Use of water isotope tracexselucidae hydrological conditions of lakaa the Peacéthabasca
Deltaover space and time: A foundation for lake ecosystem monitoring

by

CaseyRose Remmer

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Biology

Waterloo, Ontario, Canada, 2021

© Casey Rose Remmer 2021



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner Dr. Renee Brooks
Environmental Protection Agency, USA
Supervisor(s) Roland I. Hall

Professor
Department of Biology

Brent B. Wolfe

Adjunct Professor
Department oBiology

Professor, Department of Geography &
Environmental Studies, Wilfrid Laurier
University

Internal Member Rebecca Rooney

Professor
Department of Biology

Garry Scrimgeour

Adjunct Professor
Department of Biology

Executive DirectqrOffice of the Chief
Scientist, Alberta Brironment and Parks
Government of Alberta

Internal -external Member Merrin Macrae

Professor
Department of Geography & Environmental
Management



Aut hor s Decl arati on

This thesis consists of material all of which | authored eaugthored: see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required

final revisions, as accepted by nxaeniners.

| understand that my thesis may be made electronically available to the public.



Statement of Contributions

Casey Remmer was the sole authorGoapters land5 whichwere written under the
supervision of Dr. Roland Hall and Dr. Brent Wolfe and were not written for publication.

Dr. Roland Hall and Dr. Brent Wolfe were the primaryiceestigators on a NSERC
Collaborative Research and Development grant that includddizdions from partner
organizations (Alberta Environment and Parks, BC Hydro, Canadian Natural Resources Limited,
Suncor Energy, Wood Buffalo National Park). Research was also funded by Northern Water
Futures of the Global Water Futures program, as aseNSERC Discovery and Northern
Research Supplement grants to Hall and Wolfe. Supplemental funding from the Polar
Continental Shelf Program and the Northern Sc

This thesis consists in part of three manuscrptien for publication as peeeviewed
scientific journal papers. Exceptions to sole authorship of material are as follows:

Research presented in Chapter 2:

Casey Remmer, Roland Hall and Brent Wolfe contributed to study design. Casey
Remmer, Roland HalBrent Wolfe and Wynona Klemt conducted fieldwork and laboratory
analyses. Data analysis was primarily conducted by Casey Remmer, with participation by
Wynona Klemt. Casey Remmer drafted the manuscript, which was reviewed and refined in
collaboration withco-authors.

Citation: Remmer, CR, Klemt, WH, Wolfe, BB, Hall, RIl. 2018. Inconsequential effects of
flooding in 2014 on lakes in the Pea&thabasca Delta (Canada) due to ldegn drying.
Limnology and Oceanograpt®s: 15021518.https://doi.org/10.1002/tm 10787

Research presented in Chapter 3:

Field work for this research was conducted by Casey Remmer, Laura Neary and Tanner
Owca with assistance from Roland Hall and Brent Wolfe. The study design was primarily
developedy Casey Remmer and Brent Wolfe, vihput from Roland Hall and Laura Neary.
Analysis was conducted by Casey Remmer. Casey Remmer drafted the manuscript, which was
reviewed and refined in collaboration with-aathors.

Citation: Remmer, CROwca, T, Neary, LN, Wiklund, JAXay, ML, Wolfe, BB, Hall, RI. 2020.
Delineating extent and magnitude of river flooding to lakes across a northern delta using water
isotope tracerddydrological Processe34: 303320.D0I1:10.1002/hyp.13585



Research presented in Chapter 4:

Casey Remmer conducted a majodf the fieldwork for this research, with assistance
from many others, primarily Laura Neary and Mitchell Kay. Initial study design by Casey
Remmer evolved in collaboration with-amithors. Analysis was conducted by Casey Remmer,
with the assistance of buaa Neary and Mitchell Kay, and the guidance of Roland Hall and Brent
Wolfe. Casey Remmer drafted the manuscript, which was reviewed and refined in collaboration
with co-authors.

Citation: Remmer CR, Neary, LK, Kay, ML, WolfBB, Hall, RIl. 2020. Multiyear isoscapes of
lake water balances across a dynamic northern freshwaterktalieonmental Research Letters
15:104066 DOI:10.1088/1748326/abb267



Abstract

Hydrological monitoring in complex, dynamic northern floodplain landscapes is
challenging buincreasingly important as these ecosystems come under threat from multiple
stressors, includinglimatedriven decline in freshwater supplied by rivers drainhmey t
hydrographic apex of western North AmeriSastainable approaches capable of tracking status,
trends and drivers of lake water balances in complex, remote landscapes are needed to inform
ecosystem stewardshipandwedee cur i ty actions. The Peace At he
northern Alberta, Canada & Ramsar Wetland of International Importance reliant on episodic
river ice jam flood events to recharge abunda
frequency of these floodsas been in decline for decades over much of its &@eapounding
concens about watelevel drawdown have prompted the need to improve knowledge of lake
water balances and establish a lake monitgsimgo gr am. Yet , t he del tabds
dynamic nature present challenges to these goals. In this treisess hydrologal
knowledge gaps essential to understanding spatial and temporal patterns of hyalrologic
processeand their influence on lakés the PAD.

First, we assedbe legacy influence of a largeale icgam flood in 2014 on
hydrological and limnological stas of lakes inthe PAD by integratingpatial and temporal
data. Analysis of water isotope compositions and water chemistry measured at numerous lakes
across the delta shows that hydironological effects of the flood event of 2014 failed to persist
beyord the early icdree season of 2015. Isotep¥erred paleohydrological records from five
hydrologically representative lakes in the PAD indicate that periodic desiccation during the Little
Ice Age occurred at the most elevated basin in response to lagdllglimatic conditiongnd
reduced flood frequencgyetother lower elevation sites were influenced by high water level on
Lake Athabasca owing to increased snowsraeitd glacierderived river discharge. In contrast,
water isotope data during the paStykars at all five lakes consistently document the strong role
of evaporation, a trend which began in the early to-20ith century according to sediment
records and is indicative of widespread aridity unprecedented during the pastV@0syrggest
thatintegration of hydrological and limnological approaches over space and time is needed to

inform assessment of contemporary lake conditions in large, complex floodplain landscapes.
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Next, we use water isotope compositions, supplemented by measuremeetsfaf s
conductivity and field observations, from 68 lakes and 9 river sites in May 2018 to delineate the
extent and magnitude of spring ice jam induce
Lake specific esti mat e so mofisiigma poupleisotopd tager i sot op
approactwere modelled after accounting for the influencewa@p®rative isotopic enrichment.
Then, using the distinct isotopic signature of input water sources, we develop a set of binary
mixing models and estimate the proportion of input to flooded lakes attributable to river
floodwater and precipitation (snow @im). This approach allowed identification of areas and
magnitude of flooding that were not captured by other methods, including direct observations
from flyovers, and to demarcate flow pathways in the délademonstrate water isotope
tracers as an effient and effective monitoring tool for delineating spatial extent and magnitude
of an important hydrological process and elucidating connectivity in the PAD, an approach that

can be readily adopted at other floodplain landscapes.

Finally, we use over 100theasurements of water isotope compositionga lakes and 9
river sites during the spring, summer and fall of five consecutive yearsi @l%)to identify
patterns iake watebalance over time and space, the influential roles of evaporation and rive
floodwatersand relations with meteorological conditions and river water levels. Calculation of
evaporatiorto-inflow ratios using a coupledotope tracer approach, displayed via generalized
additive model s and g¢eos myihgilake watéribadancesc Repultss 6 , r
identify distinct areas vulnerable to lalexel drawdown, given the likelihood of continued
decline in icgam flood frequency, longer iefeee season duration and reduced snowmelt runoff.
Results also demarcate are&the delta where lakes are more resilient to factors that cause
drawdown. The former defines the Peace sector, which is influenced by floodwaters from the
Peace River during episodic #zm flood events, whereas the latter describes portions of the
active floodplain environment of the Athabasca sector which receives more frequent
contributions of Athabasdiver floodwaters during both spring {&m and opeiwater
seasons. Efficiency of water isotope tracers to capture the marked temporal and spatial
hetrogeneity in lake water balanahsring this5-year timespan, and their diagnostic responses
to key hydrological processes, serves as a foundation for ongoing lake monitoring, an approach

readily transferable to other remote and dynamic-taitelandscpes.
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1.0 Introduction

1.1 Northern Freshwater Landscapes

Globaly, freshwater ecosystems are reliant on the security of water supply to maintain
their biodiversity and essential role in biogeochemical and hydrologic cycling. Culminating
stressors, including climatdhange industrial development and land yskallenge #ective
stewardship (e.g., Gleick, 2003; Hassan, 2005; Woodward et al., 2010; Dudgeon et al., 2006).
More than 50% of global wetlands have been lost since the 1900s, with inland wetlands lost at a
rate almost twice as fast as coastal sites and up to@&% lthe20" century (Davidson, 2014).
Freshwater ecosystems contain up to 12% of known species despite occupying less than 1% of
the Earth's surface (Jufigignoli et al., 2016). Consequently, these ecosystems have the highest
rate of biodiversity losgDiaz et al., 2019; Southee et al., 2021),rg@ainunderstudied and
poorly understood. At northern latitudes, where mstmgllowfreshwater ecosystems are found,
inadequate knowledge is often due to remote locations and the associated difficulties in
collecting adequate scientific and monitoring data. In northwestern North America, the abundant
small, shallow, freshwater lakes and wetlands are particularly sensitive to environmental
changes, as even small hydrologic shifts can result in cascadingieabthanges (e.gSmol et
al., 2005; Prowse et al., 2006; Schindler and Donahue, 2006; Schindler and Smol, 2006). Threats
to remaining inland wetland complexes are continually increaasrgsing human water use
converges with declining supply fromstpeam glaciers and high elevatsmowpacks
increasing temperature, and longerfi@e seasons, which promote evaporative water loss
coincident with reduced input (e.g., Schindler and $S2@06; Deryand Wood, 2005; Rood et
al., 2005; Schindler and Donahue, 2006; Barnett et al., 2008; Burn et al., 2010; Sauchyn et al

2015; Scalzitti et al., 2016\s knowledge of the ecological and biophysical importance of



inland freshwater systems and their vudtielity develops, it is increasingly recognized that
understanding thiydrologial processg driving landscape scale responses is needed to predict
future conditionsAppropriate temporal and spatial scale are required for hydrological research
to succeedh capturing the effects of climate and related hydrological change on important
landscape scale connectivity among freshwater ecosystems (rivers, channels, wetlands, lakes;

Fausch et al., 2002).

1.2 The PeacéAthabasca Delta

The Peacé\thabasca Delt@AD), northern Alberta, is threatened by climdtezen
decline of river discharge and upstream industrial development (e.g., PADPG, 1973; Prowse and
Conly, 1998; Beltaos2014; WHC/IUCN 2017 Figure 1.). Located primarily within Wood
Buffalo NationalPar k, t he PAD is a dynamic, productive
largest inland boreal freshwater delta, spanning 6,000 &nal receives input from two major
riversi the Peace and Athabasca. The hundreds of shallow lakes and wetlandartweche
the delta provide important natural resources for Indigenous communities and habitat for a
variety of biota, whose populations are influenced by water availability (Straka et al., 2018;
Vannini and Vannini, 2019; Ward et al., 2018, 2020).

The PAD contains mainly two hydrecologically distinct sectors. The northern Peace
sector is a relic delta with numerous inliers of Precambrian Shield protruding above the
fluviodeltaic plain. Lakes in this sector receive Peace River floodwater during epss@m
events that result in widespread flooding, budthserwise primarily influenced by snowmelt,
rainfall and evaporation (PADPG, 1973, Peters et al., 2006). The southern Athabasdaasector
lesstopographic relief ang anactive delta. It is fedypfrequent flooding of the Athabasca

River, which divides into numerous distributaries as it flows towards Lake Athatwasca



Mamawi Lake(PADPG, 1973)Spatial variability in physical, chemical and biological

conditions of lakes in the PAD is driven pririaby the relative roles of hydrological processes
(river floodwater, snowmelt, rainfall, evaporation) that influence lake water balances (PADPG,
1973; Pietroniro et al., 1999; Wolfe et al., 2007b; Prowse et al., 2002; Wiklund et al.,1R012).
recognition of its ecological, historical and cultural significance, the PAD is listed as a Ramsar
Wetland of International Importance and contributed importantly to the listing of Wood Buffalo
National Park (WBNP) as a UNESCO World Heritage Site. Water qualitgaauatity in this
hydrologicallydriven landscape is threatened by multiple stressors including hydroelectric
regulationof Peace Riveflow, water withdrawaland the potential for contaminant loading by
upstream oilsands development on the Athabasca,Rindrclimatedriven decline of river
discharge. These concerns have led to a reactive monitoring mission by the World Heritage
Committee (WHC) in response to a petition submitted by the Mikisew Cree First Nation to place

WBNP on the List of World Heritagsites in Danger (MCFN, 2014; WHO/IUCIR017).

A wealth of literature has been written about hydrology in the PAD, in recognition of the
central rolenydrological processes play in shaping the landscape. Low water levels in Lake
Athabasca during thidling of the WAC Bennett Dam reservoir upstream on the Peace River in
19681971 sparked concern and prompted an environmental impact assessment of Peace River
regulation on the Peadthabasca Delta (PADPG 1972, 1978% a result, a Peadsthabasca
Delta Implementation Committee installed two rockfill weirs in the 198@DIC, 1987).This
was followed in the mi®0s by the PeatAthabasca Delta Technical Studies, which aimed to
guide restoration in the delta (PADTS, 1996) and the Northern River Bady sthich focused
on flow regulation impacts (Prowse and Conley, 2002). These early stxdiesnedorimarily

the Peace sector of the delta and identified the importance of sprgnd®ods for recharging



the perched basins that characterise thitoseSubsequent workased largely othe water

balance of a singular perched basin identifiedsthengrole of evaporation invater level

drawdown Prowse and Conly, 2002). Studies focused on understanding hydrological conditions
in the contexbf longer records emerged, with the focus again oxjaoefloods along the Peace
River and their role in the water balance of lakes in the Peace delta (Timoney, 1997; summarized
in Wolfe et al., 201p Paleolimnological investigations of a set of representédives
highlightedmarked spatial and temporadriability and the strong influence of climate on lake
water balances (Wolfe et.a22012). Categorization of a broader set of lakes across both sectors
of the delta was achieved lyolfe et al. 2007b), usingvater isotope compositions and water
chemistry. Subsequent isotepased studies focused more closely on a few lakes and established
the connections between hydrologiiprocesses (flooding, precipitation, evaporation) and lake
conditions (Yi et al., 20Q8VNiklund et al., 2012). With the exception of Wolfe et al. (2007b) and

Yi et al. (2008), these investigations have relied either on river hydrometric records or a handful
of representative lake sites, and findings are extrapolated to the many othef thieedelta.

More recently, work using satellite imagery and remote seliBieigrs et al., 202has

contributed to understanding landscape Iéwyelrological eventand change, but is sensitive to
timing, focused on spatial extent and cannot quantify influence of the various hydrological
processes on lake water level variation and water balance.

Among sever al recommendati ons estallise by t he
adequate baseline hydrological information of the Peace and Athabasca River Basins to enhance
the reference for monitoring and assessing current and future hydrological condlitiofisp . 4 )

a n e@xpdnd the scope of monitoring and project assessmeeeompass possible individual

and cumulative impacts on the Outstanding Universal Value of the prégpertyVBNP]and in



particularthe PAD (p. 4). WHC/ 1 UCN (2017) also recoghni
the Outstanding Universal Value of WBNMPNn d t he PAD aeedtoinestint i f i ed &
better understanding the interactions between this naturally dynamic high latitude ecosystem

and climate( p . 16) 0. Data of sufficient spatial and
needs. Recent)yan Action Plan for WBNP released by the Canadian government (WBN®), 201
reiterated the importance of comprehensive hydrological understanding to guide conservation

efforts and maintain the value of the PeAtieabasca Delta. Research presented in thesib

will address this need and advances our understanding of hydrological processes by generating
multiple datasets of hydrological conditions across space and time for the freshwater basins of

the PAD. The knowledge generated is grounded in the repsatgaling of a large

representative set of lakes, capturing the range of potential water balance responses to various

hydrological processes
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1.3 Water Isotopes and Isoscapes

As analyticalinstrumentation and understanding has rapidly improved over recent
decades, water isotopraces are increasinglgecognized for their unique value in
understanding hydrologat processes-ocused initially on the systematic variation of isotopic
compositions in global precipitation (Crai61; Dansgaard, 1964) and isotopic fractionation

during evaporation (Craig driGordon 1965), current work covers a wide array of locations and

conditions including many applications in Can

al., 2005) Systematic massgependent isotope fractionation in the hydrological cycle (Rozanski

et al., 1993; Gat, 1996; Gibson and Edwards, 2002) results in key relationships that form the
foundationof water isotope analysi$he Qobal MeteoricWater line (GMW.L) represents the

rel ati ons KHO pa dvtintpirompigation derived fromatmospheric moisture
originatingfrom the subtropic ocean and undergoing progressive distillasain massesove
poleward (Craig, 1965). The slope of the GMWL reflects the temperdpendent equilibrium
fractionation occurring between atmospheapeur and precipitation. At a local scadd,ocal
MeteoricWaterLine (LMWL) may beused to represent local precipitation, whichydiverge

from the GMWL due to kinetic fractionation of snow formation and raindregvegorabn

(Rozanski et al., 1993A Local EvaporationLine (LEL) is often a key component of ater

isotope analysis, and this line represents the 1ti@gsendent fractionation that occurs when

surface water undergoes evaporation. The slope of the LEL usually ranges between 4 to 6, and
depends on local atmospheric conditions (Gibson and Edwards, 2002). Surface water bodies fed
by the same mean annual i s © Wilbchuster aloogadBLs i t i on
anchored to th&MWL/LMWL b y p with their positionalong the linedepen@dnton the degree

of evaporative isotope enrichment. The theoretical maximum isotopic enrichiepeserdd

0]
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by u*, atermifalend sf the bEk. Additionally, the isotope composition of a terminal

basin at steadgtate (iss)) will lie approximagly midwayalong the LEL.
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Figure 1.2S ¢ h e m¥Q-tfHcdiagram illustrating water isotope compositions bfpothetical
lake (L) thatplots along a lakspecific evaporation lingsolid black line) The intersection of
lake-specific evaporation line witthe Local Meteoric Water LindLMWL) provides an estimate
of i nput wat er j).mpdrtanpfeaturesoohtisaca Evaporation L{nei (LEL)
include the steadgtate isotope compositidnor a t e r $s8), which repoeaents the ( U
special case of a lake at hydrological and isotopic steady state in which evaporation exactly

equals inflow, and the limiting nesteadys t at e i sot ope composition (U
maximum potentikisotopic enrichment of a lake as it approaches complete desiccation. The

LEL i s anchored at the mean an muParameters oseddmpp e c 0
the isotopemass al anc e mo diacludetthe lake waterr isowpeicompasiti () Gndl

the Iisotope composition of evaporated vapor f



In this Thesis | apply the isotopic mass balance approaches developed ai. {208
to generatguantitative estimates of lake water balandéss includes utilizingl3 years of data
coll ection fr om sa@andiowcalcelate the sdtopic dorapositionfoe r U
at mos pher i Wawereshenuablms calculate a predicted LEL, in contrast to the
more commonly used regressibased_EL. For each lakevater isotopic compositigrassumed
to experience theame atmospheric conditigige can then calculate a lakpecific evaporation
l ine that tTehremiimsatteosp iat clo*mp o s g)shouwddieomén evapor a
extension of the lake evagation line to the left othe GMWL/LMWL (except under conditions
of nonsteadystate evaporatigrand can be estimated using the isotopic composition of
at mospherig , moihet uset Qpi ¢ c o)mgabive humidity th)aod | ak e
temperature (T; Gonfiantini, 198@ince the lake specific isotopic composition of input water is
primarily considered to bmeteoric watefor isotopicallyequivalen}, it can be constrained to
the LMWL, directly coupling th@xygen and hydrogen isotopic signatures (referred to as the
coupled isotope tracer methadYi et al., 2008) These parameters can then be used to calculate
equivalentd*®0 andd?H derivedevaporatiorto-inflow ratios (E/I), an index of lakevater
balance (Gibson and Edwards, 2002; Yi et al., 2008). Lake water balance has been compared
among basins at numerous scales, including watersheds (Cui et al. Kafg#t al., 2017
MacKinnon et al., 2016), regions (MacDonald et al., 20afancic et al.2017 Turner et al.,
2014 Gibson et al., 2002, 2016, 2017) and continents (Brebkl., 2014). Regional scale
studies have been developed with great success in the vast, generally unmonitored and difficult
to access lake riclandscapes ofarthernCanadgBrock et al., 2007; Gibson, 2001, 2002

Gibson and Edwards, 2002; Turner et al., 2014; Wolfe et al., 2007b; Yi et al., 2008).



The importance of understanding spatial graisof variation in hydrological processes
and water balandeas long beerecognized in the field of isotope hydrologyg(, Rozanskiet
al., 1993 Gibson and Edwards, 200Bowen and Revenaugh, 2Q08&volving statistical
approaches and rapid improvement in computing power have advanced the combination of
isotopes with geostiatics into the field of isoscapes (isotopic landscapes). A majority of the
research using isoscapes have relied on large, distributed collection networks operating at global
or continental scales, and such analyses have occurred for precipitatione{4lle2018;
BowenandRevenaugh, 2003; Hatvagi al, 2020; Terzeet al.,2013), groundwater (Scheliga
al., 2017; Wassenaat al.,2009; WrightandNovakowski, 2020) and surface water (Birkel et
al., 2018; Brooke®t al, 2012; Mountairet al.,2015). More recentlyegional and catchment
scale collection campaigns have demonstrdtedtility of isoscapes in understandifiger-
scale patterns and their ecosystem effeas Brooks et al., 201;2Scheliga et al., 201 Birkel
et al., 2020).doscapes of surface water provide one of the few observational methods for
understanding water balance and climate change at catchment to continental scales, and can be
used to estimate isotopic values at unmonitored sites, expanding the ability ofjateestio
understand patterns and processes (Bowen, 2010). For example, Gib&alwands (2002)
usedisoscapes of northern Canadian lakes to identify variations in evaporative water loss across
the forest to tundra transition. Turner et 2014) usedsoscapeto identify seasonal patterns of
input water sources to thermokarst lakes in the Arctic andahability of these patterns
between years. Identification of spatial relationships can be used to elucidate the underlying
processes driving lake waatbalances, and to validate or test prevailing understanding of

landscape patterns.
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1.4 Research Approach and Objectives

Informed decision making and stewardship of the PAD requires spatially and temporally
comprehensive understanding of the complexdymémic hydrabgical processethat regulate
ecosystems in this landscape. The aim of this thesis is to determine the primary drivers of water
availability in the lakes of the Peag¢habasca Delta and to generate new, comprehensive
understanding of thegterns of hydrological conditions in the landscape over space and time.

The thesis consists of three data chapters where specific objectives are provided. Throughout my
thesis | generate isoscapes whose interpretation is strengtlbgreanbination withother

datasets. Water isotopes form the foundation of the analyses, and | demonstrate repeatedly their
utility as a sensitive, informative and accessible approach to capturing hydmlpgicesses in

remote, dynamic landscapes. In my final chaptettegrate findings from all three chapteasd

summarize the management implications.
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Chapter 2.Inconsequential effects of flooding in 2014 on lakes in the PeaB¢éhabasca

Delta (Canada) due to longterm drying

Citation: Remmer, CR, Klemt, WH, Wolfe, BBlall, RI. 2018. Inconsequential effects of
flooding in 2014 on lakes in the Peakthabasca Delta (Canada) due to ldegn drying.
Limnology and Oceanograpt®s: 15021518.https://doi.org/10.1002/In0.10787
2.1 Introduction

Climatedriven reductions imid- to highelevation snowpack and headwater glacier
volume have resulted in declining flow of rivers draining the hydrographic apex of western
North America during the past century (el@ery and Wood, 2005; Rood et al., 2005; Schindler
and Donahue, 2@) Barnett et al., 2008; Burn et al., 2010; Sauchyn et al., 2015; Scalzitti et al.,
2016). Diminishing river discharge threatens downstream ecosystems and societies, where
freshwater resources have traditionally been managed under the assumption ogioadrolo
stationarity(Schindler and Donahue, 2006; Milly et al., 2008). This assumption may, however,
lead to misguided water resource planning and deemigking (Milly et al., 2008)as best
exemplified by numerous paleohydrological reconstructions wdholw there have been
extended periods (decades to centuries) in the past when river discharge has been well below that
experienced during the instrumerpaliod (Watson and Luckman, 2004; Wolfe et al., 2008a;
Wolfe et al., 2011; Sauchyn et al., 2015; Goaid et al., 2016Furthermore, evidence suggests
that time since European settlement has been an era of relatively abundant freshwater supply,
enhanced by glacial meltwater contributions to river discharge in response to glacier expansion
during the Litle IceAge (Wolfe et al., 2011). Lonterm perspectives identify that this era of
abundant freshwater is ending, with significant and imminent consequences for downstream
ecosystems and societies (Rood et al., 2005; Schindler and Donahue, 2006; WoROeBa;
Rasouli et al., 2013).

12



The Peacé\thabasca Delta (PAD), northern Alberta, is one such downstream landscape
that is responsive to, and heavily reliant upon, eastflandng river discharge originating in
theRocky Mountains to support its ricliobogical diversity (e.g., PADPG, 1973; Prowse and
Conly, 1998). The PAD is recognized as a Ramsar Wetland of International Importance and
contributed to the listing of Wood Buffalo National Park (WBNP), which contains 80% of the
PAD, as a UNESCO World Héage Site. River water that recharges the abundant shallow lakes
and wetlands during periodic spring-jeen floods is a crucial hydrological process for
sustaining the ecological integrity of the delta (Prowse and Conly, 1998), but the frequency of
suchevents has been in decline for decades (Timoney et al., 1997; Timoney et al., 2002; Wolfe
et al., 2006; Wolfe et al., 2008a). For example, 2014 marked the first time in nearly 20 years
(since 1997) that widespread-@an flooding has occurred. The causedeclining icejam
flood frequency has long been the subject of analysis, which has centered on identifying relative
contributions of climate change and regulation of the Peace River by the WAC Bennett Dam
(e.g., Prowse and Conly, 1998; Wolfe et al.,2@eltaos, 2014). Reduction of flooding has
resulted in a decline of open water habitat and encroachment of willows as wetlands dry out
(Timoney, 2013). Concerns over lower lake and wetland water levels in the PAD have been
heightened with the recent appal and onset of construction of the Site C hydroelectric dam on
the Peace River, and water withdrawals from the Athabasca River to support the oil sands
industry. These concerns have led to a petition submitted to UNESCO by the Mikisew Cree First
Nationto place WBNP on the List of World Heritage Sites in Danger, in recognition of the
multiple stressors that threaten the PAD (MCFN, 2014).

A key challenge to contextualizing the effects of declining river discharge and frequency

of flood events on lakes the hydrologicallydynamic PAD is that hydrometric data only span
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the past few decades and are sparse in spatial extent, which inhibit ability to clearly identify the
causes of declining lake water levels and flood frequency within the delta. This impsaase
management decisiemaking and stewardship. To address this pressing knowledge gap, a series
of paleolimnological investigations were conducted at several lakes in the PAD during the early
2000s, which provided new insights into the evolutiomialality and drivers of lake

hydrological conditions within the delta (reviewed in Wolfe et al., 2012). A central finding was
the identification of complex relations among climate change, river discharge and flood
frequency, and lake hydrology, which @&epressed at varying spatial and temporal scales. For
instance, during the Little Ice Age (~16@000 CE), high summer river discharge raised Lake
Athabasca water levels and inundated-lging central portions of the delta (Wolfe et al., 2008a;
Johnston kal., 2010; Sinnatamby et al., 2010). Concurrently, lakes in elevated areas of the delta
underwent watelevel drawdown in response to local climate aridity and low frequency-of ice

jam floods because of delayed and protracted upstreamelggation snemelt runoff. In

contrast, during the 30century, evaporatiedriven waterlevel drawdown has occurred at both

high and low elevation areas of the PAD due to climate change and declining spring and summer
river discharge. With expected continued declines in-bighation snowpack and headwater
glacier volume, Wolfe et al. (2008a) predicted that increasingly low river discharge would lead

to further drying of the delta.

In the PAD, river floodwaters exert strong influence on limnological conditions of the
floodplain lakes. As illustrated by Wikhdl et al. (2012), floodwaters raise concentrations of
suspended sediment, total phosphorus (TP), sulfate and dissolved silica (DSi) of receiving lakes,
and reduce concentrations of total nitrogen (TN), dissolved organic carbon (DOC) and most

major ions. Afer flooding, limnological conditions respond at two timescales (Wiklund et al.,
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2012). One occurs over a few weeks to months as suspended sediments settle out of the water
column of lakes, which increases water clarity and reduces TP concentrationhiout wit

substantial change in concentration of DOC, sulfate, TN or ions. The other timescale occurs over
several years to decades, as evaporation raises concentrations of most nutrients, DOC and ions.
Thus, alteration of flood regimes has potential to altgisizal and chemical characteristics of

lakes in the PAD.

In light of widespread icgam flooding in 2014 and subsequent arid conditions in 2015,
we integrate spatial and temporal data to assess current hydrological and limnological conditions
in lakes ofthe PAD. First, we use a map produced by WBNP that marks the extent of 2014
floodwaters, supplemented by lake and river water isotope data, and water isotope and
limnological data from across the delta in 2015 to show that the 2014 floodwaters had largely
shortterm (withinyear) effects. Second, we demonstrate strong, uniform influence of
evaporation during the past 15 years on water balance at five representative lakes, a trend that
began in the early to mi20" century and is unprecedented in the contéxhe past ~400 years.
Findings strongly suggest that the delta has entered a new etimaga regime of low water

availability during the past few decades, which threatens aquatic habitat and ecological integrity.
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Figure 2.1.Map showing locatiownf the Peacéthabasca Delta, Alberta, and the location of 61
lake (black circles) and 9 river (black triangles) sites within the delta sampled in 2015. Sites
additionally sampled in 2014 (grey samples) and the five sediment core collection sites (circles)
are noted.
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2.2 Methods
2.2.1 Study area and sampling locations

The Peacéthabasca Delta spans 6,000%and contains three distinct sectors,
differentiated by the relative roles of hydrological processes that influence lake water balances
(Figure2.1) (PADPG, 1973; Pietroniro et al., 1999; Wolfe et al., 2007b). The northern Peace
sector is a relic delta, which receives Peace River floodwater during infrequesidwghion
ice-jam flood events. These events can result in widespread flooding cdltaeConsequently,
lakes in this region of the delta are strongly influenced by evaporation (except on occasions
when they are flooded) and have been termed cldssdage, isolated or perched basins. The
southern Athabasca sector contains both relicaatide delta regions. Lakes in the relic portion
of the Athabasca sector tend to be closed drainage, whereas lakes in the active portion are mainly
restricted drainage, which capture a broad gradient of influence from river floodwaters. The
central, lowlying portion of the delta contains broad, shallow lakes that continuously receive
discharge from many rivers and creeks and are classified as open drainage. A subset of closed
drainage lakes in the central interior of the delta are termed shallow ranfifzdinced lakes, as
recognized by Wolfe et al. (2007b), and tend to be ephemeral.

The extent of the 2014 spring #a&m flood was determined from flight surveys by staff
of WBNP and confirmed by measurement of water isotope compositions from 16 lalkegland
river locations on 30 May 3 June 2014 (Figur2.2). This information was used to categorize 61
lakes as flooded or not flooded in 2014. One large, -ojpaimage basin, Mamawi Lake, was
sampled in two locations, one near the outlet (Chenal deseJuairches; PAD 45A) and one
near the inflow (Mamawi Creek; PAD 45B). These lakes (and nine river sites) were used to

evaluate hydrological and limnological conditions one year after the 2014 flood event based on
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measurements of water isotope compositiath &water chemistry (on 281 May, 2628 June
[only water isotope composition], 28 July and 186 September 2015; Figu2el).

To place recent water isotope data into a longer temporal perspective, sediment core
records of cellulosénferred lake wateoxygen isotope composition previously published from a
subset of five lakes (Wolfe et al., 2008a; Wolfe et al., 2008b; Sinnatamby et al., 2010; Figure
2.1) were assembled and combined with water isotope compositions measured periodically in the
same lakebetween 200@006. Three of these lakes are located in the northern Peace sector
(PAD 5 [informally called &é6Spruce Island Lake
are closeddrainage basins that, presently, receive river floodwaters infrequéh#yother two
| akes are |l ocated in the southern Athabasca s
Cabi n Pondqg2008W)p dnd teeir bydrolagital conditions have been recently
influenced by geomorphic changes in the flow path of the AtbabRiver and its distributaries.

PAD 23 is a closedrainage basin and has infrequently received river floodwaters since
engineered excavation of the Athabasca River@titn 1972. PAD 31 is a restrictadtainage

basin that has frequently received rileodwater from Mamawi Creek since the Embarras
Breakthrough in 1982. Further site details may be found in the original publications (Wolfe et al.,
2005; Wolfe et al., 2008a; Wolfe et al., 2008b; Sinnatamby et al., 2010).

2.2.2 Isotope hydrology of lake

Water samples for oxygen and hydrogen isotope analysis were collectéake{dr
mid-channel) from a depth of ~10 cm and stored in sealed 30 mbeigsity polyethylene
bottles. Lake water isotope compositions-pfd4 were measured by conventionah@nuous
Flow Isotope Ratio Mass Spectrometry (EBVIS), whereas 2014 and 2015 samples were

measured by OfAxis Integrated Cavity Output SpectroscopyACCOS). For the samples
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measured by GF R M S80 was analyzed by 2% G@eadspace equilibration omaulti-flow
coupled with GV instruments Isoprime (MBVI-l s o p r i rfltWas amalyded By hot
chromium reduction on a High Temperature Euro Vector EA coupled with GV Instruments
Isoprime (HFEA-Isoprime). For the samples measured bXICOS, a Los Gatos €&search
Triple Liquid Water Isotope Analyzer (LGR-OWIA 45-EP) was used. All samples were
analyzed at the University of Waterlodenvironmental Isotope Laboratory (UWIL). Isotope
compositi ons -&alues, reprepentiagsdevattbnsangermi( a) fr om Vi enn
Standard Mean Ocean Wairee [(RsafpdREMDWY X Fmhdre R hat
isthe®0f%0 orHMH rati o in the sampl%® anrdandiySedMadeN. Re s u
normalizedto5 5. 5a-4aB8d, r es pStandard\ight Antarcti€ Rracipitation
(Coplen, 1996). Anal yt i%0alanudn cNe2fHtfessamidlesre si ar e
analyzed by CH RMS, and 00 .anhal NdH BiEthode amalyzéd by-BICOS.

To identify the hydrological processeontrolling lakewater balances at the individual
lake and landscape scale, a couptedope tracer approach was used (Yi et al., 2008) based on
the classic linear resistance model (Craig and Gordon, 1965). Initially, an isotope framework
representing\gerage conditions from 2068015 was developed using techniques similar to
those described in Wolfe et al. (2007b) and Yi et al. (2008) for the PAD. The isotope framework
provides a sermjuantitative method of assessing the water balance of rivers asdilatieg the
ice-free season.

The isotope framewor k cOnA spadesvhichfarethevo | i ne
result of masslependent partitioning of stable isotopEs'®0, *H2H*®0 and'H20 within the
hydrological cycle (Edwards et al., 2004).€Tisotope composition of precipitation at a site will

cluster along a Local Meteoric Water Line (LMWL), which often lies close to the Global
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Met eoric Water Line (GMWL). The GMWEOQOandpr esen
PH in amourdweighted annda pr eci pi t at i on e r + 8@wildl (€raig,de s cr i
1961). For the PAD, t h% £ M8 I925basadwop precigitatiora t e d
collected at Fort Smith, NWT (Wolfe et al., 2007b).

The isotope composition of local surface erded by mean annual isotope composition
of pr e c ip)pundergoing evaporafiom will plot in a linear cluster offset from the LMWL,
forming a linear trend called the Local Evaporation Line (LEL) (Gibson and Edwards, 2002).
Movement of lake and rivevater samples up the LEL occurs due to isotopic enrichment and
indicates increasing influence of evaporation and the resulting heavy isotopaguild
remaining surface water. Enrichment'®8® and?H in evaporating water bodies is described by
the linaar resistance model of Craig and Gordon (1965), which can be combined with local
hydroclimate data (temperature and relative humidity, isotope composition of ambient
atmospheric moisture) to predict the trajectory of the LEL (Gibson and Edwards, 2002¢d&dwa
et al., 2004; Wolfe et al., 2007b; Gibson et al., 2016). This is advantageous to the more common
technique of applying linear regression through measured lake water isotope compositions,
because lake water isotope compositions can be interpretedndeetlg based on their position
along (degree of evaporation) and about (i.e., above/below; relative influence of different input
waters such as snowmelt and rainfall) the LEL.

For the PAD, average ideee season fluxveighted relative humidity and tenmaéure
were calculated for the period of 26R015 using Thornthwaite (1948) and climate data from
Environment Canada (station number 71305; www.climate.weather.gc.ca) and the National
Research Council of Canada (http://www:-rgc.gc.ca/eng/services/siga/). Important

features of the LEL include the mepgthe annual i
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steadyst ate i sotope Cco0mpo sd)twhichmeprésents tha speclrcaseafl al b
a lake at hydrologic and isotopic steady stat@hith evaporation exactly equals inflow, and the
limiting nonsteadys t at e i sotope composition (U0U*), which
isotopic enrichment of a lake as it approaches complete desiccation.-duited index lake
known to be in isotopisteadys t at e was u s«.dndatmospgherit moistore forehe U
icef r ee sp®ason (ed¢ al ., 2008), while U0u* was cal
Appendix 1 for calculations to determine the LEL.

The 20002015 PAD isotope framewofkas then used to calculate evaporation to inflow
(EN) ratios, an index of lakevater balance described by Gibson and Edwards (2002) and others.
As in many regional studies that have used this approach (e.g., Brooks et al., 2014; Gibson et al.,

2017; Macnald et al., 2017), we compare E/I ratios across a large number of lakes to

differentiate regions of the delta. E/I ratios were calculated as:

o 1

0 1
wherkies Ut he i sotope composition of eivthepaker at i ve
wat er i sot op e,isthes@apedormposition ofanpud waters to the lake (see

Appendix 1). E/l ratios determined from 2015 lake water isotope data were interpolated across
the delta surface by ordinary kriging using ArcMap I$b8ware. Because the model becomes
increasingly unrealistic when E/I ratios exceed 1.5, we set this as a maximum value to

differentiate the lakes experiencing strong-steady state conditions.

2.2.3Limnology

In-situ measurements of limnological paraenst(pH, specific conductivity) were

measured using YSI ProDSS sondes and water depths were measured usinglepplbnt
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each site, 5 L of water were collected from ~10 cm depth for water chemistry analysis. Samples
were refrigerated until filtration tar that day or the following day. Coaifséered (80¢ m me s h)
lake water was used for analysis of total nitrogen (TN) and total phosphorus (TP), while sub
samples for analysis of total dissolved nitrogen (TDN), total dissolved phosphorus (TDP),
dissolvedsilica (DSi), dissolved inorganic carbon (DIC), dissolved organic carbon (DOC) and
maj or ions were passed through Sartorius cel/l
preserved using nitric acid. For analysis of chloropayiChl a), water amples were passed
through Whatman GF/F filters, which were kept frozen until analysis. Samples were analyzed at
the University of Al bertads Biogeochemical An
DSi, DIC, DOC, major ions) or the University of Wdt® (Chla).

Principal Components Analysis (PCA) was used to determine whether limnological
effects of floodwaters to lakes during spring 2014 persisted into the 20ftBecgeason, as
expected based on Wiklund et al. (2012). The PCA was performechiooldigical data from 56
lakes that did not flood during 2015, determined primarily on water isotope data. Six of the 62
lake sites were removed from the analysis because their 2014 flood status was uncertain (PAD
M1, PAD M2, PAD M3, PAD M4, PAD M5, PAD M6)AIl nine river sites and four of the lake
sites with continuous or neapntinuous river channel connections (PAD 45A, PAD 45B, PAD
62, PAD 63) were included passively in the PCA to provide a reference for limnological
conditions of lakes receiving floagters, without influencing the relative positions of the
sample scores for the lakes that were not flooded in 2015. PAD 54 was also included as a passive
sample, because it flooded again in spring 2015 based on isotopic and limnological overlap with
river sites, a feature which confounds the ability to detect if limnological effects of the 2014

flood persisted through 2015. In this way, PAD 54 also serves as a useful reference for expected
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river floodwaterinfluenced limnological conditions in the absené®014 limnological data.
Thus, PCAs were run with 51 lake sites as active samples. Limnological variables were natural
log transformed. In the PCAs, scaling focused on iséenple distances, variable scores were
divided by their standard deviation, avatiables were centered and standardized. Sample scores
for lakes were coded in PCA plots according to whether or not they flooded during-jaue ice
flood of 2014. All water chemistry variables listed above were included as active variables in the
PCAs, & c e p t*¥0 fvlich was included passively to assess influence of floodwaters and
evaporation on water chemistry of lakes. ANOSIM tests were conducted onltieSdataset
to determine if water chemistry in May, July and September 2015 differs sigtlifib@tween
lakes that flooded in spring of 2014 and those that did not.flooel PCA was performed using
CANOCO version 4.5 (ter Braak and Smilauer, 2002) and the ANOSIM tests were run using R
(R Core Team, 2017), RStudio (Rstudio Team, 2016) and tienyeackage (Oksanen et al.,
2017).
2.2.4 Isotope paleohydrology

Celluloseinferred lake water oxygen isotope reconstructions, spanning the pa#d@00
years, were derived from sediment cores collected at lakes PAD 5, PAD 9, PAD 12, PAD 23 and
PAD 31 andhave been reported previously (Wolfe et al., 2008a; Wolfe et al., 2008b;
Sinnatamby et al., 2010). Briefly, cellulose was isolated on mostir9.§ediment core intervals
using standard methods and analyzed for oxygen isotope composition at & {Wolfe et
al., 2001; Wolfe et al., 2007a). Results were converted to lake water oxygen isotope composition
using a cellulossvater oxygen isotope fractionation factor of 1.028 (Wolfe et al., 2001) and

e X pr e s-satues retatve td the VSMOW standard. Anglgt uncertainty is approximately
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spectrometrand using the Constant Rate of Supply model (Appleby, 2001), extrapolated
downcore. For the longer records available fileéAD 5, PAD 9 and PAD 12, sediment core

chronologies were additionally constrained by radiocarbon dates (Wolfe et al., 2008a).

2.3 Results

2.3.1 The 2014 icam flood event

Extensive overland flooding of the PAD occurred for about a week between-May 3
2014, when icgams formed on the Peace and Athabasca rivers (Straka and Gray, 2014; Figure
2.2a). Maximum water level rise (an estimated 6 m) on the Peace River occurred around May 5
6, which inundated substantial ldwing portions of the Peace sectdrtloe delta. The north and
south banks of the Peace River were breached in several areas and major channels south of the
Peace River carried floodwater into the delta. ARjare on the Quatre Fourches channel was
reported to form and persist during MayL@, which resulted in flooding in this area. In the
Athabasca sector, much of the area between the Athabasca and Embarras rivers, as well as south
of the Athabasca River, were inundated with floodwater. Water levels rose as much as 4 m on

the Embarras Riveand Mamawi Creek, causing some overbank flooding in this region.

The river and lake water isotope compositions measured at 16 lakes and 8 river sites in
May 2014 wer EO-[BH goaphttoeddterrime wiaethér the lakes received river
floodwatersand were then compared with the aerial extent of flooding mapped by WBNP staff
(Figure2.2a,b). The Peace River is isotopically depleted and plots below the LEL in both
sampling locations, as expected given the influence of snowmelt on the spring tier wa
isotope composition. The Riviére des Rochers also plots below the LEL, suggesting flow
reversal may have occurred in this channel causing floodwater from the Peace River to be carried

south. Similarly, the Embarras River in the Athabasca sector @tue Ibhe LEL, likely as a
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result of receiving floodwater from the isotopically depleted Athabasca River. Prairie River,
which flows between Mamawi Lake and Lake Claire, was sampled in two locations, both of
which plot along the LEL, indicating some influenof evaporation. This is likely due to the
inflow of evaporatively enriched lake water from Lake Claire and Mamawi Lake to this channel.
For most lakes sampled in spring (May) 2014, water isotope compositions plot at the
lower, isotopicallydepleted endf the LEL, in the range of values for the Peace River, Riviere
des Rochers and Embarras River, indicating that these lakes received river floodwaters.
Exceptions include PAD 18, PAD 47 (Hilda Lake
isotopicallyenriched due to greater influence of evaporation in the absence of river flooding
(Figure2.2b). Observations indicated that all three of these lakes were not turbid at the time of
sampling, also consistent with having not received river floodwaters (Yusuf).2l4e isotope
inferred flood status of the lakes are in agreement with the flood extent mapped by WBNP staff,
except for PAD 9. This lake, located in the southern portion of the Peace sector, lies outside of
the mapped flood extent (Figuze2a) but is songly isotopically depleted suggesting it likely
received river floodwater (Figui2b). Observations of nearby overland flooding and high
water levels made by the sampling crew during the aerial survey and water isotope sample

collection on June®} 2014, suggest that floodwaters entered this lake.
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2.3.2 Hydrological conditions during 2015

In May 2015, lakes that flooded and lakes that did not flood in 2014 show separation of
isotope compositions along the LEL (Fig@8a). Isotope compositions of most of the lakes that
flooded in 2014 are more isotopically depleted, plotting lower on the LEL. Four lake sites (PAD
45B, PAD 54, PAD M5, PAD M6) plot below the LEL, in the range of the river sites, indicating
contribution d river water into these basins. The lakes that were not flooded in 2014 typically
pl ot higher al o ssgsudggéstng dredter influenicecosesaporation in the
absence of river flooding. By June 2015, the separation between flooded aftmbded lakes
diminishes as evaporation caused isotope composition of most of the lakes that were flooded in
2014 to move up the LEL and overlap with the {flonded lakes. The most isotopically
enriched lakes (PAD 19, PAD 20, PAD 21) were not floode2Ditv. As the icdree season
progresses and lakes experience increasing evaporation, the isotope compositions of 2014
flooded and noiflooded lakes become increasingly tightly clustered and continue to move up
the LEL due to greater influence of atmosph@arameters (isotope composition of atmospheric
moisture, temperature, relative humidity) on the Jalaer isotope compositions with increasing
influence of evaporation. Exceptions are the few lakes in thdyiony central portion of the
delta that reage nearcontinuous river input and, thus, remain isotopically depleted throughout
the icefree season. By September 2015, lakes are clustered along the LEL and many lakes from
both2014nosi | ooded and fl oodedsscamd egdrdtrangi el omg bet

influence of evaporation on lake water balance.
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Figure 2.3.0'%0-PH graph showing the water isotope compositions of the 61 lake and 9 river
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28



To compare the extent of flooding in 2014 to the spatial patterns of isotopic enrichment
in 2015, calculated E/I ratios were interpolated across the PAD (RAgune . Mor anods |
coefficient calculated for the E/I ratios during sampling periods show moderate spatial
association (MayMo r a r=®.805,b< 0.001; JuneMo r a r=©®.844,h< 0.001; July:

Mor a r=9.442,p < 0.001; SeptembeMo r a r=®.850,p <0.001). In May 2015, lakes in

the central area of the Peace sector around the Chenal des Quatre Fourches, which was
extensively flooded in 2014, had relatively low E/I ratios (0.3 to 0.5). The northwestern portion
of the Peace sector, which experiencedesfiooding in 2014, and the northeastern portion of

the Peace sector, which was not flooded in 2014, had higher E/I ratios (0.7 to 1.1). Lower E/I
ratios in the central portion of the Peace sector compared to the northwestern and northeastern
portions in May 2015 could be a result of lasting effects of the 2014 flooding in this area or river
water input into the lowying central area during May 2015, although we have no field
observations to support the latter. As early as June 2015, E/I ratios in thefateaPeace

sector that were flooded in 2014 were comparable to those areas that were not flooded. By July
and continuing in September, E/I ratios were >1.0 across most of the Peace sector. Only some
lakes in the northern reaches of the Chenal des €Batirches, closest to the Peace River,
possessed E/I ratios <1.0 in September 2015.

In the Athabasca sector, lakes in the southeastern and central portions that were
extensively flooded in 2014 had low E/I ratios (0.3 to 0.6) in May 2015. Thdoahed
southwestern area had higher E/I ratios in May (0.7 to 1.2). E/l ratios in the flooded (2014) areas
of the Athabasca sector increased by June (0.7 to 0.9) and remained high for the rest-of the ice
free season. By June 2015, the filooded southwestern aalso experienced an increase in E/I

ratios to >1.0. Lowying areas in the central and southeastern portions of the Athabasca sector
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may be displaying lasting effects of the 2014 flood, although this is difficult to distinguish from
onor mal 6 hoyditions in theydel@ aslthis area generally receives continuous river
inflow under both flood and neflood conditions. Notably, the highest E/I ratios were in the
elevated northeastern portion of the Peace sector and the southwestern portiontattibecat
sector, which were outside of the extent of the spring flood of 2014 and likely have not received
river floodwater for many decades, implying that the high E/I ratios in 2015 are a continuation of

long-term seasonal evaporative water loss.
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Figure 2.4. Maps showing spatial interpolation (by ordinary kriging) of evaporétenflow
(E/) ratios for 61 lakes across the Peateabasca Delta in May, June, July and September
2015, the year after an extensive-jam flood event. Overlain is the 20ildod extent map from
Figure2.2a.
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2.3.3 Limnological conditions during 2015

For all three limnological sampling episodes in 2015 (May, July, September), PCAs
capture similar amounts of variation along the first two axes (May: AX1 = 36.5%, AX2 = 17.6%,
Total = 54.1%; July: AX1 = 32.5%, AX2 = 18.5%, Total = 51.0%; September: AX21.893,

AX2 = 16.2%, Total = 54.0%), and vectors of the water chemistry variables show consistent
associations with the first two axes (Fig@r®). PCA axis 1 captures mainly a gradient of ionic
content, whereas axis 2 captures mainly gradients of pH amemvations of nutrients, DOC
and sulfate. Sample scores for the river sites (black triangles in Riglirencluded passively in
the PCAs, are positioned to the right along PCA axis 1 and high on PCA axis 2, indicating

relatively high turbidity and higconcentrations of S¥DNa, SQ and Cl, and relatively low

concentrations of K, DOC and Ha Passivesampe ( TP,

scores for the three op@nainage lakes (blue squares; Lake Clair (PAD 62), Lake Athabasca
(PAD 63), and Mmawi Lake (PAD 45A/B)) cluster near the river sites, indicating that
continuous to neacontinuous river inflow strongly influences their water chemistry. PAD 54,

also included passively, is consistently positioned with the river sites for all threersgmpli

episodes, because it was flooded in May 2015. Sample scores for the lakes that flooded in 2014

and the notflooded lakes are positioned lower on the second axis than the rivers, indicating

relatively lower turbidity and lower concentrations of Nas&@l Cl, but higher concentrations

T

of DOC, nutrients (TP, %0. BatrfloodddRp14)TamdMglooded d hi g h

lakes are also scattered along axis 1, indicating a range of conductivity, DIC and ionic content.
The high degree of overlap of sampicores throughout the 2015 season for lakes that flooded
and did not flood in 2014 suggests that limnological effects of the 2014 flood did not persist to

2015. The one exception may be PAD 15, which was flooded in 2014 and has similar
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limnological charateristics as the river sites during 2015. However, dilute water chemistry at
PAD 15 may also have been influenced by snowmelt given that its isotope composition plots
well below the LEL (Figur®.5). ANOSIM tests confirm that water chemistry conditionsndo

differ significantly (P > 0.05) during any of the months sampled in 2015 between lakes that
flooded and those that did not flood in 2014 (May: R = 0.095; July: R = 0.058; September: R =

0.057).
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Figure 2.5. Principal component analysis ordinatidiagram from analysis of water chemistry
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2.3.4 Paleohydrological records
To provide temporal context for contemporary lake hydrological conditioeilulose
i nf err ed O aRaa) reeads spannitg the past ~2000 years were assembled from
five lakes along with directly measured meanfice e e s e a s o0 valuekirem 2000t e r U

2006 and 2012015 (Figure2.6).

During the Little IceAge (LIA; 16061 9 0 0 ) %Oy, reboeds af the five lakes reflect
different hydrological conditions depending on their physiographic settings (R&)r& he
most elevated basin, PAD 5, displays varying but isotopieatjched values ¢33 t0-3 &)
that occasi g eohsistgnt veitk evidemat foliperiodic desiccation due to locally
arid climate (Wolfe et al., 2005; Wolfe et al., 2008a). In contrast|yovg basins (PAD 9, PAD
12, PAD 31) ®Qnoatussd~2Gto-1 4 wa )i bheyowere all @aryingly flooded
by isotopically depleted Wat-&7to-f5 oadn Larkke tAter a
Riviere des Rochers, which rose by as much as 2.3 m due to increased supply of glacial
meltwater to the Peace and Athabasca rivers dstngmer (Wolfe et al., 2008a; Johnston et al.,
2010; Sinnatamby et al., 2010). Although PAD 23 was likely south of the margin of the Lake
At habasca LI ABQuivajuess(+2@to-15 Hpwsidiggest it was st

by Athabasca River floodaters.

Gradual increase i*®Oyw values in the Peace sector lakes (PAD 5, PAD 9, PAD 12)
suggests an increasing role of evaporation-pbtst(i.e., after 1900). These trends reflect decline
in ice-jam flood frequency and Lake Atbasca water level due teduction in higkelevation
snow and glacial contributions to river discharge (Wolfe et al., 2006; Wolfe et al., 2008a; Wolfe
et al., 2011), which is also evident in shorter hydrometric records of rivers draining the

hydrographic apex of North Americade.Dery and Wood, 2005; Rood et al., 2005; Schindler
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and Donahue, 2006; Barnett et al., 2008; Burn et al., 2010; Sauchyr26tlal Scalzitti et al.,
2016). Locally decreasing relative humidity (Wolfe et al., 2008b) and possibly a-cedese
seasa also contribute to these trends. For the Athabasca sector lakes, anthropogenic and natural
changes in the flow of the Athabasca River and distributaries are responsible totthsting
late 20" centuryi*®Oy, trends at PAD 23ral PAD 31 (Wolfe et a) 2008b). Sharply treasing
Ut8Ow at PAD 23 after 1970 is due to the engineered Athabasca Riv&@fGuthich reduced
the propensity of icgam flooding in the vicinity of PAD 23. In contrast, the decline and more
var i g@wlatePAdi31 after 1980 is due to the Embarras Breakthrough, whitineeted
substantial flow from the Embarras River to Cree and Mamawi creeks leading to increased
flooding in this area.
During the past 15 years when we have direct measurements of lake i@, all lakes
with the exception of PAD 5 possess values higher than at any time during the paleohydrological

records. PAD 9, PAD 1% vaes@dppi@asiD and Gcasiondlyeexceeat e r

¢

the criti c aslLikewise, ADhH0 & kile olfiCa tvear! ule s dohavng near
only been higher during the LIA. Based on our field observations, an increasing and persistent
role of evaporation has led to marked declines in water level at PAD 5 and PAD 9 during the
past decade, despitpparent floodwaters reaching PAD 9 in 2014 (Figur. Even recent (i.e.,

postl 982 Embarras Breakthrough) river fl oodwat e
2014, appears to be waning gi ven®vauestthisi dence

lake (Figure2.6)

36



09 PAD 5

=5 -°°\o ° /0\ °\° 9, o 0 0
-104 o e b e e i T e o
- o X .
o
-154 °

-20 4

07 PAD 9

-154 o ° 00 op
0 /%0, 0-0-0-0-0700% o
005,/ "0, 07000 04g-0-« 00 ,ooth?’

00, 00 000 /
] o o

VU L L L L L L L L L LI N L ) T T 1

PAD 12

N
:o
A
%

o<;

(] (-] °
] 90 _00p9 h [
000 °°°°°°\°.°°°l°° CLJ ?d‘o

|
N
o

1

Frrrrfrrrrfrrrrfrrrrfrrr1rfrrrrfrqrr1rrrrro1 I T T 1

PAD 23

Lakewater 3180 (%o VSMOW)
I
O —
[ ]

1
(&)
1

e | R

)
-15 J o o NM
bt 0 0
® o0 0gf0
-20 - o?’;q’ Y \o
o

0-IIVIIlllII]llII]FIII]lIII[lIII]IIIl|IIIl| ) T T 1

PAD 31

_5-
_10-

=15+

° )
° °
°ob°°o°o'\°°°“°.°o °°°°o°°°o'° %I °l°°'°'°°°°\f°%ﬁ ‘°/ °/
-20 4

| BN BN N NN NN R L AL BB I T T 1
1600 1650 1700 1750 1800 1850 1900 1950 2000 2000 2005 2010 201
Year

Figure 2.6 Temporal patterns of variationin celluleisen f er r ed | ake water 018
2000) and directly measured lake watl values (average of ickeee season) for five lakes in

the Peacéthabasca Delta. Paleohydrological records are from Wolfe et al. (2008a; PAD 5, 12),
Wolfe et al. (2008b; PAD 23, 31) and Sinnatamby et al. (2010; PAD 9). Reconstructions are

plotted relativeo contemporaryissi, which represents isotopic steashate for a terminal basin.

The Little Ice Age interval, as used in Wolfe et al. (2008a), is shaded.
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2.4 Discussion

Despite extensive flooding of the Pegkthabasca Delta in May 2014, analysis oteva
isotope compositions and limnological variables in 2015 indicated only-lshextt mostly
within-year effects of the 2014 flood. By as early as June 2015, lakes that were both flooded and
not flooded in 2014 were isotopically enriched to a similagmixtiue to evaporation, and little
hydrological distinction existed between these two groups. Although the central portion of the
Peace sector and southeastern portion of the Athabasca sector were most strongly influenced by
flooding in 2014, E/I ratios ding June 2015 were already greater than 0.5 indicating strong

evaporative influence.

Limnological data support the shdirted isotopeinferred hydrological effects of the
2014 flood. By May 2015, water chemistry conditions did not differ significartiyeen lakes
that flooded and lakes that did not flood in 2014 (with the exception of PAD 15). Although we
do not have water chemistry from 2014 to verify the effects of flooding on limnological
conditions in spring 2014, previous research by Wiklund.€R8lL2) has shown that flooded
lakes have similar water chemistry characteristics as river water. This effect is evident in PAD 15
(which flooded in May 2014 but not 2015) and PAD 54 (flooded in May of 2014 and 2015), and
thus both lakes possess watermlstry characteristics that overlap with river sites throughout
the 2015 icdree season (Figu25). The shoHived effects of flooding on limnological
conditions on the other lakes that flooded in 2014 was surprising, because Wiklund et al. (2012)
obseved that infrequently flooded lakes in the Peace and Athabasca sectors of the delta took
multiple years after a flood to return to typical closidinage limnological conditions
characterized by high concentrations of DOC, TKN;dwailable nutrients ahions, and low

concentrations of suspended sediments and I8@ontrast, we found that the magnitude of
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evaporative water loss during the remainder of the 2014floast icefree season and early
2015 icefree season leading up to our sampling in M@y2resulted in a more rapid than
predicted return to limnological conditions typical of those found during long periods (many

years to decades) without flooding.

The floodpulse concept, as applied to river floodplain lakes, postulates that river
flooding acts to homogenize limnological conditions, followed by increasing heterogeneity
during the posftlood period (Junk et al., 1989; Tockner et al., 2000; Junk and Wantzen, 2004).
Here, we find a situation where the péisbd period appears to have beamtrated by the
strong influence of evaporation. This agrees with model predictions that lakes in the Mackenzie
Delta, downstream of the PAD, will become increasingly sensitive to local climate conditions as
frequency and magnitude of flooding decreasesg§Mand Lesack, 1996). We suspect that
cumulative effects of lonterm and ongoing declisén frequency and magnitude of river
flooding, and arid conditions, are the dominant influence on the hydrological and limnological
trajectory of lakes in the PAD,hich, apparently is now unlikely to be altered by a single and

isolated large flood event.

Isotope paleohydrological records provide coherent evidence ofaeatidal drying of
lakes in the PAD. In the northern Peace sector, this began after the conofusie Little Ice
Age during the early to mi@0" century. In the southern Athabasca sector, engineered and
natural changes in flow of the Athabasca River and distributaries have had profound influence on
hydrological conditions of lakes but trends towards drier conditions (i.e., higher measured lake
wate r!80iwalues) are now evident even along-directed river flow path as observed at fow
|l ying PAD 31. Indeed, in four of the #dve pal

values (i.e., greatest evaporative isotopic enrichment) durinupste200400 years has occurred
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during the recent monitoring period. We acknowledge that direct comparison ohtegeated

cellulosei nf erred ®akerdwaheuali averages ofOnthy rect |
be affected by seasonal offseteda algal growth during the early e season when lake

w a t &0 tends to be lower, or small uncertainties in the celluvater oxygen isotope

fractionation factor. However, neither are likely explanations for the recent observed trends in

lake wa e 0. &or example, unequivocal evidence of tkeel lowering at PAD 5 and PAD 9
(Figure2.7) is consistent with trends depicting strong influence of evaporation during recent

decades.

In the PAD, some have attributed letggm drying mainly to riveregulation by the
WAC Bennett Dam in 1968, which has clearly altered the flow regime of the Peace River (Peters
and Prowse, 2001). As recently as in the past year, such statements were made by the UNESCO
reactive monitoring mission (WHC/IUCN, 2017) in pesise to the MCFN (2014) petition.
However, in the northern Peace sector of the delta, most proximal to the Peace River (PAD 5,
PAD 12), increasing influence of lake evaporation, evident in FigBrand other proxy
indicators from these lakes (Wolfe &t 2005; Wolfe et al., 2008a), began soon after the end of
the LIA, well before the dam became operational. Sediment records from other lakes in the PAD
also indicate that flood frequency and magnitude began to decline in the late 1800s (Wolfe et al.,
2006). While PAD 5 desiccated during the LIA, water has persisted in PAD 9 for at least the past
1000 years (Wolfe et al., 2008a). Substantialdakel drawdown (~0.5 to 1.0 m) since the early
2000s is now visible at PAD 5 and PAD 9 (Fig@re). Although bkelevel changes in lovying
riverine environments can be extremely heterogeneous, our spatial assessment of lake water
balances across the delta suggests that conditions at PAD 5 and PAD 9 are reflective of a

landscapevide trend of rapidly declining viar availability during the past decade. Increasing
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evaporation during the past few decades recorded by the PAD 23 sediment record is unlikely to
be caused by construction of the WAC Bennett Dam. PAD 23 is the most distal site from the
Peace River on ouransect and dredging of the nearby Athabasca RiveO@un 1972, which
straightened the course of the river and reduced the likelihood-aintsedeveloping at this
location, is a primary cause for drying at this location (Wolfe et al., 2008b).

Climatedriven drying of northern shallow lakes is not unique to the PAD. Smith et al.
(2005) identified widespread late®6entury decline in lake abundance and area in Siberia.
Smol and Douglas (2007) observed drying of shallow lakes in the Canadian High Arct
previously permanent water bodies for millennia. In Alaska, studies have revealed that there has
been a reduction in area and number of ponds during the fAteatury (Riordan et al., 2006).
Carroll et al. (2011) utilized satellite data to showt thaet reduction in lake surface area of
more than 6,700 kfroccurred in the Canadian Arctic from 202009. Bouchard et al. (2013)
determined that lakes in lerelief, open tundra catchments are particularly vulnerable to drying
when snowmelt runoff isolw and identified that recent desiccation of a shallow lake in the
Hudson Bay Lowlands (Canada) may be unprecedented during at least the past 200 years. While
mechanisms leading to drying of shallow northern lakes may vary across these landscapes (e.g.,
permafrost thaw and lake drainage, decline in snowmelt runoff, increase in evaporation, decline
in river discharge), and these need to be evaluated with due consideration of the regional context,

this does appear to be a widespread consequence of climatge ¢hanorthern regions.
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Figure 2.7. Aerial photographs of PAD 5 and PAD 9 in 2000 and 2015 showing marked water
level declines in both basins. For PAD 5, note the island visible in 2000 is connected to the
shoreline in 2015.

2.5 Concluding Comments

Here we integrate spatial and temporal data to determine that widesprgad ice
flooding in May 2014 had largely withipear effects on hydrological and limnological
conditions in lakes of the PAD, which we attribute to a miditadal trend of increasing
evaporative influence across the landscape. Climate change since the end of the Little Ice Age
has led to reduction in mido high-elevation snowpack and headwater glacier volume, and thus
lower river discharge. These factors have conspired to prodeseeastidence of rapidly
declining freshwater availability in the delta, perhaps unprecedented in scale during the past 400
years, and this firmly entrenched trajectory of change is such that a singlmifleod event is

insufficient to mitigate these fetcts.
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Despite their global importance, inland freshwater ecosystems may be among the most
threatened, as they are particularly vulnerable to the combination of climate change and
increasing impairment by human development and upstream activities (eigk, @003;

Woodward et al., 2010; Dudgeon et al., 2015). Hagltude freshwater landscapes, which are
experiencing some of the fastest rates of warming (Hassan, 2005) and are often downstream of
human activity (Gleick, 2003; Schindler and Smol, 20663 ve uni que abil ity to
systems6é6 (Woodward et al., 2010) and provide
change. Hydrologists and ecologists increasingly recognize the need to understand connectivity

in ecosystemsveresqpaemxraesxad | (yTdtoal afrfi et al ., 2007
temporal scales of hydroecological research have often been too short and too narrowly defined

to adequately capture landscagmale connectivity among freshwater ecosystems (rivers,

channels, witands, lakes), such that the importance of these connections has been poorly
characterized (Fausch et al., 2002). To understand how variability in climate and hydrological
conditions affect the ecological integrity and connectivity of freshwater landsaagearch

needs to encompass appropriate spatial and temporal scales (Fausch et al., 2002). Here we used
hydrological, limnological and paleolimnological approaches to generate multiple datasets across
space and time, which served to comprehensivelyaske current status of hydroecological

conditions in a large floodplain landscape. These results have important implications for

management of the delta, as they highlight widespreadtengdrying is reducing the

hydrological and limnological heteraggeity of the landscape. Furthermore, they address
recommendations for the PAD listed in the recent WHC/IUCN (2017) report, which include to 1)
establish adequate baseline information to enhance the reference for monitoring [as demonstrated

by our paleohydlogical records], 2) expand the scope of monitoring [which we suggest should
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include continued use of water isotope tracers, along with strategic sampling for water chemistry,
to track rapidly shifting lake water balances over space and time], and §himxthe

interaction of the ecosystem adldnate [demonstrateldere via assembling multiple records and
observations over sufficient spatial and temporal scales]. Despite the challenges of generating
these datasets, especially in remote northern lanesctqe value of such approaches cannot be

understated as science attempts to address increasingly complexreleésr problems.
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Chapter 3: Delineating extent and magnitude of river flooding to lakeacross a

northern delta using water isotope tracers

Citation: Remmer, CROwca, T, Neary, LN, Wiklund, JA, Kay, M, Wolfe, BB, Hall, RI. 2020.
Delineating extent and magnitude of river flooding to lakes across a northern delta using water
isotope tracerddydrological Processe34: 303320.D0I1:10.1002/hyp.13585

3.1 Introduction

Hydrological monitoring in complex, dynamic, watéh floodplain landscapes is logistically
challenging, especially in vast, remote areas at northern latitudes. Overcoming thieseibar
essential as these inland freshwaters are globally important yet threatened by climate change and
upstream human developments (Dudgeon et al., 2015; Gleick, 2003; Woodward, Perkins &
Brown, 2010). In western North America, climateven reductios in mid to high-elevation
snowpack and headwater glacier volumes are reducing river flow and altering hydrological
processes at downstream connected freshwater ecosystems (Barnett et al., 2008; Sauchyn, St
Jacques, & Luckman, 2015; Schindler & Donah@$)6). Small shifts in hydrological conditions
can result in cascading ecological changes in small, shallow, freshwater lakes and wetlands
(Prowse et al., 2006; Schindler & Donahue, 2006; Schindler & Smol, 2006; Smol et al., 2005).
These changes are gensraloorly understood at the landscape scale, because data provided by
research projects and monitoring programs are typically of insufficient spatial and temporal
scales to adequately capture episodes of hydrological connectivity (Fausch, Torgersen&Baxter
Li, 2002). To address this, comprehensive and systematic hydrological monitoring of complex,
northern freshwater landscapes requires innovative approaches to ensure they are effective and
sustainable.

Challenges to landscajseale monitoring of key hydlogical events have long prevailed in

the Peacéthabasca Delta (PAD), a complex floodplain landscape in northern Alberta, Canada.
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Spanning~6,000kln t he PAD is one of the worl dodos | ar ge
receives input from two majaivers, the Peace River and the Athabasca River, as well as the
smaller Birch River (Timoney, 2013). The hundreds of shallow lakes and wetlands that
characterize the PAD provide important habitat for a variety of biota and natural resources for
indigenos communities. In recognition of its ecological, historical and cultural significance, the
PAD is a Ramsar Wetland of International Importance and contributed to the listing of Wood
Buffalo National Park (WBNP) as a UNESCO World Heritage Site. Lakes attahas of the

PAD are influenced to varying degrees by river floodwater, snowmelt, rainfall and evaporation,
resulting in a broad spectrum of spatially varying hydrological regimes (PADPG, 1973;
Pietroniro, Prowse, & Peters, 1999; Prowse & Conly, 2002fé\atlal., 2007). The PAD is a
low-relief system where small changes in water levels can alter hydrological connectivity and set
forth temporal patterns of change in limnology, habitat availability, biodiversity and ecosystem
productivity (Monk, Peters, 8aird, 2012; Wiklund, Hall, & Wolfe, 2012).

Freshwater availability has declined over large portions of the PAD, stimulating research that
has long focused on deciphering effects of upstream industrial development, including the WAC
Bennett Dam on the PeaRiver, and climate change on the frequency ofaoeflood events
because of the importance of this hydrological process as a recharge mechanism for lakes and
wetlands in the delta (Beltaos, 2014; Hall, Wolfe, & Wiklund, 2019; Wolfe, Hall, Edwards, &
Jahnston, 2012). The recent approval and onset of construction of the Site C hydroelectric dam
on the Peace River, as well as water withdrawals from the Athabasca River to support the oil
sands industry, have heightened concerns about declining freshvailabiéity as expressed in
a petition by the Mi kisew Cree First Nation t

Heritage in Danger (MCFN, 2014). The resulting UNESCO report identified several
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recommendations including t oprojectasgessmahtstohe scop
encompass possible individual and cumulative impacts on the Outstanding Universal Value of
the property and in particular the PADO ( WHC/
Recently, Remmer, Klemt, Wolfe and Hall (2018) used an array of datas&idjngc
measurements of water isotope composition and water chemistry collected one year after a major
ice-jam flood event in 2014, as well as paleohydrological records, to assess the effects of
flooding on lake conditions in the PAD. They found that th&42flood event had shelived,
mostly withinyear effects on water balance of the flooded lakes, which they attributed to a
diminishing influence of river floodwaters as a consequence of cumulative and unrelenting
effects of climate change. Given the imgamce of spring icgam floods and their declining
influence during recent decades, tracking the occurrence and characterizing the effects of flood
events that do occur is crucial to monitoring efforts and design of potential mitigation strategies.
The exent of prior flood events in the PAD has typically been estimated from aerial surveys
(Straka & Gray, 2014) and, on occasion, satellite imagery (e.g., Pavelsky & Smith, 2008; Toyra
& Pietroniro, 2005). But, because of the dynamic and somewhat unpreglictdbte of icgam
flood events, delineation of flood extent from aerial observations is highly dependent on the
timing and location of flight paths and absence of obstructions that impair detection of river
floodwaters into lakes and vegetated terraig.(eloud cover). Neither of these approaches can
readily be used to distinguish magnitude of flooding across a landscape nor distinguish different
sources of water that may have entered lakes such as river floodwaters versus snowmelt or
rainfall. There emains a clear need for a systematic, measurable, and in situ approach to track
spatial extent, as well as magnitude, of river flood events on lakes of the PAD and their effect on

lake water balances.

52



Landscapescale monitoring and assessment of lakarological conditions using water
isotope tracers has proven to be an effective approach in many remote, northefnckvater
locations (e.g., Brock, Wolfe, & Edwards, 2007; Gibson & Edwards, 2002; MacDonald et al.,
2017). In northern floodplains, thiproach is particularly weluited to partition the relative
roles of important hydrological processes on lake water balances because of the strong sensitivity
of lake water isotope compositions to influence of isotopieddigleted river water versus
isotopic enrichment caused by evaporation. For example, water isotope data have been used to
estimate the spatial extent of flood events in the PAD (Wolfe et al., 2008) as well as the Slave
River Delta located farther downstream within the Mackenzie RivanBBsock, Wolfe, &
Edwards, 2008). In these studies, spring river floodwater dilution to lakes deemed to have
flooded was estimated from the difference between the spring and previous fall measurements of
water isotope composition. The modelling appraassumed that the spring isotopic depletion
was entirely due to the influence of river floodwaters even though there were also likely
contributions from snowmelt and/or rainfall. Nonetheless, the flood extent maps utilizing water
isotope tracers aligned Welith other evidence and demonstrated the usefulness of collection of
lake water samples across these landscapes to obtain this information.

Here, our objective is to delineate the extent and magnitude of a spragid®od event in
the PAD that occued in late April and early May 2018 using water isotope tracers,
supplemented by measurements of specific conductivity and field observations. Improving upon
previous approaches utilized in the PAD (Wolfe et al., 2008) and Slave River Delta (Brock et al.,
2008), which did not account for influence of precipitation, we set the water isotope data against
an isotope framework established from 16 years of meteorological conditions-ane on

resources, and then develop a set of landsspeeific binary mixig models that allow
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estimation of the proportion of input to flooded lakes attributable to river floodwater and
precipitation (snow or rain). These results demonstrate the value of systematic water sampling
and isotope analysis for monitoring and assessofdake hydrological conditions in dynamic

floodplain landscapes such as the PAD.

3.2 Methods
3.2.1 Study area

The Peacé\thabasca Delta is episodically fed in the north by the Peace River and more
frequently in the south by the Athabasca River (Fi@.t¢ This results in distinct sectors with
lakes possessing widanging water balances largely depending on the relative influence of river
water. The northern Peace sector (to the north of PAD 37 (Jemis Lake)) is a relic delta that
receives floodwater ¢y during infrequent higtrelevation spring icgam flood events.
Consequently, lakes are typically isolated or perched (i.e., ctirs@ubge) and strongly
influenced by evaporation (PADPG, 1973; Pietroniro et al., 1999; Wolfe et al., 2007). Lakes in
the ®uthern Athabasca sector (PAD 37 and areas to the south) span a broad gradient of
hydrological conditions from those that frequently receive river water in the active delta regions
(i.e., restricteedrainage) during both the spring i@en and opefwater gasons to those that are
more substantially influenced by evaporation (i.e., claf@ihage). Broad shallow lakes in the
central, lowlying portion of the delta receive continuous river inflow (i.e., egeinage).
Groundwater is considered to be a ngigle component of lake water balances in the PAD due
to discontinuous permafrost, low hydraulic conductivity of flateposited fineggrained
sediment (clay and fine silt) that line basins, and low horizontal gradients between lakes

(Nielsen, 1972; Prowsst al., 1996; Wolfe et al., 2007).

54



o

kv} 7"?7’

e
(=]
[+]
oQ
[le]
@ Lake sites 0
A River sites 0

111°40'0"W 111°20'0"W 111°0'0"W

Figure 3.1 Map showing locations of the Pea&thabasca Delta, Alberta, and the 68 lake (black
circles) and 9 river (black triangles) sites sampled during Mal/712018. Approximate

locations of river icgams are indicated as red areas, as provided by KevinnByn@reeline
Ecological Research) based on photos taken during aerial surveys.

55



3.2.2 Conditions during and preceding the 2018 flood event

Ice-jam flooding occurred along stretches of the Athabasca, Peace, and Slave rivers in
late April through early May 2018. For the Peace River, extensije @ans devel oped O
km upstream of the PAD (e.g., Town of Peace River, Sunny Valley, Vermilipid&aluring
April 26-29, 2018, as well as in the Slave River during Mal, 2018 at a location ~38 km
downstream of the northeastern edge of the RFe3ek, 2019). Prior to and during this period,
ice cover on the Peace River thermally degraded dlmngeach adjacent to the PAD and was
too weak to generate dynamic breakup and substantial overland flooding in the northern Peace
sector. However, backwaters from the downstrearjaiceon the Slave River, combined with
arrival o -fam-ielea@ waveseBéltads,i 2@08) from release of an upstreajarnceat
Vermilion Rapids, raised river levels at the northern edge of the PABP4by &nd caused flow
reversals into the main PAD channels (Riviéere des Rochers, Revillon Coupé, Chenal des Quatres
Fourches) during May &, 2018 (Jasek, 2019). Extensive-jams formed in the Athabasca
River and distributaries (Embarras River, Mamawi Creek; Figrewithin the southern
Athabasca sector between at least M&y 2018 when observations were made duaeigal
surveys by Kevin Timoney (Treeline Ecological Research) and Queenie Gray (Wood Buffalo
National Park). The flooding had begun before the first flight on Magntl had not ended by
the last flight on May '8 (K. Timoney, Q. Gray, pers. comm.). Mapisthe spatial extent of the
floodwaters have not yet been produced from the aerial surveys. However, observations and
photos suggest overland flooding was extensive in the southern Athabasca sector of the PAD, but
limited to a few lowlying basins adjac# to the main channels in the northern Peace sector (K.

Timoney, pers. comm.).
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Snow cover had melted in the PAD about two weeks before the spring floods of 2018 and
almost one month before our lake and river sampling (Ma¥7)bas a consequence of
consstent above freezing temperatures that occurred after April 19, 2018 (Alberta Climate
Information Servicénttps://agriculture.alberta.ca/acis/alberteatherdataviewer.jsp, accessed
May 15, 2019). Aerial photos provided by K. Timoney identify that most of the sampled lakes
became ice free just before the spring flooding, because they show shallow lakes were ice free
but deeper lakes (>2 m) still had some remnant icercow May 1, 2018 at the time of flooding.
A total of 4.1 mm of precipitation (rain) was recorded at Fort Chipewyan (58.7196° N,
111.1407° W) between April 19 and May 17, 2018, a period that precedes river flooding and
extends until the end of our lake atieer sampling (Alberta Climate Information Service

https://agriculture.alberta.ca/acis/alberteatherdataviewer.jsp accessed May 15, 2019).

3.2.3 Data collection

During May 1517, 2018 a set of 68 lakes and 9 river sites spanning the range of
hydrological conditions across the PAD were sampled with the aid of a helicopter @iQure
Water samples and-situ measurements were collected from a depth of ~1&@mriidlake
location (or midchannel for the river sites). Samples for oxygen and hydrogen isotope analysis
were stored in sealed 30 ml higkensity polyethylene bottles, andsitu measurements of
specific conductivity were obtained using a YSI ProD8&ls. Due to the shallow depth of
lakes in the PAD, the lake volumes are generally-meked at the time of sampling. Thus, the
sampling approach provides measurements representative of the total lake storage. Water isotope
compositions of the lake andrer samples were measured by-8fis Integrated Cavity Output

Spectroscopy (AICOS) at the University of WaterldoEnvironmental Isotope Laboratory

(UW-E'I L) . | sot ope ¢ o mp owalues,iwian eepresenedeveatiopsringpersné d  a s
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Field observations (described below) were recorded at the time of sampling for each lake.

3.2.4 Data analysis

To determine the flood status for each sampled lakéer isotope compositions were
compared to river water isotope compositions, considering simultaneously values of specific
conductivity and field observations. Lakes were designated as flooded if 1) water isotope values
were close to or overlapping withe isotopicallydepleted river water isotope compositions, 2)
specific conductivity values were close to the range of the river water values (Peace sector: 164.5
to 17615 AtShabmsca sect ol and3)hée wias isible evideBof 5 € S
flooding, such as water colour and turbidity (assessed in situ) similar to the closest river or
channel, and flooded lake margins and debris (i.e., logs) that appeared to have been carried in by
the recent floodwaters. In the few instances where fibaidis was less obvious, hydrological
conditions of nearby lakes were considered in combination with field observations. These cases
are detailed in the Results section.

A previously developed isotope framework representing average conditions during@m0

(Remmer et al., 2018) and a couplsdtope tracer approach (Yi et al., 2008) were used to

calcul ate the i sot op e)foceaamflooded ldké (BiguEdy Appendixp ut wa

1). As prescribed by the couplesbtope tracer approach (Yi et al., 2008), all lake water isotope
compositions experiencing the same atmospheric conditions will fall orspadaific

evaporation | ines t er mi-steadystategsotape compositibniofae . , t
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lake approaching desiccation), and their intersection with the Local Meteoric Water Line
(LMWL) pr ovi de sforeanh la&es Ih thisvaay, ee werfe able to estimate the
isotope composition of the input watartering lakes from our measurement of the isotope
composition of | ake wat er ,corsists priharilpal ftbeddatel a k e s
supplied during the flood event and, to a lesser degree, precipitation received during the same
period. Wer e c 0 g n i z jevaluednaytalsotrdflext seme signal of input water during prior
years, although this is likely to be minimal because of the tendency for large volumes of river
water to enter the very shallow lakes of the PAD (typically <1 m maxinepthyiwhen they
flood.

A set of four Meteoric Water Line Segments (MWLS) were developed capturing the range of
lake input water isotope compositions that result from mixing of either rain or snow with
floodwater from the Peace or Athabasca river. Raiafadl snowmelt input includes both
precipitation falling directly on the lake surface and runoff from the lake catchment that entered
the lake during the period captured by our water isotope samples. Estimates of average ice
season (MaBeptember)rain s ot ope c &®onp-b4i 2 PHa=pl W2Al. 2&) and
average iceover season (Novemb®tarch; note April and October were not used because they
typically include both r ai n'®0snR2d6 .sOnZbiw) Usnow i s
199. 0a) wdfromthe @nline isatopes in Precipitation Calculator (Bowen, 2016;
Bowen & Revenaugh, 2003; IAEA/WMO, 2015), while the isotope composition of the Peace
(¥o=-21. 12H=-16ai2. 6&) and®BAtdh8a.b%8gsc,4 400 94a) rivers
determinedf om sampl i ng i n Ma yfor#he flo&ed lakes Wereithug,t i ons o
constrained to one of the four MWLS, depending on the latitude of the lake (i.e., areas to the

north of PAD 37 = influenced by floodwater from the Peace River; PAD 37 andtaribas
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south = influenced by floodwater from the Athabasca Rigee Figurdl) and whet her
value was higher (i.e., more enriched; influenced by rainfall) or lower (i.e., more depleted;

influenced by snowmelt) than the respective river isotopgposition (Figure3.2). PAD 37 was

chosen to distinguish source of river floodwaters because lakes to the north tend to be flooded by
the Peace River, while PAD 37 and lakes to the south are flooded by the Athabasca River. To
determine the proportion ofpait water attributed to river floodwater, four binary mixing models
were established. Linear positionin®UFsif rain,

space preclude the use of a theceenponent mixing model. The four binary mixing models are:

For Peace sector lakes containing a mixture of floodwater and rainfall,

%0 QOBQLIND O Qi Eq.1

for Peace sector lakes containing a mixture of floaewand snowmelt,

%0 QOWBQL DO Qi Eq.2
for Athabasca sector lakes containing a mixture of floodwater and rainfall,

%0 00 0 & i"YO2D QD 6 Qi Eq.3

and, for Athabasca sector lakes containing a mixture of floodwater and snowmelt,

%0 O G & i"YCD QD 6 Qi Eq.4

Values generated by equationd tepresent estimates of the proportion of input water
attributable to river floodwaters and do not necessarily represent the total arhoveit
floodwater in the lake at the time of sampling because nearly all lakes contairedstirey

water. The one exception is PAD 20, which had desiccated prior to the flood event.
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Because the rain and snow enémber isotope compositions are natdzhon local
measurements, but rather derived from a global model, and the values can certainly vary, we
consider these ertitember values to be the largest uncertainty in our modelling approach. Thus,
a sensitivity analysis that incorporated uncertainthéprecipitation engnember isotope
compositions was performed to evaluate their influence on flood magnitude estimates. We
adjusted rain and snow emtle mb #® wWal ues by N1.084 and N1.88a
1 standard deviation (SD) of the monthl val ues. The o60OI PC mi nus6é sc
application of SD values subtracted from the rain and snowremadber isotope compositions,
whereas the O60OPI C plusé scenari o represents a
endmember isotopep osi ti ons. The sensiti viOtvgluesnal ysi s
since a binary mixing model “Hwaued. To visualizedlood e t h e
magnitude and explore spatial patterns, the proportion of input water attributed to river
floodwater was interpolated between lakes across the surface of the delta. Spatial autocorrelation
was assessed using Moranés | (Anselin, 1995).
multiquadratic radial basis function, a deterministic interpolation techrsgitable for

environmental monitoring (Rusu & Rusu, 2006), with the function and optimal parameters

determined through crosslidation. Analyses were performed using ArcMap 10.6 software.
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Figure3.2. S c h %@PH diagrani illustrating watdésotope compositions of two
hypothetical lakes, one that has received input water consisting mainly of river floodwater and
r a i .n) ar{d @ne that has received input water consisting mainly of river floodwater and
S n 0 wmey). Each(lalte plots alonglake-specific evaporation line. The intersection of lake
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the special case of a lake at hydrological and isotopic steady state in which evaporation exactly
equals inflow, and the limiting nesteadystate isotope compositin - ( 4 * ) , whi ch i ndi
maximum potential isotopic enrichment of a lake as it approaches complete desiccation. The
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details.
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3.3 Results
3.3.1 Flood status of lakes

Several lakevater isotope compositions cluster aroundrixer isotope compositions when
pl ot t®drH space,iivhich we interpret to reflect substantial influence of river floodwaters
(Figure3.3a). In contrast, many lake water isotope compositions also plot along the LEL
b et we(satopaicompositionaei ght ed mean annusalibotoper eci pitat
composition of a terminal lake at hydrological and isotopic steady state) indicating evaporative
enrichment, which may have occurred during the spring and previotreécseasons in the
absence of oding (Figure3.3b). The isotope compositions of rlaoded Peace and
Athabasca sector lakes overlap, suggesting the influence of evaporative isotopic enrichment in
the absence of flooding was comparable across the delta (BigbjeThere are a few
exceptions (8 of 68 lakes) to our strictly isotemased interpretation of flood status (described
further below). These include some lakes that are positioned along the LEL (PAD 27, 14, 58, 50;
Figure3.3a), but other data and observations indicate thgtrdeeived some river floodwaters
in 2018. Other exceptions include lakes that are positioned close to the MWLS (PAD 9, M2,
M10, M5; Figure3.3b), but measurements of conductivity and field observations led to
interpretation that they did not receive rifieodwaters in 2018.

Four of the lakes that were offset from the MWLS were considered flooded based on
measurements of specific conductivity and visual observations (B@agTable3.1). Three
lakes are in the Peace sector (PAD 14, 50, 58) and oaéslakthe Athabasca sector (PAD 27).
PAD 50 was highly turbid and field observations noted the water colour matched the nearby
Claire River, which was observed to be receiving water from the Peace River. We suspect this

lake, which had been experienciwgterlevel drawdown during recent op&rater seasons

63



(personal observation), received some river water but the isotopdegdlgted input water was
insufficient to offset the prior evaporative enrichment. Similarly, flooding of PAD 58 and PAD

14 was detenined by observation of high turbidity and light brown water colour comparable to
the Peace River. Turbid water, high water level, and a flooded lake margin was observed at PAD

27.

Four lakes (Athabasca sector: M2, M5, M10; Peace sector: PAD 9) thatgrgtthe MWLS
were classified as not flooded based on measurements of specific conductivity and visual
observations (Figurg.3b, Table3.1). Lakes M2 and M5 had very low turbidity and specific
conductivity was lower than expected if river water hadredtéhe basins. We suspect these
lakes may be influenced by isotopicatlgpleted snowmelt draining through elevated sand dunes
located in their catchments. Lake water at PAD 9 was very shallow and clear, which we attribute
to a strong influence of isotaglly-depleted snowmelt. At M10, turbidity of the water was
observed to be low, water levels appeared normal, and lake water colour was comparable to
nearby lakes (M8, M9) that we confidently ascertained did not receive river floodwater.

In total, 44% (B/68) of sampled lakes received river floodwaters based on consideration of
the water isotope compositions, specific conductivity, and field observations @abINine of
32 (28%) sampled lakes in the Peace sector were classified as flooded, aB6é 2386b) lakes

in the Athabasca sector were classified as flooded.
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Figure 3.3.0'%0-PH graphs showing the water isotope compositions of a) flooded lakes and b)
not flooded lakes sampled in May 2018. Isotope compositions of rain, snow and the Peace and
Athabasca rivers are also shown.

3.3.2 Calculation of proportion of input to lakes attributable to river floodwater

Based on c avalees, thaihputovater t achiflooded lake was determined to
consist mainly of a mixture of either Peace (hat PAD 37) or Athabasca (PAD 37 and to the
south) river floodwater and rainfall or snowmelt (FigB8i; Table3.2). Lakes were then
assigned to one of four MWLS. Input water for 5 of the 9 flooded lakes in the Peace sector
consisted mainly of a mixture of river floodwater and rainfall (Figg4@a). Input water for the
other 4 flooded Peace sector lakes consistedanfily a mixture of river floodwater and
snowmelt (Figur8.4b). In the Athabasca sector, 2 of the 21 flooded lakes received input water
mainly comprised of river floodwater and rainfall (Fig3éc), while the other 19 flooded lakes

received input watanainly comprised of river floodwater and snowmelt (FigBidesl).

65



Flooded lakes in the Peace sector contained a mixture of river floodwater and rain or
snowmelt, while flooded lakes in the Athabasca sector were dominated primarily by a mixture of
river floodwater and snowmelt. Based on equations 1 and 2, respectively, the proportion of input
water attributable to river floodwater in Peace sector lakes dominated by precipitation in the
form of rain ranged from 69% to 98% with an average of 81.8%, whilprdp®ortion of input
water attributable to river water in lakes dominated by precipitation in the form of snow ranged
from 90% to 97% with an average of 93.9% (TedhB). Based on equations 3 and 4,
respectively, the proportion of input water attributableiver floodwater in Athabasca sector
lakes dominated by precipitation in the form of rain ranged from 93% to 98% with an average of
95.5%, while the proportion of input water attributable to river floodwater in lakes dominated by
precipitation in the fom of snow ranged from 82% to 94% with an average of 86.3% (Ble
The average proportion of input water attributable to river floodwater in the flooded lakes was
87.2% (n = 30), with comparable ranges and averages in the Pe&d®468vg = 86.9%, n 9)

and Athabasca sector @8%, avg = 87.2%, n = 21; Tal8e).
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3.3.3 Delineation of flood extent and magnitude

Calculations of the proportion of input to lakes attributable to river floodwater were
interpolated across the surface of the PAD using a radial basis function to visualize flood extent
and magnitude (Figur@5a). Because all flooded lakes had >60% inpaier attributed to river
flooding, only contours of 60% river floodwater input and greater are displayed to highlight the
flooded areas. Patterns of flooding differed notably between the Peace and Athabasca sectors. In
the Peace sector, river floodwateput was mainly constrained to lakes located along the Chenal
desQuatre Fourches (PAD 54, 58) and the northern reaches of the Revillon Coupé (PAD 14, 15).
Flooding along the Riviére des Rochers and the Claire River was limited to a few sampled lakes
(PAD 8, PAD 50). Lakes M17 and M18, which appear to lie at an interior location, received
floodwaters from the Riviere des Rochers via a distributary channel. River floodwater was the
dominant input into PAD 64, which is in a flogpdone area adjacent to thertioshore of the
Peace River. In the Athabasca sector, more extensive flooding occurred. River floodwaters
entered lakes along Mamawi Creek and western portions of the Embarras and Athabasca rivers.
However, flooding was not evident in lakes at the easéeminus region of the Athabasca
Delta. Note that the mapped flooded regions necessarily incorporate lakes that were not sampled,
which is reasonable especially for the {oslief Athabasca sector. A sensitivity analysis
incorporating uncertainties in tiain and snow enthember isotope compositions in the binary
mixing model equations generated small differences in the flood map magnitude estimates
(average absolute difference for -51%e 60Ol PC mi
maximum = 5.5%), Fig@35b; average absolute difference f

(minimum =-4.6, maximum = 2.9%), Figui&5c)
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Figure3.5.a) Map of the PeacAt habasca Delta showing spati al i nterpol ati on

of input water to lakes attributed to river floodwaters in May 2018. Note that the interpolation requires-gahptad lakes that

happen to fall within the >60% to 100% floodwater coloured zones are assumed to have received river floagwairnmnate

locations of river icgams are indicated as red areas, as provided by Kevin Timoney (Treeline Ecological Research) basesl on photo
taken during aerial surveys. b), c) Maps of the Pédhabasca Delta showing spatial interpolation of percent of input water to lakes
attributed to river floodwaters in May 2018 incorporating sensitivity analyses (Bdute = %0 ali.n0 8ia a&an*®-sno
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3.4 Discussion

The lateral interaction of rivers and their floodplains is often an important determinant of
patterns of biodiversity and speciesness (Gregory, Swanson, McKee, & Cummins, 1991,
Johnson & Host, 2010; Junk, Bayley, & Sparks, 1989; Ward, 1998; Welcomme, 1979), and
monitoring of hydrological connectivity should be considered a vital component of efforts to
conserve the ecological intéy of floodplain landscapes. However, measurement of
hydrological connectivity can be difficult to obtain in wateh landscapes, especially during
shortlived, episodic flood events (Lindenmayer et al., 2008}jdoe floods provide a period of
increaed hydrological connectivity among rivers, channels, lakes and wetlands of the PAD, and
decline in their frequency has remained a prominent concern for decades in recognition that these
flood events are critical to maintaining ecological integrity. Thtus,imperative to track flood
events and their influence on hydrological connectivity when they occur, even if some of their
effects are shotttved (see Remmer et al., 2018). Historically, this has been done mainly by
observation from aircraft, and metts have recently been developed to map flood extent from
satellite imagery (Pavelsky & Smith, 2008; Toyra & Pietroniro, 2005). However, neither of these
approaches readily allow guantification of flood magnitude, and the mapped flood extents can be
strondy influenced by the timing of observations.

Recently, an international organization has identified the need to expand the scope of
monitoring in the PAD, among other recommendations, which has translated into an Action Plan
for Wood Buffalo National ParkWVHC/IUCN, 2017; WBNP, 2019). Here, we demonstrate the
utility of systematic sampling of lakes and rivers for analysis of water isotope composition to
serve this knowledge requirement, and in particular to quantitatively delineate extent and

magnitude oflood events on lakes across the ~6008 &rpanse of the delta. This opportunity
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arose because, fortuitously, a substantiajace flood event occurred in the midst of our multi

year program of sampling of lakes in the delta, which is designed to geaerainitoring

framework to assess changes in hydroecological conditions and sources, distribution and toxicity
of contaminants in lakes of the Pegkthabasca Delta. Had we not been systematically

collecting samples prior to and during this time (and gadan the associated fieldwork

planning required to execute the sampling), it would have been substantially more difficult to
capture this event in the level of detail presented here, especially if timing and frequency of
sampling was sporadic and religplon by impromptu decision making.

Ice-jams in late April and early May 2018 resulted in flooding of lakes in both sectors of the
PAD, although flood extent and magnitude differed between the Peace and Athabasca sectors.
High water levels in the Peace Rivesulted in flow reversals along some river channels,
including the Claire River, Chenal d@siatre Fourches, Revillon Coupé and Riviere des
Rochers (JaseR019). Results from our study identify that these high river levels led to flooding
of several lakes adjacent to these channels (e.g., 96% river floodwater input at PAD 54; Figure
34,35,3.6, Table3.2), which has long been observed to occur durigh iater events on the
Peace River (e.g., PADPG, 1973; Wolfe et al., 2006). Interpolation indicates that input to lakes
in these areas was dominated by river water, and that the proportion of input water attributed to
river floodwater decreased with incs@iag distance from the channels, consistent with
independent observations made during aerial surveys indicating there was minimal overland
flooding in the Peace sector due to absence ghios in the stretch of the Peace River adjacent
to the PAD (Jasek019).

Our isotopebased methods identify considerably greater spatial extent of floodwaters in the

Athabasca sector than the Peace sector, consistent with independent observations made during
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aerial surveys (Figurg5, K. Timoney, pers. comm.). And,sdts of our methods were
supported by photographic evidence and field notes compiled by K. Timoney (Treeline
Ecological Research) showing that Blanche Lake (PAD 25), Dagmar Lake (PAD 33), Mamawi
Creek Pond (PAD 30), Johnny Cabin Pond (PAD 31), Richardaka (PAD 38), Grey Wavy
Lake (PAD 40) and Otter Lake (PAD 46) were all flooded by May 1, 2018 (K. Timoney, pers.
comm.). In the Athabasca sector, river floodwaters were conveyed primarily by the Athabasca
River and Embarras River and entered lakes aloagvestern portion of these rivers. Flooding
along the Embarras River and downstream along Mamawi Creek towards Mamawi Lake aligns
with paleolimnological evidence and field observations that river floodwaters have been diverted
northward along this flow ph due to the Embarras Breakthrough in 1982, a natural river
avulsion that has since redirected substantial and increasing volumes of Athabasca River flow
(via the Embarras River) along Mamawi Creek (Kay et al.,2020; Timoney, 2013; Wolfe et al.,
2008). La& of observed flooding at the eastern terminus region of the Athabasca Delta also
aligns with paleolimnological records that indicate less frequent lake flooding in this area since
the Embarras Breakthrough (Kay et al., 2019). Given the importance oftthbasca Delta
terminus region to land users, and their concerns about decreasing water levels (IEC, 2018;
MCFN, 2014), confirmation that floodwater is not reaching this area, even during the large ice
jam flood of 2018, is an important contribution to servation dialogues.

Some lakes in the central area of the Athabasca sector received enough river water input to
drastically change their lake water balance (PAE219Figure3.6). For example, PAD 20, a
lake located along the western edge of the floadreéxhad desiccated by fall 2017 following a
multi-year trend of declining water levels. This provided opportunity to evaluate our flood

magnitude estimates because there was no water balance memory at PAD 20, which can
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potentially confound interpretatian f | values. When sampled in May 2018, this lake contained
2.4 m of water, of which we attribute 85% to river floodwater input and 15% to snowmelt
(Figure3.5, Table 2). This suggests that 0.36 m of the 2.4 m of new water was contributed by
snowmelt.Based on records at the Fort Chipewyan meteorological station (Ft. Chipewyan RC,
obtained fromhttps://agriculture.alberta.ca/acis/alberteatherdataviewer.jspfor the geriod
October 1, 2018 through April 18, 2019 (the snowfall period), only 78 mm (0.078 m) of
precipitation fell during the snowfall period. But, the land surrounding the lake has extensive tree
and shrub cover, which entraps wiratlistributed snow from a&igent treeless ared% further
evaluate this estimate, we compiled lake depth changes between September 2017 (our prior
sampling trip) and May 2018 in Athabasca sector lakes that did not flood. Assuming we sampled
lakes in the same locations on bothdieisits, as intended, lake depth changes ranged-from
0.04 m (i.e., a drawdown of 4 cm) to +0.59 m. Thus, our estimate of 0.36 m of snowmelt water
contribution to PAD 20 is possible as it falls within this range.

Our sensitivity analysis has demonstrateat incorporating reasonable uncertainty of both
the snow and rain enatiember isotope compositions does little to change the outcome at the
scale presented in FiguBeb, which is most appropriate for ecosystem management purposes.
Indeed, the most impamt delineation in our approach is simply whether the lake flooded or not,
which water isotope tracers, supplemented by measurements of specific conductivity and field
observations, effectively identify. Nonetheless, surveys of rain and snow isotope itimmpos
could better constrain these emgmbers and be used to assess for spatial heterogeneity, thereby
enhancing the accuracy of the model and estimates of flood magnitude.

We acknowledge other uncertainties in this modelling approach. For exampledflasds

likely contain a mixture of river floodwater, plus randsnow, and this may have led to over
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estimating river floodwater contributions because the linear positioning of theseesniolers in
Ut80-1PH space precludes the use of a trzemponentnixing model. We contend that our

approach, which considers the two dominant inputs to each lake, provides a reasonable
estimation to track the extent and magnitude of river flood events. Indeed, presentation of Figure
3.5 to WBNP staff indicated that otesults largely aligned with observations made during their
flyovers (Q. Gray, pers. comm.), and flooding was observed at several lakes along the northern
and eastern peripheral flood margins based on our approach (i.e., PAD 30, 31, 38, 40, 46; K.
Timoney,pers. comm.), as stated above. However, none of the lakes identified as flooded by our
approach were estimated to have less than 60% of their input attributed to river floodwaters, even
those at the outer margin of the flooded area. There are at legsbggible explanations for this
outcome. One is that our methods are not sufficiently sensitive to detect flooding when this value
is less than 60% due to insufficient change in water isotope values, specific conductivity, and
other sources of informatiofthe second is that flooding to these shallow, small volume lakes
rarely ever results in less than 60% of the input attributable to river floodwater because once
rivers overbank, they supply so much water to the flat terrain that more than half of the lake
input is due to this hydrological process. Clearly, this suggests a need for further refinement and
testing of our methods and more data acquisition to distinguish these possibilities. Also,
interpolation of the calculated proportion of input water aitable to river floodwater is limited

in some areas of the delta (e.g., Claire River and the northeastern area of the Athabasca sector)
by a low density of sampled lakes. While more lake sampling sites could be added, the set of 68
sampled lakes providesmsiderable coverage for tracking the main patterns of flooding and
hydrological connectivity across the landscape. Despite these uncertainties, the flood map

generated by our approach represents a marked improvement over other approaches because it is
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less prone to logistical limitations (i.e., sampling can occur after a flood occurs, not at the exact

moment of flooding) and can quantify spatial variation in the magnitude of flood influence.

May 2017 May 2018 Surrounding area
PAD 54 |

Figure 3.6. Images of selected flooded lakes and surrounding areas in May 2017 (left; no
flooding) and May 2018 (middle, right; substantial flooding).
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3. 5 Conclusions and recommendations

River water entered lakes in the PAD during arjae flood event in late April to early May
2018. Here we used water isotope tracers, supplemented by measurements of specific
conductivity, and field observations, to delineate the extent and magnittideding. We
present an isotopeased approach, incorporating landsespecific set of binary mixing models
that allow estimation of the proportion of input water to lakes attributable to river floodwater and
rainfall or snowmelt. Nearly half of the 6&ks we have sampled since 2015 as part of
developing the foundation of a monitoring program received river floodwaters in spring 2018,
and the estimated proportion of lake input provided by river floodwater to the flooded lakes
averaged 87.2%. We found tHkoding in the northern Peace sector was primarily limited to
lakes along the Chenal des Quatre Fourches and the northern reaches of the Revillon Coupé.
Flooding in the Athabasca sector was much more extensive, but did not reach the eastern
terminus ofthe Athabasca Delta as floodwater was conveyed northwards through the Embarras
River and into Mamawi Creek, a continuing legacy of the Embarras Breakthrough that occurred
in 1982 (Kay et al., 2020; Timoney, 2013; Wolfe et al., 2008).

Monitoring data are aessential component of scieAgased policy, and longgrm records
are the most likely to contribute to policy (Hughes, Beas, Barner, & Brewitt, 2017). However,
obtaining resources to support continuous {targn monitoring remains a challenge (Lovett et
al., 2007). Coseffective measurements of important variables can increase the likelihood of the
long-term sustainability of a monitoring program, allowing them to survive during times of lean
budgets and, thus, increase the probability that the dateomtifibute to policy and decision
making. This is particularly true in remote northern landscapes, which present additional

logistical and financial challenges (Mallory et al., 2018). For example, conventional water
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gauges are expensive to install andntan at a landscape scale and are frequently damaged or
lost during the flood event they aim to capture (e.g., Jasek, 2019). Aerial surveys of flood extent
can be informative, but are limited by the timing of the flights. In complex and dynamic
floodplainlandscapes such as the PAD, hydrological monitoring approaches must be sensitive,
timely, flexible and coseffective. Use of water isotope tracers meets these requirements and,
thus, provides an alternative and complementary approach capable of cagiuritegrated

signal of recent hydrological events and processes. Water isotope tracers have a high level of
dexterity, sample collection is straightforward and fast (the 77 sites used in this study were
sampled over 2 days) and analytical costs arelludeed, senior authors of this paper have long
utilized water isotope tracers and other approaches in partnership with other northern National
Parks in Canada to assist with meeting their aquatic ecosystem monitoring and reporting
obligations. Here we pr@se water isotope tracers along with measurements of specific
conductivity as practical, affordable lotgrm lake hydrological monitoring tool capable of

generating informative results for the PAD, and other remoterlakdandscapes.
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Tables

Table3.1. Water isotope compositions, field observations and specific conductivity from 68 lakes and 9 river sites in{Ath&easea Delta
sampled in May 2018 and used to categorize the lakes as either flooded or not flooded by the Peace or Athalshsoayriterspring of 2018.

Lake ID = Water isotope composition Field notes Conductivity Flooded in

%0 (a VSMOWI®H (& VSMOW)  Observations (uS/cm) spring 2018?

Peace Sector

R1 -21.24 -162.94 Very turbid, light brown 176.5 Revillon Coupé
R2 -21.11 -162.64 Light brown, very turbid thick with mud 173.4 Peace River
R3 -21.20 -163.88 Light brown, very turbid, thick with sediment 175.4 Chenal des Quatrt
Fourches
R9 -20.88 -163.35 Light brown, very turbid, no visible macrophytes 304.4 Claire River
R11 -20.12 -157.90 Light brown, very turbid 164.9 Riviére des Rocher:
PAD 1 -11.60 -115.17 Brown water, turbid 329.5 No
PAD 2 -12.66 -121.08  Brown water, turbid, water lilies emerging 264.6 No
PAD 3 -13.88 -129.19 Dark brown water, turbid, water in lakeargins 304.6 No
PAD 4 -11.73 -116.03 Greenish brown water, some turbidity 440.6 No
PAD 5 -10.92 -113.10 Greenish brown water, clear (low turbidity) 274.6 No
PAD 6 -11.40 -112.96 Greenish brown water, turbid 280.9 No
PAD 8 -16.92 -139.06 Water coloutike river channel (redbrown), high water level 150.5 Yes
PAD 9 -20.61 -162.32 Clear (low turbidity), very shallow 56.0 No
PAD 12 -13.75 -128.58 Dark brown water, clear (low turbidity) 297.9 No
PAD 13 -12.96 -122.41 Dark brown water, clear (lowurbidity) 99.5 No
PAD 14 -15.37 -134.08 Light brown, highly turbid water 218.1 Yes
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PAD 15

PAD 16

PAD 17

PAD 18

PAD 50

PAD 52

PAD 53

PAD 54

PAD 57

PAD 58

PAD 64

PAD 65

PAD 72

PAD 73

PAD 74

PAD 75

M15

M16

M17

M18

M19

-19.35
-12.62
-12.16

-9.39
-12.06
-14.65
-10.84
-19.41
-10.99
-13.44

-20.50

-11.17

-10.80

-12.68
-13.28
-13.73
-11.52
-12.86
-18.70
-17.85

-11.69

-155.46

-120.65

-119.88

-104.59

-118.23

-134.26

-109.09

-155.82

-114.59

-127.21

-161.40

-117.20

-114.74

-124.42

-127.51

-126.41

-114.68

-123.74

-153.14

-148.08

-117.43

Light brown, highly turbid water

Greenish brown, turbid

Brown water, very cleafiow turbidity)

Greenish blue water, very clear (low turbidity)

Light brown water, high turbidity, silty

Greenish brown water, low turbidity

Brown water, low turbidity

Light brown water, high turbidity, flooding obvious
Greenish brown water, fairly turbid, no signs of flooding
Light brown water, high turbidity

Light brown, very turbid, appears flooded, drowned vegetat
water looks to have come from the west end, no visible
macrophytes

Moderate turbidity, flooding nasvident

Water level below highwater mark visible on rocks. No signs
of flooding noted

Water clear, visible to lake bottom

Water clear, visible to lake bottom

Water is very clear

Brown water, low turbidity

Brown water, low turbidity

High turbidity, water in lake margins, water levels high
High turbidity, water in lake margins, water levels high

Brown water, low turbidity
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241.2
446.4
184.5
167.6
324.8
420.3
242.3
227.2
381.9
250.4

254.6

316.9

N/A

N/A

N/A

N/A
201.8
120.1
219.3
226.7

189.7

Yes

No

No

No

Yes

No

No

Yes

No

Yes

Yes

No

No

No

No

No

No

No

Yes

Yes

No



R4

R5

R6

R7

PAD 19

PAD 20

PAD 21

PAD 22

PAD 23

PAD 24

PAD 25

PAD 26

PAD 27

PAD 30

PAD 31

PAD 32

PAD 33

PAD 36

PAD 37

PAD 38

PAD 39

-18.98

-19.12

-19.16

-19.25

-19.17

-19.40

-19.30

-18.70

-18.65

-18.98

-19.04

-19.25

-16.25

-19.14

-19.27

-18.70

-19.40

-19.29

-13.62

-17.79

-18.90

-149.85

-151.60

-151.69

-152.30

-153.33

-154.51

-154.14

-149.79

-151.48

-152.12

-152.33

-154.32

-137.35

-153.63

-154.25

-151.52

-155.02

-154.65

-129.40

-144.57

-151.79

Athabasca Sector
Medium brown, very turbid

Mediumbrown, fast flowing, high turbidity, bank erosion (to
the North)

Medium brown, turbid

Turbid, brown

High turbidity, high watefevels

Obvious flooding, high water level, high turbidity

High turbidity, water throughout lake margins, high water le'
Fairly turbid, water throughouéke margins

Fairly turbid, water throughout lake margins

Fairly turbid, water throughout lake margins

Fairly turbid

High turbidity, logs in lake on river side

Fairly turbid, water throughout lake margins, high water leve
High turbidity, drowned macrophytes, obvious flooding
High turbidity, drowned macrophytes, obvious flooding

High turbidity, water throughout lake margins and surroundi
landscape

High turbidity, water throughout lake margins, high water le'
Fairly turbid

Clear water, benthic algal growth

High turbidity, water throughout lake margins, high water le’

Dark teabrown, water in lake margins
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179.7

188.5

181.3

185.1

199.2

203.9

2117

209.0

191.0

189.5

180.5

217.2

227.5

217.7

211.4

244.8

242.4

225.2

430.7

1751

223.7

Athabasca River

Embarras River

Fletcher Channe
Mamawi Creek
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes

No
Yes

Yes



PAD 40

PAD
45B

PAD 46

PAD 62

PAD 68

PAD 71

M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

M11

M12

M14

-19.33

-19.14

-18.76

-14.47

-12.68

-15.74

-13.74

-18.83

-11.14

-11.04

-19.20

-12.18

-16.14

-12.07

-12.20

-18.34

-13.74

-19.78

-19.70

-153.98

-151.73

-150.79

-125.39

-121.17

-134.40

-124.59

-149.29

-112.38

-108.39

-153.70

-118.75

-138.30

-114.34

-116.02

-151.06

-123.36

-155.82

-155.50

High turbidity, no macrophytes visible

High turbidity, high water levels

Light brown water, low turbidity

Clear water (low turbidity)

No signs of flooding

Very low turbidity, dark tea colour

Greenish brown water, low turbidity, benthic vegetation visil
Dark brown water, very clear (no turbidity)

Greenish water, low turbidity

Greenish brown water, fairly turbid

Dark brown water, low turbidity

Greenish brown water, clear (low turbidity)

Dark tea brown, clear (low turbidity), water in lake margins
Brown water, clear (no turbidity)

Redbrown water, low turbidity

Redbrown water, low turbidity

Dark brown water, low turbidity

High turbidity, water in lake margins, water levels high

Silty, some turbidity
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222.4

211.7

239.4
531.0
N/A
269.7
309.9

47.8
359.0
311.7

49.2
304.3
270.6
569.0
777.0
193.9
290.7
2145

217.1

Yes

Yes

Yes

No

No

No

No

No

No

No

No

No

No

No

No

No

No

Yes

Yes



Table3.2. Isotope composition of input water, percent river input, percent precipitation input,
precipitation type and source of floodwaters36rlakes in the Peadghabasca Delta that flooded in
spring of 2018.

Lake ID o PH, % river input % precipitation input
(& VSMOW) (& VSMOW)

Peace sector
Rain-Peace River water

PAD 8 -19.05 -147.53 70 30

PAD 14 -19.58 -151.14 78 22

PAD 50 -18.87 -146.25 68 32

PAD 58 -20.30 -156.69 88 12

M18 -20.87 -160.90 97 3

SnowPeace River water

PAD 15 -21.20 -163.30 98 2

PAD 54 -21.24 -163.59 97 3

PAD 64 -21.55 -165.89 91 9

M17 -21.38 -164.58 95 5

Athabasca sector
Rain-Athabasca River water

PAD 27 -18.62 -146.97 92 8
PAD 38 -18.87 -148.95 98 2
SnowAthabasca River water

PAD 19 -19.93 -156.47 87 13
PAD 20 -20.01 -157.08 85 15
PAD 21 -20.03 -157.21 85 15
PAD 22 -19.36 -152.51 95 5
PAD 23 -20.07 -157.46 85 15
PAD 24 -19.78 -155.44 89 11
PAD 25 -19.77 -155.34 89 11
PAD 26 -20.18 -158.25 83 17
PAD 30 -20.09 -157.63 87 13
PAD 31 -20.12 -157.79 85 15
PAD 32 -20.01 -157.04 85 15
PAD 33 -20.20 -158.35 83 17
PAD 36 -20.24 -158.66 82 18
PAD 39 -19.78 -155.43 89 11
PAD 40 -19.92 -156.42 87 13
PAD 45B -19.40 -152.77 94 6
PAD 46 -19.63 -154.37 91 9
M12 -19.91 -156.34 87 13
M14 -19.92 -156.44 86 14
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Chapter 4. Multi-year isoscapes of lake water balances across a dynamic northern
freshwater delta

Citation: Remmer CR, Neary, LK, Kay, ML, Wolfe, B, Hall, RI. 2020. Mykar isoscapes of
lake water balances across a dynamic northern freshwaterElelisonmental Research Letters
15: 104066. DOI:10.1088/174826/abb267
4.1. Introduction

Securityof water supply is essential to sustain vitality of ecosystems, abundance of traditional
food sources and responsible development of natural resources. Yet, inland freshwater ecosystems
are amongst the most threatened, due to their vulnerability to cliohatiege and human
development (e.g., Hassanal2005, Dudgeoet al2006, Woodwarat al2010). In northwestern
North America, rapid warming continues to alter seasonal distribution of snow and rain, shorten
duration of seasonal igever, and increasates of evaporation and permafrost thaw (Schindler
and Smol 2006). Shrinking snowpack and glacier volumes at mountainous headwater regions have
reduced river flows at a time when population growth and industrial development have increased
demand for watefSchindler and Donahue 2006, Wodfeal 2008a, Sauchyat al2015). Altered
river flows and sediment regimes are affecting the structure, function and water quality of rivers
and floodplains, including key waterways used for hydropower, natural resatnaetion, water
supply, and transportation (Proweteal 2006, Schindler and Donahue 2006). Drying up of lakes,
conversion of wetlands to shrublands, reduced navigability of water routes, and deterioration of
wildlife habitat are among the many changet tatural resource agencies and stakeholders are
increasingly challenged to mitigate and adapt to (Schindler and Smol 2006, €aald011,
ChavezRamirez and Wehtje 2011, Smehal 2015, Huotet al2019).

Despite the above outcomes, it remainsllehging to identify the relative importance of

multiple potential anthropogenic stressors and natural processes on freshwater resources, because
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they typically operate over broad spatial and temporal scales that are inadequately captured by
existing monibring records (Wilkinsomet al2020). Yet, accurate identification of the cause(s) of
change is required to develop effective policies and actions aimed at protectingehaterthern
landscapes. Thus, government agencies, Indigenous communities, ldinstalkaeholder boards
urgently require innovative collection and analysis of environmental data, integrated over a broad
range of spatial and temporal scales, to inform decisions aimed at ensuringaehai@ndscapes

remain abundant, clean and produetior future generations.

This is the context for stewardship challenges at the P&thadasca Delta (PAD) in northern
Alberta, Canada, where declining lake levels have been a focal concern for decades (e.g., PADPG
1973, MCFN 2014). Aarge body of literature on potential causes has variably attributed lake
level drawdown telimate change, upstreamgulation of Peace River flows since construction of
the WAC Bennett Dam in 1968, consumptive water use by upstream oil sands devetmpthent
Athabasca Riverand natural deltaic processes (e.g., Prowse and Conly 2002, Schindler and
Donahue 2006, Wolfet al2012, 2020, Beltaos 2014, 2018, Ketyal2019). Regardless of cause,
reduction in freshwater abundance has had consequencesdiifievBtrakaet al2018, Wardet
al 2018, 2019) and access to traditional territory (MCFN 2014, Vaninni and Vaninni 2019). The
PAD is a large (6000 kfjy remote, lakeich floodplain landscape recognized as a Ramsar Wetland
of International Importance amdntributed to the listing of Wood Buffalo National Park (WBNP)
as a UNESCO World Heritage Site. Given the critical role of water in this landscape, improved
characterization of hydrological processes and their influence on lakes is essential to inform
emsystem stewardship decisions and is recognized as a priority recommendation and action by
federal and international agencies (WHC/IUCN 2017, WBNP 2019). However, the complexity of

the PAD and its numerous lakes, whose water balances are varyingly eontogllriver

89



floodwater, snowmelt, rainfall and evaporation over a range of temporal and spatial scales (Prowse
and Conly 2002, Wolfet al2007), present significant challenges to design effective hydrological
monitoring approaches.

Prior water isotope tcer studies in the PAD have demonstrated their value for capturing
snapshots of water balance for a season or year (\WbkE2007, 2008b, Wiklundkt al 2012,
Remmeret al2018) and the extent and magnitude ofjare floods (Remmeet al 2020), but the
range and variability of contemporary lake hydrological conditions during recent time and over
the ~6000 krh expanse of the delta has not been adequately characterized. Here we use
meteorological data, river water level records and water isotope compssitieasured at ~60
lakes and 9 river sites during spring, summer and fall efeab period (20122019) to assess the
influence of hydrological processes on landsesqgae spatial variation of lake water balances
over seasonal to muéinnual time scalesThis is needed to evaluate their sensitivity and
applicability as a lake hydrological monitoring approach for the delta and to serve as a foundation
for water quality and contaminant assessment (Wailfd 2012). The need for these approaches
was identied in a Federal Action Plan, which recommended the development and implementation
of an aquatic ecosystem monitoring program for the PAD capable of tracking changes in water
supply, water levels and water quality, and the processes driving changesBWiabal National
Park 2019). Integration of an isotepwss balance model and geospatial analysis allowed
devel opment sefsuBéwers and Rexgmaughd®008) for effective visualization of
areas where lakes are most influenced by evaporative Vesterand replenishment by river
floodwaters and, respectively, identification of portions of the delta vulnerable and resilient to

factors driving lakdevel drawdown.
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4.2 Methods
4.2.1 Study area

Lakes of the PAD are situated mainly within two distinct sectors, which differ in the relative
roles of hydrological processes that influence lake water balances (Eiggjuv&olfe et al2007).
The northern Peace sector is a relic delta where lake wdtercbais strongly influenced by
precipitation and evaporation, except during infrequent, widespread flooding cause€jdmy ice
events on the Peace River. The southern Athabasca sector, fed continuously by the Athabasca
River, contains more active deltaioveronments. Here, lake water balance spans a broader
gradient of influence from river floodwaters during both springjare and summer opemater
seasons, while lake water balance in slightly more elevated areas is dominated by precipitation and
evaporabn. Three large lakes (Claire, Mamawi, Richardson) occupy central and southern
locations of the PAD and receive continuous river threfligh. The icefree season typically
starts in May and extends until at least late September, whereas lakes areriee from October

through April.

4.2.2 Water isotope composition and designation of flood status

Surface water samples were collected fron6B71akes and 9 river sites spanning the two main
sectors of the PAD three times per year during théramseaons of five consecutive years, 2015
2019 (Figuret.1; Appendix 2). To capture and compare the effects of hydrological processes (i.e.,
snowmelt, rainfall, spring ie@am flooding, operwater flooding and evaporation), samples were
consistently collectedutting two to threeveek intervals in the spring (May), summer (July) and
fall (September) of each year. An exception occurred in 2016 when the Fort McMurray regional
wildfire delayed our spring sample collection by three weeks (June):ri¥adld water sanips

were collected midake (or midchannel) from a depth of ~10 cm and stored in sealed 30 ml high
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density polyethylene bottles. Lake and river water isotope compositions were measured by Off
Axis Integrated Cavity Output Spectroscopy-ABCOS) at the Uniersity of Waterlooi
Environmental Isotope Laboratory (U®/1 L) . | sot ope compowalues, ons
representing deviations in per mil (a) from
t h asample = [(RampidRvsmow) T 1] X 10°, where Ris the'®0/*%0 or2H/'H ratio in the sample
and VSMOW. R%®s walnmidsandlysks ate normalized t6 5. 5 4 -4&2rBd ,
respectively, for Standard Light Antarctic Precipitation (Coplen 1996). Analytical uncertainties
are NO.¥B® afnodr N0 2HS8 l&-sitd measuréments of specific conductivity were
obtained using a YSI ProDSS sonde.

Lakes that received river floodwaters during the spring (assumed to result frEaM&EAS in

2018; Remmeet al2020) and opefwvater season were identified usingimly lake and river water

isotope compositions, supported by measurements of specific conductivity and field observations.

Following Remmeet al (2020), lakes were designated as flooded if 1) lake water isotope values
were close to or overlapping with tea isotope compositions of flowing rivers, 2) lake specific
conductivity values were close to the range of the river water values, and/or 3) there was visible

evidence of flooding, such as water colour and turbidity (assessed in situ) similar to tee close

river or channel, and flooded lake margins and debris (i.e., logs) that appeared to have been carried

in by the recent floodwaters (Supplementary Information 1, TablessH15).
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Figure 4.1. Map of the PeacAthabasca Delta showing locations of the lake (circles) and river
(triangles) sampling sites and other landmarks mentioned in the text. EB refers to the Embarras
Breakthrough.
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