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ABSTRACT

Controversy persistegarding causes oécent lakdevel drawdowrwithin the internationally
recognized Peaesthabasca Delta (PAD), northern Alberta. Central to this debate are
conflicting interpretationsf causes of declingn Lower Peace River iemm floodfrequency

that has led toeducedflooding of lakes and watelevel drawdowracrosshe deltaOn one
hand, studiesanalyzing Peace River hydrometric da@nd Traditional Knowledge and
historicalrecords ofice-jam flood frequencyaveattributedlake drying to decreaseite-jam

flood frequencycausedoy the W.A.C. Bennetbam, which has regulated Peace River flow
since 1968 Statisticalanalysis of thee record$as also been used to establish a hypothesis
thatice-jam flood frequency waacceleratingorior to constructim of thedamanddeclined
thereafterIn contrast, paleolimnological analysesseflimentoresfrom oxbowandperched
lakesin the Peace sector of the PAD identifieéclining icejam flood frequency anthke
drying sincethelate 1800sind attributed ttsi toa shifting climate following the Little Ice Age.
Further investigation is needed to delineate influences of climate versus Peacdédw®iver
regulation andeconcik contrasting iterpretation®of the timing anctauses otlecliningice-

jam flood occurrence@longtheLower Peace River andkedrying atthe PAD.Reconstructing
climatedriven hydrological change at the upstream unregulated Smoky and Wabasca
watersheds, which provideibstantiatischarge to the Peace Riwvenenice-jam floods occur

a the PAD may add critical insight into causes of hydrological change at the F&bent
analyses of sediment cores frooxbow lake within the watershedo f these Otri
t ri but areveaed thadodinfleencebegan taleclinedecades beforeperationof the
W.A.C. Bennett Damcoincident with decline of ie@m flood occurrence at thewer Peace
River andlake drying in the PAD (Girard, 2022; Stratton, 2022)lere, paleolimnological
analyse®f sediment cores fromemote,upland lakesn the Smoky and Wabasca watersheds
whose water balance are controlled by climatic variations, are udedildoon this newly
generated paleohydrological knowledge and reconstargtion inhydrological condions

from 1880to 2019

Sediment cores fromwb upland lakes withireach ofthe Smoky and Wabaseeatershed
were used to reconstrutegmporalvariation inwater balance based ewaporatiorto-inflow

(E/N) ratios computed fromelluloseinferred lake wateoxygen isotopeecads. Relative to



thepreregulation averaged 880 1967), E/l ratiosbeganto risebetween~1910and 1940 at
upland lakesn the Smoky River watershed an@960 1970at upland lakegn the Wabasca
River watershedUse of linear regression for the pregulation (1880 1967) and post
regulation(1972 2019)intervalsidentified statistically significarisesin E/I ratios duringhe
pre-regulationintervalatboth upland lakes in th@mokywatershedandat oneupland lake in
the Wabascavatershegas well asat both upland lakes in th&vabascavatershed during the
postregulationinterval These resultgeveal that increasingimportanceof evaporation on
water balanceassociated with declining snowmelt runoff inpat upland lakesn the
unregulated Smoky and Wabasca watershieeigan before onset of Peace Riveowl
regulation andit intensified during the posegulationinterval Periods ofclimatedriven
increase inmportanceof evaporation on water balance of tiygland lake coincidel with
previously obtained paleolimnological evidencedetreasindlood occurrence at floodplain
lakesin the Smoky and Wabasca rivevatershedsand decreamg flood occurrence aan
oxbow lake and increag) evaporationat a perched basiin the Peace sector of theAD.
Correspondencef hydrological change since the 1880sijgiand and floodplain lakes located
within unregulated and regulatedrtions of the Peace River watersldehtifies a strong role
of climate not regulation of Peace River floon theflood regimeand lakewater balance at
the PAD This knowledge iritical for informingdecisions regarding adaptive and mitigative
conservation measures at the PAfRxluding thoséeing contemplatetly thefederalWood

Buffalo National ParkAction Plan
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Figure 2.1 Map showing the lakes and watersheds studied in Alberta. The left panel shows the
PeaceRiver watershed (yellow) along with the Smoky River (orange) and Wabasca River
(pink) watersheds, the extent of Wood Buffalo National Park (WBNP; green), and the outline
of the Peacéthabasca Delta (PAD) within and adjacent to WBNP. The upland and perched
lakes are indicated by circles, oxbow lakes by triangles, and meteorological sites by white
diamonds. Previously obtained paleohydrological records utilized in this study include oxbow
lakes from the Smoky River watershed (Smoky 2 and Smoky 4; Straf@2), 2he Wabasca
River watershed (WAB 2; Girard, 2022), and the PAD (PAD 15; Wolfe et al., 2006), and a
perched basin in the PAD (PAD 5; Wolfe et al., 2005). Panels along the right are magnified
areas to show locations of the sites in the PAD (top), WabRs/er watershed (middle) and
Smoky River watershed (bottom). Maps were created in QGIS version 3.10 (A
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Figure 3.1. Radiometric dating results for Smoky 5 C1, Smoky 6 C1, WAB 3 C2, and WAB

4 C3. Activity profiles are shown for tot&®Pb (green), supportééPb (as*Ra; yellow) and

137Cs (purple). Also shown is the adepth relation based on the CRS model withnesies

based on measured samples (black) and estimates based on linear extrapolation below the depth
where total and unsupportétPb activity are equivalent (black dashed line). Error baes of

2 sigma are applied to CRS modelled ages, and error bark sihndard deviation are applied

to radioisotope activities. The vertical and horizontal dashed red lines identify the depth
horizon of ~1880, representing the stratigraphic interval of interest for this
stud 6 €€ éeéeéeé.eéeéeéeée.eeeéeéé. 15

Figure 3.2 Isotope compositions of water samples collected in September 2019 from the
upland lakes (red circles) and nearby river sites (blue triangles) in the Smoky and Wabasca
watersheds in relation to the Global Meteoric Water (@&IWL; Craig, 1961)¢ é é é ..17

Figure 3.3. Graphs showing stratigraphic variation in cellulisierredlake watet 20 (celk
inf.| 80w) at the four study lakes. Error bars represent analytical uncertainty. Contemporary
lake wateft 180, obtained in September of 2019, are coded in red, and error bars represent
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Figure 3.4. Lake-specific isotope frameworks (panelsDy and a regionalkaveraged isotope
framework for the Smoky/Wabasca region (panel E) including Local Evaporation Lines
(LELS). Isotope compositions of water samples collected from the upland lakes (red circles)
and nearby river sites (blue triangles) in the Smoky and Wabasca watersheds are plotted in
relation to the Global Meteoric Water Line (GMWL) and LELs. Isotope frameworks (black
circles) include the isotope composition of a water body approackasigcation{ *), the
terminal basinsteadystate isotope compositiof sst), the amountweighted mean annual
isotope composition of precipitationd), the isotope composition gummer precipitation

( 9, and the isotope composition of sumnaémospheric moiste { as). See Table C1



(Appendix C) for all values obtained from the OIPC (Bowen et al., 2005; IAEA/WMO, 2015;
Bowen, 2022) and for all values calculated and used in thesfa@fic and regionally
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Figure 3.5 Temporal patterns of change in lake water balance expressgd aastios,
computed from cellulosinferred lake wated'®O results (Figure 3.4), from 1880 to 2019.
Average E/I values for the pregulation interval (~1881967) are shownsagrey lines. E/I
values higher than the respective-pegulation average were coded red, and values lower were
coded blue for each upland lake. Records are shown with linear regressions (ol 888
1967) and postegulation (~19722019) intervals, ware a black star next to the lake name
indicates the preegulation regression is statistically significant and a red star indicates the
postregulation regression is statistically significaBtr{oky 5 preregulation: y = 0.0007 3l
1.1374, P = 3.7814x10 df = 41; post regulation: y = 0.000%B 1.1216, P = 0.1232, df =

34; Smoky 6 pregegulation: y = 0.000532 0.6846 , P = 0.0280, df = 16; pasgulation: y

= 0.000494 71 0.6046, P = 0.5739, df = 14; WAB 3 pregulation: y = 0.000584i 0.7155, P
=0.0159, df = 31; pogtegulation: y = 0.0019%3 3.4868, P = 6.9346x10) df = 36; WAB 4
preregulation: y = 0.000328 0.5707, P = 0.2209, df = 25; pasgulation: y = 0.004238

Figure 4.1 Comparison of paleolimnological reconstructionsljAand the Beltaos (2018; J)
interpretation of hydrological change during the-gse= 0.0009% i 3.512x + 3254.6) and
postregulation (y = 0.0807% 146.03) intervals of thhistorical observation and traditional
knowledge flood record of Peace River-jaen floods. For paleolimnological reconstructions,
the grey line represents the respectiverpglation (18801967) average, the dashed black
lines the respective linear geessions of the dataset (188967 and 19722019), blue
dots/lines the measurements that indicate a wet interval relative to thegptation average,
and red dots/lines the measurements that indicate a dry interval relative to-tegydagion
avera@. E/I profiles generated in this study for Smoky 5 (A), Smoky 6 (B), WAB 3 (C), and
WAB 4 (D) are shown with the same linear regressions as in Figure 3.5. Mineral matter records
for oxbow lakes in the Smoky (Stratton, 2022) and Wabasca (Girard, 20225heate are
also shown (E) Smoky 2 préy =-0.10124& + 281.5770, P = 2.8843x¥0df = 34) and post
regulation (y = 0.00512a+ 70.3588, P = 0.7940, df = 48), (F) Smoky 4-fye= -0.21083%k

+ 476.6011, P = 1.8246x18 df = 37) and postegulation (y= 0.142452 215.1237, P =
1.0659x16, df = 34), (G) WAB 2 pre(y =-0.01160& + 111.5284, P = 0.1708, df = 43) and
postregulation (y =-0.013595x + 114.1274, P = 0.1527, df = 50). A record of PAD flood
frequency is shown (H) as the PAD 15 (Wolfe et aD06), 5year running mean of the
magnetic susceptibility with just a pregulation linear regression (y =1.75528% +
3644.2106, P = 6.1000x$q df = 550) due to higher water content potentially impacting-post
regulation interval results. A PAD péred basin water balance record (Wolfe et al., 2005) is
also shown in (1) as an E/I ratio record with-gse= 0.00229% 1 3.6325, P = 0.5626, df = 17)
and postregulation intervals (y = 0.002928»4.9197, P =0.7781,df=@)é é é é é . 32



CHAPTER 1: INTRODUCTION

Understanding longerm natural variation in the conditions of aquatic ecosysiames to
anthropogenic disturbangs critical for detecting ecosystem changes ahehtifying their
causegLindenmayer & Likens, 2010Blais et al., 2015Arciszewski et al., 2007 Without
sufficientknowledge ofane c o sy st e m6é s vaaatiog leefore dnsehoch a potengal
disturbanceit is challengingo detect if a changeas occurre§Smol, 2008Roach & Walker,
2017) Inability to detect changeand their cause()anstimulate conflict amongtakeholders
andreduce effectiveness abnservatiormeasuresTo improve ability todetectchanges in
aguatic ecosystesnand their causesmamitoring programs are leming more widely
implemented Monitoring records, however, are often too short or too sparse to adequately
define the range of natural variation that existed prior to the human actiaitginitiatedonly
after an anthropogenidisturbance has occurredhich impedes an abilityo determineif,
when and whya changehas occurred@Munkittrick et al., 2002; Kilgour et al., 2007; Blais et
al., 2015) In these situationgaleolimnologcal analyses of lake sediment cooesbe used
to generate longer temporal data define the range of natural variatiom iaquatic

environmentsand identify when a change begard potential causéSmol, 2010).

The Peacéthabasca Delta (PAD) is watefrich landscape in northern Albertahere
concers persisaboutdegradatiorof aquatic ecosystems Ioyultiple anthropogenistressors
and where insufficient long-term monitoring ha critically limited understanding of pre
disturbance baseline conditions necesgargttributerecentchangesn the icejam flood
regime and perched lake drawdown to regulatioRedce Riveflow by hydroelectricdams
and shifts in climaté¢Timoney, 2002; MCFN, 2014; WBNP, 201ACFN, 202). The PAD
plays a prominenble in contributing to the UNESCO World Hexgfe status of Wood Buffalo
National Park (WBNP)providesproductive habitat for threatened wildlife (WBNP, 2019),
and holds significance for local Indigenous communitié@®ICFN, 2014; ACFN, 2021
Reduedfrequency of icgam floods along the Lower Peace River dnging of perched lakes
in the PADremairs a primaryconcern and has been expressed in a petition by the Mikisew
Cree First NationNICFN, 2014) to downgrade the status of WBNPA#dorld Heritagein

Danget Despite growing recognition ahe influence ofclimate, the subsequent WBNP



Action Plan (WBNP, 2019%)asproposedhe installation of water control structures to mitigate

effects of théaV.A.C. Bennett Damwhich has regulateBeace Riveflow since 196&ndhas
beenassociatedavith drying at the PADever sincPADPG, 1973Prowse & Lalonde, 1996;

Prowse & Conly, 1998Peters & Prowse, 200MCFN, 2014; Beltaos2014,2018; Vannini

& Vannini, 2019) Improved knowledge of the range of variation in hydrological conditions at

the PAD before onset of potential stressors and the period thereafter is réouieideate

relative influences of climate versus Peace Rilsv regulation Such information isirgently
needed to inform decisions on WBNPOGs UNESCO

measures at the PAD

Reconstructing Peace River flood frequency has long been a focus because of the recognition
that preregulation data for this important hydtsgical processrekey for identifying changes

and their potential causes (Timoney et al., 1997, 2009;a/0kl., 20062008 Beltacs, 2018;
Lamontagnest al., 2021)Unresolved debateersistver thestatus and trends in igam flood
frequencyat the PADboth beforeand afteronset of Peace River flovegulation which is a
critical timeframe for understanding theing andcauses of lake drying in the PABeltaos

2018 Hall et al., 2019; Wolfe et al., 2020a; Beltaos & Pet2@20b). On one handiecent
statistical analyis ofthe Traditional Knowledge antistoricalrecord ofice-jam floods in the

PAD wasused to establish a hypothesis ticatjam flood frequency waacceleratindpetween

1880 and 1967, before installationtbe W.A.C. BennetDam, and declined after onset of
Peace River flow regulatiofBeltaos, 2018)In contrast paleolimnologicalrecords of flood
frequency and lakevater balancan the PAD identified that influence ofice-jam flood
frequencydeclined,andperchedakeevaporationncreasedincethe late 1800s due tdimate
change following the Little Ice Ag@Volfe et al., 2005, 200@008,2020a) BeltaosandPeters
(2020b)subsequentlypublisheda reanalysis othe flood frequencyecord $iown in Wolfe et

al. (2020a)based on magnetic susceptibility measurements in a sediment core from a river
proximal oxbow lake in the PAD (originally published in Wolfe et al., 2Gd06ginforce the
Beltaos (2018)hypothesisthat dedining flood frequency andncreasng perchedlake
evaporatiorat the PADhasoccurredsinceonset of Peace Riveegulation However,Beltaos

and Peters (2020bjlid not account for confoundinigfluence ofrising water content and

declining sediment compaction the upper sedimentsn the magnetic susceptibility values



used tanfer changes in the flood reginwhich led toanunderestimabn of the frequency of
floods during the postlam era(Wolfe et al., 200%h Ongoing controversy andonflicting
interpretations of hydrological conditions at the PAQring both the preegulation(188Q
1967) and postregulation(1972 present intervak hampers effective decision making and
prevents the idertcation of thetiming andcausés) of hydrological change at the PAD.

A new direction oinquiry isto generag long-term records of past variation in river discharge
and lake water balance at kayregulatedegions within theupperPeace River watershed
namely the Smoky and Wabasca watershiddse, @portunity existdo delineate the relative
roles of climate grsus river regulation at the PAD and address the Beltaos (2018) hypothesis
that flood frequency waacceleratingpetween 1880 and 19@ihd declinedhereafterdue to
Peace Ker flow regulationby characterizing the role of climatga paleolimnological
analysesof sediment cores from upland and oxbow lakethe Smoky River and Wabasca
River watershedsLong-term records fronmthese watershedare critical, as hydrographs
spanning thepast few decades demonstrétese rivergprovide substantiadischarge to the
Peace Riveduringthe springreshetwhenice-jam floodingoccursat theLower Peace River
and thePAD (Prowse & Conly, 1998)Recentpaleolimnologicalstudies by Stratton (2022)
and Girard (2022)have expanded temporal persipee of this hydrological link by
reconstructingpast variation inflood influencefor portions ofthe Little Smoky River (a
tributary of the Smoky Riverand the WabascaRiver. Their results reveal th&nowmelt
driveninfluence of spring flood waters tiesetributarieson floodplain lake®egarto decline
decades prior to Peace Rivegulationwhich coincides witladeclineof ice-jam floodingat
the Lower Peace Riveand drying of perched lake in the PAD identified in previously
publishedpaleolimnological records (Wolfe et al., 20@D06 2008,2012. There remains
opportunity however, to generate paleohydrological information from lake sediment records
at hydrologically isolated upland lakiesthe Smoky and Wabasca watershetsre like other
Prairie lakesyater balances likely strongly influencedby input fromsnowmelt runof{fPham

et al., 2009) This knowledge would broaden understandigredisturbance hydrological
conditions in thedrigger tributaryy watershedsthat influene spring ice-jam flooding

downstreanat the PADvia contributions of snowmelt runoff to the Peace River.



Herg paleolimnological analysesf sediment cores fronupland lakes in the Smoky and
Wabasca watershedse usedo characterize the role phst variations iclimateon lake water
balanceandfurtheraddress the Beltaos (2018) hypothesisttafrequency oice-jam floods

at the Lower Peace River wasceleratingn the decades leading up to construction of the
W.A.C. Bennett Dam (188 1967)and decreasediue toPeace River flow regulation (18i7
present Specifically, past variation in lakevater balancgas evaporatiorto-inflow (E/I)
ratios) was reconstructedrom measuremestof cellulose oxygen isotope compositioim
sediment cores collected ftur upland lakegtwo per watershedhat are hydrologically
isolated from nearby rivers and whose water balancesnarst likely controlled by
hydroclimatic processesncluding input fromsnowmelt runoff Trends inreconstructed E/I
ratiosof the upland lakes in the Smoky and Wabasca watersheds were determined for the pre
regulationinterval (1880 1967)andthe postregulationinterval (1972 2019, andcompared
with flood influerce records inferred from oxbow lake sediment soréhe same watersheds
(Smoky 2 and Smoky #om Stratton, 2022VVAB 2 from Girard, 202), andwith previously
publishedflood frequency PAD 15 fromWolfe et al., 2006) and perched basin water balance
(PAD 5 fromWolfe et al., 2005yecordsfrom analyses of sediment cores frdakes in the
northern Peace sector of the PAddelineateeffects of climate versus river regulatiahthe
PAD. If thetiming and directiorof pasthydrological changeat the unregulated Smoky and
Wabasca watersheds (influenced by climatet hydroelectricregulatior) are temporally
coherent with those at the PAD (potentially influenced by climate and hydroelectric
regulation), therclimate, notthe W.A.C. Bennett Dapmustbe the main driver ofeduced

ice-jam flooding and perchddke drying at the PAD.



CHAPTER 2: METHODS
2.1 Studysites

Within the Smoky Riveand Wabasca Rivevatershed, four hydrologically isolated upland

lakes {nformally namedSmoky 5 Smoky6, WAB 3 and WAB 3 were selected fsediment
coringin September 201@igure2.1, 2.2). The upland lakeareshallow @verage = B m,

range = 0.v2.0 my Table Al, Appendix A and aerial photos show little to no human
modification of catchment vegetatigRrigure 22). Vegetation zonatioadjacent tahe lake
margirs provides evidence of lakevel drawdown in recent decades, with trees showing
former shorelinesvhen water levels we higher and wetland plants showing encroachment
into the basieas water levels decline@he two upland lakes in the Smoky watershed possess

a single outlet that was active at the time of sampling in September 2019, whereas the two
uplandlakes in theWabasca watershed do not possess an outlet and are hydrologically closed
basins.Water balance reconstructions from the upland lakes were comparedititgraphic
records fronoxbow lakes in the Smoky (Smoky 2 and Smoky 4; Stratton, 2022Vabdsca

(WAB 2; Girard, 2022watershedsand to records fronranoxbowlake (PAD 15 Wolfe et al.,

2006) and a perchddke (PAD 5; Wolfe et al., 2005) in the northern Peaeetor of the PAD
(Figure2.1).

2.2 Fieldwork
Sediment core collection

On Septeber 9" and 11" of 2019, sediment cores were collected from Smoky 5, Smoky 6,
WAB 3 and WAB 4. At the deepest and most central part of each lake, three cores were
collected using a hammériven gravity corer deployed off the pontoon of a helicopter
(Telford et al., 2021). Cores were sectioned intedbintervals within 24 hours, stored in the
dark and refrigerated (€) in Whirl-Pak® bags prior to further analyses. The primary core used
for laboratory analyses was selected based on length and obgealég where the longest

core with minimal disturbance to the sedimeratter interface was selected. For Smoky 6, a
secondary core was usadthe primary core did not have sufficient sediment mass for all

analyses. For more information on collected st cores, refer to Table A2 (Appendix A).
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Figure 2.1. Map showing théakesand watersheds studied in Alberta. The left panel shows
the Peace River watershed (yellalgng withthe Smoky River (orang@ndWabasca River
(pink) watershed, the extent of Wood Buffalo National Park (WBNP; greamyd the outline

of the Peacéthabaca Delta (PADithin and adjacent to WBNH he plandandperched

lakes are indicated by circles, oxbow lakes by triangles, and meteorological sites by white
diamonds. Previously obtained paleohydrological records utilized in this study include oxbow
lakes from the Smoky River watershed (Smoky 2 and Smoky 4; Stratton, 2022), the Wabasca
River watershed (WAB 2; Girard, 2022), and the PAD (PAD 15; Wolfe et al., 2808)a
perched basin in the PAD (PAD 5; Wolfe et al., 2005). Panels along the right andiedag
areado show locations ahe sites in the PAD (top), Wabasca River watershed (middle) and
Smoky River watershed (bottom). Maps were created in Q&iSon 3.10 (A Coruna)



Figure 2.2. Aerial views of Smoky (Smoky 5, 6) and Wabasca (WAB 3, 4) upland study sites.
Photos taken in September 2019N\byStratton andC. Girard.

Water isotope and limnological measurements

Measurements of water isotopempositionsand limnological variabke(Table B1 and B2,
Appendix B)contributed taunderstanding contemporary lake water balancesvatet quality

at the time of sediment cocellectionandthe isotope data were ustparameterize isotope
mass balance equations for determirtiiibratios from the lake sediment recorddl upland

lakes, along with the Little Smoky River, Smoky River, Peace River, and Wabasca River, were
sampled for wat er!® sadHjovater sampiespwere cotlected off tied
pontoon of a helicoptenear the centre of the lake or river channel by submerging a 30 mL
polyethylene Nalgene bottle approximately 10 cm below the water surface. To prevent
evaporation prior to analyses, bottles were overfilled with water and capped tightly while
submerged. &nples were analyzed at thiiversity of Waterloo Environmental Isotope
Laboratory. Resultsarereporteds U Vv al u e s(a jrelative toithe \dienma &tandard |
Ocean Mean Water (VSMOVMYith | sampie= [(RsampldRstandard -1] X 13* where R is tB 18060



or ?H/H ratio in sample and VSMO\(TableB1, Appendix B) Analytical uncertainties for the
measurements ar#0.24 and +0.& f o r*®O a n d?H, respectively.A YSI ProDSS
multimeterwas used toneasuréemperaturgdissolved oxygen, specific conductivity, pH, and
turbidity at 0.4 to 1.2 nisee Table B2, Appendix B)

2.3 Laboratory analyses
Lossorrignition

Lossortignition (LOI) was used to obtain measurements of water, organic matter, mineral
matter, anctarbonate content following methods in Heiri et al. (2001). LOI resudte used

to assess variation in sedimerdmposition ando align the two cores (one dated, the other
undated) collected from Smoky BOl measurementsere obtained at every 0cdn interval

by first weighingapproximately 0.5 g of welnixed wet sediment into prweigheddried
crucibles Next, sediments werdried for 24 hours at 9C, cooled to room temperature in a
desiccator for 2 houmndweighedto determine water content. Se@ints were theheatedn

a muffle furnace for 2 hours at 580, cooled to 98C, placed in a desiccator for 2 hours, and
weighed to determine organic matter content. By subtratiimgrganic matter content from
100, mineral mattecontentwas obtained. Rially, sediments were combusted at %@or 2

hours to remove carbonates, cooled téC9@laced in a desiccator for 2 howasdweighed.

To calculate the carbonate content of the sample, the weight loss was multiplied by 1.36 (Dean,

1974).After all combustion stepsemaining material was carbondtee mineral matter.

Radiometric dating

Age-depth profiles for working cores a&ach lakewere constructedollowing methods
presented by Appleby and Oldfield (1978) and Appleby (2001), where a gesyma
spectrometer measured activities?8Pb, 2?Ra (via?“Pb and?'Bi), and3'Cs. The ?*Ra
content was used to determine the sumal?'%Pb activity andhenunsupported'%Pb activity
was estimated by subtracting support€®b activity from the totat'%®Pb activity (Appleby
and Oldfield, 1978). Sediment chronologiesthe upper sedimentgere then estimated using
unsupported'°Pb activities and the Constant Rate of Supply (CRS) model (Safcteza
& Ruiz-Fernandez, 2012 he background depth of support&@Pb activity was identified
where totaP'%Pb activity matched supportétPb activity (which equaled tfé%Ra activity).



Belowthis background depth, the sediment chronology was linearly extrapolated based on the
meandry massaccumulation rateluring the portion of the record dated frétPb activities

and the CRS modeldertification of a'3’Cs activity maxinam associated with peak above
ground nuclear weapons testing in 1963, where possible, was useddboratethe 2:%Pb-

based chronology (Appleby, 2001).

For radiometric datig, every 0.5cm sediment interval was prepdifor thetop ~20-30 cmof

the core where rapid changes M%b activityand 1*’Cs peakdypically occur.Alternating
sampls were thenprepareduntil depthsof ~40 cmwhere?'%Pb activitiestended toreach
constant low values~or each sample, wet sediments were frozen and forexe Freeze

dried sediments were then homogenized, compressed irteefiybed polypropylene tubes to

a height of 3.5 cm, and the masasrecorded. Compressed sediments were sealed with a
silicon £ptum and 1 mL oépoxy resin. Samples were stored for at least 21 days to allow for
equilibration of the parent and daughter radioisotopes prior to analyses on an Ortec HPGe
Digital Gamma Ray Spectrometer with Maestro 32 software at the University ofl&date

Due to limited mass of dry sediment at each interval in cores from Smoky 6, the primary and
secondary cores were both used for analyses. The primary core was used for radiometric dating
and LOI, and the secondary core foeasurement oLOIl, organiccarbon and nitrogen
elemental and isotopeomposition and oxygen isotope composition of cellulose. To
accommodate thi s-maétchr a-gofractoredppdrdach, ugirg lorganic
matter profiles, was used to account for discrepancies betsezbment cores obtained at
adjacent locations that may have captured the records at different angles of penetration by the
corer, and thus present slightly different-atgpth relationships (Thompson et al., 2012).

Oxygen isotope compositiarf cellulose

Sediment cores from each of toair upland lakewere prepared fameasurement ajxygen
isotope composition of cellulose to reconstruct past variation in lake water balSacgde
preparatiorfollowed Wolfe et al. (2001)vherewet sediment wasubsampledrbmevery 0.5

cm interval anddigested at 6(C for 2 hours using 10% HCI to remove inorganic carbon.
Samples were then rinsed with deionized water, allowed to settle, then aspiratedsiigs ri

process was repeated until a neutral pH was reached, at which point sediments were frozen and



freezedried. Freezedried sediments were sieved (2&() to remove coarse organic debris
which may be of terrestrial origin, and a fgletermined mass ol¢ fine fraction (<250m)
wassubmittedfor organic carbor{%Corg) and nitrogern(%N) contentand isotopeanalysisat

the University of Waterloo Environmental Isotope Laboratblying %Grg and%N results,
carbonto-nitrogen ratios (C/N) werdeterminedo assess the source of organic matter to the
lakes, where values below 15 were interpretedcasticallyderivedautochthonousrganic
matter(Meyers & Teranes, 20013, criteron needed to support reconstructioncetflulose
inferredlake waer| 20 (Wolfe et al., 200 Carbon and nitrogen isotope data ot used
here butcan be found iMable F1F4 (Appendix § along with results of %&g, %N and C/N

ratios.

The remainder of the fine fraction (<25@m) was sequentially treated faxtraction and
purification of cellulose from lake sediment. The treatments included a solvent extraction of
2:1 benzene to ethanol (to remove lipids, resimd tannins)a glacial acetic acid and sodium
chlorite bleachingsolution (to remove lignin), &aline hydrolysis using a 17% sodium
hydroxide solution (to remove xylan, mannan, and othergiocan polysaccharides), and
oxyhydroxide leachingising a sodium dithionite, tammonium citrate, and hydroxylamine
hydrochloride solutiorfto remove iron anchanganese hydroxides). After treatments, samples
were frozen and freezsiried. Using a microscope and tweezers, the whiisus cellulose

was carefullyidentified andseparated from the remaining dense minerogenic mapeidalto
beingweighed on a mrobalance. Samples were analyzed using continuousi$ioiwpe ratio

mass spectrometry at the University of Waterloo Environmental Isotope Laboratory. Results
are reported as U0 values, wi t h unalytgal i n
uncertaity for the measurements of cellulos€O is +0.33 . The cellulosevater oxygen
isotope fractionation factqt*®Oceirw = 1.028)wasthenapplied tomeasured celluloge'®O

values tareconstruct lake water8O (Wolfe et al., 2001; Savage et &Q21).

2.4 Reconstruction of evaporationto-inflow ratios

E/l ratioswere estimated from celluloseferredlake watet 20 valuesin the sediment cores
to quantify changes ipastlake water balancé&hifts towards fgherE/I ratiosareinterpreted

asincreasing importance of evaporatiom lake water balanassociated with decliningput
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of snowmelt runoff to the upland lakeshile shifts towarddower E/| ratiosare interpreted as
decreasing importance of evaporation associated iwdieased snowmelt inpuE/l ratios
greater thad occur when the rate of watiiss by evaporatioaxceeds the rate of wateput
to alake.

E/I ratioswere calculated usingxygen isotope values inserted into duiationdescribed by
Yi et al. (2008) and others

@EN=(1TT)/0eivL)
wherg | is the isotope composition of the inpuaiterto the laké, L is the isotope compaosition
of lake water(inferred fran the measured cellulo$4e€®0 valug, andi e is the isotope
composition of the evaporative flux.
Since] ?H of lake water in the past is unknowmique] | values could not be calculated for
each 0.5cm interval of the coressing the coupledsotope tracer approach of Yi et al. (2008)
To accommodate this, it was assumed thawas approximately equal tor, the amount
weighted mean annuiglotope compason of precipitation] e was calculated bthe following
equationpresentedn Yi et al. (2008)and based on the Craig and Gordon (1965) linear
resistance model

@1e=[Li V) 7T-H@EU&]/(1-h+&)
w h e ' is theléquilibrium separation between liquid and vapor phasssribed by Horita
and Wesolowski (1994)

(2.0)U0=(U *1)
U is the equilibrium liquidvapor isotopic fractionatiofor | 80 described byHorita and
Wesolowski(1994:

(221 00 0| 47.685 +6=7123(16/T) i 1.6664(16/T?) + 0.35041(18T3)
whereT is thetemperature in Kelvin
1 asisthe isotog composition of ambient atmospheric moist(@Eson & Edwards, 2002):

(23 as=(ps-0U*) [ U*
wherd psis the isotope composition of summer precipitato Uk is thekinetic separation
for] 80 (Gonfiantini, 1986):

(2.4) &k = 0.0142(1h)
whereh representselativehumidity.
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Reconstructed E/I ratios were based on estimates of contemsmtaye and mteorological
datg which were initially evaluated usin@kespecific Local Evaporation Lines (LEDs
derived from lake-specific estimates of p andf ps and watersheespecific estimates of
temperature ancklativehumidity. The LELs were determined by identifying the equation of
the lineconsisting of] p,] ssL(isotope composition of @rminal basiratsteadystate) and *
(isotope composition of a water bodgproachinglesiccation)For each lakegstimates of p
(neededo solve equation 1 where a1 p, and to calculate the LEland ps(neededo solve
eguation 2.&nd constrainetb May to Septembewhen average daily minimum temperatures
are above OC to representhe operwaterseasopwereobtained from The Online Isotopes in
Precipitation Calculator (OIPQittp://waterisotopes.ojgBowen et al., 2005; IAEA/WMO,
2015; Bowen, 2022)For each laké, ss. was calculatedisingthe equation by Gonfiantini
(1986):

()] sst=Ur (1T h+&) +UH as+U*k +0 *
wherd | is assumed to be approximately equél#o
1 * was calculated following the equation by Gonfiantini (1986):

A7 *=M as+C&+O* 1)/ Br&i (O* /). O*

Temperature anctlativehumidity dataneeadfor equations 2, 2.2., 2.4, 3 an@vére obtained

from meteorological stations Grande Prairie A (8D72920xnd High Level A (ID3073146)
(obtained fromhttps://climate.weather.gc.xdue to their proximity to the study lak@sgure

2.1). Data fromGrande Prairie A ereusedfor the upland lakes the Smoky watersheahd

data fom High Level Awereusedfor theupland lakes in the Wabasca watersheat both
stations, 198i12010climate normals of the daily average temperatureGrande Prairie A:
13.20°C High Level A:12.54°Q and relative humidity Grande Prairie A45.62% High

Level A: 48.28% for the operwater season (May to Septembesmre obtainedMeasured

lake and river water isotope compositions from September 2019 were used to evaluate the
suitability of the lakespecific LELs, as well as aegionallyaveraged LEL, for

parameterization of the E/I equation.
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2.5 Numericalanalyses

Linear regression analysis was performed on the records of reconstructed E/I ratios for the pre
regulation (~18801967) and postegulation (~19722019) intenals, following the approach
advocated for by Beltaos (2018) to evaluate if reconstructed water balance at the upland lakes
supported his postulation that flood frequency at the PAD was accelerating in the decades
before installation of the W.A.C. Bennetial as a consequence of climatic trends, and
declined thereafter as a consequence of Peace River flow regulation (BliR)sStatistical

significance othelinear regressionwas determined based alphaset t00.05
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CHAPTER 3: RESULTS AND INTERPRETATION
3.1 Sediment core chronologies

Total 21%b activities increasedith depth belowthe top of the corentil ~4 cm and8 cm at
Smoky 5 and WAB 3respectivelywhile theyremained near constamttil ~4 cm and16 cm
atSmoky 6 and WAB 4Below these depth®tal 229Pb activities declined to support&dPb
levels (Smoky 5: 0.014 Bqg/g, depth = 38,gypar~1889 Smoky 6: 0.024 Bq/g, depth = 17
cm, year~1896 WAB 3: 0.005 Bg/g, depth = 36.5 ¢year~1883 WAB 4: 0.026Bq/g, depth

= 30 cm year~1924). Linear extrapolatioof the respective average sedimentation rate below
the depth of supported®Pbactivity was used testimate the basal datestioé sediment cores
(Smoky 5 ~1719;Smoky 6 ~1337 WAB 3: ~1277. WAB 4. ~1540. This study focuses on
changes that have occurred since 1880, tedslashedeferencdinesareincluded inFigure
3.1to identify the depth corresponding to ~1880 in each (@meoky 5: depth = 40.5 cm, year
~1880; Smoky 6: depth = 19 cm, yedar881; WAB 3: depth = 37 cm, yeall879; WAB 4:
depth = 37 cm, yearl880) Thisidentifiesthatthe post ~1880 period wéargely captured by

the CRS modelwith relatively little extrapolation, which minimizes uncertainties in the age

estimates

137Cs ativities were not used to corrobordtéPb-based chronology resulbecause thpeaks
were broadpoorly defined andfrom before to aftethe age ofpeak nuclear fallou1963
determined from'%Phdating(Figure3.1). This indicated®’Cs wasupwardlyand downwardly
mobile in the sediment cores, which is typical of organich sediments that tend to

characterize hydrologically isolated lakes (Foster et al., 2006).

Wiggle-matching of theorganic matter content profiles from the two cores iobth from
Smoky 6was achieved using relatively small depticorrection factor of 1.17 (17%Yhe
depthcorrection factowasused toestimate the chronology of tm®n-dated core (Smoky 6
core 2) from the dated core (Smoky 6 core 1) (Figure D1 and D&yl&ppendix D). For the
nondated core;-1881 was identified at a depth-e616 cm,compared to the1881 estimation
at a depth of 19 cnm the dated core.
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Figure 3.1. Radiometric dating results for Smoky 5 C1, Smoky 6 C1, WAB 3 C2, and WAB

4 C3. Activity profiles are shown for total®Pb (green), supported®Pb (as*?’Ra; yellow)

and ¥Cs (purple). Also shown is the adepth relation based on the CRS model with
estimates based on measured samples (black) and estimates based on linear extrapolation
below the depth where total and unsuppoftéeb activity are equivalent (black dashed line).

Error bars oft 2 sigma are applied to CRS modelled ages, and error bard aftandard
deviation are applied to radioisotope activities. The vertical and horizontal dashed red lines

identify the depth horizon of E88Q representing the stratigraphic interval of interest for this
study.
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3.2 Reconstruction ofupland lake water balanceusing celluloseinferred lake water] 20
and modelled evaporation-to-inflow ratios

Evaluating the source of organic matter at upland lakes

At the four uplandakes, average C/N ratisghce ~188Qvere comparablandspannednostly
narrowranges, with the largest range of valussWAB 3 (Smoky 5: average = 10.8, range =
10.4/11.4; Smoky 6: average = 11.7, range = 11149; WAB 3: average = 12.4, range =i8.7
14.6; WAB 4: average = 11.3, range = 10.2.2 seeTable F1F4, Appendix F. SinceC/N

ratios at the upland study lakes were betwalue ofl5, thefine fraction oforganic matter
preserved in the upland lake sedimeastikely to have formednainly within the lakeduring
primary production as opposedo being washed in fromerrestrial vegetatiorof the
surrounding catchmenMgyers & Teranes, 2001Thus cellulose preserved within the lake
sediments is reasonably assumed to be derived from vidgtkenaquatic processes, whisha
primary assumptiomeeded for the reconstruction of lake water oxygen isotope composition

from cellulose oxygen isotope composition (Wolfe et al., 2001).
Water isotopecomposition of study lakes and rivers

Measuredvater isotope compositions of the upland lakesraajbr rivers in September 2019
(see Table B1Appendix B) wereplottedin d*®0-d’H space ad in relation to the Global
Meteoric Water Line (GMWL Craig, 196] (Figure 3.2). For all upland lakes, isotope
compositions showed varying offset, or enrichmeramfrthe GMWL indicating varying
importance of evaporation on individual lake water balanthks. position of water isotope
compositions ind*®0-d’H space suggésthat evaporation exerts greater influence on water
balance of the upland lakes in Wabascavatershed than those in tBenoky watershedrhis

is attributed tahe absence alctive outflow channelat the Wabasca lakes, which ensure most
of the water loss oces via evaporation, versus presence of active outflow channdie at
Smoky lakesvhere substantial water loss may occur via outflow in addition to evaparation
These datauppot use of cellulosénferredlake watet 80 to reflectmainly changes in wat
balance, sincgéhe sediment recort reasonably assumed to be captuchgnges in lake
hydrology or water balanceaused byshifting hydrdogical processegi.e., precipitation,

evaporationoutflow).
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Figure 3.2 Isotope compositions ofvater samples collected in September 2019 from the
upland laks (red circles) and nearby river sites (blue triangles) in the Smoky and Wabasca
watersheds in relation to the Global Meteoric Water Line (GNI\Giaig, 196).

Celluloseinferredlake water 180 records

Using the constant and wadktablisheaxygen isotopdractionation factor of 1.028 between
aguatic cellulose and lake wat&¥¢lfe et al., 2001 Savage et al., 2021)emporal variation

in lake watet 180 wasmodelledfrom thecellulosé 80 values (Figur8.3; see Table FF4,
Appendix F, for raw value¥ To generate confidencmodeled estimates ofelluloseinferred
lake water] 2O in a sediment core is often compar@dcontemporary lake watért®O
measurementge.g., Wolfe et al., 2005 Zabel et al., 2022 This approach is often most
effective when water samples are systematically collected througheubr more icdree
seasong$o capture water isotope composition at the timaafatic cellulose formatiomnd
during the year of sediment core collentiéor this study, the single water sample collected
in September 2019 at the time of sediment amteieval does not achievehis optimal

characterizatiorbecause it is unlikely thahe aquatic cellulosgreserved in the surface
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sediment was producea the fal. While some agreement is observed between the uppermost
celluloseinferred lake watei| 80 values andthe contemporarylake water| 0, there is
observableoffset These offsets can be explaindwweverby considering the hydrological
settings of the upland lake€losest agreement exists at thpland lakes in the&smoky
watershed, where contempordake water| 80 is lower than celluloseinferred lake water

1 180 at the top of the sediment cor@bsolute difference 3 . 6afiSmoky 5and0 . 4 ata
Smoky §. This may be attributed to cellulose production likely occurring at these lakes at
times whenwater levels were lower and the outlet channels were ina@iveéischarge was
very low), leading to morevaporative-80-enrichmentcompared to contemporary lake water

1 180 measurements in the fall when outflow chanwedseactive Contemporaryjake water

1 180 for WAB 3 and WAB 4,0n the other handirehigherthancelluloseinferredlake water

1 180 valuesin the uppermost sediment samddsolute difference 1 . 5 ataVvVAB 3and

3 . 9 8t&8VAB 4. Thesdakesarehydrologicallyclosed(i.e.,no outflow channeldnd, thus,
aresubject to evaporativ€O-enrichment throughout the summer, which woekgblain the
highercontemporary lake watert®O relative tothe tppermost cellulosénferredlake water

1 180, which likely captures more isotopically depleted lake water earlier in thevegten

season

Stratigraphic records oftluloseinferredlake watet 20 from ~1880 to2019rangedfrom ~

-19to-7 aforthe upland lakeand averaged. 2 . 91al1,. 51a0,. 3a-14am&@ f or Smol
5, Smoky 6, WAB 3 and WAB ,4espectively(Figure 3.3) This range is very similar tthe

range of contemporaiy'®0 measurementom 2019 for theupland lakes and rivers ihe

Smoky and Wabasoaatershedg~ -19 to-8 &; Table B1, Appendix B Thisindicatesthat

the celluloseinferred lake water 20 of the upland lakes capture a range of hydrological
conditionsthat sparnntervals wherwater balances dhe lakes were more strongly influenced

by input (low cellulosénferred lake water 80 values) to intervals wheimportanceof
evaporationincreagd (identified by higher cellulosinferred lake watey 80 values) The
celluloseinferred lake watér 80 results provide a basis tpantitativelydescribechanges in

upland lake water balance usiBg ratios
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Figure 3.3 Graphs showingtratigraphic variation inedluloseinferredlake watet 20 (cell-

inf.| *0w) at the fourstudy lakes. Error bars represent analytical uncertainty. Contemporary
lake water] 20, obtained in September of 201&e coded irred, and error barsepresent
analytical uncertainty
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Using contemporary data to paraerize evaporatiofio-inflow reconstructions

Contemporary lake and river isotope data were visualized alontgidespecific Local
Evaporation Linegpanels AD, Figure 3.4panda regionallyaveraged Local Evaporation Line
(panel E, Figure 3.4p determine the most appropriate parameters for calculating E/I ratios
from the stratigraphic records of celluleiséerredlake watet 10 (see equation 1The LELs

are anchored ate, andthe lakespecific] p valuesobtained from the OIPC ranged narrowly
from -19.81 to-18.8% for| 180 and-152.8 t0-146.3 for| 2H ( ®Op,1 “Hp of Smoky 5:-
18.8% , -146.3 ; Smoky 6:-19.0%4 , -147.& ; WAB 3: -19.7@ , -152.7a ; WAB 4: -
19.81a , -152.81 ) with an average value ofl9.3% for | 80p and -149.% for | 2Hp.
Similarly, lake-specific ssLvalues (equation Jjiffer minimally, ranging from4.5t0-3 . 2 a
for| 0 and-85.8 to-7 8 . 3 & 2Hf( 3% ssL, | *HssLof Smoky 5:-3.24 , -78.3 ; Smoky
6:-3.4a ,-79.8 ; WAB 3:-4.58 ,-85.68 ; WAB 4:-4.53 , -85.8 ) with an average value
of -3.94 and-82.3 for] ®0ssL and] 2Hssi, respectively In contrast| * (equation 4) the
terminus of the LELrangedconsiderably12.4 to 16.4 for| ®0 and 3.9 to 24& for| 2H

( *8O*,1 °H* of Smoky 5: 16.4 , 24.5 ; Smoky 6: 16.8 , 23.44 ; WAB 3:12.4 , 4.43 ;
WAB 4: 12.7a , 3.98 ) with an average value of 1&5for| ¥0* and 13.8& f |CH*.
Equations of th&é ELswereall quite similar, with a narrow range of slgdbetween 4.83 and
4.85) andyY -interceps (between595 and-575). Given these results, the regionadlyeraged
LEL and associated isotope framework parameters were consioherstappropriatefor
modelling E/I ratiofrom the cellulosénferred lake watér 20 recordy(Table C1, Appendix
C). Contemporary lake and riverater isotope data are also well described by the regienally

averaged LEI(Figure 3.4, panel Epupporting its use fqrarameterization of the EZuation
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Figure 3.4. Lakespecificisotopeframeworkgpanels AD) and aregionallyaveraged isotope
framework for the Smoky/Wabasca regigmanel B including Local Evaporation Lines
(LELSs). Isotope compositions of water samples collected from the upland lakes (red circles)
and rearby river sitegblue trianglesjn the Smoky and Wabasee@atershedsre plotted in
relation to he Global Meteoric Water Line (GMWland LELs Isotope fameworls (black
circleg include theisotope compositiof a water bodyapproachingdesiccationi(*), the
terminal basinsteadystateisotope compositior{ ssu), the amouniweighted mearannual
isotope composition oprecipitation i(r), the isotope composition (fummer precipitation

( r9), andthe isotope composition cfummeratmospheric moisturé £s). See Table C1
(Appendix C) for all valuesbtained from the OIPC (Bowen et al., 2005; IAEA/WMO, 2015;
Bowen, 2022) and for all values calculated and used in thesfa@fic and regionally
averaged isotope frameworks.
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Reconstruction ofvaporationto-inflow ratios

Temporal variatiorf reconstructedt/I ratioswas assessed mentifying samples with greater
(coded as red symbols in FiguB&) and lesser (blue symbolshportanceof evaporation than
themean of thegreregulation interva(~1880 1967)at each of the four upland laké&hen
analysd in this mannerE/| ratiosgenerallyincreaseaver time éxcept at WAB 4 beforthe
late 1960% and they predominantly exceeded thenggulation averagafter~1910 at Smoky
5, ~1940 at Smoky 6, ~1960 at WAB 3 and ~1968 at WABh& greaer importanceof
evaporatioron water balancef the upland lakes in the Wabasca watershed sinckobiés
can be attributed tthe absencef active outflow channelghich ensure water loss is mainly
via evaporationThe sudden rise in inferred EAtios at WAB 4 after ~1968 may capture the
point in time when water levels declined sufficiently to prevent water loss via outflow, leading
t o a-s b s f epprtancef evaporation on the water balanGemparatively, e upland
lakes in the Smoky atershectontinue tqpossess active outlet channelbich increase water
loss by outflow Relatively $rongand risingimportanceof evaporation islsoevidentat all
lakessince~2000, based on highest values of inferred E/I ratios since ~18&®&ddmages

of the lakes taken in 2019 that show markdde drawdowrduring recent decades that has
permittedencroachmendf wetland plants from former treed shorelifEggure 22). Despite
thisevidence ofecentdrying, however E/l ratiosremained belovit.0throughout the sediment
core recordsPhysical evidence of lake drawdown despite inferred E/I ratios below 1.0 likely
reflecs stronginfluence ofsnowmelt runoffon lake water balanceat the timewhen the
cellulosedeposited and preserved in thediment record was producédus aerial photos
taken in September 2019 reflect lake level drawdown that most likelyredcluring mid to
late summer,which is not fully captured by thaquatic cellulosepreservd in the lake
sedimentdecausehe preerved cellulosdéikely was produced in springnd early summer
when isotope composition of lake water u@ser due to the influence of isotopically depleted
snowmelt Additional support of recent drying at the upland lakes is evident whenatss
balarce recordspresented hersince 1880 areompared withthe complete sediment core
records of cellulose nf er r e d 8 ,ankieh extend baak to &13AX00 and provide
evidence that influence of evaporation during the past ~140 years was relatihaly tontext

of longertermnatural variation (see Figure F1, Appendix F).
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During the preregulation interval, linear regressianalyss revealedgignificant rising trends

in E/I ratiosatthree of the four lakesSfnoky 5, Smoky 6WAB 3). The rise ofE/l ratiosat
theselakesis interpreted as increasing importance of evaporation on lake water balance
associated with decliningnput from snowmelt runoffin watersheds othese unregulated
upstreantrigger tributaresdduring the decades befamgulaton of Peace Riveflow. In the
postregulation intervalinferredE/I ratioshave continued to risa all lakes, with statistically
significant increaseglentified atWAB 3 and WAB 4 At the upland lakes in the Smoky
watershed, the rate of increase mfierred E/I ratios was comparable during both the pre
regulation and postegulation intervals (Smoky 5ate of E/I ratio increase= 0.007/decade
during both the preand postregulation intervals; Smoky Gate of E/I ratio increase=
0.005/decade duringoth the preand postegulation intervals). At the upland lakes in the
Wabasca watershed, however, E/I ratios rose much more rapidly during thregudation
interval (WAB 3: postregulationrate of E/I ratio increase= 0.02/decade vs. piregulation
rate of E/I ratio increase 0.006/decade; WAB 4: pestgulationrate of E/I ratio increase
0.04/decade vs preegulationrate of E/I ratio increase 0.003/decade).The lack of active
outlet channels at the upland lake the Wabasca watershed likely accotmtshe more rpid

rise inimportanceof evaporatiorcompared tahe upland lakes in tf@moky watershed.
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Figure 3.5 Temporal patterns of change iaké water balance expressed BA ratios
computedfrom celluloseinferred lake wated'®O results (Figure3.4), from 1880to 2019
Average E/I values for the pregulationinterval (~1880 1967 are shown as grey lines. E/I
values higher than the respective-pegulation average were coded, and values lower were
coded bludor each upland lakdRecordsare shown witHinear regressions for pré~188Q
1967 and postregulation(~1972 2019)intervals where a black star next tbe lake name
indicates the preegulation regression is statistically significant and a red star indicates the
postregulation regression &atisticallysignificant Emoky 5 preregulation: y = 0.000734i
1.1374, P = 3.7814x1) df = 41 post regulationy = 0.0007181 1.1216, P = 0.1232, df =
34; Smoky 6 preegulation: y = 0.00053&2 0.6846 , P = 0.0280, df = 1postregulation: y
= 0.000494 71 0.6046, P = 0.5739, df = 14; WAB 3 pregulation: y = 0.000584i 0.7155, P
= 0.0159, df = 31postregulaton: y = 0.0019781 3.4868, P = 6.9346x1) df = 36; WAB 4
pre-regulation: y = 0.000328 0.5707, P = 0.2209, df = 2postregulation: y = 0.004238
8.1942, P = 1.6655x1) df = 42).
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3.3 Evaluating uncertainty and assumptions associated with lake W& balance records

Assessment of timing and onset of climdtezen hydrological changes at the upland lakes in

the Smoky and Wabasca watersheds hinges on the establishment of sediment core chronologies
and lake water balance estimates thasafciently accurateand precse Radiometric dating

of the cores by'%Ph and the Constant Rate of Supply model produced estimated ertors of
2.5 to 3 years for-1967, the year used to differentiate pamd postregulation intervals,
indicating a high level of confidence in the ehologies. The cellulosiferred lake water

1 180 records used to compute E/I ratios also showed good reproducibility, which provides
confidence in the precision of the water balance records. For example, duplicates were taken
every 5 cm at each lake atite average absolute differences between duplicates were small
for measured cellulo$€®0 (0.4& , 0.5 , 0.43 , and 0.38 at Smoky 5, Smoky 6, WAB

3 and WAB 4, respectively). Moreover, duplicate measurements on the fine fraction of
sediment in subsamplésken every 5 cm revealed consistent C/N ratios that are typical of an
autochthonous origin (i.e., aquatic primary production) fordfganic matter analyzed for
cellulosé 80 (Meyers & Teranes, 2001) (e.g., average absolute differences = 0.08,08)8, 0

and 0.12 for Smoky 5, Smoky 6, WAB 3 and WAB 4, respectively).

Knowledge of the hydrological settings of the study lakes was helpful to reconcile differences
between ondime measurements ebntemporary lake watert®O and the cellulosanferred

lake watet 80 from the uppermost sediment samples, as well as to explain differences in
patterns and trends in the inferred E/I ratio records among study lakes. For exdrsghee

of active outflow channels at the upland lakes in the Wabasca waténsheaised influence

of evaporativé®0-enrichment of the contemporary water samples relative toplaad lakes

in the Smoky watershed where outflow channels are active. Consideration of the presence or
absence of active outflow channels along with theseeal timing of evaporative water loss

and production of the cellulose preserved in the lake sediment likely accounts for different
directions of the offset between contemporary measurements of laké @end cellulose
inferred lake watér 0 at hie upland lakes in the two watersheds (Figure 3.3). Also, evidence
of recent decline in surface area from former treed shorelines and encroachment of wetland

vegetation is documented in aerial images taken in September 2019 at all four of the upland
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lakes,which provides confidence in the accuracy of the rising trend in inferred E/I ratios since

~1968 to highest values of the ~iy@arlong paleolimnological records

Climatic conditions have not remained constant during the past 140 years, which imparts s
uncertainty in the E/I records calculated from contemporary isotope data and climate normals.
Estimates of air temperature and relative humidity derived frotyed0 climate normal data

were used to calculate E/I ratios, because the-temg means ligly provide the most
conservative approach to estimating E/I ratios. Nonetheless, the sensitivity of the calculated
E/I ratios to variation in estimates of air temperattr2°C) and relative humidity« 5%) were
explored, with respect to climate normaksed from the Grande Prairie A and High Level A
meteorological stationsThe sensitivity analysis revealed minimal changes in the average
calculated E/I ratio from the records at each lake when temperature was varie®Cby 2
(maximum uncertainty of the arsge E/I ratio is~0.008 among the four study lakes), with
slightly larger differences observed when relative humidity was varied by 5% (maximum
uncertainty of the average E/I ratio +9.028 among the four study lakes). Thus, there is
considerable confidece in the accuracy of the estimates of E/I ratios and the interpretations

drawn from the paleolimnological records.
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CHAPTER 4: DISCUSSION

Characterizing the role of climate on the-jaen flood regimeat the Lower Peace Rivéas

long been recognized astical for addressing the relative roles of Peace River flow regulation
versus climatic changes oacentdrying of lakes in the PAD (Prowse & Conly, 19%&ters

& Prowse, 2001Wolfe et al., 2005, 2012, 2020Bamontagne et al., 2021Jhis includes
hydrologic and hydraulic modelling of hydrometric data to quarttitre &énat ur al i z e
regime and determine thedfect of regulationon the hydrograph of the Lower Peace River
beyondeffects attributable to changing climatic conditions (Peters & Pro#6€1). This
modelling exercise has demonstrated marked rise in discharge during winter months and
reduction in summer monthgith little to no change during the spring freshet wherjace

floods occur at the Lower Peace River and the RBBltaos & Peter202() andis based on

only 8 years of preegulation data (Wolfe et al., 2012, 20204d¢re ~140yearlong records

of past variation inwater balance at upland lakesre developedo build ypon newly
generated paleohydrological information from oxbow lakes (Girard, 2022; Stratton, 2022)
within watersheds of two 0 tsulstgngadlischatgaoitteut ar i e
Peace River at the time dtejam floodng (Prowse & Conly, 298) To improve
understanding of the role of climate on hydrological changes at the Lower Peace River and
PAD, paleolimnologicatecords of past variation neconstructedt/I ratios at the upland lakes

in theSmoky and Wabasaaatershedsre compareaith records oflood influenceat river-
proximal oxbow lakes in the Smoky and Wabasca watershégtsed from measurement of
mineral matter conter{Btratton, 2022; Girard, 2022), a recarfdflood influence at anxbow

lake adjacent to the Lower Peace Rirethe PADinferred frommeasurement of magnetic
susceptibility (Wolfe et al., 200012, andarecord ofwater balancata perched lake in the
northern Peace sector of the PAfferred fromE/I ratios computed frormeasurd cellulose

1 180 (Wolfe et al., 2005)Figure 4.1) Variation inmineral matter contenhicores from the
oxbow lakes in the Smoky and Wabasca watersiwadsselected here as a representative proxy

of flood influence, which has been corroborabgdtrong correlabn with temporal variation

in Principal Component Analysis axis 1 scoresaicentrations of several metaésd.,Al, Si,

Ti, Rb, Zr, K, Th; Girard, 2022; Stratton, 2022) indicative of allochthomoogt to the lakes

during flooding(Kylander et al., 2011; P&§i Augustinus, 202p All lakesincluded in Figure
4.1are strongly influenced by hydrological processes operating during the spring, indsinet
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snowmelt runoff contributes important inputupland lakevater balanceandto dischargeof

the Smoky and Wabasdaers and the LowePeace River at the time of ig@m formationIf
intervals of increasing importance of evaporatwonwater balancassociated with declining
snowmelt inputo the upland lakes the Smoky and Wabasca watershedsespond with
intervals of declining flood influencat theoxbow lakes in those same watersheds, #hen
climatedriven decline in snowmelt runoff is likelthe main factor promotingleclines of
dischargefrom the Smoky and Wabasca tributardhsring the spring freshetSimilarly, if

timing of increasing importance of evaporation water balance ahe upland lakes and
declining flood influence at the oxbow lakiesthe Smoky and Wabasca waterslkeethcides

with intervals of declininginfluence ofice-jam floodng at the Lower Peace Rivand
increased dryingof perched lakesat the PAD, then a regional driver such as climate is
implicated as anverwhelming cause of common hydrological changes across these locations,
not Peace River flow regulation ihhe W.A.C. Bennett Dam. Information about the relative
roles of Peace River flow regulation and climate onlibeier Peace Riverce-jam flood
regime and lake drying at the PAD is also provided by applying the compilation of
paleohydrological records fronites in the Smoky and Wabasca watersheds and in the PAD
to assess the hypothesis presented by Beltaos (2018) that flood frequency was accelerating

between 1880 and 1967 amasdeclinedcoincident with onset dPeace River flow regulation.

Compilation of the paleohydrological records reveals that trends in reconstructed lake water
balance at the upland lakes in the unregulated Smoky and Wabasca watersheds correspond
well with trends in reconstructed flood influence at the oxbow lakes iGitiaky (Stratton,

2022) and Wabasca (Girard, 2022) waterst{Edgire 4.1 panels AG). This includesduring

the preregulation interval (~188@967), wherrising importanceof evaporatiorrelative to

inflow, associated with decreased snowmelt inptithe upland lakegFigure 4.1 panels A

D) correspondsvith a declire in inferredflood influenceat the oxbow lakeqpanels EG). It

also includesduring the postegulation interval(~1972 2019) when rising evaporation
relative to inflowat all four uplanddkes coincides wittow inferredflood influenceat the

oxbow lakesThe sole exception is the record from oxbow I8keoky 4 where mineral matter
content (and inferred flood influence) has been rising since ~1I®iever, values have

remained below thieng-termaverage during most of the pasgulation interval (Figure 4,1
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panel F).Rising influence of evaporation at the upland lakes and decline of inferred flood
influence at the oxbow lakeduring the posteguhtion interval are consistent with
meteorological recordat the nearby Grand Prairie, Alberta, statramch documentecline

of precipitationand rise of air temperature during winter months between the late 1940s, when
meteorological records began, atlte late 1980s (Keller, 1997)ndeed, Keller (1997)
identifiedthata climatic shift occurred in the mitd70s, characterized lycreasedvinter air
temperatureandlower winter precipitation an@April 1) snowpack volumewvhich appeasto

be captured @il in the paleolimnological records of the upland and oxbow lakes in the Smoky
and Wabasca watershedts summarycompilation of therecordsr om t he wupstreanm
t r i b upraevidas edénce ol longterm trend since the late 1800s towards gsin
importanceof evaporation oruplandlake water balancassociated with declininmput of
snowmelt runoffand declining influence of river floodingaused by a shift in climatic
conditions with a more pronounced trend since the 418¥0sthat beganshortly after

initiation of Peace River flow regulation by tiéA.C. Bennett Dam

Rising mportanceof evaporation on water balance of the upland lakes and declining influence
of floodwaters at the river proximal oxbow lakes in the Smoky and Wabasca watersheds also
correspond with declining ice-jam flooding inferred from magnetic susceptibility
measurerantsat ar oxbow lakenear theLower Peace Riveandincreasng evaporatiorof a
perched laken the northern Peace sector of the P¢&iyure 4.1, panslA-I). Linear regression
analysis ofmagnetic susceptibility measurements on a sediment core from dake®RAD

15 (Wolfe et al., 2006eveals aignificant decline in influence of igam floods at the Lower
Peace Riveduringthe preregulation intervalValues fall below the meari the preregulation
interval during ~19061930 and since ~1940 (Figure 4.1, panelliihear regression analysis

for the postregulation interval is not shown due to higher water content and lower sediment
compactiontowardsthe top ofthe sediment core #t confounds interpretations of changes
attributable to alteration of the flood reginfd perched lake PAD ,5econstructedE/l ratios
follow a rising trendduringthe pre and postregulation intervalgWolfe et al., 2005; Figure

4.1, panel l)and E/I ratios consistentlyexceed 1.0since ~1967 (indicative of wateilevel
drawdown), except for four samples that capturejace flood eventsincluding 1974 and

1996 1997 (Prowse & Conly 1998).drespondencef increasingmportanceof evaporation
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on water badnceand declininglood influence at the upstreainr i g g e r (associdiedt ar i e
with declining runoff during the spring freshet from thinnenowpack with declining
influence ofice-jam floods anddrawdown ofperched lakevater levels irthe PAD provides
compellingevidencdor a strong role of climate on the hydrological changes at the PAD.

Beltaos (2018hypothesizedhat climatic forces were accelemg the frequency ofice-jam
floods atthe Lower Peace Rivebetweenl880 andl967, prior tooperation of the W.A.C.
Bennett Dam, andeclined thereaftdrecause dPeace River flow regulation (Figure 4.1, panel
J). Wolfe et al. (2028) addressed, and countered, this testable hypothesis with
paleohydrological records fronmé PAD. Here, additional paleohydrological data from the
trigger tributaries provides further evidence that challenges the notamteleratingce-jam

flood frequency during the decades prior to regulation of the Peace Rivang the pre
regulation nterval (18801967), acceleration of igam flood frequency athe Lower Peace
River would require rise over time late-winter snowpack volume and decline of winter air
temperatures to generate the river discharge and ice stteragitelerate the fregncy of ice

jam floods(e.g.,Lamontagne et ak021) If these hydroclimatic conditions were prevalent
this would have caused @eclining trend inE/I ratios atthe upland lakedn the upstream
0tri gger andraictrrespandingrereading trend in mineral matter content in
sediments accumulated tine river-proximaloxbowlakeswi t hi n t he oOtrigger
the PAD. Thisis, however,the oppositeof the paleolimnolaical evidenceresentechere
whichidentifiesthatclimate-driven hydrological conditions have trended increasingly towards
those that do ngiromotegeneration ofce-jam floods(Figure 4.1, panel Ad). This includes
inferreddecline of snowpack runosince the late 1800sased omising E/I ratios at the upland
lakes in theSmoky and Wabasa@atershedsyheresnowmelt runoffprovides important input

to offset evaporative water lossesthe Prairie regioriFang & Pomeroy, 200Pham et al.,
2009) and inferred decline of discharge from the Smoky and Wabasca rivers during the spring
freshet based on declining mineral matter content of the-praimal oxbow lakegGirard,
2022; Stratton, 2022ptrong influence of these climatkgiven hydrologicatrends is evident

at the PAD, where influence of igam floods is inferred to have also declined based on
magnetic susceptibility measurements at oxbow lake PARntEresulted in increasirtgy/l

ratiosat perched lake PAD 8ue to decline in floodwatenput and increase of evaporative
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water losgWolfe et al. 2005, 20062012; Remmer et al. 20L8These trends have continued
during the postregulationinterval andhave intensified since thmid-1970swhen a shifiin
synoptic meteorological conditiogstered marked ris winter air temperaturend decline
in winter precipitation and snowpack volume withime Smoky and Wabascubwatersheds
of the Peace River (Moore & McKendry, 1996; Keller, 199Kearsimultaneous timing of
the onset ofPeace Riveflow regulationby the W.A.C. Bennett Dam and the rii@70s
climatic shift hasc hal | enged scientistséo ability
hydroelectric regulatioNew evidence provideldere fromsynthesis ofinalyses of sediment
coresstrategially collected from lakes affected and unaffected by Peace River flow regulation
however, revealthataquatic ecosystems within battgulated and unregulatpdrtions of the
Peace River watershed downstream of the W.A.C. Beman haveexperienced similar
hydrological changg both before and since onset of Peace River ftegulation This
identifiesclimate as anaindriver ofthe Lower Peace Rivace-jam flood regime and perched
lake water balance ithe PAD, given the W.A.C. BennettDam has no influence on

hydrologicalprocessesperating withinthe Smoky and Wabasca watersheds.
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Figure 4.1 Comparison of paleolimnological reconstructionsljAand the Beltaos2018; J
interpretation of hydrological change during the-gse= 0.009x* i 3.512x + 3254.6) and
postregulation (y = 0.0807k% 146.03) intervals of the historical observation and traditional
knowledge flood record of Peace River-jaen floods. For paleolimnological reconstructions,
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