éencedto ensurecomparability incorporating a consolidatedconsistentset of five ground
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control points (GCPs).Then, an accuracyassessmenvasconductedfor both the orthomosaicsand DSMs
to evaluatetheir absolute relative, and positionalaccuracyaswell ascrossmodel congruency.

A comparativeKinnikinnick (Arctostaphylosuva-ursj encroachmentanalysighrough vector calculations
was carried out betweenthe model years2022and 2025in QGIS. For sandelevation changeanalysis,
rasterbasedelevationdifference modelswere createdto visualizechangesn sanddistribution and dune
morphology consecutively(e.g.,20202021,20212022, etc.) and cumulatively (20262025, 2021-2025,
etc.). To further quantify sand distribution in certain areasof the dune in alignment with areasof
Kinnikinnick lossor gain, four transectslines were placedthroughout the five DSMs then diagrams
createdand elevationvaluestaken every 1m.

As the interpretations in Section4.2 indicate, the DSMsof difference and transectdiagramsprovide a
useful basisfor assessinghangesin sand elevation and broader geomorphologicaltrends. They can
therefore be consideredvalid tools for evaluating regoration efforts. However, a critical assessmenf
accuracyand methodologyrevealscertain limitations that should be kept in mind when interpreting the
outputs.

When comparingsandelevationsin betweendifferent years,errors, for example,in the z coordinate of
two modelsimplies that the representedchangein sandelevationin the DSMsof differenceis not the
actualrealworld observation,but incorporatessystematicerrors created,inter alia, by discrepanciesn

alignment. Looking atthe RMSEZ value,givesanimpressionon how far the DSM elevationsarefrom the
true elevationchangewhile giving more weight to largeerrors,whereasthe AverageDifference Zvalue
showsto which level the difference mapover- or underestimateghe changeoverall on the baseof error
measurementsf the 5 control points?

Any comparisonsinvolving datafrom the drone survey donein December2020with the Mavic 2 Pro
indicate the highestmisalignment,for example,of 0.044mRMSEZ to the 2025model. Looking at transect
W1 andits elevationchange(seedAppendix E for tables)that would indicate that points alongthe transect
with a 0.044 m and smaller sand loss may not actually be a depletion, but rather none to a small
accumulation,for examplefor someof the points betweenmeter 6 and 21 from the forestmargin. Thisis
alo applicableto areaswhich experiencedsand deposition over the years, which may have, thus,
experiencedan evenhigher increase Overall detectedalignment errors havebeenvery minimal, though
with the highest vertical deviation of 0.047 m (RMSE) and horizontal deviation of 0.053m (RMSE)
recordedfor the model comparisonbetween201217and211007.

The particularly low error valuesobservedwhen comparingorthomosaicsand DSMs generatedfrom the
sameor comparabledrone model, in this case,the Phantom4 RTK (211007 231206) and Mavic 3
Enterprise(250118),underscorethe recommendationto either consistentlyusethe samedrone model or
carefully account for any changesin drone model when interpreting. Among other components,
differencesin satellite geometry,sensorsizeand quality, lens optics, shutter type, or the performanceof
the inbuilt GNSSsystemcan reduce matching accuracyFor example,the Mavic 3 Enterprisewith RTK
andahigher precisionGNSSmight give far better absoluteaccuracythan the Mavic 2 Pro using standard
GNSS Furthermore, droneswith mechanicalshutters, like the PARTK or M3E, canreducedistortion if
they fly overvariedterrain like dune ecosystemsn comparisonto electrical shutterslike in the Mavic 2
Pro. High quality cameraswith larger sensorsjike in the Mavic 3 Enterprise also reduce noise and
therefore improve tie-point matching when creating orthomosaics, especially in low contrast
environmentslike sanddunes?0:3
Differencesin image quality can also have an impact on vegetation mat expansionanalysisas the
delineation of vegetationedgesnayvary in precision.Besideghat, horizontal inaccuraciesvere minimal,
with an RMSEof 0.013m for the 2022modelrelative to 2025,suggestinghat the vector calculationsused
for the Kinnikinnick analysisare largely unaffectedby misalignments In terms of inaccuracyfor vector
delineationchallengegnainly arosethrough shadingresultingfrom alesssuitabletime of the dayin model
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221211 from someoccurring distortion in model 221211or from deadplant parts and low-resolution
making plant identification challenging.Usingother GISsoftwarelike QField,amobile appfor field data
collection, insteadfor mapping,would allow for viewing, collecting and editing spatialdatadirectly on
site. Furthermore, just drawing the Kinnikinnick vector lines might not identify the actualincreasein
vegetation as the line extensionor retreat d o e ssayartything about the increasein density of the
vegetation,asit is, for example,observedn the easternhalf of the middle section.

Overall, the low detectederrors suggest high level of comparability betweenthe modelsand confirm
the suitability of the method. However, they alsoindicate that photogrammetricoutputs are not reliable
for detectingvery smallchangesput rather for identifying more distinct variationsthat becomeapparent
over longer time periods. Besidesinherent inaccuracies,someof the representedchangeswithin the
modelsmay result from short-term weathereventsright beforethe datacollection rather than reflecting
the geomorphologicalprocessehat occurredthroughout the entire year. The SchoonerCovesanddune
andcoastakandecosystemi generalarehighly reactiveto weathercondition, sothat everydrone survey
and obtained elevation model can only reflect the state of a dune at a given point of time, while it may
have gone through multiple stagesof sedimentation and erosion and therefore elevation changes
throughout the year. It is thereforefrom interest,when interpreting short-term changesn the models,to
look at historic weatherdataspecificallyin the weeksbeforethe surveywasdoneandhow the relocation
of flotsamandlog debrisaswell assanddune restorationefforts like invasivespeciesemovalin the time
period betweensurveysmay haveimpactedthe sanddynamicsandtheir reflection in the digital elevation
maps.Therefore,if conditionsandbudgetallow, the number of drone surveysshouldbeincreasedo allow
for a more preciserepresentationof geomorphologicalchangesthroughout the year. Weather and sun
position on the survey day can also impact the photogrammetric matching through the creation of
shadowsand varying light conditions, so that choosinga consistentsurvey time when the sun is the
highestis recommended.

Besidedncreasingthe number of surveysthroughout the year, a regular survey time and consistently
usingthe sameor comparabledrone modelsasstatedabove,it is alsoimportant to ensureconstantsurvey
parametersacross/ears- including the flight altitude, overlap,flight path and camerasettings- to reduce
differencescausedby captureand not actual change.Not all of the parametersettingsof the pastyears
surveyscan be backtracked but the information available (seeTablel in Section3.2.1)reflectsthat over
time changedavebeenmadeadaptingto new drone systemswhich leadto smalldifferencesin the GSD,
altitude and number of picturestaken. The lower the GSD,the better the accuracyis when measuring
surfaceof different elevations.To increaseaccuracyit is, inter alia,recommendedo keepthe frontal and
sideoverlaphigh for complexsurveysites,at 80-90%, which increaseshe amount of imagery, GPSdata
taken for each pixel, key-point detection - like Ground Control Points - and tie-point matching
throughout the processingin MetashapeAgisoft. Furthermore, it would be beneficial to extent the
boundary of the flight areaadjacentto the GCPsat the forest margin, as areasin proximity to the
orthophoto edgeoften experiencedistortion.20.36

Not only consistencyin flight parametersout alsoprecisionin the RTK surveyingof ground control points
(GCPs)and checkpointsis crucial for successfupostprocessingand accurategeoreferencingof imagery.
Errors may arise,when targetsare not placedperfectly flat on the surface which canleadto inconsistent
rebar height measurementslependingon the surveyor. Further measurementdiscrepanciesnay occur
due to subjectivevariation when positioning the rover over the target or when determining the base
station height. For post processingf the imagery, it is helpful to removevegetationaroundthe targetsas
bestaspossible sothat oblique imagesfrom every direction picture the checkerboardtargetsaccurately
for mostefficient marker placementin Agisoft Metashape
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Thefactthat asandduneisadynamicsystemwhich goeghrough topographicchangesbringslimitations

to the ability to placefixed groundcontrol andcheckpoints.In general ahigher numberof groundcontrol

points and an even distribution covering different elevation acrossthe survey site result in better
alignment and greaterpositional accuracy’?’ The NevadaDepartmentof Transportationfound that using
four or fewer ground control points (GCPs)significantly reducesthe accuracyof orthophotos, whereas
increasing the number to more than five to ten provides minimal additional improvement3® An

experimentby SanzAblanedoetal. in 2018determinedthat the highesthorizontal accuracy(asquadratic
sumof the northing and eastingerror) canbe achieved,similar to the value of the GSD,when at leastone
GCPper35imagess placed? In the caseof the Schoonerdune site that would mean12-16 control points
insteadof 5. They alsoindicate that at aratio of 75imagesper GCP,vertical accuracydeclinesto roughly

3xGSDand horizontal accuracyto 2xGSD.This level of accuracycould be achievedby having around 6-

7 ground control pointsfor the imageryacquiredin the five surveyflights of this project. Overall, it is not

possibleto achieveavertical accuracythat approacheshe GSD,regardles®f the number of GCPsusedin

aproject3® Besidesncreasingthe number of GCPsthe placementof GCPsin the overlapareaof the two

flight areads beneficial3?

Exceptfor GCP 4, all control points were positioned more or lessalong a single line, which can be
attributed to the fixation of the targets with rebars in areasof low sand movement. However,
concentrating GCPsin specificareastoward the periphery or the center, aswell asleaving large gaps
between them, is generally considered an ineffective strategy. For example, SanzAblanedo et al.
demonstratedin their experimentsthat control points should be evenly distributed acrossthe entire
survey area,preferably arrangedin a triangular mesh pattern or in a configuration that minimizes the
maximum distanceto any GCP37 Further studiessuggesthat besthorizontal accuracyis achieved,when
ground control points are locatedaround the edgeof the study areawith a few GCPsplacedinside the
areain a stratified pattern to also optimize the vertical accuracy®® As explainedin Section4.1, true
accuracy cannot be measuredusing only ground control points. For the project method of aligning
multiple orthophotoswith a consistentsetof ground control points, it would be beneficialto be ableto
accesslataof a setof fixed checkpointsto quantify the instrumental error.

Due to the dynamic nature of the dunesand the restriction on placing more ground control and check
points, alternative ways of improving the accuracyof the data setsshould be explored. For example,
conducting RTK (Reat Time-Kinematic) surveysfor reaktime-correction of GPSdatavia connectingthe
drone RTK moduleto aNTRIP network via mobile connectionor using Relative RTK via connectingthe
drone to an RTK basestation and radio link. However, in that casethe coverageof the location and
opportunity of a stableinternet connection needsto be assessedilternatively PostProcessKinematic
(PPK)is anotherway of achievinghigh accuracygeoreferencingvithout needaconstantRTK connection
via softwarethat calculatescorrectedpositionsout of drone and basestation GNSSogs?®

For a more comprehensiveanalysisof the digital surfacemodels,the incorporation of additional factors
like vegetationdistribution and seasonalityand the location and movementof driftwood logsbetween
surveyyearswould have provided amore completeunderstanding.lt is likely that someof the observed
elevation changesareinfluenced by thesefactors.However, this level of analysiswasbeyondthe scopeof
the current project. To avoid the projection of vegetationand driftwood insteadof sandsurface the use
of digital terrain models(DTMs) rather than digital surfacemodels(DSMs)could be consideredfor more
preciseelevationchangeanalysis However,the creationof DTMs, which arebuilt only out of determined
ground points of a Structure-from-motion (SFM) point cloud, has been ruled out due to potential
discrepancieén the ability of the different drone sensoraisedto clearly detectthe ground surfaceaswell

asan photogrammetry-basedpoint cloud to detectandrepresentthe actualterrain.*
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The findings of this project provide the basisfor the following summary of practical recommendations
aimedatimproving the accuracyand efficiency of future drone mappingprojectsat SchoonerCovedune
restorationsite:

To Do To Do Bo Do Do Do Do o Do Do I

Usea consistentdrone model or accountfor modelchangesvhen interpreting results.
Increasethe number of drone surveys,if budgetand conditions allow, to better capture
geomorphologicachangeghroughout the year.

Maintain constantsurveyparametersaacrosghe years

Usethe lowest possibleGSDto improve surfacemeasuremenfccuracyacrosss/arying elevations.
Keephigh frontal and sideoverlap (80i 90%)for this complexsurveysite.

Extendthe flight areaboundaryadjacentto ground control points (GCPSs).

Ensureprecisionin RTK surveyingof GCPsand check points.

Usea higher number of well-distributed GCPscoveringdifferent elevationsfor better alignment
and positionalaccuracy.

PlacesomeGCPsin overlapareashetweenflight zones.

Establishand usefixed checkpoints.

Explorealternative accuracyenhancingmethods,suchasRTK or PPK,insteadof GCPs.
Considerusingdigital terrain models(DTMs) insteadof digital surfacemodels(DSMs)to avoid
projecting vegetationor driftwood insteadof the sandsurface.

For Kinnikinnick (Arctostaphylosuva-ursh mat analysisuseQField to view, collect, and edit
spatialdatadirectly in the field.

36



Acknowledgements

| would like to thank Mike Collyer, Parks Canada Geomatics Coordinatand lead for Coastal Sand
Ecosystem Restoration efforts at PRNPf®r providing this fantastic opportunity, and for his guidance,
time, invaluable feedback throughout this projealong with most of the field work and resulting drone
imagery and control data used for this projedtam also grateful to the Pacific Rim National Park Reserve
Resource Conservation Department for providing access to resources and facilities, and to the @emma
team for their assistance with field data collection.

I would like to express my gratitude to Nancy Shackleford for her professional advice and readiness to
answer guestions, as well as to Jessica Neal and Roger Stephens of the Department of Geography for their
geospatial teachings in the context of thifapping with Dronescourse.

| respectfully acknowledge that this research was conducted on the traditional, ancestral, and unceded
territories of the Tlao-qui-aht First Nation, and | honor the enduring relationship that Indigenous peoples
have with this land.

Finally, | extend my appreciation to my family and friends for their tireless encouragement and support
throughout this work.

37



References

1Baker,T., Vennesland R.,Lawn, P.,& Collyer, M. (2018). Restorationof CoastalSandEcosystemsn

the Coastof British Columbia SymposiumProceedingsRetrievedNovemberl7,2025,from
http://www.sccp.ca/sites/default/files/species
habitat/documents/Baker%20et%20al.%6202018.%20Restoration%200f%20CSE%200n%20the%20Coast
%200f%20BC%23%620Symposium%20proceedings%202017April2019.pdf

2PageN., Lilley, P.,Walker, I. J.,& Vennesland R. G. (2011). StatusReporton CoastalSandEcosystems

in Columbia(p. 56). RetrievedNovember17,2025,from
https://ref.coastalrestorationtrust.org.nz/site/assets/files/8906/canada_bc_201l_dune_status_report_on_co
astal_sand_ecosystems.pdf

3ParksCanadaAgency, G. of C. (2018,March 16). Sanddune restoration- Pacific Rim National Park
ReserveWww.pc.gc.ca RetrievedNovember17,2025,from https://www.pc.gc.ca/en/pn
np/bc/pacificrim/nature/restaurationrestoration/dunes

4Lemmen,D.S.,Warren, F.J. JamesT.S.and Mercer Clarke,C.S.L.editors (2016).C a n a Maides
Coastsn a ChangingClimate Governmentof CanadaQOttawa, ON, 274p.RetrievedNovember17,2025

38


https://www.sccp.ca/sites/default/files/species-habitat/documents/Baker%20et%20al.%202018.%20Restoration%20of%20CSE%20on%20the%20Coast%20of%20BC%20-%20Symposium%20proceedings%20-%2017April2019.pdf
https://www.sccp.ca/sites/default/files/species-habitat/documents/Baker%20et%20al.%202018.%20Restoration%20of%20CSE%20on%20the%20Coast%20of%20BC%20-%20Symposium%20proceedings%20-%2017April2019.pdf
https://www.sccp.ca/sites/default/files/species-habitat/documents/Baker%20et%20al.%202018.%20Restoration%20of%20CSE%20on%20the%20Coast%20of%20BC%20-%20Symposium%20proceedings%20-%2017April2019.pdf
https://ref.coastalrestorationtrust.org.nz/site/assets/files/8906/canada_bc_201l_dune_status_report_on_coastal_sand_ecosystems.pdf
https://ref.coastalrestorationtrust.org.nz/site/assets/files/8906/canada_bc_201l_dune_status_report_on_coastal_sand_ecosystems.pdf
http://www.pc.gc.ca/
https://www.pc.gc.ca/en/pn-np/bc/pacificrim/nature/restauration-restoration/dunes
https://www.pc.gc.ca/en/pn-np/bc/pacificrim/nature/restauration-restoration/dunes

from https://natural
resources.canada.ca/sites/www.nrcan.gc.calfiles/earthsciences/files/pdf/NRCAN _fullBook%20%20accessi

ble.pdf

5Mazzotti, S.,JonesC.,& Thomson,R. E. (2008). Relativeand absolutesealevel rise in westernCanada
and northwestern United Statesrom a combinedtide gaugeGPSanalysisJournalof Geophysical
Research113(C11) RetrievedNovemberl17,2025,from https://doi.org/10.1029/2008jc004835

6British ColumbiaMinistry of Environment. (2016)./ndicators of Climate Changefor British Columbia.:
2016Update Ministry of Environment, British Columbia,Canada.

7Eamer,J.B.R.and|.J.Walker. (2010. Quantifying sandstoragecapacityof large woody debrison
beachesising LIDAR. Geomorphologyl18(1-2): 33/ 47.

8 Governmentof Canada(2025). Speciesit Risk Public Registry. SpeciesSearchRetrievedNovember
17,2025,from https://speciesreqgistry.canada.ca/index
en.html#/species?sortBy=commonNameSort&sortDirection=asc&pageSize=10

9Heathfield, D. K., & Walker, |. J.(2011).Analysisof coastakdune dynamics,shorelineposition,
andlargewoodly debrisat Wickaninnish Bay, Pacific Rim National Park, British Columbia.
CanadianJournalof Earth Sciences487), 1185 1198.

10B.C.ConservationDataCentre. (2025. BC Speciesand Ecosystem&xplorer.

BC ConservationDataCentre: ConservationStatusReport. Abronia latifolia

yellow sandverbena.B.C.Minist. of Environ. Victoria, B.C.RetrievedNovember17,2025,from
https://a100.gov.bc.ca/pub/eswp/

1parksCanadaAgency.(2018). Reporton the Progresf RecoveryStrateqylmplementation for the
Pink Sandverbena(Abronia umbellata)in Canada2018- 202.2). Governmentof Canada.

2ParksCanadaAgency.(2017). Multi -speciesaction plan for the Pacific Rim National Park Reserveof
CanadgSpeciesit Risk Act Action Plan Series)Governmentof Canada.

3Darke, I. B., Walker, 1. J.,& Hesp,P. A. (2016).Beachdune sedimentbudgetsand dune
morphodynamicsfollowing coastaldune restoration, Wickaninnish Dunes,CanadaEarth Surface
Processeand Landforms,44(10),137Q 1385.RetrievedNovember17,2025,from
https://doi.org/10.1002/esp.3910

4Eamer,J.B.R.,Darke,l. B.,& Walker, I. J.(2013). Geomorphicand sedimentvolume responsesfr a
coastablune complexfollowing invasivevegetationremoval.Earth SurfaceProcesseand Landforms
38(10), 1148 1159.RetrievedNovember17,2025,from https://doi.org/10.1002/esp.3403

SWalker, I. J.,Eamer,J.B.R., & Darke,|. B. (2013).Assessingignificant geomorphicchangesand
effectivenesof dynamic restorationin a coastallune ecosystermGeomorphology 199 192 204
RetrievedNovember17,2025,from https://doi.org/10.1016/j.geomorph.2013.04.023

39


https://natural-resources.canada.ca/sites/www.nrcan.gc.ca/files/earthsciences/files/pdf/NRCAN_fullBook%20%20accessible.pdf
https://natural-resources.canada.ca/sites/www.nrcan.gc.ca/files/earthsciences/files/pdf/NRCAN_fullBook%20%20accessible.pdf
https://natural-resources.canada.ca/sites/www.nrcan.gc.ca/files/earthsciences/files/pdf/NRCAN_fullBook%20%20accessible.pdf
https://doi.org/10.1029/2008jc004835
https://species-registry.canada.ca/index-en.html#/species?sortBy=commonNameSort&sortDirection=asc&pageSize=10
https://species-registry.canada.ca/index-en.html#/species?sortBy=commonNameSort&sortDirection=asc&pageSize=10
https://a100.gov.bc.ca/pub/eswp/
https://doi.org/10.1002/esp.3910
https://doi.org/10.1002/esp.3403
https://doi.org/10.1016/j.geomorph.2013.04.023

8Darke,l. B., Walker, 1. J.,& Hesp,P. A. (2016).Beachdune sedimentbudgetsand dune
morphodynamicsfollowing coastaldune restoration, Wickaninnish Dunes,CanadaEarth Surface
Processeand Landforms 41(10), 137Q 1385.RetrievedNovember17,2025,from
https://doi.org/10.1002/esp.3910

17Stephen,R. (2024,November).Mapping with Drones2. Moadule 3, Ground Control Surveyingfor
Drone Mapping [Classlecture]. Faculty of SocialSciencesDepartmentof Geography[University of
Victoria]

18Pix4D. (2025). What is the relative and absoluteaccuracyof drone mapping Pix4d.com.Retrieved
November17,2025,from https://support.pix4d.com/hc/ernus/articles/202558889

19Mead,P. (2025,Februaryl1l). RTK, Ground Control Points, and GPSaccuracyexplained.GeoNadir
RetrievedNovemberl7,2025,from https://geonadir.com/rtkexplained/

20Drone Deploy. (2025,January).How accurateis my map DroneDeploy.com.RetrievedNovemberl7,
2025,from https://help.dronedeploy.com/hc/erus/articles/150000496406Row-Accurate-is-My -
Map#:.~:text=With%20added%20GCPs%20and%20Checkpoints%2C%20you%20can,Higher%20resoluti
on%20imagery%20will%20produce%20better%20data

2iDrone Deploy. (2024,May 10). When should! useGCPsvs RTK/PPK DroneDeploy. Retrieved
November17,2025,from https://help.dronedeploy.com/hc/erus/articles/2288515994946B/hen-
should-1-use GCPsvs RTK-PPK

2Mackinnon, A., & Pojar,J.(2016). Plantsof CoastaBritish Columbia.Including Washington, Oregon
& Alaska.(p. 67).PartnersPublishing.

23British Columbia.Ministry Of Environment, & British Columbia.Ministry Of ForestsAnd Range.
(2010). Field manualfor describingterrestrial ecosystemsp. Vegetation9). B.C.Ministry Of Forests

And Range RetrievedNovember17,2025,from https://www?2.gov.bc.ca/assets/gov/environment/plants
animalsand-ecosystems/conservatiedata
centre/field_manual_describing_terrestrial_ecosystems_2nd.pdf

2Neal,J.(2024,November). G/S Skills and Mapping [Classlecture]. Faculty of SocialSciences,
Departmentof GeographyUniversity of Victoria]

Carson,T. (n.d.). SandDuneson the QueenCharlotte Islands.EcologicalReservegollection, Rose
Spit(39).Governmentof British Columbia.RetrievedNovember17, 2025,from
https://nrs.objectstore.gov.bc.ca/kuwyyf/rose_spit_Sand_Dunes_425222e53e.pdf

26BeaugrandH. (2010). Beacf#iune morphodynamicsand climate variability impactson Wickaninnish
Beach,Pacific Rim National Park ReserveBritish Columbia, Canad RetrievedNovemberlz, 2025, from
https://www.collectionscanada.gc.ca/obj/thesescanada/vol2/BVIV/BRIV -3032.pdf

27Hesp,P. (2002).Foredunesand blowouts: initiation, geomorphologyand dynamics. Geomorphology
481-3), 245 268.RetrievedNovember17,2025,from https://doi.org/10.1016/s016%55x(02)001848

28Swell Archive. (2025a).Long Beach.Historical Surf Report SwellArchive.com.RetrievedNovember
17,2025,from https://swellarchive.com/historicalsurf-report/longbeach/116

40


https://doi.org/10.1002/esp.3910
https://support.pix4d.com/hc/en-us/articles/202558889
https://geonadir.com/rtk-explained/
https://help.dronedeploy.com/hc/en-us/articles/1500004964062-How-Accurate-is-My-Map%2523:~:text=With%252520added%252520GCPs%252520and%252520Checkpoints%25252C%252520you%252520can,Higher%252520resolution%252520imagery%252520will%252520produce%252520better%252520data
https://help.dronedeploy.com/hc/en-us/articles/1500004964062-How-Accurate-is-My-Map%2523:~:text=With%252520added%252520GCPs%252520and%252520Checkpoints%25252C%252520you%252520can,Higher%252520resolution%252520imagery%252520will%252520produce%252520better%252520data
https://help.dronedeploy.com/hc/en-us/articles/1500004964062-How-Accurate-is-My-Map%2523:~:text=With%252520added%252520GCPs%252520and%252520Checkpoints%25252C%252520you%252520can,Higher%252520resolution%252520imagery%252520will%252520produce%252520better%252520data
https://help.dronedeploy.com/hc/en-us/articles/22885159949463-When-should-I-use-GCPs-vs-RTK-PPK
https://help.dronedeploy.com/hc/en-us/articles/22885159949463-When-should-I-use-GCPs-vs-RTK-PPK
https://www2.gov.bc.ca/assets/gov/environment/plants-animals-and-ecosystems/conservation-data-centre/field_manual_describing_terrestrial_ecosystems_2nd.pdf
https://www2.gov.bc.ca/assets/gov/environment/plants-animals-and-ecosystems/conservation-data-centre/field_manual_describing_terrestrial_ecosystems_2nd.pdf
https://www2.gov.bc.ca/assets/gov/environment/plants-animals-and-ecosystems/conservation-data-centre/field_manual_describing_terrestrial_ecosystems_2nd.pdf
https://nrs.objectstore.gov.bc.ca/kuwyyf/rose_spit_Sand_Dunes_425222e53e.pdf
https://www.collectionscanada.gc.ca/obj/thesescanada/vol2/BVIV/TC-BVIV-3032.pdf
https://doi.org/10.1016/s0169-555x(02)00184-8
https://swellarchive.com/historical-surf-report/longbeach/116

2Swell Archive. (20250. Long Beach.Surf SpotStatistics SwellArchive.com.RetrievedNovemberl7,
2025,from https://swellarchive.com/surfspot statistics/longbeach/116/october/

s0Wootton, L., Miller, J.,Miller, C.,Peek,M., Williams, A., & Rowe,P. (2016). New JerseySeaGrant
ConsortiumDune Manual(p. BasicDune PhysicalCharacteristicpp4-11). New JerseySeaGrant
Consortium.

31Flynn, S.,Cadrin, C., Columbia.,B., & Columbia.,B. (2006). CoastalSandDune Ecosystemsn British
Columbia Governmentof British Columbia.RetrievedNovemberl17,2025,from
https://www2.gov.bc.ca/assets/gov/environment/planggimals and-ecosystems/speciescosystemst-
risk/brochures/coastal_sand_dunes_ecosystems.pdf

32Environment and Climate ChangeCanada(AccessedNovember10th, 2025. Daijly climate datafor
StationID 52960(Tofino A), British Columbia Governmentof CanadaRetrievedNovemberl17,2025,

from https://climate.weather.gc.ca/climate_data/daily data_e.html?hlyRange=20043%7C202504-
27&dlyRange=20180-29%7C202504-
27&mlyRange=%7C&StationID=52960&Prov=BC&urlExtension=_e.html&searchType=stnName&optLi
mit=yearRange&StartYear=1840&EndYear=2025&seilRerPage=25&L ine=2&searchMethod=contains
&txtStationName=tofino&timeframe=2&Day=1& Year=2025&Month=1#

33 Agisoft LLC. (2019).Agisoft MetashapelUserManual: ProfessionaEdition, Version 1.5 Retrieved
Novemberl17,2025,from https://www.agisoft.com/pdf/metashap@ro_1 5 en.pdf

34Pix4D. (2025).Reprojectionerror - PIX4DmapperHttps://Support.pix4d.com/RetrievedNovember
17,2025,from https://support.pix4d.com/hc/en
us/articles/202559369#:~:text=1{%20the%20p0int%20is%20reprojected,or%20equal%20t0%200ne%20pi
xel.

35DJI. (2025). ConsumerDrones ComparisonDji.com. RetrievedNovember17,2025,from
https://www.dji.com/ca/products/comparisorconsumerdrones

36Stephen,R. (2024,September)Mapping with Dronesl. Module 3, Drone Mission and Flight Route
Planning [Classlecture]. Faculty of SocialSciencesDepartmentof Geography[University of Victoria]

37SanzAblanedo,E., Chandler,J.,RodriguezPérez,J.,& Ordonez,C. (2018).Accuracy of Unmanned
Aerial Vehicle (UAV) and SfM PhotogrammetrySurveyasa Function of the Number and Location of
Ground Control Points Used RemoteSensing 1010),1606.RetrievedNovember17,2025,from
https://doi.org/10.3390/rs10101606

38Pix4D. (2018).D0 more GCPsequalmore accuratedrone maps Pix4D. RetrievedNovember17,2025,
from https://www.pix4d.com/blog/GCRaccuracydrone-maps/

39Pix4D. (2025).Processingargeprojectswith PIX4DengineServer Pix4d.com RetrievedNovember
17,2025,from https://support.pix4d.com/hc/enus/articles/360000235986?utm_source=chatgpt.com

40Martinez-Carricondo,P., AgliieraVega,F., CarvajatRamirez,F., MesasCarrascosd; -J.,Garcia
Ferrer,A., & PérezPorras,F -J.(2018).Assessmemf UAV-photogrammetricmappingaccuracybased
on variation of ground control points. International Journalof Applied Earth Observationand
Geoinformation, 72 1i 10. RetrievedNovember17,2025,from https://doi.org/10.1016/j.jag.2018.05.015
41



https://swellarchive.com/surf-spot-statistics/longbeach/116/october/
https://www2.gov.bc.ca/assets/gov/environment/plants-animals-and-ecosystems/species-ecosystems-at-risk/brochures/coastal_sand_dunes_ecosystems.pdf
https://www2.gov.bc.ca/assets/gov/environment/plants-animals-and-ecosystems/species-ecosystems-at-risk/brochures/coastal_sand_dunes_ecosystems.pdf
https://climate.weather.gc.ca/climate_data/daily_data_e.html?hlyRange=2014-10-23%7C2025-04-27&dlyRange=2018-10-29%7C2025-04-27&mlyRange=%7C&StationID=52960&Prov=BC&urlExtension=_e.html&searchType=stnName&optLimit=yearRange&StartYear=1840&EndYear=2025&selRowPerPage=25&Line=2&searchMethod=contains&txtStationName=tofino&timeframe=2&Day=1&Year=2025&Month=1
https://climate.weather.gc.ca/climate_data/daily_data_e.html?hlyRange=2014-10-23%7C2025-04-27&dlyRange=2018-10-29%7C2025-04-27&mlyRange=%7C&StationID=52960&Prov=BC&urlExtension=_e.html&searchType=stnName&optLimit=yearRange&StartYear=1840&EndYear=2025&selRowPerPage=25&Line=2&searchMethod=contains&txtStationName=tofino&timeframe=2&Day=1&Year=2025&Month=1
https://climate.weather.gc.ca/climate_data/daily_data_e.html?hlyRange=2014-10-23%7C2025-04-27&dlyRange=2018-10-29%7C2025-04-27&mlyRange=%7C&StationID=52960&Prov=BC&urlExtension=_e.html&searchType=stnName&optLimit=yearRange&StartYear=1840&EndYear=2025&selRowPerPage=25&Line=2&searchMethod=contains&txtStationName=tofino&timeframe=2&Day=1&Year=2025&Month=1
https://climate.weather.gc.ca/climate_data/daily_data_e.html?hlyRange=2014-10-23%7C2025-04-27&dlyRange=2018-10-29%7C2025-04-27&mlyRange=%7C&StationID=52960&Prov=BC&urlExtension=_e.html&searchType=stnName&optLimit=yearRange&StartYear=1840&EndYear=2025&selRowPerPage=25&Line=2&searchMethod=contains&txtStationName=tofino&timeframe=2&Day=1&Year=2025&Month=1
https://climate.weather.gc.ca/climate_data/daily_data_e.html?hlyRange=2014-10-23%7C2025-04-27&dlyRange=2018-10-29%7C2025-04-27&mlyRange=%7C&StationID=52960&Prov=BC&urlExtension=_e.html&searchType=stnName&optLimit=yearRange&StartYear=1840&EndYear=2025&selRowPerPage=25&Line=2&searchMethod=contains&txtStationName=tofino&timeframe=2&Day=1&Year=2025&Month=1
https://www.agisoft.com/pdf/metashape-pro_1_5_en.pdf
https://support.pix4d.com/
https://support.pix4d.com/hc/en-us/articles/202559369#:~:text=If%20the%20point%20is%20reprojected,or%20equal%20to%20one%20pixel.
https://support.pix4d.com/hc/en-us/articles/202559369#:~:text=If%20the%20point%20is%20reprojected,or%20equal%20to%20one%20pixel.
https://support.pix4d.com/hc/en-us/articles/202559369#:~:text=If%20the%20point%20is%20reprojected,or%20equal%20to%20one%20pixel.
https://www.dji.com/ca/products/comparison-consumer-drones
https://doi.org/10.3390/rs10101606
https://www.pix4d.com/blog/GCP-accuracy-drone-maps/
https://support.pix4d.com/hc/en-us/articles/360000235986?utm_source=chatgpt.com
https://doi.org/10.1016/j.jag.2018.05.015

41 StephenR. (2024,September)Mapping with Drones1. Module 5, Metadata,DataManagemeniand
Intro to QGIS[Classlecture] Faculty of SocialSciencesDepartmentof GeographyUniversity of
Victoria]

42 Tla-o-qui-aht First Nation (2024) Fortieth Anniversary Tribal ParksDeclaration RetrievedNovember
21,2025,from
staticl.squarespace.com/static/559af7c4e4b06c1fb86fd8f5/t/675¢c7625a721200351b85b91/1734112805811
[Fortieth+Anniversary+Tribal+Parks+Declaration.pdf

43de Freitas, J. G. (20254 Global Environmental History of Coastal Dune3 aylor & Francis Retrieved,
November 23, 2025, fronttps://doi.org/10.4324/9781003317388

44 Hesp,P. A., & Hilton, M. F. (2013a).Restorationof Foredunesand Transgressivéunefields. Case
Studiesfrom New Zealand RetrievedNovember23,2025,from https://doi.org/10.1007/9783-642
334450 5

45 Massarelli,C.,CampanaleC., & Vito FeliceUricchio. (2023).Monitoring of CoastalDunesand
Lagoonsimportant Ecosystemso Safeqguard Environments 1012),211 211.RetrievedNovember23,
2025,from https://doi.org/10.3390/environments10120211

46 Hilton, M., Macauley,U., & Henderson,R. (2000)./nventory of New Z e a | #etive ®snelands
Departmentof Conservation.

47 Hesp,P., & DaSilva,M. (2024).Coastaldunesareretreating assealevelsrise - our researchrevealsthe
acceleratingrate of change. 7he ConversationRetrievedNovember23,2025,from
https://doi.org/10.64628/aa.adgeh7nry

48 ParksCanadaAgency.(2023. /mplementation Report: Multi -speciedAction Plan for Pacific Rim
National Park Reserveof Canadga2017i 2022).Speciesit Risk Act Action Plan SeriesParksCanada
Agency, Ottawa. RetrievedNovember23,2025,from
https://publications.gc.ca/collections/collection_2024/pc/CW&B1-33-1-2023 eng.pdf

Appendixes

Appendix A

Orthomosaics2020i 2025

42


https://static1.squarespace.com/static/559af7c4e4b06c1fb86fd8f5/t/675c7625a721200351b85b91/1734112805811/Fortieth+Anniversary+Tribal+Parks+Declaration.pdf
https://static1.squarespace.com/static/559af7c4e4b06c1fb86fd8f5/t/675c7625a721200351b85b91/1734112805811/Fortieth+Anniversary+Tribal+Parks+Declaration.pdf
https://doi.org/10.4324/9781003317388
https://doi.org/10.1007/978-3-642-33445-0_5
https://doi.org/10.1007/978-3-642-33445-0_5
https://doi.org/10.3390/environments10120211
https://doi.org/10.64628/aa.adgeh7nry
https://publications.gc.ca/collections/collection_2024/pc/CW69-21-33-1-2023-eng.pdf

Appendix B

Protocol for GeneratingComparableOrthomosaicsand Digital SurfaceModelsfor
the SchoonerCoveDune RestorationSite Using Agisoft Metashape

43



