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ABSTRACT
Freshwater lakes are prominent features across northern boreal @@gians sensitie to
changing climate condition$his study spanning the 201¥8 icefree seasonfroades our
understanding of how variable climate daddscape conditioriafluencesubarctidake
hydrology in theNorth Slave RegionearYellowknife, Northwest Tertories (NT), CanadaVe
studied20 lakedocated within the Taiga Shield af@igaPlainsecozoneshrough anntegraed
approach, utilizingvater isotope tracefsi a @), lake level changes, local meteorological
conditions and remotely senseatchment datd_ake water isotope dat@ereobtainediwice
during the icdree season (May and Augusid evaporation/inflow (E/l) ratios were calculated
to identify the relative importance afatchmentydrological controlsHydrological data were
compared to measured and mdoeelcatchment characteristics, includimetative lake/catchment
size, slopeland cover and recent wildfire burn ar€uverall, precipitationwasa major driver of
seasonal and interanndake hydrologcal changewhile evaporation was a major driver of
summer water losfelative catchment size (lake area to catchment(bA¢&A)) was found to
be an important driver of lake hydrology, howears relationship is complicated by storage
deficits associated with variable meteorological conditions. During wet conditions (e.g., freshet
and periods of high rainfall), lakes witrge catchments (low LA/CA) had more positive water
balances than kes with high LA/CA Under drier conditions, lake catchment size and associated
fill -andspill hydrological connectivity was reduced. Lake basins with high LA/CA (particularly
those wih shallower depth and greater surface area) were more prone to avapesadér |0ss.
Lake hydrological conditions were less influenced by catchment land cover compgsitions
including burn areaFindingspresented here highlight importairivers of lakevater balances

in subarctic boreal regions, which are sensitive to mggohanges in climatd his studyis part



of a broader research project funded and supported by QWfiulative Impact Monitoring
Program (CIMP) which is using a muHproxy, paleeecological approach to determine leng
term (i.e., 2,000 years) recordshgfdrology,drought, fire and water quality to inform future

policy planning.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

Northern borea{Taiga)lakesareprominent features througho#itctic andsubarctic
regionswhich provideimportanthabitatfor abundanplant andwildlife speciesandareintegral
for maintaining theculture and lifestyle of local communitids the Taiga Shield and Plains
ecozones within theorthern Great Slave Lake region (No&laveRegion) of the Northwest
Territories (NT) theseinterconnectedakes,wetlandsand watercourseserve as signifient
stores ofwaterwithin the landscapandare importantomponerg of regional hydrological
cycles.At this time, it has been well documented that Arctic and subarctic landscapes are
sensitive tachanges irtlimate and are undergoirgnsiderablecosystemitange Pientz et al.,
2004;Smol et al., 2005; Schindler and Smol, 2006; Prowse et al., Z20®ll et al., 2011
Larsen et al., 2014As highlightedinCanadads Changi (Buhadd Lemmzeh,e Repo
2019), NTis warming about three times the globate These conditions have resulted in
increasingoermafrost thaw, greater erosiohcoastlines and rivershanging ice conditions and
longer icefree seasons, changes to water quality and quaasityell as alteration to wildlife
habitat and migratin (Bush and Lemmen, 2019 ydrological changes to lakes across northern
regionscan be expected to lsemplex and highly variable accordingitderannuaklimate and
geomorphological conditiondurner, 2014; Gibson, 2019; Spence, 2019)

Climate modelsalsoindicate thatvith increasing atmospheric temperatyrg®eater
thunderstornfrequency and intensity northern regionss likely toincrease the potential for
lightning-ignited wildfires (Price and Rind, 1994; Kochtubajda et al., 2006; \éebake eal.,

2017).Severe droughlike conditions(subsequent years of beleaverage precipitatiomear



Yellowknife, NT during 20132015negatively impacted hydropower production éedito the
most intense wildfire season in twenty yedsing 2014(Darwent,2016; GNWT, 2016)The
current body of research suggests that the hydra@bgisponsgof northern aquatic ecosystems

to catchmentire may behighly variable (Robinne et ak02Q Figure 1.).

May 2018

Figure 1.171 Aerial and ground photographs showing was examples aftudylake catchments burned by wildfire
within theNorth SlaveRegion NT, including (a) study lake Y04 (near Ingraham Trail), 100% burn during 2016;

(b) study lake YK19 (within Mackenzie Bison Sanctuary), 100% burn during 2014; arsdu@y lake YK06

(within Snare River Basin), 100% burn during 2016. As the vegetation in the photographs suggests, burn severity
and regeneration may vary (photographs.Msgek).



In shallowsoiled Shield lake environments where permafrdstvelopments limited,
hydrological connectivity plays an increasingly important role in watershed dynasibas
been previously shown in studiedla¢ Pocket Lake and Baker Cree&tchments near
Yellowknife, NT since 1991, seasonal and interannual hydrologe@tion ae common in
northern boreal regions (Gibson, 2019). Identifying rydiar periods of drier and low flow
conditions is very important for interpreting the hydrological processes of regional watersheds
(Gibson, 2019), as catchment connectivitlargely irfluenced by seasonal meteorological
conditions.Hydrological connectivity will vary depending on seasonal timing of precipitation,
the intensity of rainfall eventgatchment physigography astbrage deficits (Bracken and
Croke, 2007; Spence ak, 2019).In these chahof-lakesShield systems, lakes may
predominantly function as individuals rather than as partgpéater catchment g@erennial
watercourse (Spence et al., 20articularlyunder drier conditionsas catchment watérodies
become increasingly disconnectearing the icefree seasothe influence from evaporation will
be greater (Gibson and Reid, 2018judies suggest that high evaporation rates and storage
deficit dynamicsnay reduce downstream flow under typical summer itiomd (Spence etia
2019).The studies at Pocket Lake and Baker Creek represent the longest regional record of their
kind in NT that have utilizedsotopic as well as conventional hydrological studyhuds.
However,these studies may be expanded acads®aderscaleto develop a more thorough
understanithg of regional hydrological patterns.

Techniques utilizing water isotope tracars highly usefufor evaluating water balance
interactions across vast hydrological systems (Burgman et al., 198 hdRbenal., 1993;
Edwards et al., 2004; Turner et al., 2@I@ 2014 Gibson and Reid, 2014, MacDonald et al.,

2017). These studies utilize comparisdmydrogen (?H; deuterium) and oxygen€O) isotope



compositions to characterize lake and river higdyigal conditions. Water isotopes are quite
useful in areas with strong seasonal temperature gradseiots as northern regiarnsnalyses

are based on the relative concentration of lighter versus heavier water molecules under varying
seasonal meteorlogitconditions Global atmospheric moisture patterns are primarily driven by
the evaporation ovarm well-mixed ocean watefof known isotopic compositiomear the
equator(Edwards et al., 2004Puring poleward migration of major air masses, progressive

out of mass and heavy isotopes ocagsording to an understood linear relationship known as
the Global Meteoric Water LingGSMWL). Essentially lake water isotope data provide

indication of the relative hydrological influence of snown{ktver isotopic composition)

rainfall (higher isotopic compositiorgnd evaporatiofleading to more enriched isotopic
composition condions)in aquatic system3.hese isotope data compliment traditional
hydrometric research methods which rely on freleasuremats andnstalled gauges, but may
bemore easilyemployed across wider regioms.coldregionslike NT, lake isotope

compositons are seasonally influenced by surges of inflow during spring snowmelt, followed by
relatively short, arid summers with highagoration rates (Gibson and Reid, 20Hitorical
(19432018) precipitation data from Yellowknife suggesan levels of approximately 142 mm
of rainfall (May-September), as well as 122 mm of winter snowfall (Octé\peil; ECCC,

2018. Thelake isotopecompositons provide quantitative information about relative input water
contributions (e.g., snowmelt, reand permafrost thaw) as well as the relative influence of
evaporation, typically expressed as an evapordtenflow ratio (E/l; MacDonald et a).2017).
Advancing studies of northern hydrological processes must increasingly look to couple water
isotope tracer data with other novel and less expensivefindohsive approaches. Combining

guantitative water isotope analyses with remote sensingneatdimodeding has been



demonstrated to be highly informative for hydrological characterization of notties
(Turner et al., 2014).

Landscape characteristics, such as catchment size, morphology and land cover play an
important role in lakevater balace. Catchments that are more densely forested are likely to
provide a windbreak for deposited sngwomoting snowpack and resulting in enhanced spring
runoff to lakes Essery and Pomeroy, 20@uchard et al., 2013; Turner et al., 20M)thin
the Shield landscap®f the North SlaveRegion lakes are marked by differing limnological
characteristics, such as area, depth and organic content (Van Den Berghe et al.aR648).
with greatercatchmensizerelative to lake arehavebeen shown teonvey wagr downstream
more effectively (Spence et al., 2019). Catchments with more numerous and larger upstream
lakesare more likely to transmit and maintain downstream flBpence et al., 201%Vhen
water levels are high, flow from larger storage basins wahsatchment can enharaed
sustain streamflow to lower basins for a greater duration. Conversely, during drought, upstream
catchment flow is supressed as water body levels increasaibty fise above outlet elevation
thresholds (Spence et al., 2019).

Ongoing and future hydrological studies within subarctic boreal regions should continue
to investigate theelationshipsamongclimate, catchment characteristics and lakger balances
The integration of conventional hydrological analyses with modarmote sensintechniques
will be increasingly importarfor thelong-term monitoring of these complex relations across
vast northern landscape&auch studies will be integral anticipatng future hydrological

responsesnder variable climate scenarios



1.2 Objectives

This studybuilds on previousorthern boreahydrological studieghrough the
investigation of20 study lake catchmenigthin theNorth SlaveRegion of NT. The study
presents a twiyear water isotope dataset for 2€11g, including bianrual (i.e., May and
August) sampling during the idece season to capture seasonal and interannual lake water
balance responses. Lake isotope records were esdluatonjunction with irsitu water level
data, catchment physical characteristindlocal meteorological datalhetiming of thestudy
presented mopportunity toevaluatdake catchments ankydrologicalresponseduringaverage
(2017) andaboveaveragg2018) icefree season rainfatlondtions. This period represented a
time of general hydiogical recovery in the region following relatively drier conditions between
201316.

The specific objectives of this study wereljadertify the seasonal and interannual lake
hydrological conditions of 20 study lakes across the Taiga Shield and &armesf the
North SlaveRegion 2) identify the relative importance of catchment characteristics (e.g.,
physiography, land cover afdirn area) in determining lake hydrological resporaed 3)
determine the effectiveness of our integrated approaatdordating the complex relations
among climate, catchment and laké& hypothesize that lake hydrology will be variable among
sites ad depend strongly on precipitation, catchment connectivity and land cover properties.

The findings of this research gr@am enhance our knowledge of how warming northern
climate and associated landscape changes and disturbance are influencing lakgyhydrolo
subarctic boreal region¥he work is part of a broader research project funded and supported by

NWT Cumulative Inpact Monitoring Program (CIMR)which is using a muHlproxy, palee



ecological approach to determine letegm (i.e., 2,000 years) recs of drought, fire and water
quality to inform future policy planning.
1.3 Thesis Format

This thesis paper follows thmonograpHormat. Following this introduatry chapter
(Chapter One)ChapterTwo provides arextensivditerature review containingnportant
background informationelevantto the projectChapterThreeincludesthe mainresearch paper
which presentghekey findings of this hydrological studZhapteiFourincludes supplementary
hydrological analyses aepresentative case study lak€bapter Fivgoresentghe conclusions
of the studyand future recommendatiarisquations and calculations are providedppendix
One; isotope raw data are provided in Appendix Two;saipglementary tables and figures are

provided in AppendiX hree
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CHAPTER TWO
LITERATURE REVIEW

This chaptermprovidesimportantbackground informationecessary to contextualitee
presenstudy, includingbackground information abothie North Slave Region of stugiWT; an
overview of hydrological changes detected across northern regdjioes by variable climatea
summary of previous hydrological studiegsheNorth SlaveRegion of study and a summary of
the conventional isotope mass balance (IMB) approaches ugbis istudyin assessing lake
hydrological conditions.
2.1 Background ofNorth Slave Region NT

2.1.1 Physiography
Thelandscape within thilorth SlaveRegion incentralNT is slightly undulating and of

relatively low reliefcompared tahe Cordilleran mountainous region to the west (Pienitz et al.,
2004). The region is underlain by Precambrian sedimentary bedrock in the south and-granatic
gneissic bedrock in theorth (Pienitz et al., 2004; Ecosystem Classification Group, 2008). At
appioximately 315 million hectares (ha) in size, the bor€alga) forest is the largest band of
uninterupted forest in Canada (Weber and Stocks, 1998). Spanninfjléwfoundland to wst

of the Yukon Territory and into Alaska, the forest varies in latitudindth and species
composition Overall,47% of the immense Mackenzie River basisituated within the NT

This drainage basin represents the largest source of freshwater AocticeOceanin North
America The basin spans 1.8 million square kilorasttkn?), ranking it tenth largest in the
world by drainage area (Kochtubajda et al., 2006). With an area > 28,5Ghkm maximum
depth of 614 m, Great Slave Laisea prominentind hydrologicallymportant feature in the

region (Piper, 2018)'heNorth SlaveRegion(focus of the current studyg characteristic of
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both upland and lowland subarctic landscapes, complete with nunieteneennectedakes,

wetlands and wateoursesvhich ultimately drain to Great Slave Lake (FiguPekand2.2).
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R\ o
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R elowknitex
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Figure 2.11 Map illustrating theupland and lowland regiongithin the NorthSlaveRegion,NT (reproduced from
Morse et al., 2016

white birch

black spruce

Figure 2.21 Photographsf various surface conditis typical of theNorth SlaveRegion NT: overview of mosaic
of surface conditions, includin@) fens and lakegb) peatland (c) black spruce forest§d) white birch forestsand
(e) bedrock(reproduced from Morse et a2016).

2.1.2 Climate
The climate in NT varies locally and regionallyut generally comprises short, warm

summers and very cold winters (Weber and Stocks, 1998). The mean summaugusy)

temperature is 15.6 degrees Celsius (°C); and mean winter (Oétpbgrtemperature is154
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°C (Environment and Climate Change @da (ECCC), 2018b). Climate in NT is influenced by
a number of factors, including latitude, intensity of solar radiation, topography and the character
of weather systems (Phillips, 1990). Large watadlies such asi@at Slave Lake serve as a
moderating influence on the local climate, resulting in longer relative growing seasons in the
surrounding regions (Piper, 2018). There exists steep gradients in both climate and environment
in these subarctic beal regions (Ptz et al., 2004). While solar radiation arrives at relatively
low angles, limiting heat energy reaching the surface, this effect is offset by long summer days
(Phillips, 1990). These patterns are largely the result of mixing of warmt Rexffic air mases
from the south with cold, dry Arctic air (i.éArctic Fronf from the north (Bryson, 1966).

Long-term climate records for Yellowknife from the Yellowknife Airport meteorological
station (met station) are available from 1943pnastained by ECC(2018a) Climate daa
from 19432018 indicate a general increasing trend in mean annual temperatar@.@with p
= 0.11); while total annuaprecipitationduring this time periotias beemelatively steady(R? =
0.07with p < 0.05 Figure2.3). The histaical data indicate broad cycles of both temperature and

precipitation fluctuation since 1943.
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Figure 2.3 71 Historical (19432018)total annualprecipitation and mean annual temperature trend for Yellowknife.
The mean annual temperatuataindicate a gneralincreaing trendacross this time period {R 0.30), while total
annual precipitation data indicate no appreciable trefrd 07 ECCC, D18a).

During theyears encompassing the present st2di { and 2018 mean monthly temperatures
were neaaverage(ECCC, 2018aFigure 2.4) Average winter snowfall fell during 20167 (122
mm of snow water equivalentyhile below average snowfall fell during 200 mm of snow
water equivalentECCC, 2018a)The 2017 icdree seasofMay-Septemberyawaveraetotal
rainfall (147 mm) while the 2018 icdree seasosaw pronouncetbtal rainfall (256 mm) with
June ad July 2018, in particular, experiencing well above average rainfall |&eésall, 2018
sawthe most seasonal rainfall in Yellowknife sincet23vhen climate records were first
maintained ECCC, 2018aFigure 2.4. The 201718 study period reflected a time of general

hydrological recoveryn the regiorfollowing a relatively dy periodduring201316.
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Figure 2.41 Monthly total precipitatiorand mean air temperatui@ the2017 and 2018 study years, respectively,
with the 19432018 meashighlighted (Yellowknife Airport met station; ECCC, 2018sllean monthly
temperatures were near average during 2017 and 2018. Average winter snowfalinfigl281617 (122 mm of
snow water equivalent), while below average snowfall fell during 2018 (80 mm of snow water equivakent).
2017 icefree season wasditative of relativelyaverageconditions May-Septembetotal rainfall = 147 mm). The
2018 icefree season reflectgrrticularlywet conditions lay-Septembetotal rainfall = 256 mm), with themost
seasonal rafall in Yellowknife since 1943when climae records were first maintained

Total Precipitation (mm)
Mean Temperature (°C)

Recurring vind patternsalso influence regional meteorolodicanditionsand theonset
of storm systemdviean wind speed in Yellowknife is moderate at 12.8 kilometres per hour
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(km/h); and the most frequent wind directis from the east and south (ECCC, 2018%nd
speed and direction patterns recorded in Yellwekwere similar during the 2017 and 2018 ice
free season@Viay-September)respectively (Figur@.5). The predominant wind direction was
generallyfrom the south, with secondary influence from the dastmMay-Septembeduring
theyears ofstudy, the predominant wind speed range was2lDkm/hr.Sustained \wmd gusts

stronger than 30 km/lweremuch less commor{ECCC, 2018a).

a 2017 (May-September) b 2018 (May-September)

160 160

= 0-10 km/hr
m 10-20 km/hr
o < ®20-30 km/r
i | ®=30-40 km/hr
®40-50 km/hr
® 50-60 km/hr

Figure 251 Wind rose diagrams depicting wirspheedand drectionin Yellowknife during the icdree season
(May-September) fostudy years 2017 (a) and 2018 (b), respectively (ECCC, 2018a).

Overall, heenvironmental impacts associated with glemeral warming trend observed
since the migdwentieth centuryare not yet fully understooth particular,it is still unclear how
themanywaterbodies in théNorth SlaveRegionwhich aresensitive to climatare responding
to increasing temperatures and lengthening ofriee seasons.

2.13 GeneralEcdogy
TheNorth Save Regionencompasses two terrestrial ecozomedudingthe Taiga

Shieldand Taiga Plainfrigure 26). These ecozones digther differentiatednto the Taiga
Shield High Boreal and Taiga Plains High Boreal ecoregiatign the area of study, as

described below

15



Legend

Terrestrial Ecozones
[ Arctic Cordillera
[T Northern Arctic
[ Southern Arctic

[ ] Taiga Plains

[ Taiga Shield

[ Boreal Shield
[ Atlantic Maritime
[] Mixedwood Plains
[ Boreal Plains
[ Prairies

|2 Taiga Cordillera
[ Boreal Cordillera
[ Pacific Maritime
[7] Montane Cordillera
[ ] Hudson Plains

= o

Figure 2.6 1 Map illustrating the terrestrial ecozesof Canadaincluding the Taiga Shield and Taiga Plains
ecozones in thislorth SlaveRegion of studyfNRCAN, 2017).

Taiga Shield High Boreal Ecoregion
TheTaiga Shield High Boreal ecoregianithin the Taiga Shield ecozorles on

Precambrian sedimentabgdock in the southern portions and vast swaths of glaeered,
fractured granite in the nor{rigure 27). Soils derived from scattered outwash &istrine
deposits are generally shallow and coaEméystem Classification Group, 2008he
landscape iscovered with numerous tdkes pondsand wetlands, carved out duripgst
glaciation.Large lakes occupy 30% of the area; and several large kvain south across the

landscapénto Great Slave Lake.
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Total area: 84,767 km” (26% of Taiga Shield).
Ecoregion shown in red.

Figure 2.71 Mapillustrating the Taiga S&ld High Boreal Ecoregion of N{reproduced froniEcosystem
Classification Group, 2008)

Common tree species in this ecoregion include scatttaeds of black spruce, jack pine, white
birch and trembling aspen, with regeneration on burn aksystenClassification Group,
2008;Ecological Framework of Canada, 2019b). The forests are mixed with wetlands, bogs and
bare outcropglominated by lichens and shrubs. Within wet depressions and along lakeshores,
small peat plateaus, shore fens and floating &&@sommonPermafrost freeze/thaw is a major
landscape influence in lolying areas [Ecosystem Classification Group, 2008heregion
experiences relatively frequent and large wildfire activity (Ecological Framework of Canada,
2019b).

Taiga Plains HighBoreal Ecoregion
TheTaiga Plains High Boreal ecoregiwithin the Taiga Plaingovers the area west of

Great Slave Lakandfeatures broad extents of nearly level to gently rolling plains, subdued
plateaus with intersecting large wetlands, muskeg, salakland stream channdfgure 28;
Ecological Framework of Canada, 2019a). Forest growth is generally pooreytoe.

Shallow, organic soils and peat plateaus are common, situated atop poorly drained,-glacially
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deposited till and horizontal layer§ sedimentary rock, namely limestone, shale, sandstone and

conglomeratesHcosystem Classification Group, 2007).

Total area: 42,101 km® (9% of Taiga Plains).

Ecoregion shown in red.

Figure 2.81 Map illustrating the Taig®lains High Boreal Ecoregion of Nfeproduced frontEcosystem
Classification Group, 2007)

Low-growing, operblack sprucdorests, treed bogs, horizontal fens and peat plateaus dominate
the landscapeMany frequently burned areas consist of extensive pure jack pine stands, with
sparse bearberry and lichen understories common. Upland-mbedi forests inludewhite

spruce, §ck pinetamarack, white birch and balsam pogEcosystem Classification Group,

2007) Low-growing shrubs including willow and aldeas well avarious sedges and mosses

are typical in this region (Ecological Framework of Can&@4.9a).Landscape features include
surface water that accumulates as the active layer thaws. Since the region is relatively flat,
hydrological changes can have a disproportionately large influence on the size of lakes
(deMontigny, 2014)No major rivers eist in this ecoregion, whichlsoexperiences relatively
frequent and large wildfire activity (Ecological Framework of Canada, 20TBa)10,000 krh

Mackenzie Bison Sanctuary is situated within the Taiga Plains. The sanctuary provides important
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habitat fo approxmately 2,000 to 3,000 wood bisoBigon bison athabascaelhich is
Canadaodos | ast g efreeheidladgdr ¢t gl., 2000) Bispn hdlp ts reamtsie the
structure, composition and stability of vegetation and wildlife (Gates @04l0).

2.1.4Wildfire Disturbance
Throughout boreal forest regions, fires are an essential disturbance that help control

insects and disease, as well as promote landscape and biological diversity (Ward and Mawdsley,
2000). Further beneficial impacts ofdinclude increasing soil nutrients and resetting
successional pathways (Mustaphi and Pisaric, 2014). Negative impacts to fires may include
danger to human life (e.g., air quality issues) and damage to infrastructure, in addition to threats
to valuable coomercial resources (Ward and Mawdsley, 2000)ere still exists substantial gaps
in the understanding of freshwater cycling processes, which limits predictive forecasting of flows
and storage following climate and burn disturbances (Quinton et al., 20a8)plogic
responses of northern aquatic ecosystems to fire are highly variable (Robinne et al., 2020) and
may include changes in streamflow, water yields and freshet snowmelt input to lakes

Severe drought conditions experienéedhe region near Yelloknife, NT during 2013
2015 negatively impacted hydropower production, and led to the most intense wildfire season in
twenty years during 2014 (Darwent, 2016; GNWT, 2016). In Carada the past 2gears,
wildfires have burned an average of 2.3 millioctaees fa) anwially (Figure 29). Depending
on the extent of fire in any given year, fire management costs have ranged from $500 million to
$1 billion (Natural Resouces Canada, 201@imate models indicate thaticreasing
atmospheric temperatures couidrease the frequency and intensity of thunderstorms, which
will increase the potential for lightniAgnited wildfires (Price and Rind, 1994; Kochtubajda et

al., 2006; Veraverbeke et al., 201The standardizain of studies and further use of geosgati
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(remote sensing) technologies will help develop a firmer understanding of wildfire risks to water

resources in northern forests (Robinne et al., 2020).
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Figure 291 Figure illustrating wildfire burn area fron®80-2018(NRCAN, 2019a)

Fuel and Ignition
Fire occurence is ultimately linked to climate, with longer and warmer summer seasons

conducive to increasing storm and lightning activity (Flannigan and Wotton, 2001; Kochtubajda
et al., 2006). Veraverbeke et al. (2017) suggests that lightning ignféme been increasing

since 1975Wildfire distrubances are expected to increase in the coming future under all
forecasted emission scenarios (Flannigan.e@l3) The two most important factors that
influence fire in boreal forests are weather anmak (Flannigan and Wotton, 2001). While
long-term climate conditions influence species distribution in a given region;tghortweather
patterns affect temperature, humidity, precipitation, wind and fuel moisture, which ultimately
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dictate the potentiagnition and spread of fire (Flannigan and Wotton, 2001; Liu and Wimberly,
2015). The primary ignition source for boreal wildfires is lightning strikes from convective storm
events during the summer season (Kochtubajda et al., 2006; Flannigan and 20@tpnlrhe
number, distribution and size of wildfires can vary substantially during any given year
(Kochtubajda et al., 2006). In NT, thunderstorms play an important role in the water and fire
cycles of the boreal ecosystem (Kochtubajda et al., 2006).

Fine fuels will rapidlydry out during prolonged periods of minimal precipitation and low
relative humidity, increasing the Bkhood of fire ignition and dispersion, particularly with
increasing wind (Whelan, 1995; Flannigan and Wotton, 2001). Dry forestsjéck pine, birch)
do not significantly differ from wetlands in total fuel Igasdith the greatest fuel loadgpically
located in wet spruce forests bordering wetlands (Thomgsaln 2017). Grass wetland burns
are common and faanging in norther Canada during drought years (Thompsbal., 2017).

The occurrence and intensity of fire is influenced by forest species type, age, and the timing
since the last burn. More intengee$ occur where more fuel is available and where fire has not
occurredwithin a typical return period for a given area (Erni et al., 2018).

Local Factors and Topography
Landscape characteristics, particularly topography and vegetation fuel loading, are

important factors in assessing suceptibility to fire (Mustaphi andi®iga13). Topography

creates different microclimates with variable precipitation patterns that ultimately influence fuel
load and supply, as well as vegetation type (Mustaphi and®igad 3). Topographic features
including mountains, lakes and majoreiis can act as natural firebreaks that suppress fire
continuity. Fires tend to burn more effectively upgradient, as convective heat tends to dry out
fuel ahead of it. Finally, slope @ect will influence fires. Southoutheast facing slopes generally

recave the most amount of sunlight, drying out fuel and increasing the likelihood of fire ignition
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and spread (Gavin et al., 2006; Mustaphi and Pisaric, 20&8gtation species that are
considered fire tolerators have thicker bark, and are more pronedostorgt ground fires
(Pausas, 2015).

Wildfire Impacts onWater Chemistry
Recentstudies have evaluat¢he effects of fire on water chemistry in northern regions

with discontinuous penafrost.Results suggest that fire appears to amplify water chemistry
differences of streams located in the Taiga Shield and Plains regions of NT, respectively (Tank et
al., 2017). Streams situated in burned watersheds of the Taiga Plains region sggbtv a sli
increase in turbidity, conductivity, alkalinity and pH, and sligétrease in metal concentrations;
while streams in the Taiga Shield region show very little water chemistry variation in burned
verus unburned watersheds (Tank et al., 2017). Overalkftects of fire appear to be relatively
modest compared to other weghed characteristics that dictate stream water chemistry (Tank et
al., 2017). These results support the findings of Moser et al. (1998), who (as previously eluded
to) found that surnanding vegetation and recent fire history had little influence onlialec
properties. More research is required across a broader scale in the Yellowknife region to
determine how catchment fires impact water chemistry within lake basins.

2.2 Hydrological Responses to Changing Climaten Northern Regions

2.2.1 Overview
Many recent studies have highlighted héinctic and subarctic landscapes are sensitive

to accelerating climate warming and are undergoing increasing ecosystem ¢hangedt al.,
2004;Smol et al., 2005; Schindler and Smol, 2006; Prowse et al., 2009, ledraken2014).
Intermittent changes in climate in the Canadian subarctic over the last several thousand years is
thought to be influenced by Pacific Ocean climatgability and changes to the jet stream

(Dalton et al., 2018). Hydrological changes toelslacross northern regions are complex and
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highly variable according to local climate and geomorphological conditions. These changes are
also projected to increasjly imapct aquatic biogeochmical processes and carbon dynamics,
aquatic food web structurbiodiversity and wildlife habitat (Wrona et al., 2006).

Warming climate conditions may have dramatic imp&ztsorthern permafrost regimes,
which are integral hgrological processes that bitmbether the landscape (Figw40).
Permafrost may exist beath ecotopes of all types, including peatland and forests; but is absent
beneath bedrock outcrops, fens and lakes (Morse et al., 2016). Thawing permafrosecan hav
implications for the integrity of human infrastructure in northern regions (e.g., nortaas,
rail and transmission corridors and building®)is is particularly true for permafrost landscapes
rich in thermokarst lakes, which are the result of sigrfaater accumulation as idgeh ground

subsidegGrosse and Jones, Z)1
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Figure 2.107 Map illustrating the extent of the major permafrost regions in the northern hemiéphkengius,
2007)

A number of recent studies have sought to characterize hydrological conditions and
changes across northern regionbich are dominted by thermokalakes Changes in Old

Crow Flats, Yukon (Labrecque et al., 2009; Turner et al., 2010), Alaska (Yoshikawa and
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Hinzman, 2003; Riordan et al., 2006) and Siberia (Smith et al., 2005; Karlson et al., 2012)
indicate a decrease in lake abundance and size, diywirecreasing susceptibility of thermokarst
lakes to sudden drainage events from thawing permafrost (Frohn et al., 2005; Hinkel et al., 2007,
Wolfe and Turner, 2008; Marsh et al., 2009; Pohl et al., 2009; Jones et al., 2011) as well as
evaporation (Labregie et al., 2009; Turner et al., 2010). In other regions of Alaska (Jorgenson
and Shur, 2007), northern Quebec (Payette, 2004) and Siberia (Smith et al., 2005), thawing
permafrost and lake perimeter breaching has resulted in temporary increases inneaer su
area. It is important to note that catchment characteristics, such as relative size, depth and land
cover play an important role in lake water balar@t®llower thermokarstakes in particulay
are expected to continue to display hydrological \drig in response to climate warming
(Roach et al., 2011; Wolfe et al., 2011; Jepsen et al.,, Bdithard et al., 20)3Catchments
that are more densely forested are likelpitovide a windbreak for deposited sngwomoting
snowpack andesulting in @hanced spring runoff to lakeSgsery and Pomeroy, 2004;
Bouchard et al., 2013; Turner et al., 2014). It is important to identify how catchment
characteristics influence lake hydroecology elsewhere including the northern CanadiamShield
the North SlaveRegion of NT.

In addition to direct impacts of lake hydrologgnhanced permafrost thawiagross
Arctic and subarctic regions is expected to increase sediment, nutrient and carbon loadings to
aguatic systems. Water chemistry impacts areebegl to varyegionally depending on the
extent of permafrost coverage. While nutrient and carbon enrichment from permafrost thawing
will enhance cycling and productivity of aquatic systems, the status of these systems as major
carbon sinks on the landgeis likely b change (Wrona et al., 2006; Kokelj et al., 20089ny

recent studies have attempted to evaluate these changes to water chemistry (e.g., clarity, nutrient
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supply and nutrient cycling; MacDonald et al., 2012; Kokelj and Jorgenson, 2018 aauit
biological communities in higtatitude lakes (Schindler and Smol, 2006; Carroll et al., 2011,
Karlsson et al., 2011}or example,tsidies south of Great Slave Lake within the Peace
Athabasca Delta in northern Albentlized stablewaterisotopeand chemistryanalytical
techniques t@valuaterelationshig amonglake water balance and limnological conditions
(Wolfe et al., 2006). This researdetermined that watdralancevaries depending on whether
lakes are connected to the river drainage netlagh inpu/low evaporaton influencejersus
isolated(low input/high evaporation influence)lorthern waterfowl and wildlife are likely to be
impacted by these changes as wehljch may include alteration to habitat and migration route
suitability, and seasonahting of migration route availability. It is expected that the magnitude,
distribution and duration of the impacts and responses will vary depending on the system and
location (Wrona et al., 2006; Kokelj and Jorgenson, 2013).

Overall, the changes toydrolagical systems across Arctic and subarctic regions due to
evolvingclimate conditions are complex and diverse. More research is requiredrtaveour
understanishg of relations among lakes, catchment conditions and climate, in an effort to
anticipatehydrological responses thanges at regional scales, especialthin theNorth Slave
Region

2.2.2Hydrological Responses iNorth Slave RegionNT
TheuplandShieldlandscap®f theNorth SlaveRegiongenerallyencompassdsigh

bedrockland cover with sh&dw soil conditions. As a resukextensive discontinuous permafrost

is present beneafbst 10-50% of the landscape (Heginbottom et 4095; Brown et al., 2002;
Zhang et al., 2014; Morse et al., 2016). Studies suggest that most permfrost in thisxiesgson

in direct relation to the distribtuion of forested ecotopes, and that ecotopes with greater organic

layer thickness and latentdtanfluence may be increasingly protected from degradation due to
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climate warming (Shur and Jorgenson, 2007; Jorgeesah, 2010; James et al., 2013; Zhang et
al.; 2014, Morse et al., 2016As climate warming persists, the overall extent of discoatisu
permafrost in thé&lorth SlaveRegion will likely continue to be reduced to isolated, more
ecosystenprotected peattad areas (i.e., just 2% of the landscape; Morse et al., 2016).

While some regionmay experiencdrier groundconditionsin response tavarming
conditions other regions may be getting wett&n examination of satellite imageof the flat,
low-lying Taiga Plains region of NbBetween 1986 and 2011 found that the proportion of water
cover nearly doubleduring this time periodirom 5.7% to as high as 11%orosi et al., 2017).
These landscape changes are complex and related to climate; however, théyteaisgical
mechansms for change are not yet fully understood. The increasing loss of sedge meadowlands
(a preferred grazing habitat for biganay be the cause of increasing bison movement and
sightings beyond thklackenzie Bison SanctuabpundariesKorosi et al., 2017)These dtical
interactions between climatiake catchmentandecologyunderscorehe need for further
studies within théNorth SlaveRegion across a broader scdtds becoming increasingly
important to evaluatiake water balarealongsideatchmenphysical characteristicgich as
hydrologicalconnectivity andand cover By developing a more robushderstanithg of these
hydrological driverswe will be better able to forecast changemkesunder variable ainate
scenarios.

Previous studies at Pocket Lake and Baker CreBR
Hydrological studies at Pocket Lake and Baker C(&tleldsystemshear Yellowknife,

NT since 1991 represent the longest regional record of their kind using isotopic as well as
conventional hydrologidastudy methodsGibson, 2019Figure 211). The information derived
from these studies is highly useful for informing the present study and interpreting results.

Reuslts showhatseasonal and int@mnual hydrological variation @common in northern
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boreal regions (Gibson, 2019). Identifying meyear periods of drier and low flow conditions is
very important for interpreting the hydrological processes of regional watersheds (Gibson, 2019),
as catchment connectivity is largelylirenced by seasonal neetrological conditions.

As previously shown at Baker Creeketnumerous, interconnected wdtedies that
make up alrainage network often have storage capacity thresholds defined by outlet surface
elevations (Spence et &019). As such, when respedilake water levels drop below these
threshold elevations hydrological connectivity and downstream channel discharge is likely to be
limited to the greater catchment (Spence, 20088es with a larger catchment relative thda
areawill convey water dowstream more effectivelfSpence et al., 2019\Iso, catchments with
more numerous and larger upstream lakes are more likely to transmit and maintain downstream

flow (Spence et al., 2019).
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Figure 2.117 Figureillustrating the Baker Creek watershed amevious study locations near Yellowknife, NT
(reproduced from Spence et al., 2019)
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When water levels are high, flow from larger storage basins within a catchment can enhance and
sustain streamflow to lowdyasins for a greater durati¢8pence et al.,®@.9). Conversely,

during drought, upstream catchment flow is supressed as water body levels increasingly fail to
rise above outlet elevation thresholds (Spence et al., 2019). Given that the Baker Creek
watersled is comprised of a complex chaifilakes, efective drainage area will vary depending

on disconnections between lakes along the chain (Spence et al., 2010).

Variation in catchment hydrological connectivity over time has been attributed to a
number of fators, including seasonal timing of precipitettj storage deficits and the intensity of
rainfall events (Bracken and Croke, 200Jhder drier conditions, the evaporation influence
increases as the watershed becomes patrtially disconnected and respleetareds along the
chain increase (Gibson aRid, 2014). It is speculated that the release of active layer storage to
lakes within the watershed during dry years results in more of a buffering role relative to rainfall
(Ombradovic and Sklash, 1986; Gimsand Reid, 2014). Overall, the Baker Creekenshed
may be classified as an evaporative system, which is fairly representative of thisuiotdest
transition region. The key processes driving lake hydrology are ultimately connectivity of the
chainof-lakes and the evolution of water balance withaterbodies along the chain (Gibson
and Reid, 2014More research is requirettross a broader extantfully understand h el- i f i |
ands p i med¢hanisms aBhieldsystemsn theNorth SlaveRegion

Lake Biogeochemical and Limnological Processes
Lake hydrologyin theNorth SlaveRegionmust be assessed in relation to associated

biogeochemicahnd limnological processes, agdnological connecitvity is linked tkake
residency time (Spence et &019). Lake connectivity has been shown to be a reasonable
predictor of DOC concentiiains in the Canadian Shiel@érgel et al., 199%pence et al.,

2019).Studiesof the Baker Creek watershed (introduced above) suggest that enhanced winter
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streamflow fom increasingly common late sumrtiall rains result in lgher wintertime loads of
carbon and solutgSpence et al., 2019)Ynder these enhanced, kseason streamflow
conditions wth ample lake volumes, more water is transmitted over frozen, shallolidhlyd
conductive) soils. As biological activity undeké&iceslows, net mineralization and nitrification
rates increase (Spence et al., 2015).

Other egional water chemistry studies of freshwater lakes in NT reveal that underlying
geologystrongly influences limnic properties (Moser et al., 1998; Pientz,et397). Shield
lakes are likely to have higher concentrations of A1 and Fe, and lower pH, specific conductivity
and proportion of ions (e.g., Ca, §Qi, Mg and Na), relative to simiole (karst) and muskeg
lakes (Moser et al., 1998). Compared to sinkhHakes, muskeg lakes have higher concentratins
of DOC and increasing productivity, with greater particulate organic carbon (POC), chlorophyll
a, nitrogen (NHand NQ; Moser et al., 198). These findingsighlight the close relationship
between catchmephysiography, hydrological connectivity and limnological conditions which
influence aquatic ecology in tidorth Save Region.

2.2.3 Hydrological Responses to Wildfire
Previous studieacross northern regions have sought to investigate the effects ofewvildf

on hydrological regimes. The annual number of published studies related to fire impacts in high
latitude forests has increased steadily in recent years. A recent scoping revasthyidpologic
effects of wildfire was completed by Robinne et al. (0&nd involved the screening gB35
peerreviewed articles, with selection of 82 studies for dissemination. The cumulative conclusion
of this review determined that the hydrologic response of northern riverine ecosystems to fire is
highly variable. Annal streamflow and peakflows wereufad to increase pe$ite in some

studies (Pomeroy et al., 2012; Springer et al., 2015), with only water yields increasing in others

(Eaton et al., 2010a; Mahat et al., 2015). A study on the Canadian Shield reportegeartwo
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increase in baseflows and arah yield after fire, even under drier conditions (Schindler et al.,
1980). Similarly, a study on thmreal plains (Pelster et al., 2008) reported higher yields six
years after fire. An increase in peakflows from snowmeloff was identified by Mahat et.
(2015), while several studies show the opposite response with snowmelt decoupled between
burned and unburned areas (Burke et al., 2005; Eaton et al., 2010b; Owens et al., 2013).

In recent studies of burned sampletplm western North America (Alberand British
Columbia),evidenceof increasedgsnowfall accumulation and input to waterdies during spring
melt has been shown (Burles and Boon, 2011; Pomeroy et al., 2012; Winkler et al. B2Gh5).
areas result in nte energy available for snowmedaflier freshet)andmore rapid snowmelt
(shorter fresheBurles and Boon, 2011; Winkler et al., 2015), as well as a greater contribution of
snowmelt to annual streamflow (Eaton et al., 20Twvens et al., 2013). The cant body of
research suggests tlajuatic ecosystems are generally resilient to fire effeas,
concentration of total nitrogen aptiosphorouschlorophyll levels and abundance of wided
young)in both streams and lakes (Jalal et al., 2005; Kreeitser et al., 2012; Lewis et al.,

2014) Differences in burn severity in northern boreal forests can result in considerable
variability in survival, density, regrowth and distribution of residential biota, which can last
decades or even centuri@urtonet al., 2008 The standardizatioof studies and further use of
geospatial (remote sensing) technologies will help develop a firmer understanckfagions
amongwildfire andwater resources in northern forests (Robinne et al., 2020).

2.3 Isotope MassBalance Approaches in Studying Lake Hydrology

2.3.1 Summary
As previously described, ater isotope traceereeffective in evaluating water balance

interactions in hydrologicalystems (Gibson and Reid, 201#hese approaches may foether

employedacioss a broader scaile studying lakeéhydrologcal changesvithin theNorth Slave
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Region Stable water isotopes including hydrogetH( deuterium) and oxygen€0), are

highly informative of past and present hydrological conditions because of thengefstood
physics of the isotopic partitioning processes in the global water cycle (Rozanski et al., 1993;
Araguas et al., 2000; Edwards et al., 2004). Télatively inexpensive approach to water
balance research typically requires a minisahpleamount(< 30ml) from each site, making it
an effective studysolution.Water isotopelata have shown to be particularly useful for
characterizing hydrology and hydroclimatolagyemote regions and at high latitudes (Brock et
al., 2009; Burgman et al., 1987; Woand Edwards, 1997; Gibson 2081d2002; Gibson and
Edwards, 2002; Gibson et al., 1983d2002; Leng and Anderson, 20M3aric, 2003 Edwards

et al., 2004, Yi et al.2008; Birks and Gibson, 2009; Turner et al., 286 2014 Tondu et al.,
2013; Andeson et al., 203;3VlacDonald et al., 20)7Multi-year datasets are most informative,
as they reflect seaonal and interannual variability in isotope composition andsesdake
water balances to climate conditions (Gibson, 2002). Iniagins, lakesotope composibns
are seasonally influenced by surges of inflow during spring snowmelt, followed by relatively
short, arid summers with high evaporation rates (Gibson and Reid, ¥0itdn sensativity to
varying meteorological conditions (temperatare precipitationypes) lake isotope
compositons(i.e., 0*80 and¥H) provide quantitative informatioabouttherelativeimportance

of input water contributions (e.g., snowmelt, rain and permafrost thadgvaporationThese
data can be used to calculate additiosaful water balance metrics includiegaprationto-
inflow ratio (E/I; Turner et al., 2010; MacDonald et al., 20M¥ater isotope tracers provide an
efficient mean®f identifying hydrological information, which allowier broadscalestudiesof

lakes of varying catchment characteristics.
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Combning quantitative water isotope analyses with remote sensing catchmentimgodel
has beemreviouslydemonstrated to be highigformative for hydrological characterization of
northern lakesn North America(Turner et al., 2014Recent studies in the Wesn Siberian
Lowlands (WSL) havalsoattempted to use stable water isotopes to impooveinderstanding
of dominant landscapcontrols on northern hydrological systems (Al et al., 2018). Studies
in hightlatitude regions indicate that lakes, bogd permafrost are important influencers of
runoff attenuation or enhancing nesarface flow (Hayashi et al., 2004; Cooper et2008; Yi
et al., 2012; Turner et al., 2014; Connon et al., 2015; Streletskiy, et al., 2015; Lachniet et al.,
2016). Building @ these findings, Akaho et al. (2018) sampled rivers along a 1,700 km south
north transect in WSL (i.e., from permafrdigeto continuous permafrost) over three years to
establish isotope proxies for catchment hydrological responsiveness and cotyn&dater
isotope correlations in WSL suggest that lakes and wetlands are intimately connected to rivers.
Further, it was founthat catchment responsiveness to rain and snow events increases (i.e.,
reduced mean transit time) with the presence of permdftasaho et al., 2018). Thistudy
provides unique evidence through isotope analyses that permafrost and lakes/wetleemtse
hydrological pathways across wide spatial distributions1Ptkm?) and permafrost coverage
(0-70%; Ala-aho et al., 2018)'hese studies reinforce ounderstandin@f the complex
interactions of northern hydrological systems under warming climatesos.Suchisotope
tracermethods may biirther employed across a broad scale inNbgh SlaveRegion to
evaluate meteorotpcal and catchmergpecific drivers of lake hydrology.

2.3.2 Isotope Framework
Analyses of water body hydrological conditions using isotope tracers are completed

through comparison aH andd*0 isotope values among sites and relative to a regienally

established isotope framework. The framewmgresents gradients of influenceibffow
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(precipitation) and outflow (evaporation) hydrological drivers. The strong linear trends exhibited
in hydrogen and oxygen isotope compositions of precipitation anacswfaters can be traced

to the systematic maskependent isotopic partitionind water molecules in the hydrologic

cycle (Edwards et al., 2004%lobally, the isotopic composition of precipitation plots along the
Global Meteoric Water Line (GMWLyvhichi s d e s ¢ 3HF 8@ + 19 YCraig, 1961;
Figure2.12). Where precipitation plots along the GMWL, laycal Meteoric Water Line

(LMWL), for a given region is dependent on the trajectory and distillation history of atmospheric
moisture contributing tprecipitation (Turner et al2010). In a regiowith a seasonal climate,

snow typically plots along an isotopicaliepleted section of the GMWL (or LMWL) relative to

rain.
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Figure 2.127 Isotope labelling of water balance componeteg the GMWL(reproduced fronEdwards et al.,
2004) Descriptions of the labelled components are provided below and in Zable

The isotope compositions of water from lakes in the region will typically cluster along
another trendline, known as thecal Evaporation LingLEL). The slope of the LEL is usually

4-6. The point at which the LEL intersects the LMWL is recognized as the average annual
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isotopiccomposition of precipitationti) for the region. As such, the LEL reflects the isotopic
evolution of egional lakes urergoing evaporation while being replenished by waters having the
composition ofti, (Turner et al., 2010)The LEL deviates from the intersection of the GMWL at
Up. Water from regional lakes will plot along the LEL during thefre® sease. The progressio

of lake water compositions along the LEL, away fragynis a reflection of evaporative loss. As
lakes become isotopically enriched by evaporation threughmer (assuming typical rainfall
conditions), the lake compositions will generattigrate up the EL towards the steadstate
composition(Ussy). This point represents the isotopic composition of a terminal lake basin where
evaporative loss is equal to inflow. As lake waters become increasingly isotopically enriched
through summer, they will migraterfer up the LEL towards th#& compositionwhich

represents the isotopic composition of a lake nearing complete desiccation. Lake water
compositions willlaterally deviate from the LEL as source water (rainfall or snowmelt) mixing
occurs, as the isotom®mpositions of these source waters tenddbgn the GMWL or LMWL
(Turner et al., 2010). Lake water compositions that plot above the LEL indicate more dominant
rainfall input/influence, while those that plot below the LEL suggest more dominant snowfall

input/influence A summary of the mairsotope framework components is provided in Table

Table 217 Summary of isotope framework components.

Symbol/ o
Component Abbreviation Description
Global Meteoric Water GMWL Isotopic composition of precipitan globally (trendline),
Line described byPH = 80 + 1Q
Local Meteoric Water LMWL Isotope composition of precipitation regionally
Line (trendline), developed from mean local snow and rai
isotopiccompositions.
Local Evaporation Line LEL Regional evapration trendline.dotopic compositions of

water from lakes in the region will typically
cluster/migratealongthetrendlineduring the icefree
season.
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Symbol/

Component Abbreviation Description
Evaporatinglux Ue Mean sotopic composition of theegionalevaporating
isotopiccomposition flux.
Ambientatmospheric Uas Isotopic composition of ambient atmospheric moisiare
moistureisotopic the region.
composition
Precipitation isotopic Up Mean annuaisotopic composition of precipitation,
composition estimated from the intersection of the alvsel LEL and
the GMWL
Summerrain isotopic Ups Summer rain isotopic composition derived from mea
composition regional sampling data.
Snow isotopic Usnow Snow isotopic composition derived from mean region
composition sampling data.
Steadystate isotpic UssL Isotopic composition of a terminal lake basin at stead
composition state(i.e., evaporation equal to inflow).
Completedesiccation o Isotopic composition of lake approaching complete
isotopiccomposition desiccation

Lake isotope data from é&fNorth SlaveRegion may be collected and used to derive a
LEL for regional hydrological analyses. The development of this frameworlemhthnce the
evaluation of key drivers of lake hydrology under variable precipitation and catchment
conditions.

2.3.3 Evaporation/Inflow Ratio
The relative importance of lake vapour losktive to input can be determined for

individual lakes using watesatope tracers and calculation of additional metrics including the
evaporation/inflow (E/l) rati@nd the isotopic coposition of lakespecific input {i). E/I ratio
calculations are based on isotope mass balance calculations described by

E/ 1 o i=0) (U&7 Oo) (1)
wherel. is the measured isotopic composition of lake wateltle is the isotopic composition
of the associated evaporating flux, calculated using the Craig and Gordon (1965) model as
formulated by Gonfiantini (1986) in decimal notatigafer to Equations and Calculations,

AppendixOne. These calculationsequire meterological parameterglgx-weighted
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temperature and relative humiditpr the region of interest, agell as several other modelled
isotope parameterslculated using methods developed by Gonfiantini (1986) and Horita and
Wesolowski (1994)which are described in Appenddne The caculationsreveal important
information aboutake water balance conditions, specificaibgtopicdeviationfrom the
fiteadys t at e 0 asdhk inflow emsus evaporation influences change. Lake sttatgis a
usefulbenchmarlof the isotopic compsition of lakes when inflow is equal to evaporative loss.
E/1 ratios and | ake W% smcéwsreusedhérecto di st ri b
provideinsight ofthe role of specific hydrological processes influencing study lakes (i.e.,
temporally and spatially) in the Yellowknife region. Study lake E/I ratipsasentative of the
beginning (May) and end (August) of tB817 and 2018ce-free seasam Thed value of each
lake, as calculated using input water composition, is assumed to plot at the intersection of the
GMW.L and lakespecific evaporation line. Ovdlaheisotope frameworkassociated
componentandE/l valuesareusefulfor comparing differenes among the hydrological
conditions of many lakes across the region surrounding Yellowknife. Coupling these water
isotope approaches with analysis of catchinpeoperties provides the capacity to elucidate the
influence that the surrounding landscapedrasnediating individual lake hydrological

conditions.
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CHAPTER THREE
THE HYDROLOGY OF NORTHERN BOREAL LAKES IN THE TAIGA SHIELD AND
PLAINS, NORTHWEST TERRITORIES AND THE IMPORTANCE OF CATCHMENT
CHARACTERISTICS IN MEDIATING RESPONSES TOCLIMATE
Abstract
Freshwater lakes are prominent features across northern boreal segians sensitive to
changing climate condition$ his studyaims to broaden our understanding of how variable
climate and landscape conditions (including wildfirguence subarctic lake hydrology in the
North SlaveRegion nealYellowknife, Northwest Territories (NT), Canadeo accomplish this,
we integraed amalyses of water isotope tracers, lake level changes, local meteorological
conditions and remotely sensemtichment data fd20 studylakeslocated within the Taiga Shield
andTaigaPlainsecozonesL a k e wat er 2Hs a #@)weéreoltainedawice during
the icefree season (May and August) during 2@hd2018 to identify the relative importance
of hydrological controls. Water level was also measured to provide additional insight of lake
hydrological conditionsHydrological data wer compared to measured and mbstecatchment
characteristics, includingelative lake/catchment size, slope, land caret recent wildfire burn
area Overall,precipitationwasa major driver of seasonal and interannaké hydrologcal
changewhile evaporation was a major driver of summer water loss. During spring 2017, lake
levels increased following typical snowmetinditions (isotopic dilution) and then progressively
decreased by late summer under normal rainfall conditions and a stronger infifoemce
evaporation (isotopic enrichment). During spring 2008oWing a drier fall 2017 and below
average winter snowllal akelevels were relativelJow dueto lessinput, before increasing by
late summer following heavy summer rainfathich offset evaporative water loss. Relative

catchment size (lake area to catchment area (LA/CA)) was found to be an importarafdriver
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lake hydrology, however, this relationship is complicated by storage deficits associated with
variable meteorologicalonditions. During wet conditions (e.g., freshet and periods of high
rainfall), lakes with largecatchments (low LA/CA) had more pas# water balances than lakes
with high LA/CA. Under drier conditions, lake catchment size and associatehépill
hydrological connectivity was reduced. Lake basins with high LA/CA (particularly those with
shallower depth and greater surface aresewnore prone to evaporative water loss. Lake
hydrological conditions were less influenced by catchment land coverositiops including

burn areaFindingspresented here highlight importadrivers of lake water balances in subarctic

boreal regions, hich are sensitive teariableclimate conditions

50



3.1 Introductio n

In subarctic boreall{aiga) regions oNorth America, freshwatdakesprovideimportant
habitatfor abundanplant andwildlife speciesand are integral to the culture and lifestgf
local communities. These northern lakes and interconnected streams, rivers and wetlands serve
as significanstores of water on the landscape and represent an important component of regional
hydrological cycles (Spence et al., 2019). It has beendeelimented that Arctic and subarctic
landscapes are sensitive to accelerating climate warming, and are undargeaaging
ecosystem chang@igntz et al., 20045mol et al., 2005; Schindler and Smol, 2006; Prowse et
al., 2009 MacDonald et al., 2012; Kelj and Jorgenson, 201Barsen et al., 2014However,
more research is needed to evaluate tamableclimate conditionsnay influencenorthern
boreal lake hydrological processes across regional scales.

Due to access and the wealth of lake systerasnohthern Great Slave Lake region
(North Slave Region) ne3fellowknife, Northwest TerritoriedNT), Canadaepresents a prime
region for studying climateriven hydrological change. For exampdeoughtlike conditions
during 201315 led to an intense \dfire year during2014 (Darwent, 2016; GNWT, 2016¥ith
potential hydrological implications nget fully understoodit is important to continue to
develop monitoring approaches that can be used to investigate the complex relations among
climate, catchrant characteristics and lake hydrological conditions over-terg durations.

The response of lakes Yariable climate scenari@e highly complex and can depend
on thedirect impacts of meteorological conditions and the catchment characteristiagthat a
influenced by changing climate and disturbalgrner et al., 2014)rhesdandscape changes
include shrub proliferation, which has been widespread across northern (&gdrasdorf et

al., 2012; MyersSmith et al., 2011; Tape et al.,1&) IPCC, 2014Wang et al., 208). For
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example, an increasing presence of vegetation (argertrees and shrubs) within a catchment
likely provides a windbreak for deposited snow and promotes snowpack development during the
winter months (Essery and Pomeroy, 20Beck et al., 2009; Turner et al., 2010 and 2014)
Wildfire mayalso influencehehydrological condition®f boreallakes, however, a recent
screening of relevant studiesnducted byrobinne eal. (2020) determined that responses of
northern aquatic esystems to fire may be highly variabléherestill exists substantial gaps in
the understanding of freshwater cycling processes, which limits predictive forecasting of flows
and storage following climate and burn disturbances (Quinton et al., 2009).

Prevous hydrological studies of the Pocket Lake 8aker CreekTaigaShieldbasin$
near Yellowknife have provided key insights about northern hydrological processes since 1991
(Gibson, 2019). These studies indicate that hydrological connectivity is a codnpler that
plays a crucial role in the watshed dynamics of northern systeespecially for Canadian
Shield lakes $pence and Phillip2015;Spence et ak019). Hydrological connectivity will vary
depending orthe seasonal timing of precipitatiolakestorage deficits and the intensity of
rainfall events $pence, 200Bracken and Croke, 2007; Spence et al., 2(R8¢ent studies
alsoconfirmthat seasonal and interannual hydrological variation are common in these northern
boreal regions (Gibson, 20). Increasingly, these studies have empeaisihe importance of
integrating data about basin heterogeneity, geometry, topology and connectivity (Western et al.,
2001; Sidle et al., 2000; Beven and Freer, 2001; Spence;, Raife et al., 201) For exarple,
differences in physiography will result in variable storage capacity within a given basin, with
hydrological connectivity among basin elements being a critical factor in determining water
storage and downstream flow (Spence and Woo, 200@se caschng systemsncreasingly

pass runoff downstream as the landscape becomes saturated and storage capacities are exceeded
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(Spence and Woo, 2006). This heterogeneous downslope flow through intermitent channels
resul t s-ands pt h & eéhénisib tat iswharactersitic ofaigaShieldbasins where
overland flow is dominant (Spence and Woo, 2003). Lake connectivity downstream is likely to
increase or decrease depending on whether conditions are wet (e.g., during freshet or greater
rainfall) or dry (Gibson and Reid, 201&pence et a., 2019). Lakes near the lower end of a basin
have been found toe particularly prone to evaporative water loss under drier conditions (Spence
et al., 2019). Identifying muhlyear periods of drier and low flowonditions & very important for
interpreting the hydrological conditions of regional watersheds (Gibson, 2019).

An effectiveapproach used to evaluatater balance interactions across vast
hydrological systemmcludes the monitoring of water isotopeciees(Burgman et al., 1987;
Rozanski et al., 1993Volfe and Edwards, 199Wolfe et al., 2002, 2005 and 20Maric,

2003, Gibson 200&and2002; Gibson and Edwards, 2002; Gibson et al., B9@2002; Leng
and Anderson, 2003; Edwards et al., 200jfe and Turner,2008;Yi et al., 2008and 2012
Birks and Gibson, 200%;abrecque et al., 2009urner et al., 201@nd 2014Tondu et al., 2013;
Anderson et al., 2013/1acDonald et al., 2017Water isotopetudiestypically utilize
comparison of hydrogeni{H; deuterium) and oxygend*®0) isotope compositions to
characterize lake and river hydrological conditions. In-celglons, lake isotopeomposiions
are seasonally influenced by surges of inflow during spring snowiolédtyed by relatively
shortand driersummerswith high evaporation rates (Gibson and Reid, 20ldhg-term isotope
records provide valuable information about vapour loss mechanisms (evaporation versus
transpiration), effective drainage areas of basins and relative connectivity (&@b8@mrand
2019). Further lake isotope composiins provide quangtive information about relative input

of variouswater contributions (e.g., showmelt, rain and permafrost tiravélation to the
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relative influence of evaporation, whichoftenexpressed as evaptom-to-inflow ratio (E/I;
MacDonald et al., 2017).

In this study, we aim to apply and evaluate similar isotope approaches to assess
hydrological conditions across a broader scale irNibieh SlaveRegion. Water isotope data are
integrated with irsitu l&ke level monitoring to evaluate the hydrology of ZKeldasins of
variable physiographic settings in the Taiga Shield and Plains. Here, we presetyeatlake
water isotope dataset from 2018, obtained from bannual (May and August) sampling during
the icefree season, to capture seasonal and intaeditake water balance responses under
variable meteorological conditionEhetiming of thestudyallows for assessment of
hydrological changes under relativalyeragg2017) versugaboveaveragg2018) summer
rainfall condtions. The study yeanseflecta period of general hydrological recovery in the
regionfollowing an extended grperiod from 20132016.The studyalsoprovidesan
opportunity to evaluate the utility of using water isotope tracecature the hydrological
conditions of lakes spannirdjfferent catchment characteristics.

We present an inventory of lake catchment characteristics derived from reseissd
(Landsat) datasets, and an evaluation of how landscape properties infalenpesponses to
meteorological conditions. Primarytcament conditions of interest for this study include lake
area to catchment area ratio (LA/CA), physiography and land cover characteristics (including
recent catchment burn area from 2a8). The spefic objectives of this study includg)
identifying the seasonal and interannual lake hydrological conditions stfu2lylakes across the
Taiga Shield and Plairecozone®f theNorth SlaveRegion, 2) identifyng the relative
importance of catchment claateristics (e.g., physiography, land cover and burn area) in

determining lake hydrological responses, andetgrmiring the effectiveness of our integrated
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approach for elucidating the complex relations amongatk, catchment and laké&¥e
hypothesizehat lake hydrology will be variable among sites and depend strongly on
precipitation, catchment connectivity and land cover properties.

3.2 Study Site

3.2.1 Sampling Locations
The study examine®0 lakes located png the northern extent of Great Slavkkéa

(North Slave Region)within 30Gkilometres (km) of Yellowknife, NT (Figur8.1). Lakes were
categorized based on three main study regions including: 1) Ingraham Trail, 2) Mackenzie Bison
Sanctuary and 3nare River Basin. Studgkesranged in size ahform, from relatively small

upland and lowlanthkes(minimum surface area df8 ha)to relatively large, deep lakes

(maximum surface area 8f284 ha). The overall median lake size was 10.9 ha. Theuades
selectedo reflect a range of catchmentachcteristicsincludingregional location, sizdand

cover and recemwildfire activity. In total, nne study lakes are situated within catchmematgrg

experiencedull or partial burnin the recent fiveyear period prior to study201216).

55



12C:“W

FJ
®
¥ = i [ cao
Legend e
Road
Study Area |- ice Road
2 %; 4 é% D Main Study Region
> o : : Meteorological Station
62°N— Sampling Locations
¥ . 4 i ®  Study Lake
. i R
-~ - 7 — % B Additional Water Sampling Location
T % m 205
.//)/, | § Wildfire Burn Area (by year) Lean
3 !
‘ ¥ ellowknife g | |[H 2012
E R 2
1 i Trail RRRRE R 2013
5‘4 Yl Ingraham Trail.
o =T % 2014 y
4.9.: Mackenzie Bison, B
“Fckenzie River Saﬁctbary Ee 2015 i
— : s, -
b Fort Providei >3 N [ 2018
% Terrestrial Ecozone
61°N—
i Southern Arctic: Tundra Plains
IEmete
Great Slave Lake - o Taiga Plains
: ‘}’ Taiga Shield Lezen
P
A' Prosperous. i ® K
Bliss Lake Y
YK-08 i a
Lake o, - Prelude-Mid YK-05
River Lake. Lake T\‘bbillMuskeg
Prelude Lake
K-17:
Pocket Lake YK-02
60°N— i
rellowknife Y3 YK.-ZO
Auto 1
Buffaio Lake YK-16 4 F61°N
K | Treeville Landlogger
0 30 120 Kilometers | Yellowknife ye|lowknife
L1 TR | Airport 5 20 Killometers
(Coordinate %s!em: Canada Lambert Conformal Conic) (Coordinate System: NAD 1983 UTM Zone 11N)

115°W

Figure3.11 Map of Yellowknife, NT region illustrating mainiglly regions, terrestrisgcozone boundaries, lake
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2014 year, in particular, representadextensive and severe wildfire season within the region. Bepbatiographs
of select study lakes highlight various physiographic settings and hydrological conditions: (a) small,lakallow
(YK-15) situated along the Ingraham Trail, as photograpbadg August 2017; (b) small, shallow lake (Ya¥)
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situated along the Ingraham Tiyais photographed during May 2017; (c) small lake {04 situated in the

Ingraham Trail region under frozen conditions, as photographed during April 2018; (d) relatigelgéep lake

(River Lake(YK-08)) situated in the Ingraham Trail region, as phoaphed during May 2018; (e) shallow lake

(YK-19) situated in the relatively flat Mackenzie Bison Sanctuary plains region, as photographed during May 2018;
and (f) small, riatively deep lake (YKO6) perched within rugged Snare River basin, as photographizd) May

2018.

Seventeestudy lakesare situate@longor nearthe Ingraham Trajlwithin a65-km
extent easdf Yellowknife in theTaigaShield ecozongwhich is compsed ofmixedforestswith
wetlands, bogs and bare outcrops dominatelithgns and shrub@igures3.1a-d, Ecosystem
Classification Group, 200&cological Framework of Canada, 20).9bhis includes several
larger lake systemsuch adrelude Lakeféd by the Cameron River to the eastean depth = 18
m and maximum depth 53.3 m) Roberge et al., 1990River Lake fed from Prelude Lake to
the eastmeasured centre depth = 23.6 m) and Plant Lake (measured centre depth = 10.2 m).
Two study lakes are locat@long Highway 3 within the MackenZiason Sanctuargf the
Taiga Pains ecozoneapproximately 110 km west of Yellowknitn the western side of the
northarm ofGreat Slave Lak@-igure3.1e) This region is comprised @froad extents of nearly
level o gently rolling plains with large wetlands, muskeg, small lakesatedm channels
(Ecosystem Classification Group, 20@&€tological Framework of Canada, 2019ajpe study
lakeis situated within thenorerugged Snar®iver basinof theTaigaShield ecobne,
approximately 140 km north of Yellowknife (FiguBelf). Important study lake and catchment
information are provided in TabR1, including key metrics such as median catchment slope,
maximumlake surface area to catchment area (LA/(JAle surfacearea to lakecentredepth

(LA/LD) and proportion of recent catchment burn (20862.
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Table 3.17 Studylakegeneralinformation

Coordinates Median
Study Common . (Decimal Degrees) Elevation Surface  Centre  Catchment Catchment LA/CA  LA/LD Catchment Bum
Lake Name Study Region (masl) Area Depth Area Slope o o 201216
ID Northing Easting (ha) (m) (ha) (o)p ) (%) (%)
YK-01 N/A Ingraham Trail 62.56144 -114.01993 233.2 1.9 N/A 37.3 4.9 5.2 N/A 0
YK-02 N/A Ingraham Trail 62.52552 -113.37851 268.8 7.7 N/A 701.6 3 1.1 N/A 67.7 (2015)
YK-03 N/A Ingraham Trail 62.52545 -113.83582 199.6 3 N/A 90.7 4.6 3.3 N/A 0
YK-04 N/A Ingraham Trail 62.45475 -113.39454 222.5 1.6 1.4® 13.7 7 11.9 1.2 100 (2016)
YK-05 N/A Ingraham Trail 62.61439 -113.38393 260.2 2.3 1.8M 163.5 2.6 1.4 1.3 0
YK-06 N/A Snare River 63.40971 -116.12493 295.2 2.1 8.3 21.4 10.3 9.6 0.3 100 (2016)
Basin
YK-07 N/A Ingraham Trail 62.54850 -113.95967 205.6 14.1 2W 77.3 2.4 18.2 7.1 0
YK-08 River Lake Ingraham Trail 62.59863 -114.1068 154.6 497 23.60 774,527 3.1 0.06 21.0 0.5 (2016)
1.9 (2015)
19.6 (2014)
0.2 (2012)
YK-09 Plant Lake Ingraham Trail 62.52106 -113.51747 204.3 541 10.20 2,399 3.1 22.6 53.0 0
YK-10 N/A Ingraham Trail 62.55314 -113.98939 208.9 81.2 N/A 420.7 2.6 193 N/A 0
YK-11 N/A Ingraham Trail 62.54795 -113.93246 203.6 7.4 N/A 87.5 3.7 8.5 N/A 0
YK-12 Prelude Lake Ingraham Trail 62.51999 -113.73997 169.6 3,284 53.3@ 762,313 3.1 0.4 61.6 0.5(2016)
1.9 (2015)
19.9 (2014)
0.2 (2012)
YK-13 N/A Ingraham Trail 62.50314 -113.40197 243.7 1.8 N/A 26.7 3.3 6.6 N/A 100 (2015)
YK-14 N/A Ingraham Trail 62.49262 -113.43156 2154 48.6 N/A 173.1 3.5 28.1 N/A 54 (2015)
YK-15 N/A Ingraham Trail 62.54903 -114.04402 197.9 9.3 N/A 2,730 2.6 0.3 N/A 0
YK-16  Rainbow Lake Ingréham Trail 62.56008 -114.00924 227.7 17.3 7W 57.9 3.2 29.8 2.5 0
YK-17 N/A Ingraham Trail 62.53825 -114.11970 186.0 6.4 N/A 31 3.5 20.6 N/A 0
YK-18 N/A Mackenzie 62.10711 -116.29725 212.0 45.8 1.1® 148.8 2 30.8 42.4 0
BisonSanctuary
YK-19 N/A Mackenzie 62.00099 -116.33416 202.8 67.4 1.2M 5711 1.8 1.9 55.7 100 (2014)
Bison Sanctuary
YK-20 N/A Ingraham Trail 62.49185 -113.11520 192.1 12.5 5.4 4.7 3.2 16.7 2.3 100 (2014)
Note:

fi N/ TANot Available.

Study lake coordinates correlate to wdével logger locations, where installed.

Catchment slope determined from median elevation changendfm DEM raster data (ArcticDEM, 2017; GNWT Centre eomatics, 2018).
Fire history data obtained from GNWT Centre for Geomatics (2018).

M Lake centre depthmeasurediuringpresent study® Prelude Lake centre deptieasurediuring previous study (Roberge et al., 1990).
LA/CA = lake surface area (ha) / lake catchment area [(#d).D = lake surface area (ha) / lake depth.(m)
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3.2.2 Climate
Regioral climate datavere obtained frorthe Yellowknife Airport meteorological station

maintained by Environment and Climaidange Canada (ECCQYhichrepresergthe most
complete and reliable climate information available for the rediba.historical {9432018
meanannual temperaturie Yellowknife is-4.7 degrees Celsius), with a notable warming
trend of R = 0.30(with p = 0.11 Figure3.2a;ECCC,2018a) The mean icéree season (May
September) temperature during this time period i 1C. Yellowknife Airport climate normal
data (19812010) indicate a manpeaksummer (July) temperature b7 °C and a mean winter
(OctoberApril) temperature 0f15.4 °C (ECCC, 2018b)he average date of last spring frost is
May 25, while the average date of fieattumn frost is September (BCCC, 2018h)During the
years of study, meamnual temperatures were simjliacluding-3.2 °C during 2017and-3.1
°C during 2018.Mean icefree season (Mageptember) temperatweere13.3 °C during 2017
(slightly warmerthan the longerm mean) and 19°C during 2018 (slightly cooler than the
long-term mean).

Meanannual precipitation in Yellowknifé19432018) is 270.8 mniR? = 0.07with p <
0.050ver this durationFigure3.2b). This includespproximately 142.4 mmfeainfall (May-
September), as well as 140.1 cm of total annual snowfall (Oetgtrd), comprised of 121.7
mm of snow water equivale(ECCC, 20183) Since 1980, mean annual rainfall has been higher
(162.6 mm), while mean totahnual snowfall accumuian (153.4 cm) and snow water
equivalent (123.3 mm) have been generally similar to the leteger values (ECCC, 2018a).
During 20132016 leading up to the studwlatively lower precipitatiofevels occurredh

Yellowknife.

59



a Temperature

| —s—Mean Temperature

Mean Temperature (°C)

b Precipitation
450

m Rainfall (May-September)

400 m Snowfall (October-April)
0

>

3

Ch

300

2
2
1
1
0
g 3 = ﬂ 2 = E o
=) (=) (=) [} > (=)

Precipitation (mm)
(=) A [=] Lh (=
(=] (=] (=] (=]

[
<

= o oo oo

a
2 2 2 22 2 2 2 2 23 2 3 233 232 32322 32 323 3 2 9 888888

Figure 3.21 Historical (1913-2018) climate data for Yellowknifas recordedt the Yellowknife Airport met station
(ECCC, 20183)including (a) mean annual temperature, with warming trefe R30) identified, and (b)
precipitation(R? = 0.07) presentd as proportion of inferreshowfall (snow water equivalent from previous
OctoberApril) and rainfall (May-September). Relatively lower precipitation was experienced leading up to the
study during 201-2016. 2017 saw average snowmelt and summer rainfiile @018 saw lower than exage
snowmelt and heavy summer rainfall.

During the period of study, precipitatiovas highlyvariable AverageMay-September
rainfall (147.1 mm)was recorded during 2017, while mgn@nouncedainfall (256.4 mm)was
recordedduring 2018 Figure3.2b; ECCC, 2018a)Notably, 2018saw the most icéree season
rainfall recorded at the Yellowknife Airposince dataollection commenced in 19423. During
winter 201617 (OctobetApril) snowfallaccumulation was similar to the longeerm averages
(162.2 cmwith 122.4 mm of snow water equivalent). In contrdsting winter 201718,
snowfallaccumulation was lower than averg@89.2 cm; with 80.1 mranow water equivalent
ECCC, 2018a)Available regional snow survey data suggest reasonably similar snowfall

accumulation patterns within the major study areas during-281&NWT, 2019).
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3.3 Methodology

3.3.1Regional RainfallAnalysis
May-September iafall data from a total of nine mstrologicalstations located

throughout the greater study region (Fig8rke Table A3.1, AppendiXhreg were obtained and
investigated to evaluate the spatial variabiifyprecipitation during the 2017 and 2018 study
years.

3.3.2Lake Water Isotop&Sampling and Analyses
To evaluate varying seasonal and interannual hydrologicalitions, vater samplesor

isotope analysesere collectegwherever possible, from the 20 study lakes twice during the
2017 and 2018 ictree seasons (late May and AuguStudy lakes were primarily accessed by
truck and on foot, as well as bglicopter and watercraft for rerteolakes Samples were
analysed to determine the composition of water isottifi¢®ndit®0. During 2017, lake water
samples were collected betweenli®BMay and 289 August. Additional water sampling of
several remote lakesas completed undérozen lake conditions during 238 April 2018, with
conditions deemed representative of the-satemer 2017 isotopic state. Lake water sampling
during 2018 was completed betweenZ0May and 13L7 August.

Lake water samples were typlty collected neashore.Samples were also collected near
the centre of several remote lakasdessed by helicopter with floptk was assumed that lakes
were relatively welmixed (with the potentialexception of larger study lakes, including Prelude
Lake, River Lake and Plant Lake)th similar isotopic conditions near shore and in the centre.
During April 2018, severaliemote lake®iadwatersamples collectethroughaugurecdholes in
the lakeice. Waer samples were collected in-80 high-density mlyethylene bottlefrom at
least 15 cm below the water surfadelditional precipitation (sowpacRk sampledor isotope

analyses were collected in April 20I8ese amples were collected aséaledn plastic bags
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and allowed to melwith limited headspae prior to beingransferedto 30ml bottles.Water was
prepared for analysis of water isotope valug¥J andiH) by filtering samples through 0.45
pum cellulose acetate filters inter@l glassvials.
Isotopeanalysiswascarried out at the Universityf AlbertaBiological Analytical
Service Laboratory (BASL)I'he laboratory method consisted of laser spectroscopic analysis of

liquid watersamples for stable hydrogen and oxygen isotogasya Picarro Water (HO)

Isotopes Analyzer L2130with a liquids amp |l e pr eci si o HO/dandidrift0 25/ O .

over 24 hour s WingZdéndentidrial agpmaches, water isotopic
compositions were expressediaglues, representing deviations in per rail)(from Vienna
Standard Mean Ocean Wat®/SMOW)such that

Usample= [(RsampidRvsmow) T 1] x 1C° (1)
whereR is the®0/*°0 or?2H/*H ratio in sampleand VSMOW (Epstein and Mayeda, 1953;
Morrison et al., 2001refer to Isotope Data, Appendix Tyvo

Isotope Framework Development
Lake hydplogical conditions were evaluated by comparisod?sff andd*0 isotope

values and relative to an isotope hydrology framework developed fblattile SlaveRegion
nearYellowknife. The framework represents gradients of influence by infsmewymelt and

rainfall runoff) and outflow (evaporation) hydrological drivers. The strong linear trends exhibited
in hydrogen and oxygen isotope compositions of precipitation and surface waters can be traced
to the systematic maskependent isotopic partitioning of wataolecules irthe hydrologic

cycle (Edwards et al., 2004%lobally, the isotopic composition of precipitation plots along the
Global Meteoric Water Line (GMWL) whi ¢ h i s?HE8E% r 10{CGraig, 1864). U
Where precipitation plots along the GMWL, lavcal Mdeoric Water Line (LMWL)for a given

region is dependent on the trajectory and distillation history of atmospheric moisture contributing
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to precpitation. In a region with a seasonal climate, snow typically plots alomgre
isotopically-depleted sectionf the GMWL (or LMWL) relative to rain.

The isotope compositions of water from lakag (n the region will typically cluster
along another tratline known as theocal Evaporation Line (LEL)The slope of the LEL is
usually 46. The point at whiclthe LEL intersects the LMWL is recognized as the average
annual isotopic composition of precipitatiai)(for the regionThe LEL reflects the isotopi
evolution of regional lakes undergoing evaporation (Turner et al., ZDAG)LEL deviates from
the inersection of the GMWL alr. Water from lakes will plot along and around the LEL during
the icefree season according to lagpecific hydrological caditions. As lakes become
isotopically enriched by evaporation through summer, isotope values plot famthgifrom the
summer precipitation (rainfall) compositioiir{) andup the LEL towards the steadyate
composition(UssL). Rain isotope compositiorath wereobtainedduringa previous2016study at
Pocket LakenearYellowknife (Gibson, 2017)The derivediss. point represents the isotopic
composition of a terminal lake basin where evaporative loss is equal to inflow. Lakes
experiencing higher propooins of evaporative water loss may plot beyaggl, towards the
isotopic composition of a lakeearing complete desiccatioii X, Rainfall and snowmelt isotopic
compositions typically plot along the GMWL (or LMWL). Inflow of these source waters can
offsettherelative influenceof evaporation, which is represented by lodevalues thatvill
typically deviate from the LEL depending on the amount of mixing. Lake water compositions
that plot above the LEL indicate more dominant rainfall ifipfiltence, whié those that plot
below the LEL indicate more dominant snowfall inmfllience. The isotope framewoikan
invaluable tool whictprovides the basi®r calculatng additional metrics used to characterize

lake hydrological conditions.
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Evaporation/Inflow (E/1) Ratios
Lake-specificevaporation/inflow (E/lyatios were calculat to estimate the relative

importance of vapar loss relative to input for the 20418 sampling periods. Together, E/I ratios
and lake water isotopic distributionsiifHi (%0 space provide useful water balance metrics to
evaluate the role of specific hydrological processes influencing study lakes (temporally and
spatially) in the Yellowknife region. Study lake E/I ratios were calculated for all lake samples
using the oupledisotope tracer approach developed by Yi et al. (2008) and utilized by Turner et
al. (2010 and 2014), which is based on the linear resistance model of Craig and Gordon (1965).
LakeE/I calculations are based on isotope mass balance calculationbettfythe equation

E/ 1 i) (&7 W) 2)
wherel. is the measured isotopic composition of lake walgs thecalculated input water
compositionto the lakeassumed to plot at the intersection of the GMWL and-$giexific
evaporation line (Yi et al., ZB). U is the isotopicomposition of the associated evaporating
flux, calculated using the Craig and Gordon (1965) model as formudgt€bnfiantini (1986)
andHorita and Wesolowski (19940 decimalnotation(refer toEquations and Calculations
Appendx One and Isotope Data, Appendix Tyvo

3.3.3 LakeWater Level Monitoring
Lake water levels were monitored for the duration of the study to obtain complementary

information about lake hydrological chan@nsetHOBO U20serieswater level loggerémodel
numbers:U20-001-04 and/orU20L-04for up to 4m depth and 0.2&m accuracywere installed
in 19 of the 20 study lakd¥K-01 through Yk19) between September 2016 and May 2017
(Table A3.2 and Figure A3.1, Appendix ThredDBO loggers record temperatunedapressure
data,which are used to calculate water level using a reference logger outside of tAd&ake.

loggerswere programmed to collebbury readings Water level loggers were initially deployed
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among six study lakes (YR1, YK-02, YK-03, YK-07,River Lake {YK-08), Plant Lake YK-

09)), with data collection commencing on 29 September 2016. An additional 13 lake3i(YK
YK-05, YK-06, YK-10, YK-11, Preluce Lake YK-12), YK-13, YK-14, YK-15, YK-16, YK-17,
YK-18, YK-19) had water level loggers installand commenced recording on 19 May 2017.
Changes in water level were compared to isotope data to evaluate the relative importance of
climate and catchment cwals on lake hydrological conditions.

3.3.4 Catchment Delineation
Catchment characteristics wadentified using remote sensing approaches to evaluate

linkages with lake hydrologica&ionditions. Study lake surface area boundaries were manually
traced and delineated at fine resolution (up to 1:1,000) EsSnigArcMapsoftware (version

10.5) and th&Vorld Imagery basemap layer (DigitalGlobe, 2017; GeoEye, 2017). Study lake
delineationsvere supplemented by field observations and ground/air photographs to improve
accuracy. Study lake catchment area boundaries were delineated using available digiitahele
model (DEM) datan ArcMap 10.5 software, utilizing the Spatial Analyst extensindArc

Hydro plugin (version 10.2). The primary data used for the catchment arealimgdetre 5m
ArcticDEM raster tiles (ArcticDEM, 2017Minor coverage gaps oi¢se data in several areas
were accounted for using secondarym@esolution DEM layersbtained from the GNWT
Centre for Geomatics (GNWT Centre for Geomata€¥8; Table A3.3, Appendix Thrge

3.35 Catchment Land Cover Classification
Lakecatchment lad cover classifications were derived usirandsat 8 Operational

Land Imager (OLIsatellite imagesbtained online from the United States Geological Survey
(USGS)EarthExplorerinterface (USGS, 2018 able A3.4, Appendix Thr@eThe Level 1
Landsat 8 OLkcenes provide 11 bands between 15 ton3@solution. Tier 1 (T1) Landsat

scenes include Levdl Precision and Terrain (L1TP) geometrically and radiometrically corrected
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datathat are intercalibrated across the different Lasad instruments (USGS, 2018pw
(<10%) to toud-free Landsat scenes were obtained across the entire lake catchments within the
three main study regions. Scenes acquired during July to August were used to capture high plant
phenologywithin the region whie vegetation foliagés clealy identifiable for differentiating
broad land cover typekandsat scenes from the 2017 summer season were primarily utilized.
Due to excessive cloudiness during 2017 covering the western plains region (contaiiYikg the
18 ard YK-19 study lake catchmes)t a 2018 summer scene was utilized for this region.

Study bke catchment land cover was midelgfor the Landsat scenesingthe
maximum likelihood classification tool (supervisddssification) in ArcGIS 10.5 software. The
maximum likelihood classifiation methods awidely accepted approad®sunmadewa et al
2018; Pal and Mather, 2003; Sun et al., 2088 provides usefuesults whergroundtruth data
are limited, as was the case in this stutlye maximum likelihood classifier evaluates the
probability of a given pixel belonging to a particular class (ERDAS, 1999; Benediktsson et al.,
1990; Foody, 2002; Otukei et alQ0; Paola and Schowengerdt, 1995; Richards and Xiuping,
2006). Land cover classification was completed for each of the tragestudy regions: (1)
Ingraham Trail (23,336quare kilometrek(n?)); (2) Mackenzie Bison Sanctuary (368 ®mand
(3) SnareRiver Basin(112 knf). Themoddling of thelngraham Trail study region included 17
study lake catchments, including the reldgMargerPrelude LakgYK-12; 7,623 knd) and
River Lake YK-08; 7,745 knd) catchments. The Mackenzie Bison Sanctisangy region
modeling included the catchments of study lakes-Y&and Yk19, located west of the north
arm of Great Slave Lake. The SeaRiver basin study region motief included the catchment
of studylake YK-06; the lone lakdocatedin the regiomorthwestof the northarmof Great

SlaveLake.
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Three broad land cover classes were defined using the Landsat data inchehngater

mixed vegetatio@ndopenterrestrial. This classification scheme was selected since the scope of

this study requires a general comparison of land cover type and potential for snowpack retention.

For example, it is expected that tall vegetation will havatgresnowpack, producing greater
mdtwater input during spring than open terrestrial surface areas. The open terrestrial land cover
classincluded operbedrock,exposed soil, sand and rockads andecently burned land with
relatively sparse foliage ocarched/dead vegetatio@lassificdion training data polygons,

referred to as regions of interest (ROI), were developed for the Landsat raster datasets using
oblique aerial and Hsitu photographs of the study sif@able A3.5, Appendix Three)
Approximaely 100ROI (covering 60.3 ki) were delineated for the Ingraham Trail region,

while approximately 5SROI were delineated for each the Mackenzie Bison Sanc(larg knt)

and Snare region8 (7 kn?). Trainingpixels were evenly distributed across eacilgtregion

and land cover class. Manum likelihood classification was run (using 11 bands) to output 30

m resolution land cover classification results for each of the three, respective study. Aagions
accuracy assessmaeaftthe land cover classificationodeling was derived using a confusion

matrix (or error matrix) and severals soci at ed metrics including
producer 6s accur dTable,A3.6, AppendtixaThrgep st at i st i c

Wildfire Burn Area
The extent of recent wildfirburn aeas within study lake catchments (where applicable)

were identified to evaluate the potential influence of fire disturbance on lake hydrekgpnt
burn historyin this studywas defined as thieve-year period prior to study commencement
(2012to 2016) The areal coverage of wildfire burns during 2AB2within each study lake

catchment were identified using the fire history spgpalygon)data available from the GNWT
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Centre for Geomatic&GNWT Centre for Geomatics, 201 Theintersection othe fire history
polygon data and study lake catadmhareas were determined in ArcGIS 10.5.
3.4 Resultsand Interpretation

3.4.1 Regional Rainfall Patterns
Rainfall recorded at nine met stations located throughout the greater stuay regio

highlights spaal variability in precipitation conditions during the 2017 and 2018 study years
(Cascom, 2018ECCC, 2018a; GNWT 2018g. During the 2017 icéree season (May
September), rainfall ranged from 107 mm (Bliss Lake met station) to a maxafi2® mm
(Cascan Snare Airstrip met statipfrigure3.3a). The 2017 icdree season includedretable

dry periodduring5-26 July, whenvery little rainfall fell across the Yellowknife regioimhe
Cascom Snare Airstrip met station recorded several heavy rainfall ésehitsg to greater
seasonal rainfall compared to the other sites during.ZlH& met stations of similar latitude
situated east of theorth arm ofGreat Slavé.akeand along théngraham Traiincluding
Yellowknife Airport, River Lake, Tibbitt Muskeg, &flowknife Auto and Bliss Lake) oerded
similar rainfall during 201 TFigure3.3a) Mean total monthly rainfall data indicate that August
(56.8 mm) was the wettest month durind.20while September (9.2 mm) was the driest (Figure
3.3¢).

The2018ice-free season experienced greater rainfatital May-September rainfall
ranged from 135.6 mm (Chan Lake met station) to a maximum of 271.3 mm (River Lake met
station; Figure8.3b). Meantotal monthly rainfall data were similar among met stations and
indicated hat June101.8 mm)was the wettest month during 2018 wisleptember (7.1 mm)

was the driest (Figurg.3d).
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Pocket Lake met statioain gaugesuspected to havealfunctioned during 2017 ands such, 2017 data waret usedn analy®s.

No dataavailable for Chan Lake or Snare Rapids met stations during the 26ft@acgeason.

Cascom Snare Airstrimetstation experienced several prolonged shutdown periods during 2018 and, &9%8data from this station were
notused inanaly®s.

Figure 3.31 Graphs illustrating rainfall in the Yellowknife region during the-fice season as recorded by regional
met stationgCascom, 201&CCC, 2018a; GNWT, 20183), including(a) 2017 totalrainfall (1 Mayi 30
September), (b) 2018 total rainfall (1 & 30 September), (c) 2017 monthly rainfalhd(d) 2018 monthly

rainfall. Overall, the 2017 icBree seasonasv relatively normal rainfall (147.1 mm) as recorded at the Yellowknife
Airport met station; while the 2018 ideee season saw pronounced raihf256.4 mm; ECCC, 2018a).

3.4.2 Lake andCatchment Physical Properties
Study lake surface areas randeam 1.8 ha (Yk13) to 3,284 haRrelude LakeYK -

12)), with a median size of 10.9 ha (TaBl&). Catchment areas ranged from 13.7 ha-0dK to
774527 ha (River Lak¢YK-08)), with a median size of 120 h@tudy lake centre deptliahere
measured) wertbund to range from approximately 1 m (Y04, YK-18 and Yk19) to 53 m
(Prelude LakeYK-12)), with a median ohpproximately 5.4n. LA/CA values raged from
approximately 0.06%River Lake {YK-08)) to 30.8% (YK18), with a median of 9.1%. LA/LD
values ranged from approximately 0.3% (0K) to 61.6% Prelude LakeYK-12)), with a

median of 5%The median slope of eaclhtchment in degrees (°) was detared using the
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slope terrain analysigool in QGISsoftware (version 2.18.1&hroughidentifying the median
elevation change value from the availablenA.0-m resolution DEM raster data (ArcticDEM,
2017; GNWT Centre for Geomatics, 2018he nedian catbmentslope for all sites ranged
from 1.8 ° (YK-19, located in the relatively flat Mackenzie BisBanctuary region of the Taiga
Plains) to 10.3 ° (YKD6, located in the hilly Snare River basin of the Taiga Shield), with a
median value of 3.1 °.

3.4.3 Isobpe Hydrology

Precipitation Isotope Composition
An estimate of the average isotopic compositibprecipitation(Ur) used in the

development of the isotope framework were obtained fronCdr@dian Network for Isotopes in
Precipitation(CNIP, 2017. Theup cnipprecipitation compositions for Yellowkniteetween
19611990 were-21.2 forii*®0 and-161.8 forl?H. These precipitation isotopic composition
values, in conjunction with the derived, ifree season fluxweighted temperature and relative
humidity vdues (201418 mean), were used to calculate key pararmetenoss the isotope
hydrology framework. Notablyje cnip provides an estimated intersection between the LEL with
the LMWL.

The isotopic composition of snow and rainfall sampglatected during ths studywere
used to establish the LMW(tefer to Isotope Data, Appendix Twd)he isotopic composition of
snow samples ranged from7.4 to-25.1 forit80 (-212.3 to-202.5 foriH), whereas rain
samples ranged fror20.4 to-1 5 . 1 180 {-1%9.3 tai118.1 for i*H; Gibson, 2017). Snow
andrain isotope compositions show distinct clustering, with snow being isotoptieted
compared to rain (Figurg4a). The snow and rain isotope values deviate slightly from the
GMWL. The LMWL was identified as thenle extending through the averagetapic

compositions osnow (isnow=-2 6 . 3 ¥ amd-2 0i7 . &H) ainal rainfall {irs = -16.9 for
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80 and-134 fori#H). The mean isotopic composition of these precipitation values (weighted
by volume as 47% rain drb3% snow, as recorded in Yellowknife during 2ABIECCC,

20189 was-2 1 . 9 83 amd-1 7G3 . 1°H. Asosuch, liesevalues were reasonably similar to
the 196119900 cnipvalues ¢21.2 fori®0 and-161.8 forl*H), which were used in framework
devebpment.The final isotope framework is presented in Fig8udb.

Lake Waterlsotope Composition
Ice-free seaso(May andAugust)isotope composition®f thestudy lakesluring 2017

and 2018 wersuperimposed on the isotoframework illustrating a rangef evolution patterns
(Figures3.4c-f; Figures A3.2 and A3.3, Appendix Thje€onsidering the 20118 isotope data
from all study lakesthemean lake LEL slope was found to be 4.12.

During May 2017 following spring freshet, the influence of snowmeltiditus evident
in the lake water compositions (FiguBdc). The lakes largely plot low along, and below the
LEL towards the mean isotopic composition of sr{(¥ow). By August 2017 (Figur8.4d),
under average seasonal rainfall conditions, the lake @sitigns move up along the LEL
towards the steadstate omposition(UssL). This highlights the influence of summer
evaporation, as the lake waters become increasingly isotopically enriched. Study ake tWik
lone lake in the northern Snare River bastands out ae lowest value along the LEluring
all 201718 sampling seasons, suggestive of greater inflow influence during spring and summer

as verified by regional precipitation data.
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Figure 341 (a) Isotope compositions of snow and rain s@sn relation to the Global Meteoric Water Line
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(GMWL: ?H = 8i*®0 + 10; Craig, 1961). Dashealrows identify the general isotopic alteration of rainfall and

snowmel t due to

evapowatl abel $SharB8RaoedtandedSho

along the GMWL. (b) Isotope framework fibre Yellowknife region for 20118, highlighting the GMWL, Local
Meteoric Water Line (LMWL) and Local Evaporation Line (LEL). The LEL extends froninteesection of the

GMWL (i.e., the precipitation isotopic compositiais) to the calculated steaghiae compositioniss)) and the
limiting isotope composition of a lake approaching desiccatignThe mean isotope composition of the calculated
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evaporating flux is also displayed:]. Further figures illustratesotopic composition of study lakes sanapdieiring
16-18 May 2017(a), 2829 August 20114b), 2621 May 2018(c), and 1317 August 2018d), superimposed on the
isotopic framework

During May 2018 following spring freshet, the influence of snowmelt dilution is again
evident in the lake water comgitions. The lakes generally ploiv along, and below the LEL
towardsUsnow; however, not to the extent seen during May 2017 (Fig4e. Thisis likely the
result of less spring snowmelt dilution during 2018 (approximately 139 cm or 80 mm snow water
equivalent) compared to 2017 (approximately 162 cm or 122 mm snow \gatealent), in
conjunction with the isotopic enrichment established at the end of the 26ft@a=ason.
Following wet June and July summer conditions during 2018, August lake isotope values plot
above and along the LEL, in contrast to the strong iso®pichment experienced during the
2017 icefree season (Figurg4f). The stronger rainfall influence results in lake isotope values
clustering above the LEL during August 2018, as the lake water compositions migrate towards
the summer precipitation cguosition (Urs). These findings demonstrate the influence of
persistent summer rainfall on lake water isotope compositions, with inflow generally offsetting
evaporative water loss.

Lake E/I Ratics
Study lake E/I ratios calculated for the 2e1g icefree seasons provide a relative

measure of lake evaporation relative to inflow. For a terminal lake, E/I values can range from
near 0 to >1, with 1 representing steatiyte conditions where evaporation equals inflow. Lakes
across our study sites are not tyfligaerminal and maintain connectivity with adjacent water
bodies and streams when levels are sufficient. Hence, E/I values presented here reflect
differences in the relative importance of hydrological controls among lakes.

During 2017 following freshet, &y E/I ratios for the study lakes ranged from 0.13 (YK

06) to 0.50 (YK17), with a median value of 0.35 (FiguBé&b). By August, E/I ratios increased
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for all study lakes, ranging from 0.25 (Y®6) to 1.20 (YK15), with a median value of 0.66.
YK-06 in theSnare River basin received greater rainfall during the 20iféseseason,

resulting in a stronger inflow influence during August (lower E/I) compared to the other lakes.
Overall E/I ratio change from Makugust 2017 ranged from 0.0Brelude LakeYK-12)) to

0.84 (YK-15), with a median value of 0.31 and a statistical range of 0.77. The comparatively
large Prelude Lake system was shown to change relatively little in E/I from spring to summer
2017 under average seasonal rainfall conditions.

During May 2018&ollowing freshet, study lake E/I ratios were generally higher than
during May 2017 as a result of less snowmelt dilution, ranging from 0.280@§Ko 0.78 (Yk
17), with a median value of 0.46 (FiguB®&b). During August 2018, E/I ratiogere lower than
August 2017 as a result of the increased summer rainfall influence which offset the influence of
evaporation. August 2018 E/I ratios ranged from 0.19-06Kto 0.58 (YKk20), with a median
value of 0.46 (similar to May 2018). Overall E/ticachange fronMay-August 2018 ranged
from -0.27 (YK-17) to 0.14 (YK19), with a median value 60.02 and a range of 0.41.

In summary, the E/I data indicate that from Maygust 2017 under normal rainfall
conditions the study lakes largely experienceshtgr evaporate/water loss (increasing summer
E/l) compared to MayAugust 2018, which experienced greater rainfall and inflow. Seasonal E/I
change provides a valuable metric for comparison to other hydrological indicators (e.g., water
level) and catchméretails whendentifying controls on lake conditions.

3.44 Lake Water Levebhnd E/I Change
Water levelloggersinstalled in19 of the 20 study lakgwovided relative water level

change data for a time period spanning the ZIM. Measured lake water level closebcled
lake water isotope results (Figu®; Figure A3.4, AppendiXhreg. Seasonal water level

change data from the early to late-foee season for each study lake are presented in 3&ble
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Values were standardized to zero at the beginning of tlaereledrding so that comparison of
level change could be made among sites. Positive values indicate water level increase, while

negativevalues indicate water level decrease.

Table 3.27 Summary oudy lakewaterlevelchange (2014.8).

Relative Water Level Changeby Date (m)

HOBO "
Water Augus Date of
Study Lake/ \
y Level 30Septembe;y  19May,  30September 19May, September Final Data
Logge ID 2018
Logger 2016 2017 2017 2018 (Final Download
ID Download)
YK-01 10860580 0 0.346 -0.507 0.378 -0.184 14 August 2018
YK-02 10860574 0 0.271 -0.293 0.421 0.089 13 August 2018
YK-03 10766050 0 0.254 -0.214 0.295 -0.044 13 August 2018
YK-04 20081847 N/A 0 -0.079 0.199 0.078 16 August 2018
YK-05 20081850 N/A 0 -0.367 0.209 0.144 16 August 2018
YK-06 2007768 N/A 0 0.021 -0.023 0.058 15 August 2018
YK-07 10766329 0 0.359 -0.247 0.147 0.220 14 August 2018
RiverLake 10860583 0 0.131 -0.082 0.079 0.122 1 September2018
(YK-08)
Plant Lake 10860576 0 0.161 -0.191 0.061 0.035 15 September2018
(YK-09)
YK-10 20081846 N/A 0 -0.278 0.142 0.242 14 August 2018
YK-11 20081852 N/A 0 -0.239 0.274 0.243 13 August 2018
Prelude Lake 20081857 N/A 0 -0.137 0.074 0.249 13 August 2018
(YK-12)
YK-13 20081848 N/A 0 -0.291 0.262 0.227 13 August 2018
YK-14 20081853 N/A 0 -0.228 0.172 0.279 13 August 2018
YK-15 20081851 N/A 0 -0.252 0.196 0.196 14 August 2018
YK-16 20081858 N/A 0 -0.253 0.204 0.219 14 August 2018
YK-17 20081941 N/A 0 -0.138 -0.038 0.415 14 August 2018
YK-18 20081855 N/A 0 -0.127 0.139 -0.100 17 August 2018
YK-19 20081845 N/A 0 -0.270 0.356 -0.050 17 August 2018

Note:
i N/ ANt Available.

With nearaveragesnowmelt dilutionduring 2017, lake watetevels of the initial six
study lakes generally increased following the May freshet (TaR)e Water level increase
ranged from 0.13 nRiver Lake {{K-08) to 0.36 m (YKO7) from October 201:8ay 2017.
During May-September 2017 under relatively normakiee season rainfall conditions, all
study lakes (with the exception of Y86 in the Sna River basin) experienced water level

drawdown. Seasonal w& level change ranged from a decreas® &1 m (YK-01) to an
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increase of 0.02 m (Y¥06). Lake YKO1 exhibits limited inflow retention and appears to pass
accumulated flow downstream more aetiv The slight water level increase seen in-9&
(0.02 m)during 2017 was likely the result of relatively greater rainfall in the Snare River basin.

With belowaverage snowmelt dilution during 2018ke water levedexperienced less of
an increase durgqispring compared to spring 20(@7able3.2). Waterlevel change from October
2017~May 2018 ranged from a decrease@D4 m (YK-17) to an increase of 0.4 m (YB2).

During the 2018 icdéree season under pronounced rainfall conditions, most study lakes
experienced water level increase from Maygust/September.he Mackenzie Bison Sanctuary
lakes (YK-18 and Yk19) experienced more notable drawdown, however, likely due to less
summer rainfall in this regioWater level change from Ma&ugust/September 20X8nged

from a decrease 60.18 m (YK-01) to an increase @42 m (YK-17). Once again, the notable
drawdown exhibited by lake Y1 compared to other study lakes in the region (under heavy
rainfall conditions during 2018) provides an indication thaa# h low residence time and high
lateral outflow. In contrdasthe notable increase exhibited by lake-YRunder heavy rainfall
conditions during 2018 suggests that the lake experiences low lateral outflow and has greater
storage capacity.

Overall, lake vater level and E/I ratio change during thefime seasonra intrinsically
linked through annversely proportionalelationship (Figure8.5a and b). Lakéevels generally
decreaseas E/I increases, and vice verdawever, filkandspill mechanisms rated to lake
storage capacity thresholds and hydrological connectivity along achkikes system under
variable precipitation conditions add complexity to this relationship and increase variability. In
summary, mdian lake level change showed a deaeazs0.24 m during MaySeptember 2017,

increase of 0.20 m during Octobdiay 2018, andnincrease of 0.18 m during Majugust
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2018 (Figure3.5a). The greatesvariability (inter-quartile range; IQRamong lakesvas
observedrom May-September 2017 (0.14) under normal rainfall conditions, whitae lowest
occurredfrom May-August 2018 (0.20 nynder heavy rainfall conditionsedian lake E/I

ratios were found to be 0.35 during May 2017, 0.66 during August 2017d0rig May 2018
and 0.46 during Augug018 (Figure3.5b). Seasonal variability of lake E/I ratios was the
greatest during August 2017 (IQR = 0.19) under normal summer rainfall conditions, and the
lowest during August 2018 (IQR = 0.12) under heavy sunmaigefall conditions.
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Figure 351 Boxplots illustrating (a) relative study lake water level change anB/(lsatio changeluring the

201718 icefree seasons. As the graphs indicate, E/I ratio change is generally inversely proportional to water level
change (broadly linked with high varidiby). E/l wasrelatively lower during spring (May 2017) following freshet

and snowmeldilution. By August 2017, E/I ratios of the lakes generally increasder normal/drier conditions,

and lake levelslecreasefrom the stronger summer evaporationuaefice. Following the May 2018 freshet,

snowmelt dilution caustlake E/I to fall onceagain, with lake levels increasing from the greater inflow influence.

By August 2018, following an early summer season of relatively heavy rainfall, E/l levels eelfzity steady

among the lakes (similar to spring) amdremore tightly grouped, as thielatively strong influence of inflow
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largely offset the summer evaporation influence. Lake levels, in turn, mostly irtfeaseMay-August 2018

under these wetter cditions.

Springsummer seasonal change in E/I was plotted against water level ¢hdnigere

3.6. This comparison indicated a weak, negative correlation following normal snowmelt dilution

and rainfall conditions during 2017 {R 0.15 with p < 0.05)0Onthe other hand, the negative

relationship was strongender lighter snowmelt dilution and heavy rainfall conditions during

2018 (R = 0.38 with p < 0.05). Hence, overall ifree season E/I ratio change and water level

change of the lakes were more sgiyrinked during the highainfall conditions experiered

during summer 2018. Hence, precipitation is identified here as a primary driver of lake

hydrology.
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Water level data ranged from May-30 Septembefor the 2017 icdree season; antb May-13 August A5 September for the 2018 ideee

season (refer to Tab&?2 for further details).
Study lake names abbreviated.

Figure 361 Scatterploillustrating sudy lake icefree season (MaSeptembgroverallwater level change versus
overallEl ratio change for 2017 and 2018verall icefree season E/I ratio and water level change of lakes were
found to be more strongly linked under greagenfall-inducedinflow conditionsduring 2018when catchment
hydrological connections were increagiinactive and passing along flow, replenishing the lakes
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Influence of LA/CA on Lake Hydrology

The influence of catchment characteristics on lake hydrological responses were explored

by evaluatingherelationship betweemaximumLA/CA and icefree seaso lake EI change.

During May 2017 following freshet, lake E/I ratios showed weak, positive correlation to LA/CA

(R? = 0.28 with p < 0.05); however, no relationship was detected during August 2017 under

normal/drier conditions (Figurg7a).

a 2017 (normal rainfall)

1.20 -

1.00 +

0.80 -
R?=0.002

E/I Ratio

0.60 -

0.40 .>7

0.20 A

° May 2017
= August 2017

0.00
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LA/CA (%)

0% 5;& 10I%
Note:
Study lake nams abbreviated.

35%

b 2018 (heavy rainfall)

1.20

1.00

0.80 -

E/l Ratio

* May 2018
= August 2018

0.00
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LA/CA (%)
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Figure 3.71 Scatterplots illustratingtsdy lakeice-free season (Maugust)El ratios versugnaximumLA/CA
during(a) 2017and (b)2018. The comparison yielded a weak, positive correlation during tinesreased
catchment inflow, inluding May 2017 (R= 0.28 with p < 0.05), May 2018 fR 0.20 with p < 0.05) and August
2018 (R = 0.26 with p < 0.05). No correlatiomas observed under normal/drier summer conditions during August

2017, when catchment hyalogical connectivity was dimished.

During May 2018 following freshet, as well as during August 2018 under wet summer

conditions, lake E/I ratios showed weak, positive correlations with LA/CA(®20 and 0.26,

respectively, with p < 0.05; Figu®&7b). Lakes exhibiting E/I increas during the 2018 iekeee

season included Y7 as well as YKL8 and YKk19 (located in the Mackenzie Bison Sanctuary

region), which likely experienced less rainfall during 2018 compared to the other study lakes.
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Overall, maximumLA/CA had a notable inflance on gauging the response of lake hydrological
conditions when conditions were relatively wet during spring (2017 and 2018), and late summer
2018. For instance, lakes with lower LA/CA are likely to be more influencexdfloyv through
catchment hydrolagal connections during periods of higher flow (e.g., freshetpaniddsof

heavy rainfall), while lakes with higher LA/CA are likely to be more influenced by evaporation
during these time periods. Under drier, {ow conditions (e.g., summer 2017), tinfluence of
catchment connectivitgiminished, and no trendvasobserved between E/I angximum

LA/CA as catchment watdyodies increasingly function asoreisolated systems.

Lake Depthand E/I
Therelationshig between lake depth and Bvkereexplorel for the study lakesf similar

size categorydqurface area 70 ha)which hadapproximate centrdepth measurementsllected
in the field, includingYK-04, YK-05, YK-06, YK-07, YK-16, YK-18, YK-19 andYK-20.

Centre depths among these lakes ranged fpproaimately 1 m (YKO4, YK-18 and Yk19) to

8 m (YK-06), with a median of 1.9 nwhile depthsare only point measurements, they provide
an indication of the relationship between LA/LD and hydrology.

During the early season (May 2017 and 2018), no rektiips were identified when
comparing lake E/I to centre depth. During August 2@itiér), study lakeE/l showedweak,
negativecorrelaton to approximate centre deptR{= 0.2 with p < 0.09, while no meaningful
correlaton (R? = 0.08) was found dring August 2018wetter). A comparison of overall icee
season lake E/I change to centre depth showed weak, negative correlation during bd® 2017 (
0.31with p < 0.05 and 2018R? = 0.24 with p <0.05. These findings suggest that the-fose
season\eporation influence is likely to be greater under shallower lake conditions.

Comparison of lake E/I tbA/LD yielded additionalinsights During the early season

(May), study lake E/I showed wealkegnative correlation to LA/LDR? = 0.10with p < 0.05
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during 2017; andR? = 0.21 with p < 0.05during 2018). During the late season (August 2017 and
2018), no relationshipserefound to exist between lake E/l and LA/LD. A comparison of
overall icefree sason lake E/I change to LA/LD showed weak, positive ¢atioen during 2017

(R? =031 with p = 0.09) and strong, positive correlation during 26F8-(0.90 with p = 0.17).
These findings suggest that sprsigmmer E/I variability may be greater for lakesh higher
LA/LD (larger lake surface area comparediagpth), especially under wetter conditions.
Shallower lakes with increasing surface afgaeater solar heatingan be expected to

experience the greatest sprsignmer change in hydrological conditions as a regulie

stronger influence from evaporati Subsequent research should include more robust
measurements of lake morphology to confirm these observations.

Catchment Slopand E/I
The relationship between median catchment slope (as determined using avaitéble 5

m DEM data) and study lake Bilas evaluated. During summeugusy), in particular study

lake E/| ratiosshowedweak, negativeorrelaton to median catchmestope, with R2 = 0.23

(with p < 0.05)during2017under normatainfall conditionsand R = 0.28 (with p < 0.05)
during2018under heavyainfall conditions No correlation was identified during spring?(®
0.03 during May 2017 and 0.06 during May 2018). Lakes with catchments having relatively
greater median slope included Y36 (10.3°), followed by YKO4 (4.6°), YK-01 (4.9°) ad YK-

03 (4.6°). These lakee more likely to be influenced by hydrologicahoectivity and
associated lateral inflow (landscape runoff of rainfall) during thdréee season as indicated by
relatively lower E/I values. The slojig!| relationship likelydoes not exist following the spring
freshet since snowmelt inflow is high embuto mask the importance of lateral flow direction
and slope. During subsequent months, however, lakes with greater catchment slope are likely to

experience increased drainagféciency into the lake basin following rainfall events.
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3.4.5 Catchment LandCover Classification
Maximum likelihood classification was performed for each lake catchment to identify the

spatial distribution of three broad land cover types within theystegions, includingpen
water,mixedvegetation and opderrestrial (e.g., open bedrock, roads and rock face, as well as
recently burned land; Figu&8). Accuracy of the final land cover classification layer was
evaluated using a confusion matrix aas$ociated metricBrevious studies have noted that
accepableoverall accuracys 885% (Anderson, 1976; Thomlinson et al., 1999; Foody, 2002;)
The Kappa coefficient, ranging froffh to 1, with a value closer to 1 indicating strong data
agreement and acceptability was also calculated to verify land coverickdssif accuracy
(Cohen,1960; McHugh, 2012)0verall accuracy scores for the three main study areas were high,
including 94.5% for the Ingraham Trail area, 94.7% for the Snare River basin and 100% for the
Mackenzie Bison Sanctuary aré&appa coefficienscores were similarly higat 91.8% for the
Ingraham Trail area, 92% for the Snare Rivasinand 100% for the Mackenzie Bison

Sanctuary ared.he relatively high accuracy is likely due to the inclusion of only three

generalized land cover types
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Figure 3.81 Mapillustrating land cover classification modilg for the three main study regions, includifig
Ingraham Trai(23,336 km); (2) Mackenzie Bison Sanctua(@68 knt); and(3) SnareRiver Basin(112 knf).

Study lake catchments are outlined in whitgoerimposed over thmodeledland cover rasterd.and cover classes
include open water, mixed vegetation and open terrestrial.

Land cover classification results for all study lake catchments show median land cover
proportions of 16% for open water, 39% feegetation and 46% for opesrtestrial. The study
lake catchment with the greatest proportion of open Waiter cover was YKL8 (29%), while
YK-05 had the least (1%; FiguB€a). The proportion of vegetation land cover was greatest for
the YK-17 catchment (75%), while YR4 and Yk14 each had the least (5%). Catchments
having experienced recent burn (as detailed below) had a relatively higher proportion of open
terrestrial lad cover. Overall, the proportion of open terrestrial land cover was greatest for the

YK-04 catchment (90%)na the least for the YK7 catchment (5%; Figui@9a). An example
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of catchment land cover motieg results compared alongside associated satetiagery and

aerial photography is provided in FiguB®b.

a Land Cover Classification

YK-01

YK-02

YK-03

YK-04

YK-05 [%

YK-06

YK-07

YK-08

YK-09

YK-10

Study Lake

YK-11

YK-12

YK-13

YK-14

YK-15
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YK-19
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Land Cover Classification (%)
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b Example: YK-20

Landsat Imagery

Land Cover Classification

Figure 391 (a) Stackeecolumn graph illustiting study lake catchment land cover classification results. (b) Study
lake YK-20 example, illustrating several catchment views, including Lamusaery (36m resolution), land cover

classification results and aerial reference photograph (May 20182 ¥K6 s cat c hmen't
wildfire during 2014, as is visible in the aerial photograph.

Recent BurnArea

ekgmer i enced

Nine study lakeatchment&xperienceaitherfull or partial bun within the fiveyear

period prior to study (20126; Figure3.1 ard Table3.1). Lake catchments experiencing 100%

burn between 20126 included: YKO4 (2016), YKO6 (2016), YK13 (2015), YK19 (2014)

and YK-20 (2014).The catchments of treomparativelylarge lakesystems, including River

Lake (YK-08) andPrelude LakeYK-12), experienced partial burn during multiple years
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between 20126, but most notably in 2014 when approximately 20% of each of thelroant
areas burned. No data related to fire severity was available for these burn records and, as such,
this paramedr was not assessed.

3.4.6 Influence of Catchment Land Cover on Lake Hydrology
Both qualitative and quantitative analyses were useddhiate catchment drivers of lake

hydrological conditions. Quantitatively, study lake land cover classification propsnvere
compared to E/I ratio data from 2618. A summary of the Rvalue correlations generated from

these scatterplot comparisossprovided in Tabl&.3.

Table 3.37 Summary ofscatterplot Rcorrelations of E/I ratio versus land cover proportiorl{208).

R? Correlation

E/l Ratio versus Land Cover Proportion
Land Cover Class

May August May August
2017 2017 2018 2018
OpenWater 0.23 0.17 0.18 0.33
Mixed Vegetation -0.01 0.02 0.01 0.01
Open Terrestrial -0.01 -0.07 -0.10 -0.10

Note:

Bold valuesndicate statistical significance (p < 0.05).

Plant Lake YK-09) not included in May and August 2017 analyses due to unavailable data.

Study lake YK20 not included in May 2017 analysis due to unavailable data.

River Lake {YK-08) andPrelude LakeYK-12) amitted from these analyses to minimize h@sheseasonal E/l ratios of these comparatively
large catchments were found to show little variance.

Among the three main land cover classes assessed, study lake E/I ratios were found to be most
correlated wth the open water class. E/I ratios showehk, positive correlation with open

water composition during all sampling intervals, including May 2027=(R.23), August 2017
(R>=0.17), May 2018 (R= 0.18) and August 2018 tR 0.33). This correlation wdsund to
strengthen with increasing infloeonditions. The relationship between study lake E/I ratios and
open terrestrial land cover composition showed no relationship during most sampling intervals,
including August 2017 (R= 0.07) as well as May andufyust 2018 (R= 0.10). No correlations

were identified when comparing the mixed vegetation composition to E/I ratios (3.8hle

85



3.4.7 Summary of Relations among Lake Hydrology and Catchment Conditions
The influence of catchment physical characterisiitstudy lake hydrology was further

evaluaéed using a multivariatprincipal component analysiBCA) approachcompleted in

Microsoft XLSTAT using the arrelation matrixsetting Pearson correlation coefficignihe

PCA utilized five key catchment varides for eigenvalues, including LA/CA, median slope,

open water land cover proportion, mixed vegetation land cover proportion, and open terrestrial
land cover proportiofFigure A3.5, Appendix ThreePCA ordinatiorplotsshowcasing e&r

season and latseason hydrological responskgsing2017and 2018vere generated (Figures
3.10a-d). Catchment characteristics spanning Axis 1 (55.16%) and Axis 2 (26.50%) of the PCA
explained81.66% of the variability in the data. AXisseparated cahments mainly basesh
proportion (%) open terrestrial, slope, % open water and % vegetation. For instance, catchments
with higher % of open terrestrial surface and greater slope (and lower % open water and
vegetation) plotted to the right along Axiswhile catchments witlbower % open terrestrial

surface and lower slope (and higher % open water and vegetation) plotted to the left along Axis
1. Axis 2 separated catchments mainly based on proportion (%) open water, % vegetation and
LA/CA. Specifically, cachments with highe¥ of open water and LA/CA (and lower %
vegetation) positioned to the top along Axis 2; while catchments with lower % of open water and
LA/CA (and higher % vegetation) positioned to the bottom along Axi&eg.study lake

hydrological éta incorporated intthe plots include E/I in Figuré&s10ad (relative point colour,

with darker shading indicative of increasing magnitude), dMagust/September water level

change in Figure8.10c and d (relative point type, with a circle represergadivwater level

increase and a square of water level decrease; as well as relative point size indicative of
increasing magnitude). Relative catchment burn area {261 % also indicateth Figures

3.10ad (thicker point border, with low catchment bi{2%) indicated byight grey, moderate
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catchment burn (568%) indicated by dark grey, and complete catchment burn (100%) indicated

a May 2017 b May 2018
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Study lake names abbreviated.

Water level data presented hemvers19 Mayi 30 September for the 2017 ifree season; ant® Mayi 13 August/15 September for the 2018
ice-free season (refer to TatB8e for further details).

Figure 3.107 PCA plotsillustrating relative distribution of study lakes and hydrological influence from catchment

characteristics during the ideee season, including (a) May 2017 and (b) May 2018 during the early season; and (c)

August 2017 and (d) August 2018 during the tgason. Lake E/I ratios are indicated by orange/red point colour

shading of increasing darkness/magnitude (with hollow poiststed where no E/I data was available). In the late

season plots ((c) 2017 under drier conditions and (d) 2018 under wettiiam), relative MayAugust/September
water level change is indicated by point shape/size. In these plots, circle pandteindhter level increase, square
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points indicate water level decrease and triangle pointsZ@Kindicate no available watewnkd data. Also, point

size in these plots (c and d) corresponds to the relative magnitudefiefeiceason (sprirgummer) vater level

change, with larger points indicating greater water level increase/decrease and smaller points less increase/decrease.
Relative catchment burn area (2016 is indicated by a thick point outline, with light grey colouring equal to
approximately22% catchment burn (River Lak¥K-08) andPrelude LakeYK-12)), dark grey colouring equal to

54-68% burn (YK02 and Yk14), ancblack colouring equal to 100% burn (Y®4, YK-06, YK-13, YK-19 and

YK-20).

Theordinationplots illustrate the hydrologicabmplexity of lakes associated with
varying catchment characteristics and precipitation conditions. The eaftgéseason (Mgy
datareflect lake hydrological conditions pefseshet when the inflow influence rislatively
strong (lower E/I; Figure8.10a and b)The lakes generally have higher E/I and E/I variability
during May 2018 (belovaverage snowmelt dilution) comparedviay 2017 (neaaverage
snowmelt dilution). The hydrology of lakes with relatively larger LA/CA were expected to have
lower E/lvalues during the early season, however, PCA results do not clearly represent this
during spring, especially during 2017 (FiguB2Ka and b).

The late icefree season (August) PCA plaolisistrate lake hydrological responses under
normal (2017) and hew (2018) rainfall conditions (Figures10c and d). Duringhe drier 2017
ice-free season, all study lakes (with the exception ofOBin the Snare River basin, where
heavierrainfall perssted) experienced water level drawdownd increasing E/As naed
earlier and in the PCA, there was no relationship between LA/CA and E/I during August 2017,
which may be explained by reduced hydrological connectivity within increasingly dry and
fragmented catchmentd he relative importance of evaporation also tetodse stronger for
shallower lakes (e.g., YR7, YK-013, YK-15 and YKi 17).Lakes having catchments with
relatively greateproportions ofopenterrestrialsurface (bedrockdndcatchmenslope (e.g.,

YK-04, YK-06) experienced lessrandownduring 2017 Figure3.10c) and may be more
influenced by summer rainfall inflow as a result of greater drainage efficiency to the basin (i.e.,

less groundwater infiltration and catchment storage). Gyénalrange of lake E/I values is
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higher during the drie2017 ie-free season compared to the wetter 2018rme seasorilhe
predictability of E/I based on catchment characteristics, notably LA/CA, diminishes when dry
conditions reduce hydrological aoectivity. This suggests that LA/CA values used in this
analysis ee representative of maximum catchment size when conditions are wet.

During the 2018 icdéree season under wetter conditions, most study lakes experienced
water level increaseand lower E/IThis was especially true ftakes with higher LA/CA
(Figure3.10d). Study lakes experiencing water level decreasang 2018ncluded YK-18 and
YK-19 owing toless rainfall in the Mackenzie Bison Sanctuary region. Lakes with higher
LA/CA generally exhibited higher Euring 2018&ompared to lakes more influenced by
hydrological connectivity and inflow from relatively larger catchmeHtswever, l&es with
highe LA/CA experiencd greater increases in water leasl it got wetter through laimmer
2018(Figure3.10d; Figure A3.5, Appendix Thre€llhe results also ghlight how deeper,
stratified lakes with comparatively large catchments (e.g., River ({ke08) andPrelude Lake
(YK-12)) exhibit relatively little variation in E/I from sprirgummer, and under variable
precipitation conditions.

Influence of CatchmenBurn on Lake Hydrology
The influence of recent catchment burn area (28)2and lake hydrologwas variable.

Catchments experiencing burn generally have less proportions of vegetation and greater

proportions of open terrestrial surface. Some of thésedatchments also exhibit relatively

greater catchment slope $hieldenvironments (e.g., YK6, YK-04). Study lakes YKO1, YK-

11 and Yk13 presented an opportunity to compare lake hydrological conditions of recently

burned (201216) and unburned catchmis. These lakes are located in close proximity to one

another (within a6 km radius) along the Ingraham TradlK-1 36 s cat chment exper

burn(by area) from wildfiresn 2015 while the catchments of K-01 and Yk11did not
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experience burn betwa201216. Lakes YK-13, YK-01 and Yk11 have similar physical
catchmentharacteristics, including relatively small lake area (1.8, 1.9 and 7.4 ha, respectively),
low LA/CA (6.6, 5.2 and 8.5%, respectively), shallow centre depth (1.5, 2.5 and 1.5 m,
respetively), low LA/LD (1.2, 0.8 and 4.9%, respectively), moderate med@rey3.3, 4.9 and

3.7 °, respectively) and relatively low open water composition (7, 6 and 2%, respectively). The
burned catchment of YK 3 had relatively low (5%) vegetation land eoxompared to (89%)

open terrestrial surface. Conversely, the unbuoaéchments of YKO1 and Yk11 had

relatively greater proportions of vegetation land cover (39% and 61%, respectively) and lower
proportions of open terrestrial land cover (55% and 3&%pectively).

1.2
B YK-01 (Catchment unburned from 2012-2016)

1 ® YK-11 (Catchment unburned from 2012-2016)
@ YK-13 (Catchment 100% burned in 2015)

0.8
g
N
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= ® .
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Figure 3.117 Comparison of 20118 E/I ratio changeof study lakes within recently (20415) burned versus

unburned catchments. ¥K36s catchment exper i ence durbd?@% whlathen ( by ar
reasonably similacatchments of YKO1 and Yk11 did not experience buduring201216. Slightly higher E/I
valueswereexhibited by Yk13 (burned catchment) potentially due to diminished vegetation from fire and,

subsequently, less winter snowpack accumulation and dilutiongdspring freshet.

With a fully burned catchment (burned during 2015),-Y&was mae influenced by
evaporation during all sampling perigdsaching a peak of 0.98 during August 2017 (Figure
3.11). While other catchment factors may help drive highierntke effect may bexacerbated by

diminished vegetation from fire angotentially; less winter snowpack accumulatiand dilution

during spring feshet
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The influence of catchment physiography and burn proportion on lake hydrology was
also demonstrateby YK-04 (Ingraham Tail region), which experienced 100% catchment burn
during 2016. The lake has relatively high median catchment slope (7°), high open terrestrial
surface catchment composition (90%), shallow depth (1.4 m), moderate LA/CA (11.9%9, and i
the only water body ithin its catchment. With a relatively small and open catchmentD¥K
receives less spring snowmelt input, allowing E/I to be greater (i.e., 0.45) during May.
Furthermore, the seasonal hydrological variability of-8&was relativel low (i.e., May
AugustE/l change = 0.12, and lake level drawdows®-2 m). This indicates that the catchment
exhibits greater runoff efficiency, which is facilitated by open terrestrial surface and high
catchment slope.

3.5 Discussion

Previous studiebave indicated that l@sacross northern regions are highly sensitive to
ongoing changein climate(Pientz et al., 2008mol et al., 2005; Schindler and Smol, 2006;
Prowse et al., 200MacDonald et al., 2012; Kokelj and Jorgenson, 2QABsen et al.2014.
However, the hydrological responses of lakes to meteorological conditions can be highly
individual depending on catchment characteristics (Turner et al., 2014). Studies at Poeket Lak
and Baker Creek, NT since 1991 showed that lake hydrologicaiticorsdcan vary seasonally
and interannually (Gibson, 2019). Gibg@019)demonstrate the importance of using muiti
year water isotope records to evaluate hydrological processes. Hdreildven the regional
lake water isotope and level records for 208 and provide insight into the complexities of lake
hydrological responses to meteorological conditions that are associated with catchment
characteristics including catchment size rgkato lake area, physiography, and land cover. This

study was condtted during a period of general hydrological recovery following a series of
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particdarly dry years, from approximately 2018. The North SlaveRegion experienced
average icdree season nafall during 2017 and more pronounced rainfall during 2018
(espeacilly during Juneluly).

We detected a complex interplay of catchment characteristics that mediate the influence
of meteorological conditions on lakes acrossTaga Shield and plains. Overall, precipitation is
the main driver of lake water balanceshistregion(Gibson, 2019)The influence of
precipitation on the hydrology of our study lakes was associated with hydrological connectivity,
which is consistent ith findings from other studies conducted witl8hieldenvironments
(Spence and Phillip2015; Spence et ak019) We found that when connectivity among basins
was high (i.e., following spring snowmelt or during heavy rainfall in August 2018), the
hydrdogical conditions of individual basins were associated with maximum catchement extent.
For instance, lakes with lower LA/CA received greater inflow during wet conditions. As many
hydrological systems are connected throughainof-lakes water balancerespond according
to connectivity among water bodigSibson and Reid, 201&pence et al., 2D and2019.

However, during drier or even typical summer conditions (e.g., August 2017), LA/CA (utilizing
maxium catchment size) was not a useful predictoakd hydrological conditions since less
hydrological connectivity existed across the catchméhising periods of low rainfalllake

inflow is likely to decrease as hydrological connectifitym the uppercatchment is reduced

with greaterinfluence fromevaporation (Gibson and Reid, 201%)is occurs when upstream
water body levelslo notrise dove outlet elevation thresholds (Spence et al., 2088es

further cown a chairof-lakes systemnear the terminal endre likely to bemostinfluenced by
evaporation andrawdownduring drier conditions when hydrological connectivity diminishes

(Spene et al., 201p
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Catchment physiography also influeneester body storage capacity and downstream
flow dynamics within these cascading shigldtems (Spence and Woo, 2003 and 2006). As
shown heresteeper overattatchment slopmay result ingreaterdrainage efficiency and inflow
to lake basins during the iéeee season. Findings presented here also suggest that lake surface
area relative toentre depth (LA/LD) influences lake hydrology. Shallower lakes with increasing
surface area (high LA/LD) are ky to experience the greatest sprsugnmer change in
hydrological conditions due to the stronger evaporative influélrfde supports previous
research findingsf past studies (e.gBouchard et a).2013),whereshallow subarctic lakesere
found to bemore susceptible evaporawe drawdownand desiccan when snowmelt runoff
waslow.

Previous research of multear bke hydrology using isotope tracers has also been
conducted in the Slave River Delta (Brock et al., 2009), located south of the gtesgrarea.
While the lakes in this environment are largely deltaic in form as oppo&ideiollakes, a
number of comran parallels to the current study can be drawn. Results from Slave River Delta
suggest that annual flooding of lakes is not requireddmtain positive water balances (E/I <
1). However, multiple years without spring flooding will clearly lead to greaterulative
evaporation in deltaic lakes (Brock et al., 2009). Where lake water balances are largely
influenced by connectivity with thSlave River or Great Slave Lake, late season E/I ratios were
found to be relatively low, with little variation duringe threeyear monitoring period from
20032006(Brock et al., 2009)This highlights the important role precipitatidriven catchment
hydrological connectivityplaysin regulating lake water balances across the greater landscape.

In addition to catchment extent, lake size and morphometry were highly variable among

study sites, which also influenced hydrological conditions. The two, ac@ailydarge study
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lakes, Prelude Lakg¥K-12) andRiver Lake {fK-08) have more prominent hydraaal

drainage inlets/outlets. Most notably, the Cameron River system drains west into Prelude Lake
and River Lake. Overall, the presence of hydrologicallwadirainage outlets from lakes can

limit lake level increase during the ite=e season and rdsin water level drawdown as input
decreases (e.g., ¥B1; Figure A36, Appendix Threk It is important to couple water level
measurements with water isotapacers to capture hydrological drivers within these relatively
openflow systems where residemtime is low. For example, E/l is relatively low during periods
of high inflow, however, it may remain consistent following a substantial water level decrease.
In these lakes, water isotope tracers will only provide an indication of water loss when
evapoative water loss outweighs lateral inflow.

Catchmentand cover has been found to have a strong control on lake hydrological
responses to meteorological coratisin studies in northwestern Canada (e.g., Turner et al.,
2014; Balasubramaniam et al., 20I=)r example, larger catchments with high proportions of
shrub vegetation accumulate greater snowpack, which enhances spring input to lakes, compared
to lakeswith catchments having high proportions of surface water and smaller vegetation. We
found here that the influence of catchment land cover on lake hydrology was less important
compared to thepatial extent of catchments and lateral connectivity. Howewerpaison ofa
subset oburned and noburned lakecatchments (witlsimilar catchment characteristjcs
showcased how lakes without vegetation were indeed more susceptible to water level drawdown,
especially during August 2017 under average rainfall cramdit
3.6 Conclusions andRecommendations

Subarctic boredbkes are prominent featurasross northern regions, with hydrological

conditions that will continue to evolweder variablelimatescenariosHere, we build on
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previous researcim the North $ave Regiorto broaden our understanding of how variable
climate and landscape conditions (including wildfire burn) influence lake hydrolbgystudy
integraedanalyses of water isotope tracers, lake level changes, local meteorologdiibnen

and renotely sensedatchment data fd20 studylakeslocated within the Taiga Shield and Plains
regions The study lakes represented a range of sizes, catchment conditions and geographical
locations.Thetiming of thestudypresented an opportupito assess ldyological changes under
relatively normal (2017) and more pronounced (2&L8ymer rainfalcondtions. These years
reflecteda time of general hydrological recovdoflowing an extended grperiodduring2013

16. These cycles (spanning several yearsiriefr conditions followed by hydrological recovery
are evident in the longaerm climate recordh Yellowknife since 1943

The study lakes were found to exhibit a strong degree of hydrological variability (i.e.
isotope and water level), with conditiodependent on catchment characteristics and seasonal
meteorological conditions. Isotope tracers and derived E/I values provided effective indicators of
hydrological conditions. However, additional investigatioratichment properties was required
to effedively interpret insight of the hydrological drivers.

Overall, precipitatiorwasa major driver of seasonal and interanfaké hydrologcal
change; while eaporation was a major driver of summer water lossidguspring 2017, lake
levels increased falwing typical snowmelt conditions (isotopic dilution) and then progressively
decreased by late summer under normal rainfall conditions and a stronger influence from
evaporation (isotopic enrichment). During sprit@i8, bllowing adrier fall 2017 and belw-
average winter snowfallakelevels were relatively lower with greater influence from
evaporation, before increasing by late summer following heavy summer rainfall which offset

evaporative water loss. LA/CA wésund to be an important driver of lakedmglogy, especially
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when hydrological connectivity was maintained during wetter conditions. Lakes with lower
LA/CA were more likely to be influenced by inflow during freshet and periods of high rainfall,
when catbment hydrological connections increasingfssed along accumulated flounder
low-flow conditions, isolated lake basins and those with high LA/CA (particularly with
shallower depth and high LA/LD) underwent greater evaporative drawdown. Futuresanalys
will likely capture this relationship mowffectively if employing a more dynamic assessment of
catchment extentgspnsideringvariable catchment extents basedooeceding meteorological
conditions.

We found thatecent catchment burn (within fiweears prior to study) may diminish
vegetation coomunities and reduce snowfall accumulation and subsequent snowmelt to lakes.
However, the overall influence of catchment burn on lake hydrology wamflsmntial than
othe important catchment properties including hydrological connectivity and LA/CA.

The findingspresentedherehighlight important relationshipemongclimate, catchment
characteristics and lakeater balances within subarctic boreal regidrseserelationsprovide
an important reference when interpreting drivers of lake hydrology wadiable
meteorological conditions and must be considered when anticipating future hydrological
responses. The integration of hydrological and remote sensing analyseseprbseat
demonstrates an effective and sustainable approach fetdangmnonitorirg of these complex
relations across vast northern landscapes. Future studies should expand on the work presented
here and include additional lakes to enhance our knowledgewo¥ariableclimateconditions

and landscapesayimpact lake environments onetfTaigaShield and Plains
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CHAPTER FOUR
HYDROLOGICAL RESPONSES OF REPRESENTATIVE CASE STUDY LAKES

A number of study lakeprovided additional opportunities for evaluatidue totheir
uniquecatchment characteristics ahgdrological responses. These caseisslulild on the
data presented in Chapter Thrpmviding additional detailed reference of kégs.

4.1 Large Lake with High LA/CA (Plant Lake)

Plant Lake (aidy lake YK-09) represents a unique case in that the lake is relatively large
(surface area = 541 ha; catchment area = 24 &pproximatecentredepth = 10.2 m with
stratification possible)ith high LA/CA (22.6%) and proportion of catchment open water
coverage (24%Figure4.l). Plant Lakehad the longest record of water level data available
extending to 15 September 2018, which was approxisnated month longer thathe other
study lakesWith its comparabhhigh LA/CA compared tdheotherlarge study lakesuch as
River Lake YK-08) andPrelude LakeYK-12), Plant Lakereceives lesgelative inflowfrom its
catchment. Coupled with a relatiydhrge lake surface are@lant Lakeexperiened relatively
greater water level drawdovirom evaporation during the idir 2017 icefree seasoand less
water level increase during the wet 2018fiee season. During an extended period of lower
rainfall near the end of the wet 2018-itee season @ Augusti 15 SeptemberRlant Laké s
water level decreased approximately 0.1 m. This highlights the influence evaporation had on lake

levels near the end of the 2018-fcee seasonyhen theheavy raiffiall subsided.
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Figure 4.11 Satellite imagery higighting Plant Lake gtudy lakeYK-09), which is likely taexperience relatively
greater influence frorice-free seasomvaporatior(high E/l)as a result of itsmall catchment relative to lakeea
(high LA/CA) and high proportion of open water land aof@igitalGlobe, 2017; GeoEye, 2017).

4.2 Lakes with Variable LA/CA in Taiga Plains Region

Study lakes YK18 and Yk19represenunique casefor evaluation, asheselakes are
located in close proximity to one anothesithin 11.5 km)in therelatively fat Mackenzie Bison
SanctuaryTaiga Raing) region(Figure 4.2) Highway 3is situatedmmediately west of the
lakes running in a general nor$outh directionThelakesare of similar size (46 and 67 ha,
respectively) and shallow depthpproximatecerire depth= 1-1.5 m). However, the lakes differ
considerably in their relative catchment size, with-Y&havinga relatively highLA/CA (31%)
and YK-19a low LA/CA (1%). Therelatively largecatchment of YK19 includes numerous

shallow lakes.
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Figure 4.21 Satellite imagery highlighting study lakes Y38 and Yk19within the relatively flat Taiga Plains
region While the lake$avesimilar surface areas antepth they differ considerably irelativecatchment size.
YK-18 has a LA/CA of 31% while YKL9 has a LA/CA of 1%. As such, YK 9 will be more influenced bynflow
(lower E/1) during springnhovwmeltandfollowing heavyrainfall whencatchment hydrologicalonnectivityis
maintainedDigitalGlobe, 2017; GeoEye, 2017).

As a result of its larger relagvcatchment size, the hydrology of YI® is more
influenced by spring snowmelt than ¥YX8. During May 2017 following freshet, YK 9 (low
LA/CA) had arE/I ratio 0f0.17, compared t&rK-18 (high LA/CA) with anE/I ratio of0.32
(Figure4.3). During August P17 under drier conditions, hydrologic connectivity within the-YK
19 catchment diminished, and the lake wslaghtly more influenced by evaporation (E/I0=65)
compared to YKL8 (E/I = 0.57). Thisnfluence was also observed in the corresponding water
level change data from Mageptember 2017, with Y9 drawing dowr0.27 m compared to
0.13 m for YK-18. Themarkedlylarger water level decreasbservedn YK-19 during summer
2017is likely related to the drying of catchment hydrological connections tandge capacity
limits.
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Figure 4.31 Comparison of E/l ratio and water level change fodgtakes Yk18 (LA/CA = 31%) and YK19
(LA/CA = 1%), respectively. YKL9 (low LA/CA) is more influencd by inflow (low E/I) via catchment

hydrological connections, including during spring snowmeltdurihg the 2018ce-free season with heavy rainfall.
During August 2017, unddow flow conditions when catchment hydrological connectivity is diminishié&d 19
shows slightly higher influence from evaporation than-¥& YK-19 is also observed to markedly drawdown
compared to YKL8 during 2017, and this ikély related to the drying of catchment hydrological connections and
storage capacity limits.

During May 2018 following freshet, YK 9 was once again increasingly replenished by
snowmelt dilution (E/I = 0.26) from its larger relative catchment compar¥&ta8 (E/l =
0.38), with corresponding water level increase reflected in the datd 9¥4,0.36 mand YK-18
= 0.14 m; Figurel.3). During August 2018, under relatively heavier summer rainfall conditions,
the lakes werenore influenced by inflow compared 2017 (similarly low E/I; YK-19 = 0.4 and
YK-18 = 0.45) As such, seasonkdke leveldrawdownwasrelatively minor in both lakeduring
2018 (YK-19=-0.04 mand YK-18 =-0.09 ). Together YK-18 and YK-19 serve astrong
examples whicldiemonstrate theomplexnatureof relative catchment siz&A/CA) and
hydrological connectivityn driving lake hydrology under variable meteorological conditions

within the Taiga Plains region
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4.3 Network of Interconnected Study Lake Catchments

The catchment of study lakYK-15 (along thelngraham Traj)l encompasses thell
catchments o$tudy lakesYK-01, YK-16, YK-10 and YKO7 (Figure4.4). This permitted the
investigation of seasonal isotopic change for a eb&iakes with adjoining and interconnected
catchments. YKL5 is a relatively small lakat 9.3 hag with acatchmenbf approximately 2,730
ha As such, the lake has a very oW/ CA (0.34%9. Thecatchment imlsomade up of a
relatively high proportion obpenwater (28%. The IngrahanTrail bisects the landscap

however, hydrological connecttyiamong lakes is maintainéaroughditches and culverts.
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Figure 4.471 Map illustrating study lakes with adjoining/interconnected catchnaenpsrt of the greatéK-15
catchmentArrows indicate the general drainagdjeection of theespectivecatchmentsice-free seaso(May and
August) lake E/I ratiogluring2017 and 2018 are presented in table format for the catchment network. The lakes
exhibited fairlysimilar (lower) E/I ratiosfollowing 2017 and 2018pring snamelt, as well as during the w2018
summermwhen catchmentwereincreasinglyhydrologically connecteddowever, during summe017 catchment
hydrological conneatinsdiminished under drier condition®Vith less inflow,the lakes exhibited higher E/I from

the strong evaporative influencéK-15, at themostdownstream endf the chain of lakes systemmadmarkedly

higher E/I compared to the other lakas a result of thivss of catchmeribflow and strong influence from
evaporatioron the relatively smalbke.
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Following the 2017 fresheandsnowmelt dilution EA ratios were similarly low for this
group of lakes, ranging from 0.28 (Y&L1) to 0.43 (YK10). By August 2017under typical
seasonal rainfall conditions, the study lakeseincreasingly influened byevaporationE/I|
ratios generally increasl moving downthe chairof-lakessystem ranging from 0.60 (YKL6) to
1.20 (YK-15). YK-16, a relatively deeper lakeénte depth =7 m), was influenced the least by
evaporation among these lakes, perhagstduts low surface area relative to overall volume
(LA/LD = 2.5%).Following the 2018 freshet, E/I ratios for this group of study lakes were
reduced once again, ranging from 0.36 (9K) to 0.59 (YK15), with values slightly greater
than during May 201@iven less snowmelt dilution. By August 2018, under pronounced summer
rainfall conditions and inflow influence, lake E/I ratios remaisigdilarly low, ranging from
0.32 (YK-01) to 0.55 (YK16), with YK-15 having an E/I ratio of 0.50.

The pattern of E/I ikreasing dowra chainof-lakes system during drier conditiofesg.,
August 2017)llustrates howake hydrology is heavily influenced by catchment connectivity
( A s-gnaflill | 6 mechani sms) as driven by seasonal
findings in the region. Gibson and Reid (2014) found thand periads of low rainfal] lake
inflow is likely to decreaséand the evaporative influence increaashydrological connectivity
from theuppercatchment is reducedhis occurs when upstreamwater body levelslo notrise
above outlet elevation thresholds (Spence et al., 20a8sfurther cown a chairof-lakes
system near the terminal endre likely to bemostinfluenced by evaporation amlawdown
during drier conditions when hydrologicannectivity diminishegSpence et al., 20)9
4.4 Large Lake SystemsPrelude Lake and River Lake

The combined catchments of Prelude Lake {¥X and River Lake (YKO8) represent a

major drainage network in the regi@fiigure 4.5) Given the relativelynassive size of the
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catchment system compared to the other study lakaf$eisa unique opportunity for analysis.
These lakes serve as large, deep reservoirs within the landscape. In total, ten stuahe lake
situated within thigreater catchment argacluding: YK-02, YK-03, YK-04, YK-05, River
Lake (YK-08), Plant Lake YK-09), YK-11, Prelude LakeYK-12), YK-13 and Yk14.

In terms of sizePrelude Lake is approximately 3,284dvadRiver Lake (hydrologically
connected immedialy downstream to theest) is approximately 497 ha. Together, their
associated catchments dramaaea of approximately 7,745 RnPrelude Lake was previously
assesselly Roberge et al. (1990) and was founthdee a mean depth of approximately 18 m
and a maximum depth of 5308 A centredepth measurement from River Ladaring April
2018 indicated a depth of 23.6 m. Roberge et al. (1@RMdthat Prelude Lake is thermally
stratified in midsummer, with surfaceemperatures near 20 °C and a sharp thermocline at
approximatelylO0 m. LA/LD was determined to be 0.4% for Prelude Lake and 0.06% for River
Lake.

Prelude Lak€YK-12) andRiver Lake {fK-08) have notable hydrological drainage inlets
andoutlets.The lake sytens areprimarily fed by the Cameron River and its extensigguork
of headwater tributarie3he Cameron River drains into Prelude Lakéhe eastwhich in turn
drainswest irto River Lake Discharge from th€ameron River vaesdepending othetime of
year and meteorological conditior example, dischargeill be relatively high during freshet

and following major perioslof rain, and low during drier perisdFigure 4.6)
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Figure 4.51 Map illustrating the hydrology of the Prelude Lake (fR) and River Lake (YKO8) sysem.

Available 201718 E/I data ar@rovidedin the table insert. Ae data indicatenly minor E/I ratio increase from
May-August 2017as found athe lone Yk12 samplindocation.During 2018,E/I ratios among the sampling
locationsremained virtually untiangedhroughMay-August undepronouncedgummerrainfall conditions. Overall,
the data suggest that BEitrosghe systenfluctuatesvery little, includingduringbothaverage(2017) and wet

(2018) icefree season conditionthe lack of E/I variabilityis likely the result of the dilution influence within these
large,deep reservoirs.
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Figure 4.6 1 Photographs o€ameron Fallat Prelude Lake (YK12) showing variabldischargeconditions,
including (a) highdischargeduring 2007(suspected spring freshperiod Tawana Brown Photography, 2018); (b)
moderatalischargeduring 2013 suspected late sumnifadl period Tawana Brown Phography, 2018); (c) very
low dischargeduring 2015suspected early summer perid@dwana Brown Photography, 2018); adjiléw
dischargeduring 29 August 2017 (photograph by J.Viscek).

In addition to sampling locations ¥K2 (eastern extent #frelude Lake) and Y08

(River Lake), two additional water isotope sampling locations were added during 2018 to more
thoroughly invesgate the hydrology of the system. These additional sampling locations idclude
the centrabxtent of Prelude Lake i P r -Mli d, @dwell as the Cameron River main inflow
channel ( A C dooetedod km Upstreaeieas) ¢f the Prelude Lake discige point
(Figure4.5). Only data from the YK12 sampling location weravailable during 201, indicaing

only a minor increase in E/I from Magjugust (0.36 to 0.44). The 2018 data@ehich includes

all four sampling locationsllustrates the broader isgpe hydrology of the system undeetter

summerconditions. May 2018 E/I ratios were nearly identical acrossaimgpkng locations (and
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slightly greater thaduringspring 2017 due to less snowmelt dilution), ranging from 0.38- (YK
12 and Preluddid) to 0.40 (Cameron River). August 2018 E/I ratios were also consistent
across the sampling locatiora)d similar to Mayesults at approximately 0.38s such, E/l was
not found to appreciably fluctuate within Heelakesystens, likely due to the dilution infience
from thelarge,deep reservoirg:urther, E/I was not found to lasreflective of the seasonahd
interannualvater level fluctuatiosexperienced byhese larger systeneempared to the smaller
study lakes

Information presented here showcases Hwe influence of precipitation on lake
hydrological conditions can be ity individual depending on the highly variable catchment

properties that exist across the TaRjaeld andPlains region

115



REFERENCES

Gibson, J.J. and Reid, R. 2014. Water badaaong a chain of tundra lakes: ay#ar isotopic
perspectived. Hydrol. 519, 214&8164.

Roberge, M.M., J.B. Dunn, M.R. Falk. 1990. Catch, effort and biological data of fish, in
particular lake troutRalvelinus namaycushfrom Prelude and Prosperdagkes,
Northwest Territories, 1973 and 1979. Can. Dat. Rep. Rigleat. Sci 817: v + 52 p.

Spence, C., Ali, G., Oswald, C.J. and Wellen, C. 2019. An application ofTitd_Tassessment
method to evaluate connectivity in a ladkeminated watershed aftdrought.Journal of
the American Water Resources Associatii#(2),1-16.

Tawna Brown Photography. 2018. Photographs of Cameron Falls: 2007, 2013 and 2015.
Provided by Mike Palmer throughneail correspondence, June 2, 2018.

116



CHAPTER FIVE
CONCLUSIONS
5.1 Conclusions

Subarctic boredbkes are prominent featurasross northern regiomghich are likely to
be impacted from increasirige and droughtvith increased climate warminglere, we build on
previous research to characterize the key meteorolagicatatchmerspecific drivers of lake
hydrology for 20 laks withinthe Taiga Shield and Plains of tNerth SlaveRegion The twoe
year study provided the opportunity to examine study lakes uakively averagé2017) and
wet (2018) icefree seasonanditions. Study lakes were selected to represent a range of
catchment sizes and physical characteristingd, includedseverahaving experiencerkecent
burnduring the fiveyear period prior to study (20115). Lake hydrology was evaluated using
water i®tope tracer dath.e. 2H Ua A®@) in@onjunction with irsitu lake level monitoring.
Lake water isotope data were obtaibette during the icdree season (May and August) and
usedto calculate evaporatiao inflow (E/I) ratiosusing conventional methods. Hydrological
data were compared to catchment characteristics, including relative size, depth, hydrological
connectivity, relative land cover from remote sensing data.

Overall, lakelevels decreased undawverage seasonal rainfall conditiahging 2017 as
the relative mfluence of evaporation (E/I) increased. Lake isotope values were relatively high
during spring 2018 following d&r fall 2017 conditions and lower winter snowfdlluring the
wet 2018ice-free season, lakevels largely increased as the strong influénom inflow offset
evaporative water los8elow, we present a summary of interrelated lake hydrological drivers

for theNorth SlaveRegion(in order of general importangesdetermined during the study.
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Meteorological Conditions
Precipitation is a majadriver of lake hydrologyn the Taiga Shield and Plainsake E/I

values during spring atikely to be lowerwith greatemwinter snowfall and subsequantiow
influence followingfreshet Rainfall will offset the influence of evaporation during the suerm
Under normal rainfall condition®(g.,2017), lakes are likely texhibit high E/I andiraw down
duringthe summer fronthe strong evaporai influence. Conversely, under heavy rainfall
conditions (e.g., 2018lake levelsand E/Imay remain fairlystablefrom springsummer

Hydrological Connectivity
Hydrological connectivity is an important and compbatchmentriver within a chain

of-lakes system that Igsnked to many factors, includingtA/CA, storage deficit dynamiddill -
andspill mechanismj inflow/outflow channels, precipitation, evaporation, topographgland
cover.Lakes will be morenfluenceal by inflow (lower E/l) as catchment hydrological
connectivity increases, particularly with lower LA/CA. This trend is especially evident folipwi
spring freshet whemflows arehigh. Ice-free seasorakeE/l change is broadly linked to water
level change, r&d moreso during wet conditions (e.g., 2018) when catchment hydrological
connectivity increase®uring summer seasons with average to lainfall (e.g., 2017), flow
among catchment water bodies will increasingly diminish. Lakes are more likely tamfuasti
isolated systems as a resattd will be more influenced by evaporative drawdpespecially

further down a chatof-lakes system.

Lake Surface Area to Catchment Area (LA/CA)
The influence ofmaximumLA/CA on lake water balance is largely dependant o

catchment hydrological connectivity angiter bodyfill -andspill mechanisms. Lakes with lower
LA/CA are likely to be increasingly influeedby inflow (lower E/I) through catchment
hydrological connections under wetter conditions (e.g., freshet andesuramfall) Conversely,

lakes with higher LA/CA will receive less water input and be more influenced by evaporation
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(higher E/l). Under dar conditions, as catchment connectivity increasingly diminishes, the
influence ofmaximumLA/CA is more unpredictale as catchment lakes will increasingly
function as more isolated systerfisiture studies should attempt to incorporate dynamic
catchment etents for individual lakes, the size of which are dependent on preceding
precipitation conditions. This will likelynprove our understanding of how multiple landscape

variables influence lake hydrological conditions, which are presentedumne3.10 (Chapter 3.

Lake Surface Area to Lake Depth (LA/LD)
While findings are based on point depth measurementsandwhat limited, there is

evidence thatalatively shallower lakes with greater LA/LD are more likely to be influenced by
solar heating and dradown fromtheevaporatve influenceduringtheice-free seasanAs such,
lakes with greater LA/LD may exhibiigher E/I and springummer E/I variabilityFuture

studies employing more robust measurement of lake morphology may further confirm these
results.Relatively largeranddeepeiakes(e.g., Prelude Lake, River Lake) also experience
evaporativedrawdownduring theice-free seasgrhowever, these lakes exhibiry little

seasonal E/I fluctuation compared to smaller lakesto thestrongdilution influence within the

larger reservoirs

Catchment Slope
Lakes within catchmenthat exhibitgreatermedianlandscape slope are more likely to

beinfluenceal by inflow during the icdree season (lower E/IThis linkage is particularly
relevant for lakes ishield environmentswhere topography is typically undulating and variable.
Lakes with increasindape are likely to collect and retain a greater proportion of winter
snowfall with greater spring snowmdlbwing to these lakes during freshet. These lakey
alsoexperience greater runoff drainage efficiency to the basin (less groundwater infil&natio

catchment storage) during summer rainfall events compared to lakes with less catchment slope.
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Greatercatchment slope within a chaoi-lakes system magromote hydrological connectivity

between lakes through inflow/outflow channels during snownehiofall events.

Land Cover
While findings are variable, lakes within catchments comprising greater proportions of

open watefwhich typically have higher A/CA) aremorelikely beinfluenced by evaporation
(higher E/) during the iceree season. The relationship between catchmergd vegetation, as
well asopen terrestrial surface composition and lake E/I was found to be somewhat variable.
More abundantatchment vegetation, particularly larger trees and shyisally increase
snowpack accumulation and subsequent snowmelt input during .SpMéndetected thatcently
burned catchments will transmit less snowmelt water to lakes during freshet, resuiiegter
influencefrom evaporationt{igherearly seasoi/l). However, our analysis of this relationship
was only based on results fromedsurned lake catchment and two control lake catchments
Overall catchment burmvasfound to be less influenti@h driving lake hydrology compared to
otherimportant catchmerpropertiesespecially connectivity and LA/CA
5.2 Future Recommendations

This studydemonstrates and integratesalyses of water isotope tracers, lake level
changes, local meteorological cbtmons and remotely sensed datddentify the relative
importance of climatic and catchment controlsorthern boreal lakbydrology.Future
research should increasingly seek to integatger termhydrological data from other regional
studies for comparative analyses. For examplirthercomparison of seasonahter leveldatg
isotopic compositiogand/ormeasuredatchmenpropertieanay be made totherwell-studied
systems including Pocket Lake, Baker Creek and Prelude Lake to better urttiedstan
hydrological responseturing historical climateluctuations Future research programs building

on this work should include more study laleeEompassing @ariety of catchment conditions
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across the North Slave Region to further characterize sadsotopic conditions. Adding more
frequent isotope sampling intervals (e.g., monthly) may also prendtiarer indication of
climateinfluencedhydrologicalchanges of lakesluring the icefree seasornlheseanalyses may
provide a more thorough undeastling ofmulti-year dry/wet cycles in the region, and place the
findingsfrom the present study greater context.

In addition, titure work should look to refine and advance remote sensing approaches as
part of this researcWith respect to land covetassification, the 3@n Landsat imagery used in
the current study was suitable to generate only broad land cover classes, whdgtdinopen
water, mixed vegetation and open terrestrial surface. To address some of the
limitations/uncertainties associatetth this classification metho@nd to increase the
differentiation of more finite land cover classes (e.g., vegetation tgpeprove overall
accuracy, future studies may consider utilization of higheolution data (e.g., Sentinel) or
radar data (g., Radarsa2, UAVSAR) where availabléAs well, the extent of catchmerdaad
morphology of lake basirghould be refinefusing emote sensing technology, wherever
possible)andassessed according to thi#irctuation in response tpreceding precipitain.

Finally, future research should seek to identify lbeign lake water isotopic conditions
through the evaluation of cellulose f e r fOefrdm extracted lake sediment cores. As part of a
wider, collaborativeresearcheffort during 201618, sedimentores(Uwitec shoricores)were
obtained fronseveral of the presestudy lakesAn evaluation of th isotope datafrom these
coresmay provide insights of climate and lake hydrologftattuationsover the past several

hundred yeart determine if premnt conditions fall within the range of natural variability
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5.3 Implications and Practical Applications

The findingspresented herserve as well-roundedoenchmark ofecenthydrological
conditionsin theNorth SlaveRegion, which may be useful for derstanding historical changes
as well asanticipating lake hydrological condition#o the future Furthermore, the relations
presented hengrovide an important reference wheterpretingdrivers of lake hydrology under
fluctuatingmeteorological contiopns, and with increasingildfire disturbanceThestudydata
show a number of important relationships between meteorological conditions, idetope
E/l, lake level change and catchment physical properties derived through remote sensing (e.g.,
relaive catchment sizanferred hydrological connectivity, gp@ andand cover) and
corroborating site observations. Considering practical applications from this work, lake
conditions acroskroademorthernborealregions may bestimated based anonitoring of past
and presenmeteorological data, existing digitsthapefilege.g., DEMs) and remotely sensed
data for land cover classificatioft the very least, a preliminary assessment of catchment
characteristics will provide the basis for effective sikestion for expanded and continued lake
hydrological monibring. Such effortanayelicit savngs in researctime andcosts and ensure
that monitoring lakes represent a spectrum of catchment properties that influence hydrological
conditions.Lake hydrolg@y should continue to be monitoradross thélorth SlaveRegionto
further investigate potential impaatader variablelimate conditionso that sound land

management policies may be developed and employed
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APPENDIX ONE
EQUATIONS AND CALCULATIONS

A1l.1Isotope Framework and E/I Calculations

Measured and modelled parameters were used to develop the LMBNlisotope
framework for theYellowknife study region, utilizing approaches used by Craig and Gordon
(1965), Yi et al. (2008) and Turner et al. (20Faux-weighted temperature and relative
humidity values for the Yellowknife region were calculated using methods developed by
Gonfiantini (1986) and Horita and Wesolowski (1994). Mean {8aptember (icéree season)
temperature and relative humidity dataepeafive-year window (2014L8), as obtmed from the
Yellowknife Airport met station records, were incorporated into thesewkighted calculations
(ECCC, 2018a)Thisfive-year window was considered to reasonably reflect recent temperature
and humidityconditions. Mean Mayseptember data fdotal hours of sunshine (also required
for the fluxweighted calculations) were obtained from available Yellowknife Airport climate
normal records (1982010; ECCC, 2018bY hefollowing series of equations/calculas
describe how lake E/I ratios weralculated.
Flux-weighted Temperature (T) and Relative Humidity (h)
Average fluxweighted temperature and relative humidity values were calcutatéoe recent
five-yearperiod prior to study (20%48) during theicefree seasonMay-September), using
methods described by Gonfiantini (1986).
Monthly Heat Index (li)
li=+(T/5)*°

Where li equals the heat index for the mofitlequals the average temperature for the month
(Yellowknife Airport met station; ECCQ018a).

Coefficient (a)
a=0.49+0.0179 1 - (7.71*10°) * li 2+ (6.75 * (10") * i 3
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Whereli equals the average (M&@eptember) monthly heat index.

Monthly Total Potential Evaporation in mm/month (Et)
Et= (1.6 * (L/3) * (N/Ns) * (10 *T) /1i) ® * 10

WhereEt equals the monthly total potential evaporation in mm/month (Et), as calculated using methods
developed by Thornthwaite (1948)equals the average monthly day length in hours (total hours of
sunshine in the month (Yellowknife wport Climate Normals, 1982010; ECCC, 2018b) divided by
number of days in the montt,equals the number of days in the momNkequals the average (May
September) number of days in a moritlequals average monthly temperature in degrees Cdisius,

equals theaverage (MaySeptember) monthly heat index, andquals the coefficient.

Yearly Fluxweighted Temperature (Flux T)

Flux T=[(May T * May Et) + (June T * June Et) + (July T * July Et) + (August T * August Et)
(September T * September Et)fMay Et + June Et + July Et + August Et + September Et) +
273.15

WhereT equals average monthly temperature in degrees Celsius (Yellowknife Airport met station;

ECCC, 2018a) anHt equals the monthly total potential evaporation in mm/month. FHoaxl T value
will be in Kelvin units.

Yearly FluxweightedRelative Humidity{Flux h)

Flux h=[(May h* May Et) + (Juneh * June Et) + (Julyh * July Et) + (Augusth * August Et)
(Septembeh * September Et)] / (+May Et + June Et + July Et + August Et + Sejienit)/
100

Whereh equals average monthly relative humidity (%) (Yellowknife Airport met station; ECCC, 2018a)
andEt equals the monthly total potential evaporation in mm/month. Fiual hvalue will be in decimal
units.

Average Fluxweighted Tempature (Flux T; 20142018)

Flux T= (2014 Flux T + 2015 Flux T + 2016 Flux T + 2017 Flux T + 2018 Flux T) /5

WhereT equals yearly temperature values in Kelvin (as calculated above). The average value of yearly
Flux T(20142018) in Kelvin, as calculatehere, is used asin the following isotope framework
calculations.
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Average Fluxweighted Relative Humidity (Flux B0142018)

Flux h =[(May h* May Et) + (Juneh * June Et) + (Julyh * July Et) + (Augusth * August Et)
(Septembeh * September Et)] (+May Et + June Et + July Et + August Et + Septembe) Et

Whereh equals average monthly relative humidity in decimal notation (as calculated abo¥) and
equals the monthly total potential evaporation in mm/month. The average value ofRpeati(2014-

2018) in decimal notation, as calculated here, is usbdrathe following isotope framework
calculations.

Equilibrium Liqud-Vapour | sotopid Fractionation (U
For i*80:

100 0#47.685+6.7123 (18/ T)- 1.6664 (1¢F/ T?) + 0.35041 (10/ T3

For (PH:

100 0 # 11%8.8 (T¥ 109 - 1620.1 (T2 10°) + 794.84 (T/1F) - 161.04 + 2.9992 (1& T?)

WhereU equals the equilibrium liquigtapour isotopic fractionation, calculated from equations given by
Horita and Wesolowski (1994) afddequals the interface temperature in Kelvin (average -2@1#ux-
weightedT; Gonfiantini, 1986).

Equilibrium)Separation (U
0= "D
Wherebequal s the equilibrium separation, expressed .

phases antdl equals the equilibrium liquigapour isotopic fractionation, calculated from equations given
by Horita and Wesolowski (1994).

o

Kinetic S@paration (U
For G'%0:

G = 0.0142 (1- h)

For (PH:

G = 0.0125 (1- h)

Wherelk equals kinetic separation,@x essed as per mil (a), bethween th
equals relative humidity in decimal notation (average 208 flux-weightedh; Gonfiantini, 1986).
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| sotopic Composition of Agnbi ent At mospheric M
Uas= + (ps+ U) /U

Wherelas equals the isotopic composition of ambient atmospheric moisture, calculated fat@odimd

PH. Tedvaue i$ the average isotopic composition of summer rainfall (Gibson, 2D&guals the
equilibrium separati omweenthligudearssapalr phasesip equalsrtie | (a),
equilibrium liquidvapour isotopic fractionation, calculattedm equations given by Horita and

Wesolowski (1994).

Steady State Levelss)l sotopic composition (U
Usst= U *1.0142*(1-h ) p+ D)(+W *h* (las+ 1) 7 1

Whereliss equals the isotopic composition of a terminal lake basin at sttaty, calculated for both
80 andiPH. U equals the equilibrium liquigtapour isotopic fractionation, calculated from equations
given by Horita andVesolowski (1994)h equals relative humidity in decimal notation (average 284
flux-weightedh; Gonfiantini, 1986)Ue equals the mean annuabtepic composition of precipitation,
derived from Canadian Network for Isotopes in Precipitation (CNIP)-198D average values for
Yellowknife (CNIP, 2017)lasequals the isotopic composition of ambient atmospheric moisture.

Lake-specificEvaporatingFlux Isotopic Compositior(Ue)
= (-Op "Fh@®-%/(1-h % U

Wherelk is the lakespecfic isotopic composition of the associated evaporating flux, calculated using the

Craig and Gordon (1965) model as formulated by Gonfiantini (1986) in decimal notation. This value is
calculated for botfi®0 andiPH . | isithe measuredasopic compositiorof lake water) equals the
equilibrium separation, expressed as P equalsthiel (a),
equilibrium liquidvapour isotopic fractionation, calculated from equations given by Horita and

Wesolowski (1994).h equas relative humidity in decimal notation (average 2a84flux-weightedh;

Gonfiantini, 1986)1iasequals the isotopic composition of ambient atmospheric moisiueguals kinetic
separation, expressed aandvamurphaded (a), bet ween the

Lake-specificlnput WaterIsotopicCo mpos i} i on (U
t=(b-10)/ fm +8)

Wherem equals the slope of the lake evaporation line, calculated using the standard slope eguation (
(y2-y1) / (x2- x1)), inputting lakespecificli andUe coordinats. b represents the lake evaporation line
intersection with the GMWL, calculated using the above derived slope and lake specific input coordinates
through the standard formuwa= mx + b(rearranged to solve fd). This value is calculated for bofifO

and (PH.
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Lake-specific Evaporatiorto-Inflow Ratio (E/I)

Evaporatiorto-inflow ratio (E/I) calculations are based on isotope mass balance calculations described
by:

E/l = (G- o)/ (Ue - Q)

Wherel is the calculated lakspecific input water isotopicompositionfj, is themeasured isotopic
composition of lake water, and is the isotopic composition of the associated evaporating flux,

calculated using the Craig and Gordon (1965) model as forrddgt&onfiantini (1986) in decimal
notation.

A1.2 Water Level Sensor Depth Calculation

Lake water level depths were derived framsetHOBO U20serieswater level logger
data(model numberdJ20-001-04 and/orU20L-04, 13-foot (4-m). HOBO loggergecord
temperature and pressutata,which are used to caltate water level using a reference logger
outside of the lakeBarometric pressurgata was provided fronmé Yellowknife Airport met
station as well as frontwo HOBO U20 loggers installeid trees (at approximately eyevel
height)nearregionalstudy bcationsalong the Ingraham Trail (near ¥kK6) and Mackenzie
Bison Sanctuary (near Y-K8). Hourly lakelevel datawerecalculatedhrough
hydraulic/barometripressure calibratiooonsidering the freshwater density faciMaterlevel
data were plotted argtreened to correct minor instances of sudden and/or unnatural probe
movement. The following equation provided ®ypset Computer Corporation (20083s used to

calculate lake deps:

Sensor Depth = 0.3048 * (0.1450377 * 144¢5dp/ D / 1000,000

Where gnsor depth calculated in metrBs,q equals the hydraulic pressurekitopascas (kPa) recorded
by the lake sensor, 0.3048 represents thetéesteters conversion factd.1450377 represents the kPa
to-pounds per square inch (psi) conversion facté4, represents the pgi-pounds per square foot (paf
Ib/ft%) conversion factor, and D / 10000represents the density of water (62.428 Iptfi grams per
cubic metre (gm®) conversion factor
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A2.1 Lake Isotope and E/I Reslts

APPENDIX TWO

ISOTOPE DATA

September 2016
Sample
Collection
Lake ID Date U, (**0) U, (?H) Notes
YK-01 28/09/2016 -12.5 -124 Samples collected during alternate study.
YK-02 28/09/2016 -11.0 -116 Samples collected during alternate study.

(Additional reference data only, not included in E/I analyses)

May 2017
Sample Lake-specific  Lake-specific
Collection Evap. Line Evap. Line-GMWL

Lake ID Date U, (**0) U (*H) Ue(**0) Ue(3H) Slope Intercept a, (o) G, (°H) E/l
YK-01 17/05/2017 -16.6 -146 -39.7 -246 4.31 -74.85 -23.0 -174 0.3
YK-02 18/05/2017 -17.4 -150 -41.9 -254 4.27 -75.35 -22.9 -173 0.2
YK-03 18/05/2017 -14.0 -133 -33.0 -215 4.28 -73.39 -22.4 -169 0.4
YK-04 17/05/2017 -13.9 -132 -32.6 -212 4.25 -73.33 -22.2 -168 0.4
YK-05 17/05/2017 -17.1 -149 -41.2 -252 4.28 -75.19 -22.9 -173 0.2
YK-06 17/05/2017 -19.1 -156 -46.2 -269 4.17 -76.29 -22.6 -170 0.1
YK-07 17/05/2017 -13.7 -128 -32.3 -203 4.00 -73.42 -20.9 -157 0.4
YK-08 (No Data)

YK-09 (No Data)

YK-10 16/05/2017 -12.9 -124 -30.2 -192 3.93 -73.06 -20.4 -153 0.4
YK-11 16/05/2017 -16.7 -145 -40.0 -242 4.19 -74.95 -22.3 -168 0.2
YK-12 16/05/2017 -13.9 -129 -32.8 -203 3.96 -73.56 -20.7 -155 0.4
YK-13 16/05/2017 -16.1 -145 -38.5 -242 4.35 -74.56 -23.2 -175 0.3
YK-14 16/05/2017 -13.0 -127 -30.4 -200 4.16 -72.92 -21.6 -163 0.5
YK-15 16/05/2017 -15.0 -137 -35.6 -225 4.23 -73.98 -22.3 -168 0.4
YK-16 17/05/2017 -13.3 -126 -31.1 -197 4.00 -73.18 -20.8 -156 0.4
YK-17 17/05/2017 -12.9 -126 -30.1 -197 4.14 -72.86 -21.4 -162 0.5
YK-18 18/05/2017 -14.5 -132 -34.3 -211 3.99 -73.85 -20.9 -157 0.3
YK-19 18/05/2017 -18.4 -154 -44.5 -264 4.23 -75.91 -22.8 -172 0.2
YK-20 (No Data)

Mean -15.2 -137.6 -36.1 -225 4.2 -74.2 -22.0 -166 0.3
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August 2017

Sample Lake-specific  Lake-specific
Collection Evap. Line Evap. Line-GMWL

Lake ID Date U, (**0) U (°H) Ue(*®0) Ue(?H) Slope Intercept i (o) U, (°H) E/l
YK-01 28/08/2017 -12.2 -125 -28.2 -195 4.37 -72.26 -22.6 -171 0.7
YK-02 28/08/2017 -10.9 -117 -24.9 -175 4.15 -71.75 -21.2 -160 0.7
YK-03 28/08/2017 -10.9 -118 -24.9 -178 4.25 -71.66 -21.8 -164 0.8
YK-04 25/04/2018 -12.9 -129 -30.1 -204 4.36 -72.69 -22.7 -172 0.6
YK-05 25/04/2018 -14.0 -136 -32.9 -221 4.50 -73.23 -23.8 -180 0.5
YK-06 26/04/2018 -16.5 -144 -39.5 -240 4.18 -74.84 -22.2 -168 0.2
YK-07 28/08/2017 -9.9 -111 -22.2 -162 4.06 -71.29 -20.7 -155 0.9
YK-08 (No Data)

YK-09 (No Data)

YK-10 28/08/2017 -10.1 -110 -22.8 -157 3.75 -71.76 -19.3 -144 0.7
YK-11 28/08/2017 -12.4 -124 -28.9 -193 4.16 -72.59 -21.5 -162 0.6
YK-12 28/08/2017 -12.9 -124 -30.2 -192 3.95 -73.03 -20.5 -154 0.4
YK-13 28/08/2017 -10.3 -117 -23.3 -175 4.48 -71.04 -23.0 -174 1.0
YK-14 28/08/2017 -11.1 -117 -25.5 -174 4.01 -72.02 -20.6 -155 0.7
YK-15 28/08/2017  -9.2 -112 -20.5 -162 4.47 -70.42 -22.8 -172 1.2
YK-16 28/08/2017 -11.2 -115 -25.6 -171 3.85 -72.21 -19.8 -148 0.6
YK-17 28/08/2017 9.4 -110 -21.0 -159 4.21 -70.85 -21.3 -161 1.0
YK-18 28/08/2017 -11.7 -119 -26.9 -179 3.96 -72.36 -20.4 -153 0.6
YK-19 28/08/2017 -11.7 -122 -27.1 -186 4.21 -72.16 -21.7 -163 0.6
YK-20 25/04/2018 -11.4 -120 -26.1 -183 4.24 -71.92 -21.8 -164 0.7
Mean -11.6 -120.5 -26.7 -184 4.2 -72.1 -21.5 -162 0.7

May 2018
Sample Lake-specific  Lake-specific
Collection Evap. Line Evap. Line-GMWL

Lake ID Date U (o) U (PH) U (**0) U (2H) Slope Intercept i (*0) U, (°H) E/
YK-01 21/05/2018 -15.9 -145 -38.0 -244 4.46 -74.42 -23.8 -181 0.4
YK-02 21/05/2018 -17.0 -150 -40.8 -255 4.41 -75.07 -23.7 -180 0.3
YK-03 21/05/2018 -13.5 -132 -31.8 -212 4.37 -73.06 -22.9 -173 0.5
YK-04 21/05/2018 -14.0 -134 -33.1 -216 4.32 -73.38 -22.7 -171 0.5
YK-05 21/05/2018 -14.2 -135 -33.4 -220 4.38 -73.43 -23.0 -174 0.5
YK-06 20/05/2018 -17.7 -150 -42.5 -256 4.24 -75.49 -22.7 -172 0.2
YK-07 21/05/2018 -12.7 -126 -29.6 -197 4.21 -72.69 -21.8 -165 0.5
YK-08 21/05/2018 -13.3 -125 -31.2 -194 3.88 -73.28 -20.2 -152 0.4
YK-09 21/05/2018 -12.5 -121 -29.0 -184 3.82 -72.89 -19.8 -149 0.4
YK-10 21/05/2018 -11.6 -118 -26.7 -178 3.96 -72.32 -20.4 -153 0.6
YK-11 21/05/2018 -14.4 -137 -34.0 -222 4.38 -73.55 -23.1 -175 0.4
YK-12 21/05/2018 -13.9 -130 -32.8 -206 4.05 -73.50 -21.1 -159 0.4
YK-13 21/05/2018 -14.4 -138 -34.0 -227 4.51 -73.47 -23.9 -181 0.5
YK-14 21/05/2018 -11.8 -121 -27.2 -184 4.12 -72.27 -21.2 -160 0.6
YK-15 21/05/2018 -12.9 -130 -30.2 -207 4.43 -72.67 -23.2 -175 0.6
YK-16 21/05/2018 -11.7 -118 -26.9 -178 3.93 -72.40 -20.2 -152 0.6
YK-17 21/05/2018 -11.3 -122 -26.0 -186 4.41 -71.72 -22.7 -172 0.8
YK-18 20/05/2018 -14.2 -132 -33.6 -212 4.14 -73.60 -21.6 -163 0.4
YK-19 20/05/2018 -16.9 -148 -40.6 -251 4.32 -75.05 -23.1 -175 0.3
YK-20 21/05/2018 -12.0 -123 -27.8 -191 4.26 -72.27 -22.0 -166 0.6
Prelude Mid ~ 21/05/2018 -13.7 -128 -32.2 -201 3.97 -73.42 -20.7 -156 0.4
Cameron River 21/05/2018 -13.5 -127 -31.6 -199 3.99 -73.29 -20.8 -156 0.4
Mean -13.8  -131.4 -32.4 -210 4.2 -73.3 -22.0 -166 0.5
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August 2018

Sample Lake-specific  Lake-specific
Collection Evap. Line Evap. Line-GMWL
Lake ID Date &, (**0) U (®H) Ue(*®0) Ue(®H) Slope Intercept @, (**0) , (°H)  E/l
YK-01 14/08/2018 -14.2 -129 -33.5 -204 3.88 -73.75 -20.3 -152 0.3
YK-02 (avg.) 13/08/2018 -15.4 -134 -36.6 -215 3.85 -74.38 -20.3 -152 0.2
YK-03 13/08/2018 -13.0 -125 -30.3 -195 4.02 -73.00 -20.9 -157 0.5
YK-04 15/08/2018 -13.1 -126 -30.7 -196 4.02 -73.09 -20.9 -157 0.4
YK-05 15/08/2018 -12.7 -123 -29.6 -190 3.96 -72.91 -20.5 -154 0.5
YK-06 15/08/2018 -16.5 -140 -39.6 -231 3.94 -74.94 -20.9 -157 0.2
YK-07 14/08/2018 -11.7 -117 -27.0 -175 3.81 -72.51 -19.7 -148 0.5
YK-08 15/08/2018 -13.1 -124 -30.7 -191 3.84 -73.21 -20.0 -150 0.4
YK-09 15/08/2018 -11.3 -113 -25.8 -165 3.58 -72.53 -18.7 -139 0.5
YK-10 14/08/2018 -11.3 -114 -25.8 -167 3.66 -72.44 -19.0 -142 0.5
YK-11 14/08/2018 -13.8 -128 -32.6 -201 3.91 -73.54 -20.4 -153 0.4
YK-12 13/08/2018 -13.2 -125 -31.0 -193 3.87 -73.26 -20.2 -151 0.4
YK-13 (avg.) 13/08/2018 -13.0 -126 -30.3 -196 4.07 -72.96 -21.1 -159 0.5
YK-14 13/08/2018 -12.2 -121 -28.3 -185 3.96 -72.65 -20.4 -153 0.5
YK-15 14/08/2018 -12.0 -119 -27.7 -179 3.83 -72.64 -19.8 -149 0.5
YK-16 14/08/2018 -11.6 -117 -26.7 -175 3.84 -72.42 -19.8 -149 0.5
YK-17 14/08/2018 -12.0 -119 -27.8 -180 3.88 -72.61 -20.1 -151 0.5
YK-18 17/08/2018 -12.9 -124 -30.2 -193 3.97 -73.01 -20.6 -155 0.4
YK-19 17/08/2018 -13.5 -127 -31.7 -200 3.99 -73.31 -20.8 -156 0.4
YK-20 15/08/2018 -11.9 -121 -27.6 -185 4.08 -72.40 -21.0 -158 0.6
Prelude Mid 14/08/2018 -13.1 -123 -30.6 -190 3.81 -73.22 -19.9 -149 0.4
Cameron River 14/08/2018 -13.1 -124 -30.7 -191 3.85 -73.21 -20.0 -150 0.4
Mean -12.9  -1235 -30.2 -191 3.9 -73.1 -20.2 -152 0.4
Overall 2017-18 Lake Results
LEL-GMWL

U (o) . (®H) te(®0) Ueg(?H) LEL Slope Intercept U (**o) U, (°H) E/l

Overall 2017-18 Mean -13.4 -128.2 -31.4 -202 4.1 -73.2 -21.4 -162 0.5

Final 2017-18 E/I Framework Values

Parameter Value
h (%) 62.64%
T (°C, K) 14.17, 287.32

U (**o,2H) a
Ck (180, 2H) A
U *o,%H) a
i (*o,%H) &
tias (0, 2H) a

lss (PO, %H) &

lps (%0, H) &
e (P0,%H) &

- 8
Up (cNIP, 2017)(1 O,

H) &

1.0103, 1.0915
0.0053, 0.0047
0.0103, 0.0195
-2.21, -76.1
-26.93, -206.6
-9.48, -111.5
-16.89, -134.0
-21.79, -164.3
-21.2, -162
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A2.2 Precipitation Isotope Results

Snow
Sample
Collection
Sample ID Date &, (**0) u.(’H) Notes
YK-16 Snow  24/04/2018 -26.3 -208  Sample collected from lake snowpack, composite snow sample from approx. 5-30 cm
YK-05 Snow  25/04/2018 -25.1 -203  Sample collected from lake snowpack, composite snow sample from approx. 5-30 cm
YK-06 Snow  26/04/2018 -27.4 -212  Sample collected from lake snowpack, composite snow sample from approx. 5-30 cm
Mean -26.3 -208
Rain
Sample
Collection
Sample ID Date it°o PH Notes
S05 09/06/2016 -16.7 -131 Sample collected from Pocket Lake Rain Gauge (Gibson, 2017)
S09 22/06/2016 -15.1 -118 Sample collected from Pocket Lake Rain Gauge (Gibson, 2017)
S14 12/07/2016 -17.1 -139 Sample collected from Pocket Lake Rain Gauge (Gibson, 2017)
S19 11/08/2016 -15.6 -125 Sample collected from Pocket Lake Rain Gauge (Gibson, 2017)
S24 06/09/2016 -16.5 -133 Sample collected from Pocket Lake Rain Gauge (Gibson, 2017)
S28 28/09/2016 -20.4 -159 Sample collected from Pocket Lake Rain Gauge (Gibson, 2017)
Mean -16.9 -134

Rain Source Data:

Isotope-based evaporation and water balance studies at Pocket Lake and Baker Creek, 2016: update on a 26-year assessment.

(Gibson, 2017)
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APPENDIX THREE

SUPPLEMENTARY TABLES AND FIGURES

Table A3.17 Regionalmeteorologicalstationinformation

Coordinates . . 2017 2018
Met Station ID _ (Decimal Degrees) Elevation — Responsible o e paingal
. ) (masl) Authority
Northing Easting Data Data
Yellowknife 62.46 -114.44  205.70 Environmentand Yes Yes
Airport Climate Change
(Station ID Canada
2204100)
Yellowknife 62.48 -114.46 182.00 GNWT ENR Forest Yes Yes
Auto Management
Division

Pocke Lake 62.51 -114.37 169.58 GNWT ENR Water Yes Yes
Resources Division

River Lake 62.60 -114.12 148.80 GNWT ENR Water Yes Yes
Resources Division
Bliss Lake 62.65 -113.73 307.00 GNWT ENR Forest Yes Yes
Management
Division

Tibbitt Muskeg 62.56 -113.34 21365 GNWT ENR Water  Yes Yes
Resources Division

Cascom Snare  63.43 -116.18 191.90 Cascom Yes Yes
Airstrip
SnareRapids 63.51 -116.01 217.50 GNWT ENR Water No Yes
Resources Division
Chan Lake 6183 -11670 75.90 GNWT Department No Yes

of Infrastructure

Note:

Yellowknife Airport (ECCC, 2018a) rainfall data range:1/05/1730/09/17 and 1/05/1830/09/18.

Cascom Snare Airstrip (Cascom, 2018hinfall data range:1/05/1730/09/17 (station outage: 8/18/1%/21/17) and 1/05/1820/09/18 (station
outagel7/08/18- 23/08/18).

Snare Rapids (GNWT ENR WatResources Div., 2018ayainfall data range: 1/05/1:818/09/18.

River Lake (GNWT ENR Water Resources Div., 2018bainfall data range: 1/05/1730/09/17 and 1/05/1829/09/18.

Tibbitt Muskeg (GNWT ENR Water Resources Div., 2018cjainfall data ange: 1/05/17 30/09/17 and 1/05/1830/09/18.

Pocket Lake (GNWT ENR Water Resources Div., 20%8dinfall data range: 1/05/1730/09/17 (potential rain gauge malfunction) and 1/05/18
- 30/09/18.

Yellowknife Auto (GNWT ENR Forest Management Div., 2@]8 rainfall data range:1/05/1730/09/17 and 1/05/1830/09/18.

Bliss Lake (GNWT ENR Forest Management Div., 2018mjinfall data range:1/05/1730/09/17 and 1/05/1827/09/18.

Chan Lake (GNWT Dept.fdnfrastructure, 2018 i rainfall data rangel/05/18- 03/09/18
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Table A3.27 Waterlevelloggerinformation

HOBO Coordinates Logger .
Study Lake/ Water (Decimal Degrees) Activation Barametrlc Pressure Datast
Logger ID Level Date sed for_ Wafcer Level
ag . ; Calibration
Logger ID Northing Easting (mm/ddlyyyy)
YK-01 10860580 62.56144 -114.01993 09/29/2016  Treeville Landlogger/YK Airport
YK-02 10860574 62.52552 -113.37851 09/29/2016  Treeville Landlogger/YK Airport
YK-03 10766050 62.52545 -113.83582 09/29/2016  TreevilleLandlogger/YK Airport
YK-04 20081847 62.45475 -113.39454 05/19/2017  Treeville Landlogger/YK Airport
YK-05 20081850 62.61439 -113.38393 05/19/2017  Treeville Landlogger/YK Airport
YK-06 20075768 63.40971 -116.12493 05/19/2017  TreevilleLandlogger/YK Airport
YK-07 10766329 62.54850 -113.95967 09/29/2016  Treeville Landlogger/YK Airport
River Lake 10860583 62.59863 -114.10643 09/29/2016 Treeville Landlogger/YK Airport
(YK-08)
Plant Lake 10860576 62.52106 -113.51747 09/29/2016 Treevlle Landlogger/YK Airport
(YK-09)
YK-10 20081846 62.55314 -113.98939 05/19/2017  Treeville Landlogger/YK Airport
YK-11 20081852 62.54795 -113.93246 05/19/2017  Treeville Landlogger/YK Airport
Prelude Lake 20081857 62.51999 -113.73997 05/19/2017  TreevilleLandlogger/YK Airport
(YK-12
YK-13 20081848 62.50314 -113.40197 05/19/2017  Treeville Landlogger/YK Airport
YK-14 20081853 62.49262 -113.43156 05/19/2017  Treeville Landlogger/YK Airport
YK-15 20081851 62.54903 -114.04402 05/19/2017 Treeville Landlogger/YK Airprt
YK-16 20081858 62.56008 -114.00924 05/19/2017  Treeville Landlogger/YK Airport
YK-17 20081941 62.53825 -114.11970 05/19/2017  Treeville Landlogger/YK Airport
YK-18 20081855 62.10711 -116.29725 05/19/2017 YK-18 Landlogger
YK-19 20081845 62.00099 -11633416 05/19/2017 YK-18 Landlogger
YK-18 20081854 62.10718 -116.29729 05/19/2017 N/A
Landlogger
Treeville 10766028 62.55708 -114.01100 09/29/2016 N/A
Landlogger

Note:

fi N/ ANt Applicable

AYK Ai i Yelowkhifé Airport met station.

i L and]l iolndigates Water level logger installed on land to colidrtospheripressuralata. Whereutlined abovethe Treeville
Landloggefprovided atmospheric pressure datreusedfor lake depth calculatiagfrom 29 September 201624 April 2018 until batery
exhausgbn on 24 April 2018, after which timeeflowknife Airport met station atmospheric pressure data weee forthesedepthcalculations
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Figure A3.17 Photographgrom field work activities in th&lorth SlaveRegion, NT during 2018howing vater

level logger rigging and deploymentigging involvedtethering a logger to a length of higlrength braided wire
accompanied with an approximate-d@und anchor weight consisting of bagged gravel. On the-tloored end,

the wire was secured to soomted steel stak@r bouldey, with flagging tape affixed for identificatiomhe loggers

were deployed approximateByto 6 m into the study lakes (depending on site conditions) and submerged to rest on

the lakebedphotographs by J.Viscek)
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Table A3.31 Study lake catchment DEM motiely information.

Spatial DEM
Sct;[(zl: %;iﬁet DEM Dataset Resolution  Modelling
(m) Coverage
YK-01 ArcticDEM 5 100%
YK-02 ArcticDEM 5 100%
YK-03 GNWT Centre for Geomatics 10 100%
YK-04 ArcticDEM 5 100%
YK-05 ArcticDEM 5 100%
YK-06 ArcticDEM 5 100%
YK-07 ArcticDEM 5 100%
River Lake ArcticDEM 5 83%
(YK-08) GNWT Centre foiGeomatics 10 17%
Plant Lake ArcticDEM 5 100%
(YK-09)
YK-10 ArcticDEM 5 100%
YK-11 ArcticDEM 5 92%
GNWT Centre for Geomatics 10 8%
PreludelLake ArcticDEM 5 83%
(YK-12) GNWT Centre for Geomatics 10 17%
YK-13 ArcticDEM 5 100%
YK-14 ArcticDEM 5 100%
YK-15 ArcticDEM 5 85%
GNWT Centre for Geomatics 10 15%
YK-16 ArcticDEM 5 100%
YK-17 ArcticDEM 5 100%
YK-18 ArcticDEM 5 66%
GNWT Centre for Geomatic 10 34%
YK-19 ArcticDEM 5 94%
GNWT Centre for Geomatics 10 6%
YK-20 ArcticDEM 5 100%
Table A3.41 Landsat 8 scenes used in the study.
Landsat Scene Study Rsél:;ijgn Date RSspciﬂilon Path Row Cloud
(Product Identifier) Region Coverage (yyyy/mm/dd) (m) Cover
LCO08_L1TP_046015 2017081 Ingraham 7% 2017/08/15 30 046 015 7.91%
20170825 01 _T1 Trail
LCO08_L1TP_046016 2017083 Ingraham 93% 2017/08/31 30 046 016 3.5%
20170915 01 T1 Trall
LCO8_L1TP_047017_201807C Mackenzie  100% 2018/07/08 30 047 017 0.1%
~20180717_01_T1 Bison
Sanctuary
LCO8_L1TP_@8016 2017082¢ Snare 100% 2017/08/29 30 048 016 3.72%
20170914 01 T1 River
Basin
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Table A3.571 Study lake catchment land cover classification mauginformation

Study Area Incorporated Study Landsat Scene Land Cover Number
Region (km?) Lake Catchments (Product Identifier) Class Of.ROI
(ROI) Pixels
Ingraham 23,336 YK-01 LCO8 L1TP_046015_  Open Water 46,189
Trail YK-02 20170815 Mixed Vegetation 16,655
YK-03 20170825 01 T1  Open Terrestrial 4,110
YK-04 B o
YK-05 LCO8_L1TP_046016_
River I\_(;kﬁg(K 08) 20170831
Plant Lake YK-09) 20170915 01 T1
YK-10
YK-11
Prelude LakeYK-12)
YK-13
YK-14
YK-15
YK-16
YK-17
YK-20
Mackenzie 368 YK-18 LC08 L1TP_ 047017 Open Water 8,182
Bison YK-19 20180708 Mixed Vegetation 11,849
Sanctuary 20180717 01 T1  Open Terrestrial 976
Snare 112 YK-06 LCO08_L1TP_@8016_ Open Water 3,335
River 20170829 Mixed Vegetation 1,417
Basin 20170914 01 T1  Open Terrestrial 4,903

Note:
Land cover classification pixel resolution = 30 m.
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Table A3.67 Land cover classification accuracy assessment.

Ingraham Trail

Land cover Open Vegetation Open Commission Omission Produ User:
class water 9 terrestrial accuracy  accuracy
Open water 197 0 0 0.00 0.50 0.99 1.00
Mixed 1 190 18 9.09 2.50 0.95 0.91
vegetation
Open terrestrial 0 5 180 2.70 9.00 0.90 0.97

Overall accuracy: 94.5%; Kappa coefficient: 91.8%

Snare River Basin

Land cover Open . Open o . Produ User
Vegetation ., Commission Omission
class water terrestrial accuracy  accuracy
Open wakr 44 0 0 0.00 12.00 0.88 1.00
M|xeq 48 0 4.00 4.00 0.96 0.96
vegetation
Open terrestrial 4 2 50 10.71 0.00 1.00 0.89

Overall accuracy: 94.7%; Kappa coefficient: 92.0%
Mackenzie Bison Sanctuary

Land cover Open Vegetation Open Commission Omission Produ User:
class water 9 terrestrial accuracy  accuracy
Open water 50 0 0 0.00 0.00 1.00 1.00
Mixed 50 0 0.00 0.00 1.00 1.00
vegetation
Open terrestrial 0 0 50 0.00 0.00 1.00 1.00

Overall accuracy: 100%; Kappaefficient: 100%

Land Cover Classifiation Limitations/Uncertainties:

While the land cover classification motieg provided a reasonable representation of general landscape conditions, several inherent
limitations/uncertainties were acknowledged. These limitations/uncertainties were yrattabuted to a combination of (1) the limits of
medium (i.e., 30m) resdution Landsat imagery, (2) the combination of land cover types into three general classes (3) the relatively small
catchment size of a number of study lakes. An observable aféattified from these limitations included potential undepresentation ache
open water class compared to the mixed vegetation and/otepestrialsurface land cover class where relatively smaller, shallow \waties
existed. Also, potential undeepresentation of the mixed vegetation land cover class compared tteastrialland cover class where recently
burned landscape conditions existed, particularly where a mixture of moderately burned/dead vegetation debris or regeyetadiimguch as
grasses and thicket were present.

To address some of these limiteits/uncertainties, future studies may consider utilization of higéslution data (e.g., Sentinel) or radar data
(e.g., Radarsa?, UAVSAR) where available. Also, of note, mahadjustments of land cover class were made for laked 3kind Yk17. For
these relatively smaller study lake catchments (with shallow lake conditions), théimpldegely misclassified the study lake areas as
vegetation rather than open water. Thasd\slakes were noted to be the lone waidies within their respectiveatchments. As such, for these
catchment land cover classifications, LA/CA values (i.e., 7% forI8kand 20.6% for YKL7, respectively) were used to represent the open
water propoibnality. These modified land cover proportions were offset from the-@m@esented vegetation class in the model.
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Figure A3.217 Isotopicevolutionof individual study lakes superimposed on the isotopic framevrork: May
2017 August 2017 May 2018;and August 2018. Supplementary isotope compositions from samples collected
during September 2016 are agwwn for YK-01 and YKO02. Overall,thelake isotopeplots illustratetherange of

hydrological changes asiven by catchment andeteordogical corditions.
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Figure A3.37 Seasonal isotopic evolution (May to August) of select study lakes representing different hydrological
settings and conditiorduring(a) 2017 and (b) 2018. The lakes can have a variety of isotopic evolution patterns
dependingn meteorological conditionsid catchment characteristics. ¥d6 (high catchment slope) is more
influencedby snowfall. Prelude LakeYK-12; large and deep/stratified lake) changes relatively little in seasonal
isotope concentration. YH5 (shallow lake vth low LA/CA) is more influeiced by evaporation during 2017 (drier
year) and more influenced by inflow during 2018 (wetter year) when hydrological connections are actlve. YK
(very shallow lake) shows high sprisgmmer isotopic variability and is hebvinfluenced by evaporationuding

201718. YK-19 (low LA/CA) shows high seasonal isotopic variability due to hydrological connectivity of its larger
relative catchment during rainfall and snowmelt.-¥& (high LA/CA) is less influenceldy snowmelt due to its

smaller relative catchmén.

Overal
with lake isotope concentrations pulling toward this rainfall signal.
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Note:
Water level data ranged from May i 30 September for the 2017 itee season; and 19 Mayl3 August/15 September for the 2018-foee

season (refer to Tab82 for further details).

Figure A3.471 (a) Overallice-free season (Majugust/Septembgmater level change fatudy lakes during2017

and 2018respectively. (bpummary of iceree season study lake E/I ratios, as calculated for May and August 2017
and 2018, respectively. Lake E/l was relatively greater in August 2017 undesudnierer conditions when the
influence from gaporation was stronger; while E/I was relatively lower in August 2018 under wetter summer
conditions, when the stroaginflow influence offset the evaporaé influence. Water level change is linked to E/I,
with lakes likely to show higher E/I signhaturas lake levels decrease through the influence of evaporation (e.g.,
August 2017), and lower E/I signatures as lake levels increase from greater inflow offseténgporative
influence(e.g., August 2018).
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