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ABSTRACT

Il n northeastern Alberta, Canada, the Peace
UNESCO Worl-de Hegmnataged wetl|l and compl-beiwmgtal f
of the Indigenous clommiumiig i ®tsudy,sirdaeavegted heeres
used to understand t lwe tdhhanadwes (RAME pasvte foawru
I nitially, | i dar dat a hwa gy ht saoddainbgeetqtuearn t u f d/e rvs
NDVI (Normali sed Dif ftaresmrdcse al\tergoestaanilrasha sl. nsduerxv)
These fwemehapgsltiozddt er preeti veadanadedted @t i @amne wat
trends acr ossBethwee eentl O 8MDRAMde n2d0 2&2nal ysi s 1 n
greening along ecotones sumatoomdi ngacpemphade
noticeable drying patteRuwrstahiewi,gphefiscaafacdr wiar
spanning 18MmMe dros 2t0D 3have belenENNI RtvieatlTende by t
overall aver apeegoednidPoOGI r AOODO 2.1 m/yr. anc
respeclthievelew.ere dsyion¢g apmpeeanrgsatthmthave ahdere
patter of veget®bsodedTB@EMmoestesreceBB0lPpetood
202v2 8l sotea bfloorb stenreved high lldvelhe PADOSuUDPdgani we
vegetati oncewmtviemueanoesilsfrgeamer al decewpebted to
commens wmrcasteasahe ub cover. Me adreiveihle d es o wcteltrdran nr e g
ar oMadna wi Lake, couluce hecdme awe tsteealr changes i
Whifl leo oadv enagtesx petc o edtti meareeg i leamb @ hie asn d stchaep e
extteohi chRRARX amettud ths st olr &8 @@ édafse r sii Ivam@a t

r e mavinncse.r t ai n
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ChaptBor dal Wetl and Remote Sensing

l.l1Introduction
The gl obal environment i's undergoing unpr e

human activities exerting proé¢tLteemanismplances s . on

suckgi®onthe Peace At habasca Delta (TPAD)RAD oicsat
designated a wetland of international I mport a
conventions, underscoring its ecological sign

species, and comeirmduafi omu m@Rd d@aTweehnlttiicens, 201

Numer ousnosttlued i cersi t i c al interplay between ve
and hiumdwmced modi ficaFiehd &b atosy88b0Déms Fol e)

20Q00)The I ntergovernment al Panel on Climate ClI

—

hreats posed by cli mat eacoman @ é6d nnadiyp i@ engt eoZ it Bhe |

on biodiversi t(yMaaBaelnrmactotseg seermal .t,he2 xDIn)t e xt C

(7]

t udtyhceoghnect i omlsi haettawdd necosystemneespoensg as

step in undeterandiang its | ong

Human activities, ranging from resource ext
chall enge faced KfYyodyrwyamitclamciols OMAAMNS a regi or
bwpstredmstrial (Hevkeyopment s, 2010, Schindl er
2013)t he study of vegetation trends becomes a
needs with environmental sustainability. This

t heedvanced toefecihmioldirodgetehdaannddnsiasts i on opt i ctad I ma (



contribute to both scientific understanding

ecol ogi cal bal ance of the area.

1. 1. Environment al Characteristics of the Pe
The &ADacrosmpd xxanseseeaf f oiesatn,d Weabkhessa det al

Schindler & Donahue, Th@O&; rTiumprdya,r i BhlkXx)al bi

t he most extengilwdboodgeosi gmati camegi ons. Enc
expanse in North America and Eurasi a, It feat
| ak(eBsr andt, wWeobDa@pds are areas where wsadielr i s

sat urvaetgieotna,t i on and (eMiotlogh c& |l Gpg wanleisele,$ ak@®Is5 )i
open water bodies with a defined basin or dep
t han wetl ands, and thWar ceomté&a i fiu Twead ,eFA B Ei7agr nroot |
a geographical entity Bytsbd& mekymdmigdé carn d pirrotcers

an array of flora and fauna c¢ ov(eTriimogn eayp, p r200xLi3m

The environment al attributes of the PAD are
its hydrological pat(tTemonegndlRdO0O®elr sa erpgetate
variations in water | evel s, influenced by f ac
activities. These fluctuations create a mosai
riparian zomed, odovteersing m@aind providing cruci

spec¢iTesnoney, 2013)

112 Uniqgue Challenges and Vulnerabilities

The PAD is not i mmune to the profound change
gl obal air temperatures rise and climate patt
that threaten iIits delicate balltasmrcaet.i oOneofofh yd



regi mes, a consequence of <c¢climate change that

within (tPhreo wdseel teat al ., 2006a)

The r egi onmmpiads yfeudrtthhnegessann acti vities, notably
extracttiionti easgi li nisadi@®imn oandesy , iy @éd @9 | dogail caanlc e
of the PAD faces disruption due to changes I
introduction of pollutants I|inked to various
agricultundl maoeyyviTtie®8®) alterations not onl vy
equilibrium of the delta boitohd@kcto hpasas cdal I g
compl ex inter.cofwmrtchedmgnyda,atemon and managemen
cruci al role in inflwamdciang otnlse i(PBdI'ptsaacdesy dhdn ab ait
2023; Peters & Prowset hwd 0dlg mpra tmmehletyyg @r0 2ilnt e

the threats podadc dboutsienitthirep.ogeni c

Climati c tcihBonrgeeasl iznhone have resulted in <c¢h
ecosystems, i ncluding transition to shrubs; 1
wetl ands to shrubs can (iSnicm eeats,ea heocywoesybsit 9e)nt hpirso
acceltehteataemsi ti on t o( Ldermaeyr eetcOdhlgsee@d®D8B8pnal C
underscor e t he compl ex interplay bet ween c |
emphasizing the need for a nuanced wundersta
management strategi es. E c od roantail o ncsh ainrget hee f &1 &
bet ween distinct €EEoOpwgi&kc &lansharmnvze@iGO i)@efs ecot o
include shifts in c¢climate-upat tcehramsg,e sh a baintdatal
ecol ogi cal di sturbance regi mes. Cli mate <chan

di stribution of taaoget eamas pa e ca igriEtvtadnispe& gBa totwerr, n



Hupy & Yansaduma@GO@xtivities such as urbaniza
expansion can disrupt natur al ecotones, l eadi

(Gol dblum & Rigg, 2010)

The ecotonal changes observed in Boreal =ecos

activities can e«ihtlhernt amryemmamant ealntser at i ot

(val k, Z@0®) ecotonal changes may result in pe
composition, establishing a new equilibrium u
Il n contrast, ot her changes may ofddlcl ofw uay alaita :

environmefwval kf abd®pstanding the dynamics of
l asting or <cyclical, -tiesrmssecnltoaqicadalori nppraecdti sc

adaptive conservation strategies.

The combined i mpact of c¢climate change and
chall enges for the PAD, concurrently affecti
Chi pewyam,e whmdricately connected to the del't
cul tur alThpr actsiudéeés.ng changes i mpact the acces

critical to the sustenance of I ndigenous comm

-

epercussions fwhrerteheioenmiis rexregiand ecosyste

ser v(iCheaspi n et al ., 2004)

1.2 Li Revatwr e

1. BoXxeal Wetl ands

Accor dMintgsctho and Goststed i mtkf i(Qi0dl5)def i ni ti on
ALand that i's saturated with water |l ong enou

indicated by poorly drained soil s, hydrophytdi
4



which are adapted to a wet environment. o Canae
kil ometers of wetlands, encompassing 13% of t

t he gl obal wetl and (Waremers&tRalfdeembd@®7)abdbday

these wetl ands includes various species of sec
|l i ke black spruce and tamarack, provi(dimmg hess
et al., 2007)

Wetl|l ands exhibit significant productivity ar

On a | ocal |l evel, wetl ands offer provisions,
filter for contaminants, ageaidnanenft| aedieng.oi Tlse
essenti al wildlife habitats, recreational spa

abundant with wetlands contribute to the regu
provi di ngr hmibgrnattorfy speci es, bot h wiGtaHilmnd¢ on
2015)Additionall vy, Bor eal wetl ands play a piyv

significant carbon sifikanaidehinethal Bor @81041I a

The exploitation of resources | ike oil, gas
a variety of I|IBomedactcapweSchhaddes i&n DAhadueon@ 0@
hi glwastmi ages is reported inBoheal zv8bhashda &i |
Kochtubajdlai ma2t0ed 99 hange has exerted significa
geomor phol ogi cal aspects of Boreal ecosystem:
particularly sensitive as they exi st ebfeotrwee en
dependent on vertical and horizontal vaniatio
Boreal wptl ahdsPADt hem fp@amrmatciudmmyr ,expansion, ar
cruci al phases in the hydr oBepbt aat .e yklhoko.dfihnagd

5



plays a <critical role in sustaining riparian

successional pl ant communiti éSchiodleri.&g SemoHd
Additionally, snow accumul ation pl a(yNse wat ovni teatl
al .,.D2@¢16)Ning snowpacks and earlier snowmel't
average annual streamfl ow and cdWwPsi negt eaar.l,i e2
Concurrently, per maf rtolsaw tphraonc eengde ss eaarseo nall t & rri

surface and groundwatE@Chddmers & nHa hleises @T, 053G

2014; Pi .et al ., 2021)

Boreal wetl ands are shaped and spusetcaipnietdath
exceeds wevapotran(shiarsanteironetmoldt n eyteddlddxas , con
climate changes have the potential to drive t

ratft€hasmer & HopkWendemduk@t Flon is tightly int
hydaloi mat ol ogy, pamteieculpatlayi bactevapotranspi
and groundwater recharge. Consequentl vy, even
substanti al effects on wetl ands, particul ar/|l
surpasstatipomrcompiduring periods characterized
wet ObMewal e et.Ahl . t heé®e9rhanges have |l ed to o
(extended growing season), faster growth, and
shrubl ands or bigger and denser shrubs) in Bol

climate, hydrol oyly koanencat bami.tcly QO &8i; kK My20 8 )

1.2.2 Previous Studies on Vegetation Trend:
A comprehe+#tsliavee aamdlwpi s of vegetation tren
The earliest vegetation study usi ng( Wiarkdwaate i

6



& Howarth, 1981; wWMicckhwawaea,r alcoh7/an)ge det ecti on a
the capabilities of Landsat Tdiamhoan @ yu §ralpQGi)mg atgl
air photos from 1927 to 2001 (not perfectly o
cover in the PAD and repBehepdt inhoDamuBseaninhet ticthh @ n
Dam changes. They ment iboontend ttrheantd se,v ad nuda t pi antgt ecr
sc aleggenidiemaney and ahAMgmené 2 amwd &a) field trar
PAD between 1993 and 2001 to find the tempor s
flooding and drying and the factors influencir
as a result oft-ofaltoeo WHOPYPdseemet bpmemntd of woody w
wildfires, and a general decline in the spati
a dryi@@fgi moreay, C@2®tLi3Nuing these trends may | ea
in the PAD and vegétnhaei iydspebtyeéscwith | and s
wi |l | ows ) RoevceerPtetltiynmes. etusabe.nt(i h@®@20)2B 1 magery a
September 2019 and |lidar in September 2013 to
empl oying cl| wmetaenrs )gndlhyeyi grokKiped a few input

to describredtiher iveaont &lalstaructure of the groul

On the contrary, there are many research si
changing in similar ecosystems acr o$&n cherzad a
Pinillos asmmtalalz.ed( 200222) from 6876 per manent pl o
Canadi an Boreal zone tionteevnasliutayt ed rhoouwg hrtesc uirn peanct

Their findings demonstrat ed nttheants itdlyd idfonyes gcuoenrdt
more pronounced i mpact on forest mortality c¢

within the plot. Conversely, i n mi xed for est



conditions had a mini naSI§8niPrhmadtl osn. Mo kdet @O
(20Rdported t-ihmduced eghi fftigsgein dominant pl ant
combustion of soil carbon over decades in Al a

from-gsrlooww ng bl ackr swirrugc ed d i draesees. br oadl eaf

Berner and aGoeet £ our@222)hat greening (increas
more prevalent than browning (decreased spect
North America and was predominantly observed
ntrogen and moderate summer warming. Meanwhil e
peripheries of the Boreal forest and major f or

in densely treed areas exfdedreiremreai reg wvadr. mer2 0a&2r0

Given the diverse responses of species to

increase in abundance while others wildl i kel
changes in their structural gbmp bei tdicp.l aOCedr
latitettevabiradms ti onal | vy, rare species characHt

susceptible to |l ocdlMedrn | éwemwngiadlbgl d®®t0i)nc sho
anticipated to accelerate Arctic warming by
evapotr ankBrpageart i ofrmlaller, KHOrivimy ef fectively tra
winter ground temperatures, and nutrient mi n €
encourages more shrub expansi on. Her bi vore po

componsictaiussed by( Bhasudr sdéhtadalng, 2014a)

Air temperature plays a key role in shaping
influences the major(iDuysemfgebied |l ad irceaslp 0mr8dgec e sos
temperatures, photosynthesis and plant plus m

8



However, at el evated air tempemiapaocteded rebpi et

al .,. 1868M3equentl ygoulcd i cnathreiegcghearimilgae phase of ne
from the | and into the atmosphere. Enhanced s
growth in arid ecosystems and increase carbon

|l owl and tundr ah.anQn twae eat hsearess coul d become

(Melillo.et al., 1990)

1.3 Research Methodol ogy

1.3.1 The Study Area

I n northeastern Al berta, Canada, the PAD i s
by t he Ramsar and UNESCO Worl d Heri tage co
significance, uni que role in provoinditnog -thhaeb i wes
being of humé&éRamseamConverfToday 20%60f the PAD
Wood Buffalo National Park (Fiogur €hl . pkwyahhe nr
the northwest shore of Lake Athabasca, have h
travel and sustenance through fishingTheéunti
Hyl toni h2@23)leond andd itchenous memnbmemesne alyed t hat th
witnessed the i mpact of war mi ngsawidheer ssobr &
connection to the outside worl d. They have g
wildfiresjl wbhgEBot heLlnn pedvgdani n smoke for week:
t hey have aeunpseertitelnicnegé tdeerc [lienveel s and the deter
their comanumriduwndhidtdgyfle on, TRBO6228) adversities ca
mul ti pliencdwomead f actors: clriinvaetre fcldhaaw grtee g i@ enrair ra

and notably, Fort Chipewyan's vulnerable posi



The PAD is approximately half covered in wa
ponds, marshes, peatlands, meadows, and shrub

in the hi(dghhewonenfdaumdddEeIagROdB8i)mately classifie

zones of vegetati on, including AForest o, ATh,;
AOpen Watero (aquatic), al ong an el evation art
highest el ewgtdows &a&aobpdtmoevkets and savannahs,
vegetation at the | owest elevations (Table 1.

N

A

Lake
Athabasca

Mamawi

Lake Claire Lake

Richardson
Lake

Ma'mmga

-
A“,an{ 20
1& Ontario

~ 0 3 10 20
5 km

1 The PAD
Water

Fi gultTehel . Peace Athabasca Delta?lloz&@23)on (water

Topographic {DXaatnaVeocf-GEeamaedadver nment Portal
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https://open.canada.ca/data/en/dataset/8ba2aa2a-7bb9-4448-b4d7-f164409fe056

Tablle Ty pi cal | an[df Dirmmeneyn, th@el 3)e,]l tppage 7 9]

Vegetati Typical watelLandf or ms Typical I Domi nant

Cl ass (m asl)

Agqguatic Permanently Open and rest <209 Redgdd ey s
cm deep channel s

Marsh arStanding watWetter restri 20310 Vari ety

Meadow in 10, <50 c¢cshores-dofaiopeg Gl eysol ¢
table at or basins, aband Regosol s

|l owest | evees

Savannal Standing watDrier perched 21D12 Vari ety

Thicket in 10, <50 cplains, l ow t Gl eysol s
talktl eor bel ol evees Regosol s

Forest Rarely floocTerrhcgbhest | >212 Cumulic
duration < 1 Regosol

Situated at the confluence of the Peace and
del tas at the western terminus of Lake At habas
formdqtTionomney & Lierecd pdilmgssetmii ctedpaaead oersthe
l evel of hydraulic connedttieomrrwi eh ®@he ,.prRIORAr

During periods of mockesrnatieltyedhib@alsi wat ear,e g errmhie

connected. Restricted basins often only recei
water | evel s. Such water | gvelpen wattlee RAD monas
i nstead, ice jams on the Peace, Slave, or Ath

to replenish theSiemecowaeaptradhz)d basins

The PAD consistently receives substanti al I
Ri ver. On occjasmoml, oaddig i mmd iicestances of extr
from the Peace River. Mor eovethamg lhel ppreaseingiet
wind seiches, and the occurrence of spring an

of water within(Thmohépoddp02aln basins

11



The PAD has complex hydrology duéTPgritetl al
2003; Wol fe emhialh ,ar2e00@d)ected by cli mate chal
dam on the Peace River), -usd sahaismnd ddse e¢ | cad me n
Pietroniro et al ., RIO&O6nortrlmewsre sd¢ctailan &f0O0t6H

connected to the Peace River,t hhes stdmersdaer e@an avdhien

The most important anthropogwas cthlevedtownpmemc:t
W. A. C. Bennett dam (named after the former F
Ceci l) on the Peace River, BC, in 1968. Sit e

Gover romBernitt i sh Col ombi @ nidn i Be cpd nabnenre d2 104 be on
compl et i bWhiblye 2t0lRé6 dam i mpacTs mdowygsh{ ®Wadn) thlyaltr
even though regulation has not changed the f
recharging of perched basins, it has had a si
which has reduced summeRegméeatli owsabdbsot hasP¢ac
river flows throughout t-bp pdtLleomdbat hganedetanl

Ti money, 2021)

Moreover, the industrial development{#Halpstr
et aland20he)potential for contami ndtKiuagrekf redm
al ., c2@BhB3r more enviJusn meaumptsalr eaonn codr ntsh.e PAD,
Lower Athabasca River, oi | sands mining (ope

|l andscape changes and requires the abstractio

bitumen pPetessi egAddi te@weldiBly, meteorol ogical

Project Overview | Site C (sitecproject.com)
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https://www.sitecproject.com/about-site-c/project-overview

definite warming trend from the 1900s to the

upward or downward t(rTa mdb niety , pr2dédi3pi t ati on dat

1.3.2 Remote Sensing
Conventional mappi ng medihtoedsdathasrotwvkl exttiem
expensiveoasdmit hmme especially when dealing wi

(Chasmer efradi.t,i 02n0a2l0 bmappi ng met hodsr efga coen sc h ¢

due to their remote and inaccessible nature,
dynamics, scale considerations, and (tCheasmeed
et al ., 20200b)

As an alternative, remote sensing technol og!
sur face, which enables comprehensive mapping

ecotone transiti(@@mlsas mers petc elatla.n,dn \2dil2webyg t he u
typically mounted on satellites, aircraft, or
at mosphere. Remote sensing enables the acqui s

i magery, tempetrrad|lCadgptbaahtd &pWynne, 2011)

The sensors onboard these platforms capture

infrared, or microwaves, emitted or reflected
generate valwuabl e infor mateinen ngbdwtchnhe@guear e
Earth observation, with passive and active me

Passi vec asreanbeofrfsecti veaamwd dpriomagoegntggfons acr os S
el ectr omagnbeutdtuet ke erce €d mied moard nel niegrhgty sour ce (I
the case of passive multispectral sensing),

vegetation canopies or clouds), .anAlctiimagisnegn ¢

13



genetrraegi soawne of i1l lumination, so ca#haswdi d s
l'imits of pdaovipkagine emsoe sc o mpdueex taon dt hceo snteleyd t
power ful Bhegnahei ce depends on specific appli
cost , environment al condi t ioorn sg, e oanmetorrtifcat ideers.i r

i ntegradt ionme odnd pdsxmreemp malgye mgi ve approach

(Campbell &.Wynne, 2011)
Building upon the capabilitipsoofaWmaSAdsve r
Landsat enhance our ability to glean precise

The +pulattif og emlsaannmddrs astshiacsn @mho wiodnpr ehensi ve ar chi
i magery since its (IlUBWGHBGh 2I0RiIYtheerodigmrd ymilO9s7/i0Osn ¢

invaluabl e data for applications ranging from

On the ofikar, havimdch stands for Light Det ect
sensiyrsg eme p rneosdedanréersh mol ogy that wutilizes | aser
highcuracy. LiwhircwBmysairkealdeo® ear s corrafstatel | ites,
pul ses ttoanageats afndi oaptese the refl epotoevd dsisgn
higkesol ut-diome ntshircereadtauadatlen i n poi nt cloud for
decades hasteevalat mampips$ e@dg, forestryWalss e& s me

Lohr,. 1999)

1.3.2. 11 hagamegtTrend Anal ysi s

The initiation of the United States Geol ogi
granted unrest-guat etty@mcelegsdgtiomagghy with exce

geometri ¢« Herenoiss il 6@ Ehi aldat 209ds89 offers a su

14
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~

n

S

esolution for the por-tndyakdofhl hartatabnasi welt

Griffiths et al., 2013;. Roy et al., 2016; Wh
The Landsat program, initiated by the Unite
as been a cornerstone in Earth observation ¢
bserving satellites equipped alitthh afdvalncleal s
pans sever al decades. Landsat sensors captur
eanfrared, and thermal infrared, enabling det

urface temperran uocfe.sdmeorevyolfutom the Themat.i

Thematic Mapper Plus (ETM+) and the | atest C

a

nfrared Sensor (TIRS) on Landsat 8, has expa

nd r adciaopreebtirliict i es.

Mu l-stppect r al remotely sensed i mage stacks of

et ect i n(gFrcahsaenrg eest Veelg.e,t a2 0 Iosb )i nideesx o nvd )o ft rtemda

ommon approaches in assessAnYl chahigeb asdpto
he spectral transformation and or ratio of t
iomass and vigor, is a measure of the relat.i

egetation. Three MNooa méd g ezteadt iDoinf flendex ( NDVI ) , 1

an be derivedpktcoma(nbwecknenra Alipd9)tive trend

med (also frequently referred to as "greeni

over, bi omass, or abundance in total veget at

me (al so kn"o)wni sast y'poircoaMnliyngi nt er preted as d

rowthKumdr et adSmjtho0o22; aMyer &th20;e Ran matc ha lr .e

nking NDVI to vegetati on (pHoopdeu cetti vailt.y, 11n9 9t3h;

15



2008; Raynol ds et al .T,he2(C1 2a;r eRineadneyl settu dale.s, t
apparent greening and browning to environment

tr eNnMys&ms th et al., 2020; Wang & Friedl, 2019

As wetl ands are characterized by their dyn
fluctuations i(Wawat e@0o&%baiolramigl icthmnges i n wat
understanding their ecological dynamics. Nume
are available for mapping and monitoBiijngesvat e
and Narasi mhlamuThded yef(fROQt0i)veness of these indi
scene, sensor, and pr(eBvigieleisnhg & | Narad 3 ic mihcamudri
Modi fied Normalized Difference Water | ndex ( Ml
map water a(mXu,i tZz0HotWanege, t hmi glpteche ail nemfde cte
turbid water pixels are present in the -image.
water pixel may occur evefGwheat iall nst2a@sehallk
more sophisticated techniques to askB¥bawwater

et al). (2020)

NDVI and MNDWI trend-qamdli vt yi danal, i eshi @l Miec
primary i magery should be free of nBoseal sat

environnoemttasi nf ngeatcmeudgprices abf i mageae beke

chall enging. However, Il mage compositing has ¢
reducing data vol ume, especially when dealing
ser(klsood, 2013; Robilntsornahl easl .t he2-Qard@d attiyon
observations with |littThkerne aroe cd owdar alr ap prua:

composite, (MRolbudismag ,Maeaall . Me 2 Barmmde deitana | . ,
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Ol'i phant et al ., 2019 ; MeTdedfiludgaich,t | B& i3 muanl .NDV2

(Ruef enachand 2®9cd®drne Systen Groirf fBietshis Aetaidla.b,l e2

2014)A detailed explanation of each ofQituhetmen
al . (2@28pte that each composite algorithm po
algorithm can surpass all others in terms of
peri ods. Therefore, t he most apmrooprihant e sb elsi
somewhat-alnadc atpipddaipceantdieonnt , t hus requiring some

choose the approach most suited to the study.

This study wutilizes Landsat i magery spanni n:¢
trend analysis of vegetation across the, PAD. I
and outcomes is provided in Chapters 2 and 3.

1.3.2.2 Lidar and Canopy Changes

Unli ke passive remote sensingsitlu daensucsre,s tad
vegetationandopoguredp mes batlhiydnetarsiua eisn fda rsmatni
calculating the time between (tHoagrks mistotni. reg ar 0
Usi ng eiotttherdicsrcrete retusnana(nddi Juwidalway.ef d0 Inl
typl cenappsyngt empsulesfeisenher dgt er mi ne dirotuaardc @ g i Ipze

travel ti me betewe emcgaemd It it(teddreapn & Ch e n, 2017; F

al ., 2001; Lefsky et .al ., 200 2; Wehr & Lohr,
Di screte return | idar prpowiidaded reavapbabi ondti ncalt oeu
val ues, whereas fultlhewafvwelflorgn donfalle rr ensgpdarusne® $ ¢

representation of tphecessingnmeht. welowéoem, | i

17



computationally intensive due to the continuol

data is gener al(lDyassiompledr atla ,pr2dclely s

As an active semsoonffecsnohegwndviantage of b

bot h daanydt igmeatsi me, i s pracstsirveel isaontaron I | umi nati o
on | aser |ight within or close to the visible
at mospheric effects such as heavy fog, smoke,

obstructing the path betweenunihebd lassteyrd tsgymsa lelm
|l aser thubsgd cahbowsgapsstaoeglgemopy structure &

surface elevation al 6wght h& pabh, 01998 | aser

Common | idar systems emit | aser pulses in |
I nfrared (SWIR) (15500Bplteavi d&magg & @ hiyamema g i
blgeeen | asers (532 nm) are (Wedldrd©é&&elLbboWheennh 8 A €
the | aser pwulegarfnr asmsd emulitnit eracts with a tre
assumed to originate from t heentiolptaeadr tmhwel ster e
encounters the tree canopy. The | ast return m
the ability to map the ground is | argely <cor
I ntermedi ate returnsorsiohrdadr triee usesgnd,r et hiit
and undergsttartyy on positioned between Ltihett ocap .

2021Db)
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Discrete Returns " Waveform Returns

Power [ Power

1st Return

g Intermediate  4#
= : R ;
.

4 -~

Canopy return

Time

Last Return

I !

Ground

Fi gu2Dei slcrete vs waveform returnBaihyldidacr ¢ ae
systems struggled with data sampling density,
l ast return -20@0,c.c Cmmeracild®l99systems i ntroduc
pul se, providing bofté&ceainomfpgr nantdi other rQaiisnc reur
potentially slightly bias canopy heights if ¢
presents a gmHapki ns.og@n 2t80e&¥dot her hand, l i dar
can provide a more detailsedurcepreseaemtratuighhmudf
profile.

A compilation of these discrete return | idal
1.3). Lidar point cl| oudf dphdeidnetd aans sailfsioc autnidoenr.g"o

| abeling eachtypiebtpelrdsaed orftleket ed of f . For

a tree branch, it might be categorized as V e

it can be classifikdaas pogmoumrcdoudGl asviofl wiersg

spe Utilizing all data or both cl asses of g |
Surface Model (DSM) of the | ocal upper surf ace
a Digital El evati on Model (tDEeM)D EdF ftrioan tt ehrer aD

vegetated area, we can produce a Canopy Heig

19



variation in veget atliidanr hdeaitgahstest.s Whreen rmeuclotridpel
ti me, these datasetsserdaers kkdhawnmgel anad ysos, t iem
changes that have occurred over the observed |
technolomi dsf fferent ti me per iacdddvsi ¢foddaeccchobaumng e f
variations i n sseaamspolre ,wilHeincdhhteqgoaersasd jt Last ment s t o

accurate and eehbhhndHpoegp&ks mmpar aetti val ., 2016)

20 % W
A e o
IS SEAY T A S S
o ol L e }?"" -
g \__..~~..V“~. l"‘-_ ~‘ﬁ"' -

24 pr % ol [ 33 s
Fo: o e @BV

S 3, o

Fi guB8&€r @ssescti on displaying | idar poi nt cloud
|l andscape profile (below). Graphic credit: Le

Lidar i's gaining pojgelophiytsy céabr applrianatei oornf:
ecosy6€Ckeasmer et al ., 2020b; Langr &whlit €ar sy f

mappiHgpki nson et al ., 2011; Hua@ahgseteahnol 80:

lhttps://www. earthdadasgamuopetbogl daidésékdimatd
20


https://www.earthdatascience.org/courses/use-data-open-source-python/data-stories/what-is-lidar-data/

researchers to assess various parameters such

(LAI'), and biomass, which are criti alhafsomerunc
et al ., 2016; He et al ., 2013; Hopknnsbhns &s Ch
utilized |Iidar survey data from overl apping a

ot he chdtleecti o)mndpramadeypiregsent ed in Chapter 2.

1. KiInowl edgaendGaRpesearch Objectives

Vegetahaowagetsr eenmdds space andnti mat prshyode br oa
ecol ohgeiachanlth f unction within wet/llaintde rsaytsatredmise
vegetat i oont dey TReDecad smithad f i el d o kdsadrav ahtaiso b eg
coll ecnedc ampr sfheetnisd lvley @ tc emtesglevtea tmuolnt it r end a
beererfor madvwhoPABD sThet éadewareg gioregf t hi s researc
guantthd yrdd rgegatiido me cchfeemgiestmt i on change®embhet he

sensing technology.

The first purposemprfovdicunmredreddrc dyteaarsdsit nogf L
derived NDVI wvariations in greenbowgr baglpbngwh
dasamptampgaigns (2000 and 2016/ 2018) . I n Chap
l inks between spectral information derived fr.
The objective is to gain a deepeers pcaotmparle haennds it«
fluctuations i n NDVI wi tamidn | Baonrde acl oAvnea It Y tayinpdegse |
respomhskidar CHM change and correlating it wi
insightful concl usi onsnyv e otnh g enpee eNsDephl cxedelnoef h dasn y
relationships or correl aas owsel beadasveanytbhert &s

patterns of change along. ecotones between | an
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Hi gher positive NDVI values have been | ong
unknown how different types of vegetation covVe
a wetl aadisaobiifle and veget atriegmr edsheanrildgedtl.a elsns tti hciss,
chapamkery,pot hesi s tested is that t h edruee htaos abne ¢
expansstomubofgmod wtvieee t he PAD between a2®@@&I and
correspondence be¢ eveiemigh NlDé&/madrsdb i t e mpor al CH
i nceldeserdesasnot expecwedgred surmabern swiCaltyl aommdi t |
NDVI patterns coincide or differ wthdt pumderdle

changes in NDVI within complex boreal wetl and

Upon acquiring a tbhed tproauadd® ¥t tacadtdrsiogydiart g
sampled r dDons hef nelkéeé goal (Chapter 3) is to
in vegetation andesnuhRARcfer ovmt 98 A ctrm s20n2dh.e A
ti me asmrealiyessi s of the NDVI and MN®Wet riast i daredlud
di screte time periods and by | andammfweedsb atcok b e

bet ween vegetation, surface water and externa

15Signi ficance of Research and Outcomes

Thi s asithusd yenhamaderewblmndnuagr onmemd adwiichhiairn®gg e s
t he PAD. By scrutinizihygedoelyo@aps,pexcuch ods t\hegeat
hydr ol ogi cal patt ereavseahtnheec tri osiésa roeelt eveieimgidt ol o
| andcover Tekspogbethis understanding, t he st
insights into the compl ex daymdng cctse rsthiagli nfgu tt uh
The i dentificati dmiofertsr eodd gmamdy ep asthenn tmeadl and

environment al management strategies.
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Il n addition, a better understanding of the
within different wetland | andcover types has
i's pervasive across many r emottoe Arecgtiiocn se novfi rtohr
particul ar, a better understanding of NDVI (

underlying processes and rates of change acro

16Thesi s Structure

This introductory chapter established the ¢
basedl ioner at ofeexi sévingw knowl edge on Bor eal ec
studies on vegetation t@amendselievanher Bodheael se
maj or objcoewttd omess anfg rt hsee mttguddyr raale paper f or me
and 3. The conacplerdi sstgymmanraipzes ,ken contributior

environmental sustaiaadbnbed yfomanduswuigger esear
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Chapt@ompRaring Satel-TeamporNDIVIAiarnldorBie Li dar

Height to Examine Boreal Wetland Vegetation Cl

Abstract

I n northeastern Al Dberta, Canada, the Peace
designated by the Ramsar and UNESCO Worl d Her
i mportance. Alrnarade cofdrhweémrse and | and es WPrAfDac e
during the past century have been reported by
researchers. To enhance our understanding of
better interdprrdtyvetdh eNDVAdn cdasnat MNOOWI t ¢ r200H8. f Cor

| idari ved canopy modaradewni &the NDWrl rse Isahtoiwerd a c r ¢

including s¢ Rx ub. s6Ma.mpThe results from the | i d:
of vegetation taller than 1 m, resulting in i
Despite this finding, ecotonal vegetawbBon ex

constrained to marsh riparian areas and river
Landdsearti ved NDVI. The 11% of the survey &Mea s
oft his area obserwaddote&r osbrubasdaempd swamps
indicative of patterns of shrubification due
peri od. We also studied the drying trend on ¢
observedethandesappsome ponds after 2000 and
shall ow opemnduwatnegr tshuer fsacuedsy peri od. Al though
the same greening piadrt,erinrs mestecod vz, NMNIAYlant

areas of greening than was evideHocwev dry, efcorn o
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areas sampl ed, both CHM and NDVI change met h
ecotone expansihndn~Qf 4r8d et yvely.

Keywolriddsar, Peace Athabasca Delta, Landsat,

2.1 I ntroduction

Wetl ands cover 13% 0*fr eareaca,t iIn.g2 % enirlllyi an gk
total Weahadidan Environmental .SDsetsgiinabiplriotvy d
ecosystem services |ike carbon storage, fl ood
support, wetl and areas have decreased due t
devel opment, and Crheasowrtcelext r2a0cltSi;onmChasmer et
Hu e®0al)Boreal wetl ands, characterized by <co
bor eal forests, are prevalent in northern reg
use have altered plant phenologythgrewphnsiaome
shrubs i n bo(rAebailb eecto sayls.t,e n2sO 19 ; Kompani zare et
Myers Smith & Hik, 20 1ITéh;i sRoeschn gy etmpalc.t,s 2vAl 2)r
accelerates warming by reducing | a(n@hapirrf aecte «
20Q05)and tr dELwinmpnsredwrad syl t2i0gLt )i n positive f

further shrub expansi on.

Mapping boreal wetlands is crucial to unders
for -d@alge mapping, as it offers the precision
of these ecosystems, surlpametimagdd hien | hamdlaitn g |
coverage and dynamic changes. The wuse of thes
the area and extent (oFfr adsiefrf eerte natl .l1,a n2d0 &cko, vvelert &ts
as trend analysis using vegetation indices to
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t hr oug(hWutlidneer et Taher,e 2i0s183gn extensive body o
passive optical Nor mal i zed (DOiufcfkeerrtea clled 7008)g £ $ a &
vegetation producti iHtoyp ea®rtosad .norlt9mMer; n Ol & chiod
et al ., 2012; aRde g & lcnestt Imgaln. ,et 2 &ad 5), 2013; |l ¢ hi

2015)

Ol't hof etrepdor te@a00i8ncreasing Lan-Besabl wtnido nA
Radi omet er-de(r A WHRRIR) NDV I trends, commonly refe
vegetation appears to be more productive witt
Quebec, wehti tcrhi bwetreed t o shrubi fication and vas:
greening tr esnudr f(a8cbebhe oofweesra e dn Canadi an Arcti c |

the majority OFrusgetaFradvet yg®dlddsid)f ¢209d1a c o

trend of positive NDVI increase in four nat i
Mount ai ns, and Sirmilik), asKHeorce agedubwi a ind whae
vegetation replaced bare/unvegetated | and sur

Ju and Massheckweg ® Onlo6t)abl e greening in the tund
of CanadandQualbeador, but reported Obrowni ngt¢
forest of eastern Alaska. A similar NDVI brow
in Alaska -B60@ewnslB88podt et bwho (a20s1l02)concl ude
recently burned areas experienced significant
showed no diMdMcMamudl etf toaulenrdd (t2n0alt2 )di f f er ent veg
exhibit comparabl e greening patterns, Ssugges
demonstrate significant NDVI trends, whil e gr

significantleynitnog abrseenrdvsed gr e
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Determining trends in vegetation NDVI over
influence from extraneous influences, such as
when t helorareometar ePaesac es UAd hh adbsa svicdatel aenldt ac o(mpA L
clouds are commonpl ateee yaualatsigw meisngofa oplt 0 «d
coverage is difficult. However, such <chall en
techniques tshati ersedladea thierhdoenets & wvaclabhte bbse
mi ni mum c¢cl oud and c¢cl oud shado(wWShiftoer eat daebs.i,r eZ
i mpl ement this, one point can -demehesenalwi spa
represent the pixel group. I n the case of Lanc
of a given pixel on dsifdms eatedbbhesdi ahdr ¢ nte
i mage. I n the compositing approach, a single
pi xel spectral values for that Fdatod., r Rfelrde eart ¢
several approaches for creat(iRmdiasoompedsiatad , N
Mean or ( Madmanet al ., 2020; Ol i phant Medoald. |,
(Fl ood,, MNMOXl(BRumf enachband20heé) Score System for

(Griffiths et al .., 2013; White et al., 2014)

Robi nson eutseal .t h(e2 Ome7a)n pi x el approach to c
United Stafé®oodHpWREPgedx)t,ed t hat simple approac
observations are | ikely not i deal -diureecttd ooat
reflectance distribution function adjustments
procesdurThe wunivariate median represents a po
resi stanceOltiophbanttl ietr sal ., . 2018 ,; MRdefe@enaphpt pa

selects the point t hat minimizes the sum of
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resi stance characteristics of t¥arunmitwardiadtae s
reflective Hfa&anododofl2i0di8es aMaxi mum NDVI met hod
for all scenes is determined and then the pix

included i n t(hReu effiennaal.& hctoonp2e@stigbfle3s)t s t hat wusi ng

NDVI pr ovisdeersi eas ttihnaet favours vegetation cond
mi ght not be appropriate for all applicati ons
contrast bet weleann dtsr. e etbso waernve r gr s er al studi es
approBcasmi et al., 2021; Huang .etAnaolt.h,e r2 Qalp7p;r

uses -bBasedrsystem of four scores foolye aeracshc @ri e,

cloud/ cloud shadow or distdmGece ftfothlsokRieatot a

(7]

cores for each pixel are summed, and the i mé

(7]

carwhite et a6 .theonhdst of the authorsdéd knowl
far compared the rel anowvedpapp(olwuemfineerea ehfte,t h2e0 1

(Qiu et .Qilu ,et20&2BYJyi ca0B23) hat each composite

characteristics, and no single algorithm can
|l ocations and composite periods. Therefore, t|
adorithm i s | i ke-ayn ds oanpepd bi pceantdienmtat i bhus requir

investigative work to choose the approach mos

The earl i est vegetation change detection an
over the PAD was da3Mrcikevdhre@eutk Howiahé h191@8 ey, W
Ti moneyuge®08)ntage air photos from 1927 to 2
|l and cover in the PAD, reporting no unusual Cc

of the BédnmotnteyDamdaAWigmend Y 0BG &a) field tral
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PAD between 1993 and 2001 to examine the temp:¢
flooding and drying. They reported that- will o
tbdate ROOIOBReElL 2r s eus&ént ({ B6RPAB i magery acquir
2019 and | idar data acquired in September 201
After empl oyi ngmednuss)t,ert haenyalgyrsousped i nput var.i
to descrtiibcealt heendvehrori zont al sTirnmocnt euyr fed @ofd 3t)h e
increases in woody wetland communities, wildf
mar sh areas representi ng elviinmdoennecyee g2fld sl i)k reydi n

the ecol ogi cal i mpacts of all mentioned compo

Given the rfrcdngmatdafc haynddr amnt hropogenic factor
upstream hydrol-agghingeneedstanqgoaaeti fy the s

of vegetatioomechamgaeasnder stand the. cdonwe aern ved

to | imited field observation dat a, no compr e
anal yses have been completed over the PAD. T
insights into t hesielciodmge cafl thkiad t dr iatnidc al e c ¢

The Landsat i mage archive from 1984 onwar ds
di stributions and trends but a | ack of spatia
what is achievable with condie@emicere Coms egaie nd

|l idar (2000 and 2016/ 2018) across sample area

vegetation changes that are evident within th

Hi gh positive NDVI values are (gMaretriandz & nlta
2023, Mor awi.t zHewe vaelr.,, 12t00i6s) unknown how or I

consistently represent changes in biomass or
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|l andcovers (e.g. mar s hes, shrubs, forests). U
vegetation height for wetland | and cover <cl as

NDVI trends across the del tialiar wead tamar mnlvamad:

Lidar data cdhdameaoseoinaéstehraen and veget at
popul ar tool ,aoad fTopasi anweEebkdgletwan | otn alt.udi 261
al ., 2020hb; Hopkinson et .alln 20i0%; s tModdy g olmied
and height/ cover change data wil!/| assist in i
di fferent PAD | andd®Weér i sl asisende®i wdn green |
canopy height is an index of biomass, an init
be a positive cordelratviean Né&/tl-oveenidv ét@dhre@ al ai bdpayr
Mo d el (HoHWMe)v.e r as foliage ~cover and vegetat.i

corartdlons between these variables (or their ch

structurdlZhaut &i Yautwhsi 2@14x i s not anticipate:
browning trends will perfectly aligmdewitvledt h
products, examining areas where CHM and NDVI |

i nsi gt "dyinmmi ¢ vegetation patterns and the dr

analysis of changes in both datasets wil!/l con
bitemporal CHM fluctuations. dHemnmeemi hdehpwi amaa
NDVI corresponds to canopy height s, as wel |l i

NDVI trends. The first hypothesis is that the
varies with | andcovetrhediassies.t dhebsecovadahgygrg

associated with shrub and taller canopy expan
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2.2 Study Area

I n northeastern Al berta, Canada, the PAD is
t he Ramsar and UNESCO Worl d Heritage convent.i (
to its status as one of theilcaldgastvefrrsedlywat@enrn
of a thriving wild bison population. About 80
Park. Aside from riverine and groundwater exc
from overbank filngodicneg jdaumsi ngnds ppreci pitati on
through evapgdt momeyi rERt@id@Bmat i on of hydrocl im
increase in air temperature over recent decad
precipitation | evels dur(ihgtaemse detaThlerdepxnea o6 p)h
of woody wetland communities and a gener al de
mar sh areas, combined with recent wildfires :

(Ti money, 2013)

The |l ocation and boundary of the PAD are sl
subregi ons, the delta has the | owest el evat.
topographical | owl and that is sbrraun&éaddebd.r
relief on the deltaic and alluvi al pl ains 1is

m as| on high terraces ofTitmoen eBe BRO4dBY3 e Aff hdldl

relief and abundance of tall will ow spp. shru
l evel can be |l imited. Landforms acrossantdhe PA
|l evees, | akes, ponds, dardtmaudf Il atndf oTmsr e cawve
ar ea. These include bedrock outcrops, rai sed

terraldemoney, ACOdBgc kg Uol i mitdanamaca (€2 @3G)
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Cal amagrostia gamademeiasows, t b pbubbsubal sami
and Bietahap. i n deciduous f or eRitc eaan dgnildahucceae an

mar icammi fer Iismbonegst2013)

The PAD's | akes and wetl and basi nsreasrter iccltaesds
and resSRPRetenrsedet al . ,, 2wWi2tlh ITamper elyak €90 2d9 mi n
area.r eSsetmrii cted basins connect seasonally, whi

rare high water EeRetnerss fe.tomahiaclel owadi&dR e wat e
influenced by |l ocal factors, with pot(erettieals e
et al ., ThOB6drpads to variable wetland areas,

cycles, creating a hPghéyspebdaktj veORtpsyste

2.3 Dat a

2.3.1 Landsat Data

Coll ection 2 processing of the Landsat arch
Coll ection 1, including i mproved geol ocati on

8, and various masking CHMpadk | e ttTihals. ,fso2l Ovaeddo sk

' imitations of Landsat Coll ection 1 dat a, i n
(Chen et al ., 2021; Mi shra et al ., 2016; Pot a
However, UB&Sed,260a811l]) Landsat sensors are interc
Tier 1. Therefore, in this study, Landsat Col |
whi caht messpherically corrected and presented as

2.3.2 Lidar Dat a
Airborne | idar datasets were acquired in 20!

acquisition parameters and point density outop
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in technology ovéHophenkbkant eBavad dl ecrld Gtél6e under
sensor settings and survey configuration <can
t herefor e, the distributionfHopkrasonneowhthir
upper canopy surface changes were compared oV
|l aser pulse first returns. Lidar canopy height
than the | owest point dethysiwar idaattidoeddy nt e ttahead oo
(20.08A11 I idar data wused in this study were co
mid June and early August (Table 2.1). Figure

from |idar surveys in 2000, 2016, and 2018 (B

Tablle Riidar sensor and survey configurations

Dat e Sensor Puls Senso Scan Rate (Hz) Scan { Returned
Repe Al tit A Densijy
i on (m a.
(kHz

17/ 06/ ALTM 1:25 ~1000 Variabl e, depe 10 to lall retu

e.g., 28 Hz fo
04/ 08/ Titan 75 ~1000 33 24 all retu
24/ 07/ Titan 75 ~1000 32 25 all retu

2. 3 adh@over Dat a
Wood Buffal o Nati onal Par k En h abwuccekds Went!l!lianmidt

Canada (DE&)s Unl i mi twads Cuasneadd ah e c2a0w2s0e) it i s hi

classified for I and covers withThe~Lagdacowvér
was created2usmageBbgnfroeml August 2017, as wel
resolution map with >79% overall acculriadcayr. [ r

sampl e areas were extracted ahiddadedbdaadsaaspr

comparisons (Figure 2.1b) .
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2.4 Met hods
The main methodol ogi cal sG@aemposp yarset riucltuusrtarlat
was obtained from summertime | idar dat a. Land
canopy height and NDVI comparisons through ti
All available images . Preprocessing
summertime annually (2000-2018) COIHpﬂllSOl‘l
*Applying scale Factors Classifying to: =
*Filtering saturated pixels NDVI: 2000, CHM: 2000, 2
*Masking out cloud/shadow 2016, 2018 2016, 2018 Ground points All points o
- % Approach#1: Mean pixels DEM DSM 5
: 2 Approach#2: Median pixels MNDWI/NDVI Z
g :_Eg Approach#3: Medoid pixels time series CHM %
§ E Approach#4: Maximum NDVI
E E Approach#5: Best Available pixels Masking out CHM<1m
= Trend analysis:
= Selecting the best * Ordinary Least Squares (OLS) .
g composite approach + Theil-Sen (TS) Bitemporal Ecotonal
~ + Mann-Kendall (MK) changes changes
+ Mann-Kendall Sign.iﬁca.nce (MK z) 2000-2016/18 2000-2016/18
MNDWI ‘ ‘ NDVI ‘
Masking out waterbodies DUC landcover map ‘
Thresholding \. /
Masking out Comparison « ‘
War::::dy NDVI=0.2 and NDVI=0.9 Air photos ‘
FiguzeThe workfl ow of the study. L2 (Level 2)
( Normalized Difference Vegetation Index); MN D
DEM (Digital El evati on Model ) ; DSHw i (ghhitg iMoadl e | S
DUC (Ducks Unlimited Canada). See text for de
2. 4ahdsat Processing
2.4.1.1 Preprocessing
Landsagr edpartobacessing included: 1) apwIegs,ng f

2021)2)
and
To

zone 12)

removi ng Cgetgwr esettedalpi,x e2l(Qs2 3;)

clougCsbédgdows ahd, 4p0Ra@dr di nat e

Hneams & ti in ge tc
reproject

avoid the

ef f ectisn otf h @,adsihaadyl soeval / C
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open water amwekrri wmarsk/eslt ri ema m¥ue asnudr vMeayl eakrea(a2s0 1(
applying a staugaesd WM e&ffouwrmd kt hat t hi s was nc
water across all pi kel ModiThieeef dloe mawiezadeDi
( MNDWI ) antdhdeséthoe tfdusrtt her f il ter pixels that \
water Fomddkwing multiple tests and careful 0
threshold raonfgeetboh MEBWI (MOUDWand@r EDWIK it$Han

defined bel ow Xiun .RBPWwW&t)i on 2. 1

MNDWI = -(SGYI Ren /+SW3rRe)e n Equation

2.4.1.2 Annual Landsat Composites

To reduce the I mpact si noafg ecsl oouvde rc olviedrari ns ulr as
compositing was applied. However, previous st
composite approaches. Therefore, we employed
identify and saetleecanet.heT hneosset iancccluurd e d : mean,
maxi mum NDVI , and the Best Available Pixels (|
approach), scan-olfifnd scsarerse catsssroc(i @t @)d wi th ET

sensoendesfeere mitigated by c ondsstornapionsiintge atlol
single sensor; i.e. all available Collection
2003 to 2011 and Landsat 8 from 2013 to 2018
i magery (mid Juneagoecdatrd ymiSeipmiemdetr he weffect
on NDVI . Finally, the -tNiDiwd Llodn desaacth iamawguea | wassu n
and -inrefarared bands. The index is grounded in t
strongltyo dduhcee adbfs absorption by pl ant pi gment

effectively absorb red wavVYedemg& hWauishegls ,f b B &)
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considered "healthy"™ with abundant chlorophyl
proportion of NIR comgg&tadftood" leesal heBARURB"
is calculated by compatsiinfg atrlee r &Nfl IR§ c taanrdc er eidl

wavel dmgicke{ EqL@ai)@on 2

NDVI = ( NeaRed()mM\NferaaRddfrared + Equati on

I n this studwhearel WDIVArrd . R2i weelrse,neansi tbanedw
pi xels were excl.udleod afvroa nd tNDeVIla msaltyusriast i on ef f
were also excludAgldl ftamddeate datad yprn escessing v
Engi(®erelick, eexaépt RO0M17¢reating BAP composi

via the apparaachiff(a@am21l)

2.4.1.3 NDVI/ MNDWI Trend Analysis

To determine the spatial pattern of veget a
Ordinary Least SqG6ane(TOE8&»l,opop8, didaeirmhgndtodbn
Mankendal I( KeMdal | 19 4t8r; e nMa nann a | ly>S4esK awedrael lus e

significance (MK Z) was used to evaluate the

NDVI trends represent greening and browning,
l't has been demonstrated that || inear trend
ti fmeBaird et al ., 2012; Fraser et al ., 2011,

Sonnenschei.fhet sabpe 2O®1Jicient for an ordin
and used to determine tThS amd nMK olfawe cahl spd xhbed e
analysis because these do not need (Waet abl&e
East manTS 2911dpe is calculated from the -medi an

wise time stepk)/ 2vh( Tthapgatal Fha,( 020 tDmMe of t en
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of the OLS linear trend but is more appropriat
The TS method can also reject outliers withou
outlier values that <canrksultejestatbowtt ROt off
(East manT,he2 O0Mosm)ot oni ¢ MK nteragn dt riesnda i man cat or
continuously a trend (EastmanegaR®dddKorn sdeomea
counting the number of values that decrease ot
-1 and +1, whlerseh cawsv atlhuaet otfhe trend consi stent
value of +1 saowsathwel oppoki®Oeshows (Ehat maher
2015)The MK significance indicates the signifi
is used frequently as a(EamashdaheBRODOLILMK Dtihedi
specific |levels dfassizgrmri fNi=c2a0r5c0eb , (r Ef er = 10960
0.05, and Z =% =N01.1®45 trhafse mk r¥e®OMKa nZd b+elt.we6eOn ( ¢
tdd O @ré53onsidered( @8shvwnlné¢ c en deatsrkacladspd x2e0l 1s3 )d
to either c¢cloud/cloud shadow or water were n

cal cul ated i nClTerkakphssotUEware (

The TS andswdK eZ adcsomrawsed on MNDWIs to monit
MNDWI trends, positive and negative represent
map series was created wusing different thres
shall ow open wataemrmd atnide irri vam@shiysdtrrdefabmesit udh m N s i
MN D WI were subsequentl|l yweaompayrded pwirt odt t® me

outputs exhibit simiolasersvegdiyaarnamiy di dupcd ruiaa d
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2.4.2 LiPdharceBatiag

Al l |l idar poi nmptr ocjleocutde dil attba rN/AeDO3e3nt e hei ght s of
were compared in overlapping areas with 2016
GNSS trajectory bias. To engtuwrge salelr etdh rt eoe tdcet a

data collk28tands201620they were compamaad t o i
smal | height adjustments of between 0.3 and O

(Terrasol(iHlo,p kFiinnslcann detl fdr.nt L 0WeBr)e cl ass4 fi ed i

ground in Terrascan. Ground points were interrg
Triangulation with Linear I nterpolation. Al
mod el (DSM) wusing a |l ocal maxi mum Z filter in

create the 5 m resolution camsupbyt raeit@ghdt f moadne It
The CHM was then aggr egaotfe dob ottoh 3hOepiyy htto vaenrde acCaér
and to make the data directly comparabl e with
removed from CHMs to enable direct CHM and ND
were ignored in the anal ysli svetgoe traetnioovne pthheen oilnc
across years. To detect changes in canopy hei

were subtracted from 2016 and 2018 CHMs.

To investigate i f relationships exist betwe:
percentile (PCT90) was calculated using a 9x9
to determine the maxi mum canopy heidghbt ¢heanage\
window and to assess the changes relative to
changes within moving windows, correlations be

in vegetation greenness taesrsnoicnieadt.e dT hwei tuht i NDWzla
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wi ndows accounts for spati al variability wit
changes occur in ecotonal areas characteri sec
PCT90 CHM values were first clBeeakseli shbobgr a
categorical change detection analysis was ther
each ecotone. This quantifies changes within
understanding of €heagepyobeughtngangess The

rate (m/yr) in | ateral direction was measured

2.4.3 Statistics

The 2017 DUCO6s | antooser amapy wadl@asaedd 201
comparison results usibgcausandomhaampi gihgr agq
given the devel opment of Aovmbj onmchanécd\veamr n
di fferent spati al coverage, and to avoid bia:
proportional area coverage -Wil k|l aesf&bis)xoheatd
199was domien@aevdtlheesp obt ained from the nor mal it
the data does not adhikepee ndpi.xa BAe2oa math odimat heb
di stribution and the apparent nonlinear rel at
empl oyed the Spearman correlation coefficient
monotoni c GieVtanei-lonmosdharp .rel ati onship between t#F
we utilized a nonl imedhdel remgd esss ®NSs amf@aeiysi so

applied was2.mBer Equati on

NDVI = b1l + b2 * Log(CHM) Equat i
I n this equation, CHM is treated as an ind
vari able. The goal is to estimate the values
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the model's ability to represent the observed

goodness of fit was evaluat edstuastiinsatlisce,atppsd i €

of squares. For resi duad raensaildyusalss, awgea icnrseta ttehds
anticipation was that this residual pl ot woul
statistical assessment steps were repeated, t
CHM for eachclass aomdeal so to compare NDVI tr

Mor eocvoemrp,ari sons of the detected ¢haliDgvds thretnvde
and bitempor al CHelr icheatkgladahINDYilgni fi cance w

demonstrate the statistical strength of any d

To compute rates of chadegeéevid DbBBWGHYr ePlréba g e
was utilized to establish a set of arbitrary
of 1.5 km, running parall el t o behaec ho bostehrevre.d Tghre

and brroevgit@mgs al cul ate @average change rate

2.5 Results

2.5.1 Damidsad NDd-®Dervisv.ed Canopy Hei ght

Figure 2.3a shows the 2000, 2016, and 2018 ¢
four baenghy classes. Trees associated with CH)
el evated | evees. Figure 2.3 also shows the ar e
pol ygons. From 2000 to 2018, teerofwazanapygeih
Among tested Landsat composite approaches, Me
[Appendi.x FAlgure 3b showsD\WIOsm M=eedsi paint ed etrhiev edh o

canopy, NDVI exhibits hisglhncaebuaber Whithe NID&H

41



for taller canopies, high NDVI values are al s

are somewhat insensitive to canopy height

2000
2016-18

Area (km?)

‘ WV
60 ) 4
1-2 = w0 0.2-05 GG

2-5 e 1 20 0.5-06 )

ms-10 =y 0 06-07 G

1-2 2-5 5-10 10-43 -10-431110 25! 5 0.2-0.5 0.5-0.6 0.6-0.7 0.7-0.9 M 0.7-09

CHM (m) K NDVI J
Figuxea2. Canopy Height Models (CHM) (5m pixel
areas within each sample region, represent CH

Tabl2e Bwai | ed Spearman correlation coefficie
2016/ 18.

NDV

Spear ma Correlatio0.5

CHVN Sigta(RoO0.0

N 188




The results of the Spearman correlation coe
2016/ 18 are preseeret &g pefnodrilT atbdAsgt s2 . &2f [nor mal i t y
correlation coefficient of 0.59 reveals a sig
vari abl es NDW alamnmed <I@HM @1B2.. 3 shows the coeff

regression analysi s.

Tabl3e he nonlinear .regression coefficients

Standardi z
Unstandardi zCoefficien

B Std. EriBet a t Si g
I n(CFO.0620. 002 0. 556 28. 0.0
(Cons0.639.0014 174 0.0

Thevegl ue (<0.t0Dslt) difsplheeyerd in Table 2.4 ind

provides a significantly better fit to the d

vari a’rDe809Rshows the rebsesgsabnhomsedel fits o
Tablde ANOVA results and model summary of non
AN O\rA Model Shumma
Sum Me a1 . . Std.

M | f F
ode Squa d Squa Sig R R SquargdjuS of th
quar .
Estim
Regre 4.901 4.9(839.0.0
: 0.% 0.31 0.31 0.076
1 Resid 10.9 1880. 0
a. Predictors: (Const
Total 15.8 188
b. Dependent Vari abl €

a. Dependent Variabl e: NDVI

b. Predictors: (Constant),

4 3



a) All observations

1.0
08
= 06
2 L
04 N=1882
02 | F=83998
Sig = 0.000
0.0
0 5

b) Emergent marshes

1.0
0.8 =
5 06 E
Z o4’
N=182
02 - F=132
0.0 Sig =0232
] 10
d) Meadow marshes
10
0.8 | nEt
E 0.6 ".'.:
= 0
o N =188
02 | F=3038
S1g = 0.000
0.0 =
0 10
f) Shrub swamp
10
0.8
% 0.6
Z 04’
N=19031
02 F= 78211
0.0 Sig = 0.000
0 10

h) Upland deciduous

1.0
0.8
E 0.6
Z 04
N =136
02 {F=4033
0.0 Sig = 0.000
0 10

10 15
Canopy height (m)

Em ergent Marshes
Hardwood Swamp
Meadow Marsh

Shrub Swamp
v=001x +0.69 Upland Conifer
Ri=0.10 Upland Deciduous
U d Mixedwoods
v = 0.06ln(x) + 0.64 pland Mix edwoo
R:=031
20 3 30 Linear (Com bined)

= = =Log (Combined)

c) Hardwood swamp

1.0
08
= 06
y=001x +0.64 = v=1000x +0.82
. = 04 1=
RZ=001 N30 RI=006
¥=0.02n(x) +0.64 07 F=2301 y=0.02n(x) +0.79
R =001 L, | Sig=0000 RZ=10.11
20 30 0 10 20 30
e} Shrubby rich fen
10
084 .
= 06 | BT
y=003x +064 2 g2 ¥=001x+0.38
R =016 04 1 ¢ ust RE=012
y=0.081n(x) + 0.66 02 F=365 y= 0030 > 08
R*=015 Sig = 0.066 =01
0.0
20 30 0 10 20 30
g) Upland conifer
1.0
08
= 06 :
v=10.03x +0.62 = v=0.01x +0.38
R*=041 Z 04 R*=046
i N=115 .
y="0.11In(x) + 0.58 02 - F= ¥=0.07In(x) +0.32
R*=046 - E_‘ 31")“;)0 T ORT=0.3%
0.0 12 .|
20 30 0 10 20 30
i) Upland mixedwoods
10
0.8
= 06
v=001x +0.60 % 0 y=0.01xz + 0.66
RF=031 4 iN=n Rr=oa
y= D.Dflnljx);— 0.63 02 1 F=4713 = 0.00ln(x) +0.51
R*=024 ), | Sig=0000 R =048
20 30 "0 10 20 30

Canopy height (m)

Figu4d e The
over al l and

scatter
per |

and

4

Canopy height (m)
pdl eortisv ebde t NADeVeln oMe d2 0aIn6 / 1 8

cover cl asses

4

( ANOVA

an
res.



Figure 2.4 1illustradle6a/ el @HMoarsdhi NBVIbeft wem
points for majalrudsand @.olwCklI)s. (pwo trendl i nes,
describe the relationship for coincideni CHM/ |
(from 0.19 to 0.31) wusing a logarithmic trend
hardwood swamp, meadow marsh, 2ga0dlShrubbdycat
negligible correspondence between NDVI and caé

corif and mi xedwood comparisons bevaé@resh¢iogBt

0O.,ahd 0. 48, respectivelvy), suggesting a moder
canopy height within these | and cover <cl asses

Figure 2.5 illustrates the distribution of
PAD. Meadow mar shes, despite exhibiting a | ow
range of NDVI values comparedn waédrmmt rvaegte,t att h e n
swamp | and cover exhibited a broader range o

comparatively narrow, Twesé abmedvani sasuaer ef di
observed for upland dcwnad elrgn dlleaca wdleugosuesy, p palnadn dni
tree cover ranges from 25% to 100% of the tot

species dominance, where either conifer or de:
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Figux eC®mparison box plot random point distri
2016/ 2018 for major | and cover c¢classes found

2.5.2 CHM Bitempor al Changes vs NDVI/ MNDWI

Figure 2.6 shows NDVI and MNDWI trends over
060G6 as an example (Figure ARppéndokSAB raerneda sa nBa, |
can be influenced by noilse Fomguoteh&r 69 u Ot &s e f
(negative NDVI trends) around some ponds, how
Consequently, OLS was excluded fMKo ndetmoen srt & mad ic
similar greening trends to other methods, I nd
reveals that around 39% of pixels exhibit sta
change. This demonstNBYesttéadad awern ntchesaset wo
not a result of random variati oagsuamt ivtegteitvad icc

in vegetation trajectory. Overall, all NDVI t

similar change patteAppeondex A3 me (Figure 2.6
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reduction treAdpeBi,guwhd 122. 6MNeDhNVIl MKz i dent i fi
drying trends wer éJ=50t.alt,i sUt=i0Tal5li, ynps=iOy @ilf)incdamn ts t
MN D WI trends, annual wat er body maps are pre
(Figure 2. 6bd .anvaND/WIi st rreenveal s t hat significa

hydroperi od sfHalcltoauva td ppenrs sWwateelnansgedar eaer of

water (e.g.

Landsat

indicated by

experience f|

a reducti

uctuating
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shifts in river channels over time. The analy
associated with fluvial geomor phic processes,

channel mor phol Agpe®i.guA?® 2.6 and

Exampl es ofCHMTtaermgoirlall usa rNabXVeld Twa,t hNDWle nMKsz ,

MN D WI MKz for | idar sLuarrvgeey ianrceraesa s(efsi giunr eCHM 7()
t wo decades were observed, mostly on uprai se
bitemgdMalanad NDVI trends reveal few similarit

patterns anaCHMardiaftfieornssiignni fi casapégygi &Ilrloyn fNDrv

canopies. Weak correspondence bshowrni CHMalklha
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Tablbe Blpearmanvel ati on bet ween &CHM and NDVI

R Sig. N
aHM vs. C-0.11 0.00
&HM vs. T-0.13 O0.00 1806
&a&HM vs. N-0.05 O0.03
aCHM vs. N-0.06 0.01

2.5.3 Ecotonal Change vs NDVI/ MNDWI Trends

Figumaesha@ws8 the pr ogbdHM iaorné aoff( kPhCelT 9t00 t a | propec
represented by thevfeagurt hlei darsts warl weoyst abt evaos d e
il lustrates the average expansion rate of =eco
exhibited no significant changes during the s
Peace Delta sector surveys n(ssuwrtveenyt | ayr eha sg hB ,e x@
bet ween 2.4 and 2s.uwWb sm/aynrt.i allh iasn d nrda pciadd ecshange s

within the study area during the specified per

area (area G) displayed a | oweThexmpaarsiroat & ad fe
greening in MK z (minus browning) is 3 m/yr.
a Area (km?), % b Expansion rates (m/yr)

13.3Km?, 11%

0.6Km?
0.5%

112.0Km?, 89.0%

B Expansion M Shrinkage No Change

Figuad ea2. The PCT98 @&dHM heer eéaot(aKkm proportional
|l idar survey areas and %. b) )T Hientevearl agle reecdti
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Figure 2.9 provides exampleeHMaddMg e CHMR2OONOVY e
NDVI MK z , MN D Wi MK z , water fluctuations, and
2016/ DoOslBi.termespondence between the &CHM and
trends correspond with ecoton€HMexgansi omdp & taf
while vertical changes in CHM may not exhibit
a consistent pattern of posiniolkes NrDWdd tirrentdls

& HM and the NDVI (Figure 2.9).

I n Figure 2.9¢c, there are areas aHdw edoNBVI
not exhibit a corresponding decrease in canop
reveal -rneoliastteudr et r ends over t het erhmlHydw olpoeegi ones
woul d provide additionaln itnhse sgehtasr e angt cos Icthiamegge
NDVI trends correspond with a similar pattern
of positive NDVI t r erned sp oissi thivgeh Ityr emadrsi aabrlee , wi
narrower in others relative to the ecotonal €
analysis revealed significant drying in upl an

positive NDeVlottoneanld se xapnadn si o n .

I n the Athabasca Delta example (Figure 2.9c

survey areas were Observed, with these areas
NDVI . However, t he NDVI greeni nge aR(Te%lr eadC H M
expansi on. I n the MNDWI trends, a consistent
al most all ponds. I n the MNDWI analysis, a | a

i mage, but it did not 8Bwppgathanh shbhbspquodnhage:

out (as noted above).
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Compar iPnCglr 20Hé& wi th the DUC | andoomeedmapt (f
CHM expansion occurs predominantly along the
cases, Sshrubs also extend into marshes from
indicates consistemfLHMatt Booghwekhebhbhse PE&TYO

trends demonstrate significant positive trend

al so obs®HMedNDWI time series also indicate
expansi on S eaiHMe ndte t iem miPi«CE@MP 6 r aim Birborne
Conversely, while some areasfsBMcanopgshendht wr i
browning, the majority of these instances are

Table 2.6 presents the descriptive statisti
and median, to investigate potential differenc
of the NDVI t r eneSHM ccrloassss etshe ThEP ONIDV I trend:

demonstrated higher mean and median values o0V«

Tablee Mean, Standard Devi atsloapgagtamad MeRCBN C
&L HMeRpansi ono and .fAnoNDWlan g edon dee salsyospeest e a s €

Ecot onal OLS -

Mea STD Medii
<tm to >1.37.60.00
No Changl1l.27.00.00

TS
<tm to >0.01.50.00
No Chang0.01.30.00

MK
<tm to >0.30.20. 34
No Chang0.10.20.21

MK z
<bm to >1.81.11.89
No Changl1l.11.21.13
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Comparison with DUC | and cover classes reve:

equivalent to around 5% of the total survey at
|l and cover class, hardwood swampt odadotexegpeadh sfi
area.

Upland Mixedwoods u

Upland deciduous m

Upland Conifer ,
Hardwood SWamp s

Shrub SWaND ™

Shrubby Rich Fen

Meadow Marsh '

Emergent Marsh '

Open Water " s

]
5]
I
L

-1 0 1

% of survey area
mshrinkage m®expansion

Fi gulrle T2hhe percentage of expansion.and shrin

2.6 Discussion

2.6.1 Comparing NDVI with CHM

NDVI showed | ow t oswio ¢he rtahtee il d addarr EIHMtL | dTrher e

sever al reasons for this. NDVI I's sensitive t
moi stur e, bi omdsangyodtumEheesp2iy al response
equi valent across Red and NIR bands, thus var|

complicate or al t elvoamNdVet fboburndé Zéheaft) eNDV I for

deciduous forest can be similar to golf <cours
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To asses the first hypothesis, that there wc
DUC | andcover classes, we found tha’tbeNW€ékenanc
0.38 and 0. 48, Figure 2.4) in | and covers tha
found in the PADhr ulbheswampnsc| udeldand Taoniefrer |,
vegetation also typical(B®ijiknecrlsu detswhdilic.d,h ea2l OtGelr)l
amount of green vegetation when viewed planim
clumped canopies may exhibit increased greenn
characteristics are hkniompr oovoe dbel i @hd o cciaapteudr e
produd¢tiaRuey et &bnye2868&BYy, canopies that are
may appear darker, a phenomenon | inked to the
l i dhtaRue et aln. th20k®)eci fic case of shrub | a
hi gher because these are the | andcovers that

replaced with canopy.

Il n this study, shorter vegetation types wer
2. 4) which can be due to | ower canopy cover
moi stur e, et c. Landsat NDVI and NDVel atcicnuer ad &
representation of vegetation changes in areas

canopies, as these areas are | ess prone to ND

2.6.2 MNDWI Trends

Il n this study, MN D WI was used to map surfa
adopted approach for monitoring surface water
water maps for each year and -yehygdmppeleitdbhng

& Sch°nert, 2015; Vinayar aHeree, aslur,f &2d€l 8wa tWarr d
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using MNDWI threshAppaeamsdi FilAd M&ADAVI 6 amdeshol d
water areas with positive values (greater thea
(Xu, .20@6)nhance water extraction effectivene

for MNDWI .

Deol i etusaadd t(lROD28gme analysis with TS and
trends in Bhopral pheédtlyad a decrease i n water
during summer using the MK t@lsdas xainfdi ¢ &atei Wat ef
MNDWI 2D080 depicted the presence of sA3veirml a
Appendi,x whd ch were not oh©Opewnmedatier mar2asecks
early years were not included in the signific
for the maj sreirttyesof At hengiemeti me series woul d
abnormal sThdérmefeowat euwtterlm ztiinnge as eroinegse rof MNDW
effective approach when Tehwea lwiastuanlg choynipraorliosga n
drying trends in MNDWI and the vegetation exp:
a potenti al ecol ogi cal responsanAlpp emdiing 53 i n
water availability decreasbbt aBreapansegetat
into the drying areas. This expansion can be

vegetation species or their abil(iTiymame.ya,daz2p0t0 €

2.6.3 NDVI Trends vs. Bitemporal CHM Chang:
Among tested NDVI trends in this study, the
the trends, while the OLS was visually si mil
significant trends, despite havimgFisgmee dat a,

exhibits a higher degree of similarity with t
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Al t hough some correlation between NDVI tren
found that there is only a weak correlation f

that there would be a significantegs eenemngthe

bet ween 2000 and 2018 was | argely supported
shrubification and tree growth in many areas,
area. While a positive goeemi hgmerendsi si §JDVIF i

in the transition from marshlands to areas wi
Forest cover did not show significant greenin
el evated tleevaaes sancax p er i-dernacw dnogw nf ecwyecrl efsl ocoodm pna
veget(atiinoonneyTi MO8y 3t 2@0 &) rates and directio

from 1945 to 2001 in the PAD wusing historical

changes in vegetation occurred within the Fo
veget at iean i oic cuarrrs hes . He also found that t h
vegetation to willow spp. Shrubs (especially

mar sh vegetation succession were common.

2.6.4 NDVI Trend vs. Ecotonal Expansi on

The <consistent patterns obseHMedudprdawmeen b
relationship between vegetation greenness and
Considering the difference in ecotonal expans
(At habasca sector is an active delta and Peac
underl ying processes. | ndteeesd ,0 fwee csohtoounlad neoxtp air
whol e PAD, as such preocdersiswisn gh amesc hlaonciaslnmhsy ivnar

climate influences that i mpact runoff, fl oodi
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The discrepancy between the extent of green

indicated BYHMheuPLeIOt0s t hat t he NDVI captur e

vegetation response, including shorter -statur
based anal ysi s. Mor eover, | arger areas fof N D
t he NDVI i ndex to <changes in vegetation typ
saturations, or differ dmnas ait ndasrpgavtieidadla mrr oedsuocl tus

studies have reported an overestimatiomnin ND
Ssivegetati on str@ad uredl apt o p(éedZ2e)sl. NDVI ove
underestimation to the spatial resoNMuteoheof
Serrano eatl saol afmouen®d2 63 i mati on of positive NDVI
NDVI to detect vegetation change at 1 km resc
magnitude and extent of the observed greening
oerestimation. The NDVI is derived through a
overestimation of NDVI values in areas with | c
with high vegeHaet enetcodtr acgach9 7€) assumed th
overestimation in NDVI would persist throughol

variations in NDVI shdwlod ete ami.ni madl2l2y) i mpact

Further analysis and validation using grounc
i mprove confidence in the reliability of NDV
comprehensive understanding obtmithe Belddataonophi

cover and NDVI changes in the study area.
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2.7 Conclusion

Il n t hilsi dsastruidwed a€HM &@wod | ected over two decad
in understanding NDVI Theehdsdatromnadtywysi samevea
and ¢*fiinl lofngvegetation canopy, resulting in in
areas. Ecotonal vegetation expansion into wet

ripari anriawreerasbamkds/ | evees thatshweibhe swabpsyg f

changes are indicative of patter ntsi lod isrhraibtiu
moi sture/ ground water | evels were not examine
observe drying patterns based on shallow open

ponds after 2000 and sthhae |sohw ionpkeang ew act fe Trinaanrye assm
NDVI TS and MK z results presented greening p
in most cases, the NDVI trends il+3s1 ndtagrd) | a

was obser vbeads eidn eCHM on al~ 2c adn.onp/Whridlder atnlte i(nt er |

NDVI trends should be approached with caution
NDVI response being more sensitive tD€EHM8Marly o
based aphMameatcihhetshses spati al correspondence and

annual rate of NDWVICHMr e@seatdon @ nian MK panandon doe

pr opoorft itohne observed greening is due to shrubi

NDVI trends showed small but systematic bro
despite not seeing a significant change i n ca
thinamdghor changes in foliar spectral proper:t

of NDVI trends and patttehesf iimdinmgs hefr nt ied t g

preliminary insights into the vegetation dyna
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vegetation change and ecotonal expansion ovVve.l
essential for assessing |l andscape dynamics, i
further anal-makisngnpr dees semwmens Cobhseglienhi g, stt
starting point for further research into the
across tdei ghMAIDhg Acauses and effects to chang
chall engi ng, alst absy arheeiirn naatsuteastpeo daafl o d nusxt awn tt
driving mechani s ms, feedbacks, and variabl e

changing climate signal
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Chapt#£® ®8Years of NDVI Trends I ndicate Vegeta

Hydroclimatic Drivers Across the Peace At haba:

Abstract

The Peace Athabasca Delta (PAD) i n western
freshwater deltas, desigd mdbtad d | anp B pavhSdA Rsei w eunal t der
wi thin thlei SUNESSCW0ood Buffalo National Par k. |
t he At-@Ghbpewwgan, Mi ki sew Cr ee, and M®tis | ndi
analyzed Landsat trends od 2NDV/2t taohrdienvel DWh g & r ¢
vegetation and surface WdWVeér toeead tmhal past e
and nddPatli s(@reemaaandgbr pwnimag) |y concentrated ne
perdh b,@saaicthhs covering arounTtie20®%DOVI thendst iat sc
wetting (20%) and drying pbhowever (10kyi dehgetel
into smalléendidtaeér amésween 1984 to 1998, t he
wetting trend encompassing Lake Claire, Ma me
Subsequentl| vy, a omaruk ettwd O an a 8,2 pdiagrei fi cantl y &
conditions within the PAD. 7Theoldrgwed by eadse
wet condi t8toons20f2r2oom T2h0el pr i mary | and cover <cl a

greened perched basins i nclude shrub S wamp
"shrubification" associated( Wi% hgrtéeeni@rg Bpmas to-
vs 5%-1i9n29paEhe overall a vsegrr eeg ea nglr -8p6ofsBt n giedr9edt & .
m/ yr. and 3.1 MUy r . .compas pesotni vhedtywe e n temper
highlighted prolonged war mer andddtetyleg ipretre rode

E I NiSfoout hern Oscill ation at mosWhidlirldocoadui enlgée s 0 n n

6 2



areex petct @emtti hareegb@ikeabt hlean d stcheep etemh i tchHPeA R a n

rettuoctms st olraraqdolpyer si suaedraetmadinncse.r t ai n

KeywoBdarsealLandsat Trend Analysi s, NDVI , MN

Cli mate Change

.1Introduction

Over the | ast century, changes in climate, I
stream flow patterns driven by devel opment ha
di stribution of water(Rwidvwsen di®kadplh.dA 20 @Ed)e
and anthropogenic di stardlamerisng nt hnee st yd mo | s
ecosy.foemeHomnpl eand BaybegdcmRODB8hed groundwat e
wetland |l oss in the prairie pothole and west

decreased precipitation and el evated temperat

Mi nor fluctuations in precipitation, evapor
changes in surf ac(eBuwrrk etrto uén.dkviatt keae | cBvGe@l G s car
contraction or expansion of wetl ands, the tra
transition o f one WButhedt t&p&KuMdreepnwe2rh@0g | ¢
temperatures during the spring and early sun
extended grloevii qilgt esreeads omvyaporati on rat eso,t adnd
preci pietwaotti oinn cdroe as e, | eading to ndKrid pferl &g unemt

al ., and10nfcirreasee8lasahberg et al ., 2020)

Thi spoaentially doamnsbhoech b©omefhér forests [

shrubl ands, (8tr aglrbaesrsd aeatds al ., . 2MpOeoWang el e

6 3



temperatures and more frequent drought events
in the size of wetl éKtdseiandtshall ow0.BperSWaneé
regions of eastern Canada receive more preciyfg
These forests may transition to temperate mi Xe

boreal ( ®tiroanleber g. eAl oanlg. ,t hZe(oOP wtr taern t t o di s C ¢

per mafr osta,trd mpgeareatsurnggs have | ed to widesprea
subsidence, or t hermokarst, wlfiGeibsboa ¢&ur taher,
Theakasts driving various ecosystem changes, i n
wetl ands, increased drough®btsakrkeesg endaldec!| 2

Vegetation affects aquifers by direwhillye ext
canopy i nt ertcheep tpiroonp orretaiuocre s fw mre d it @ dawvitak @ haadrl gee f
(Le MaitreTht s abk ugignicSrbeSa)stghsatteotviearn dr yi ngamwet | al
further enhancaqgdi(fHeankga manan dieetpd ettt s BORH) c | i r
soilstamdl struct Craemm a®Blderdesalctfeorn sdticsare sensiti

to other forest eedmiwsiteamétytucheathtas ocamange

ecosyshtaemuct er (alnidu feutncatli.ons20 2 3; Mi chaelian e

Hence, it can be inferred that smal/l shifts

change, water usage, avulsion events, etc., cC.
Il n western Canada, t hei #deacef At habgbobeDel L

produicntliavhed f r eshwa theadbsBite@altt talsr i Yitng communi ti e

speci es, water fowl, fish,( Tmumdkmme,sl, 2 Gdedagvoegrn,i thbi
its significance, t he PABDswaatsl aancdc oa fd ed@l a kheel sit
1982. Moreover, 80% of its expanse falls witt
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Par k, which has been designated a UNESCO Wor l
serves as the ancesChriaglewlyaamd dUfi kt Ise wAtCh elea s caa
communities, who maintain a deep tcioimeract € @ n

pursuits of hunting, fisbWagg ¢e¢tr.aplpi ng202384d c

Hi st ormaiccalrIdyi,mp ntey ,t(h2e0 OPBAaD ex peri enced dry p
18415848 and8915885wi th | ow water l evel s, decr e
conditions. Throughout the | @lDt4 6¢elMtObLr3y ,1 9d8rOy
1985, Adhe@qeabm8neyWhi2lo® 8tahe PAD experienced dr-
the current situation i s ulnTpiamoanlelye | €d 0i8ma ;t elri me
Additionally, tdicslapdsesseptiesamyasDargeyw ftaet dr.
periods sitlmcedst hd omiatl i nhabitants have obser
wildlife and vegetat i(oWanwi tehti,inanld.lhe d2doezj3t)au te c 0
to heightened delta dynamcestaerds|l tnnghfuobmen
meadow | oss, diminished mudflats, fluctuati on
the delta, elevated mini mum wat ef alme vdlon,dsand

Peace(Rimeney, 2002)

The de&il viadedmadjsderea ttows , t he Pe(akieg wameP r3eha) oAutsh
research | inked the prolonged periods-j @am dr yl
flooding along t(Belltawesr, RdO®&23Ee. R¥oolcfaeB @elth gaols.o,
(20,23t)he pattern of drying corresponds with tF
through the building of the W A.C. Bennett hy

encompassed the constructi onla@®®BIYAEAYg)  , atnhde tfhiel Ic
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op
t h

al

19

al

At

19

ch

eration that commenced pipr 0lx97828.0 eTkhge udpasm riesa n

e PAD.

Basins situated within the Athabasca sector

om flooding events along the Athabasca Rive

Il ver i1tself 1 s (nBeal tsaughyg ®lculpZIr)d e-adal ahamges

cunmedudi ngl agxpaontkernhdagasdmdrov esbteitreg s et
, .. 2P2Rp mills Il ine the river, and oi l sand
60s. Oil sands industry withdrawals constit

|l ocated (PBPet erat eet MadaleeoveBD22)ts morphol ogy

habBmlcar ras confluence underwent significan
72 (excavated a cutoff chheaqrede ama @rsdert)h ea m
ul si opBeéelnt 4 8Zey202a3d) natural and anthropogen
ve |i kely played a significantUnderstiamda&lntger
namiegqsa rceosmpr e heftshieveevsotluvdiyngo st ate of the P
Unl i ke traditional mapping met hods, remot e
d remote areas, capturing dynamic changes

at(uridsl esand Aaddati pnablly) it enables the ac
d tempor al scal es, facilitating a more det
ndi ti ®A®SlLo nsttuhdey c¢ h anTgi enso niery tamedf ddeies e(d2 GoIn6 )t
|l tas on the Athabasca River and, oFieg)urneoB3 .ric
al uat e h oew ptahbetiseed udgehl ttaisme usi,ln@gn aeati,aihcpdernt \
bouddalairryeati on approdaeh. vEle ynaps ad tthe DbEASE

anges. Tahneyi nrcerpeoarét@e.dr ntkhndh eothlreelrasca sect or f

6 6



I n the case of the Cree Creek Delta, consiste
remained relatively stable from 1951 to the 16¢
area wasn't observed unweénal1l®9e?2 4980220FB2pseld

significantl yTexpaerged Leesi 26 16)

Ti money andallsece s(WR2gglets)it midleanhart alt hepati al gr
observed in Athabasca, Birch, andcCrieatCrce sk g
across both the Athab@sicreata@&ndc hBingeh hwat ebresehne
alterations in hydrtal°ogyetWaadme,re geltlalia oes ar e
change precipitation patterns, with more rain
altering the hydro(l®aglyomd.n rAsx@d 5r) easnudl ts torfe aamsw a
increase in winter discharge in boreal rivers
rain. Earlier snowmelt will furt(sdarmr °lne a&d tad .e s
Addi ti onalalmgfngpbemafrost dsiiempmaochteva hymd ng |l @ gy n

nort hern (bBorriedaghazmoneet al ., 1995.,; Chasmer & Hop

These shifts in hydrologegetatgl vkeal vt hteo ri mfe

under stwan cirnfgf totwvuafT hensarrangement of ripari e

determined by variations in the hydNridIssginc &n
Svedmar kS u b2s0t0a2nt i al shifts in riparian veget a
changes to the mean annual flow, as alterati

significantly impact( Aulplae i anAlpdbagrtelad B 4n)nwnreirtsi
arrangement of riparian vegetation foll ows a

moi sturaeNidesesdbdsn & Saeawdmafridooas0 0 )arde stso and di st
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ofri pari dmMupl anteg al ., 1994, Johansson h& sNi | s

comprommeygi pgysi ol ogRecne!If 2prtoceets sads., .2005; Veryv

A growing body of researchThalkerd e eldv7pd)s § 1 o«
satellit®e mMmoageémwmy changes in biomass and veg

northe¢(Bl meerdsrf et al ., 2012; Forbes et al

Olthof et al ., 2008ThiRayinmdels ies @énsi 2i0M)t o
canopy structure of pl ant s, making it a usef
vegetati(dnuchkeaThdeé 9p®9i ti ve trend in NDVI or o
known as O0greeningdé, has been |l inkedBevinédr cet
al ., 208M®it Myet sarlh.i,s 2d2od)onged greening or po:
with vegetation encroachment (expansion) and |
ri(sMcManus et aasl .wel201laz) correl at ed (Wil tmle nalotr dr
et al, ,bi2om&9s amBepmeduectt iality 2020d d&Eoxtrdrde @
gr owi ng( Psaeraks oent. &Sli.mi | 201 @)osi ti ve tnroendcswelsd\ea I
Canada and&aAlgasakha ®kyThedle (230h%)s 0 evidence t ha
browning (a negative t-oendr hhgtvietgedeati egi d m«d

presence off Lwateéer.abodi 9 21a)

Utilizing the Landsat i mage archive and tre
guestibnsWhat spatiotempor al changes to wetl a
bet ween 1984 ah@an2€@»22r3) (Whoioahp ogg etelmet ert i @m
undergone t he 3gr elast etshercehaammge@is®cerni bl e abrup
durt Mg mertiheast suggests either a nditshteurbbeahmcva oaur

PAR4) Whether any abrupt changes have |l ed to :

6 8



PADOur hypaordeh e elsttohwesrre Hdas a substanti al i ncr e
within tH2eanyegcihoannge i n climate or hydrology

t NeDVvI trend observed using remotely sensed da

3.2°0udy Area

Situatednéatafe htetee Peace and At hala,scal drngv ewi
several smaller deltas at the western terminu
del t ai ¢ (fTarmoateiyon&, Leac!|l 2dilddnapedr aenbgect ad
i solated basins based on their | evel of hydra
t hoep @ ailmhagiens, al t er ataipands yi nmrexseptdeyra tlleekteed sor
|l mestricted ,drhydagel ibcascosstacaiosuse |l ckhanndel
subsurface flow systems | ead to khotalmezee&dl| agu
rechiange sol adcecu rinizaeirheand f | oodsi nign wehtidre Idew:t

predominantly gover (Bdl bgosyapof2Banspiration

The PAD consistently receives substanti al i

River. On occjasmoml, oaddig i amgd iicestances of extr
from the Peace River. Mor eovethamg lhel ppreaseingiet
wind seiches, and the occurrence of spring an

of water within(Themohépoddp02aln basins

The delta encompasses three distinct ecosys
Shall ow waters | ess than 2 meters deep are cl ¢
syst(eTmsmoney, 2002Thimetvm éfyour2 018N gest | akes i
Ri chardsonhavwendmeBamnr i dept hs( Tiensosn etyR b 02080 2gnled ¢ ¢

(Moench) Pdpaud usn dla.l sfaam eésetrsal | uvi al terraces a
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Precambri amntdeadorooveek t he delta plain support (
communities. The delta proper i's further c ha

(Ti money, 2002)

Lake ‘
Athabasca |

Mamawi
Lake

Lake Claire

-

Richardson
Lake

NV
Manitoba
an

& -
c%if\ Orfario
i

[IThe PAD Athabasca Delta

Peace Delta ',

u o 2%111 Water Birch Delta rl

Figureal. Location of the Peace Athabasca Del't
sector s, At habasca Delt a, Peace Delt a, and B
adapted from Timoney (2013)}. 2Wa23e.r areas adap!

33Dat a

331 Climatol ogi cal Dat a

To contextuali ze t he study, cli mate dat a
(Climat endeartea . wa) | i zed. Speci fical lpy,ecinpiatnat t

measurements spanning the period from 1980 to

Topographic {DXaatnaVeocf-GEamaedadver nment Portal
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https://open.canada.ca/data/en/dataset/8ba2aa2a-7bb9-4448-b4d7-f164409fe056

changes or abrupt shiThe amaltyheii st hwaesvae &4 € dyee
(October to September), warm season (April t o

assuming these ar e r(e(phraesssneenrt a& iHwoep ka fn stohne, ¢210i1n7

33 DPucks UnlimtedaGadcadaer ( DUC)

The Wetl and Classification provided by Ducks
Nati onalusPead ki rwatshhe clt @a@iyd dusstc@abn tddnniethager y fr ¢
August 2017 and field data. The resulting | an
demonstrates an over aDuUchscUnhcwyi ekhdeE€ddiarg@ 719«
t he (naipguyreappr2oxi mately 30% of the PAD is <ch
mo r omi nent | and cover types include shrub sw
meadow mar shes at approximately 10%,todamd,6 e mavk
areas encompass 30% of the PAD, while al/l upl

10 %.
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N

A

DUC Land Cover
BOG
= Open Bog
Shrubby Bog
Treed Bog
FEN
Graminoid Rich Fen
Graminoid Poor Fen
mm Shrubby Rich TFen
Shrubby Poor Fen
. Treed Rich Fen
. Treed Poor Fen
MARSH
Emergent Marsh
Mecadow Marsh
B Thistle Marsh
OPEN WATER
M Open Water
= Aquatic Bed
Mudflats
Saltflats
SWAMP
Shrub Swamp
[Tardwood Swamp
m Mixedwood Swamp
= Tamarack Swamp
= Conifer Swamp
UPLAND
= Upland Conifer
# Upland Deciduous
B Upland Mixedwood
Upland Other
= Anthropogenic

Q14 20km ¥ = Upland Pine
Fi guzRBRUBKs Unlimited Canada (DUC) |l and cover
(Ducks Unlimited Canada, 2020

33. 3 Landsat Dat a

At mospheri ca&lulry acReefilesactaddadn crea gleéCnddast aatgl teivoenl 2
2Qacqubeatedeen20@2B 4.t cGeol ogi rawe Sag vielge RHLiI3s f ¢

anal.yshecscor di ng

processed for

to(WHGS dozZa@uIMkeNtandoant sensor s

Co l-deelcith roant 120 nu ntdee ergisroit Mmitdzee f e tewn

mitigatentheneSLCa)f f epr oEnlheamsc eodf The maETM+ Mappe

dat a, Landsat

to 2011. For 2

5 Thematic Mapperl99I®M)andafee mwi

000 there were no quality TM in
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not have SLC problems). Landsat 8 Operational
to 2022. Ther e |lwturdemage aviaold atohe year s Tal 986,

minimize the effect of vegetation-dJphenoloogegy,r |
September) was used to Adtr e actoemptolse t @ s n weelr ec o

NAB3Iat.um

34Met hods

Ti me series analysis has proven valwuable
moni tor-ueg, plagrdiicngl,t ur e, di saster maAagkament ,
& Anit haHowz2¥Ek9) It is cruci al to empHasieze t
i mages to ensurceontheuatgyumwmdcyYyhaed i  mekesefien
cloud cover over thewBRAD}{ oOtleempbolythieabhaeauapt
to generate composiBaseidmaagreas § @y s neeancth oyfe aaopt i
Chapter 2, t h(eGumendai aent arkelt hordpwosd Mjuindg he me st
efficient over the PAD, so this was chosen ta
composit eRADSATTe p@QA el tags were used to iden:
(Hemat i e€Clalds 2@0@1¢l oud shadé@PWXEuwd Caggemev e
al ., . 2BR2@ut ¢éus8Stprod easfsrgahmeegwo r ki,ol d rsdeicideons pr ov

furdbeaeai l
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All available images

summertime annually (1984-2022) MNDWLINDVI

time series LandTrendr
~ *Filtering saturated pixels
: *Masking out cloud/shadow
é: Annual Composites General trends
Q0 (Median pixels)
3 g
-; Detect Change Using i
_ Change Analysis Raster =
MNDWI | | NDVI | y 5
General trend Before t =
Masking out Flilnding di.stilzc; Before ( =
NDVI >0.9 change point (t =
Aftert General trend after t =
Fi gu3 Bhe& . workflow of the study. L2 (Level 2) ;
|l ndex) ; MNDWI (Modi fied . Normalized Difference
The NDVI of e acthi men nLuaanld sau mmemage was <creat

infrared b8b]bs vielibe uURA D oma msghi asipleove § a(nTdi nhcankeeys,

2002he analysis of sudtfrae ee xwmlt cerra ttiroenn dasf i waroil
i ndi ceswaBbeagsesaks their effectiveness in mit
shall ow depth of waAfftreboudsiesg odi ftfher eamtal tylsn e
i nditchees ,Modi fi ed Normalized DiffetrenaxrealWazert i
isurivater. This index uses green and2shbathdwayv
2 and 5 in TM/ETM+ af&KuBaR®® 6P r e ppdLoabneddsaat t ®Od | ]

wasarried out wusi n(@Gdroelgil ek.Eeatr tahl .E,;ngd 17 )

N D V I (Near Infrared Red) / (Near Infrared + Red) Equat.

MNDWI = -(SGH &Rgn/ (Green + ¢ Equat.
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Thé andbsaassted detection of trends i @al diogal &t himan
robust technique designed to(Hehepetychawgbs, i
usead assess the NDVI and MNDWI +seends. dByaan
identify and characterize variations in | ands
|l and cover changes. The LandTreemmpdorr adl g oraijtehcn oi
pi xel over ti me, utilizing the pixel val ues f
trajectory is subdemgpthiafsyelsy ofegmabi édttyo chang:«

a chang&eavnendty et al ., 2010)

To initiate the LandTrendr algorithm, four

maxi mum segments parameter sets a cap on th

fitting processpi kSiercgp"n dd ayr, a mehtedea” degdoind r od isn g lhee

influence the result, with higher values | eac
el imination. Thirdl vy, a "recovery threshol d"
segments that 1| ndisadtye d ampmaslirteinde threemrd-silt at e
off vatteeé&r mi ni ngoftibpPagaodneak. , 2018i;aKeatn ealy.

(20Rr68pd LandTrendr for NDVI trend analysi s, ‘
ul ti mat eilngghatnte¢heddef ault settings were optin
set is the Best Model Proportion. During the
value for each model and identi fyitnhge trhoed esimaw i
(most sigmil uiecdmatsedpon the proportion value.

the | vawéste pPputvemay hngth maamber of vertices. Th

to the default setting of 1.25 for the Best M

-+

ound that using a value ¢DeOMAS zygi eltdsal bet i
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LandTrendr, Accessed in 2022; Hislop et al ., :
Pasquarell angat s@alme, u2@2A2 h dheetdAalhdatuy dti2e0s2d )abov e
opted t-waluse tahrPeshol d of O0.05, deviating frol
for varying values of the Max({ he mMdNumbeet ol
Kennedy et (dl s|]opO0OéBraMuggi 2@ah@yag atepaind, n302d0
specific needs of their research. Il n this stu
and identified the opti mal combination throug
values and the Laddprewddeseam| byver Vakklwe of t h

for LandTrendr paramempli e awinohadn LAarcdsTrSe rPdro wWa:

Tablle Bhe parameter values used for LandTren

ParamMax n Overs Spi ke Recov Min Best Pval
segmethres thresthres obser model t hre:
propo
Val ue 7 3 0.9 0.25 6 (defl.25 0.05
(defa (def a (def a
In addi tion t o LandTrendr direct out put s,
mul ti di mensi onal rastteger eoat paut guaisn usmed It os<r

and MNDWI tuismen gs etrhieesChange Anal y.Fiog ri anmptreorv et
observation of <changes and peaeaamarnaetiga kdesalKodud iaft @
Ma ma wi Lake, an Wecbamidibkabbakdaries of the
established by combining t hes 1li9n8f4o rsnhaotried n nfer adr
l and cover map. To assess nméebét ebohhaeapgbwas nat
|l ake boundaries. This buffer retained the edge

the anal ysis.
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To compute rfand®®VbfactaMmMyOwel $rEndswaséd ut il
establish a set of arbitrary transects. These
parall el Theeachr andhect @r weoshescedrvveerd agrde eomni ng o

forl aadndcovers to caltehbdage.t he average

3.RBesul ts

Theothgrm retsotdalal podci pitation and mean tem
over water year, warm anad.coQvde rsaelals,o nrse gaarred |sehs
tot al preci pethateiron Dea st ade cwacrans seasonhasnean

been I ncrMoasampnwvelrgngiemgewaeilmween 1998 and 2001

[ e B 5 W0~ 0 Qo ol g N0 =10 O = il g W o> ¢ O =oclon T wn O~ O =0l
[ T - - B | 0 O 0 0 0 OV OV OV v [= B~ = R = R =) [ e T e B e B R e B B B B I B | [ ]
L= = = = O - - . O O - - N N N - e R A=A = i i A A = = I = i = I = = = I = = = = === =]
~~~~~~~~~~~~~~~~~~ P I S = | o o o I S oS s B T T S R o o B R T U T oS T o I o
5 300

3 200
100

-100
-200

a) Water year
Mean Temperature (C)
(=1
Total Precipitation (mum)

5 300
4 300
8 200 §
g
2| & 100 g
g g g
=R * =
LF} o
= E 100 £
—_ &z -2 =
o = -200 8

-300

150

-50

¢) Cold season
Mean Temperature (C)
= TN N o TR == O R = ) £
B
Total Precipitation (mm)

-150

SnydusesseeersdggseslzacgssgezosgesgaendnT e n ®a g ool
@ oo o ed 0 oD o0 o 0 Gy Oy O O = === k=] OO O O D o o o o o IS |
R - R R R B R R = = = = = = e e ] e e i i ] [ e R S S S S e B e S e S e S e B e B e S e S e Y e B e S e e e
—————————————————— R RS S | S ST o e T T o I o T S o T o R T S T T o I A

B residual total precipitation
Fi gu4 Bo t3al precipitation and mean temperature
yeamwarbn, and c¢) cold seasons.

residual temperature
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The NDnvd MNgDeWler al t r e ndsbceht avegeen mMaOgBMi taunndde 2 0 2
in FBgbiméde NDVI trend showed slightly positiyv
or iofsimpends aAtd tlheekesame ti me, the MNDWhetren
ponds and | akes. There are also some cases ( e.
MawewiLake), where NDVI showedamd ndgRWI vter emd D rs
a wettiBogt ht rteenedn.ds i ndicate that similar areas

from 198whtabes2oha2di ting an overall wetting tre

1984-2022

W 50 e al off NDVI& MNDWI magnitude
<40 : = o <05
£ 30 -0.5--0.1
“20 I -0.1-0.1
10 v 0.1-05
(-:—) — 2'l)<m == )‘IDVII a - MNDWI s - . 0.5
Figubs dMa@ni tude of NDVI and MNDWI ti me0OXZ2ries
(permanent | akes, Lake Claire, MamaQum tLhaek el, e fat
t he magnitude of NDVI trends indicates the deg
and brown col or s. On the right, t he magnitude
drying trends, denotedibellylue and red col ors

Foll owi ng Wahmeg wear kavVvefr ( 20 @d3ePfADni ng sev,en di f

incl LEB®B8;-1998381993320AHDILD0O08 .22 20245,
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wedefined eight time frames with more equal te
considered the availability of Landsat 1| mages
ti me periods-:19BBogdeaoar enal @8A9IBr, -1A1IBPEA() n o 1i19@&8g e
1995)+( nb999%age for 22082 RBDO®MAQgROOOTr 2DAT2) 2C

20282 2.

As seen 3i,6 aFisgiugrnei fi cant dryi fhgda#®0 @I FEEemi ng
example, the entire Bari/l Lake ddrcicadlrtedar dund
Lake Athabasca and Lake CIl air e2.030Whtihhee HAND aslhlo
similar trends, with a combination of wetting

Af t eB 20ebspite not having that significant tre
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1984-1988

NDVI magnitude

M
-

NDVI magnitude

.. M
-
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MNDWI| magnitude
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