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Abstract

Lakerich thermokarst landscapes, such as Old Crow Flats (OCF) in northern Yukon, Canada
have been identified as amongst the mestinerable to climate changd&his has raised concerns of
the Vuntut Gwitchin First Nation (VGFN) and Parks Canada (Vuntut National Park) about the
ecological integrity of this significant wetlandlhe influence of climate change on the
hydroecological caditions of thermokarst lakes are complex and vary across the landscape, thus
longterm hydroecological monitoring is essential to adequately assess the ecological integrity of the
aquatic ecosystem and how it is changing over tilnea genuine interdisplinary and collaborative
approach, thighesis establishes an integrated approach usswope hydrologyaquatic ecology
and paleolimnologyto develop a robust longerm aquatic monitoring program that haasready
been adopted by Parks Canada.

In colaboration with Parks Canada4 of 58lakes that were previously studied during the
International Polar Year from 20@P were selected to represent monitoring lakesakes were
sampledin early June and late August/early Septem!281011. Water samplesdr analysis of
hydrogen and oxygen isotope composition and chemistry (i.e., ions and nutrients) were collected to
track hydrological and limnological conditionArtificial substrates were deployed in June and
accrued algae were collected at the endtbé ice-free seasorto assess community composition
and abundanceSediment coring was conducted in a culturalignificant lakgZelma Lake OCF06)
to reconstruct longerm baseline hydroecological conditions over the pdstee centuries
Radiometric datig techniques *¢'Cs,**°Pb) were used to develop sediment core chronology
Baseline hydroecological conditions were reconstructed through analyses edriégsition, bulk

organic carbon and nitrogen elemental and isotope compositions, and pigments.



Meteorological data and a muitiear evaporation pan experiment were used to develop a
robust isotope framework, which provides the basis for interpreting five years (20D0f lake
water isotope measurements and deriving knowledge of hydrological condifiar the monitoring
lakes.Using this framework and the couplésbtope tracer method, isotopic compositions of input
water 0 ) and evaporatiorio-inflow (E/I) ratios were calculated and provide key hydrological
information for each sampling interval, values distinguish snowmeland rainfallsourced lakes,

g A ( Krepresenting a threshold between the two isotofiiased hyrologic regimesA Mann

Kendall test showed that tie lake§OCF11, 26and 49) displayed A Ay A TAOlF yi Ay ONBI aA
valuesindicating a potential transition from snowmedburced to rainfalsourced isotopébased
hydrologicregimes. E/I ratios>0.5 signifies lakes that are evaporatidominated with positive

water balances and E/I ratiod #ndicates lakes that are evaporatidominated with negative water

balances. Sixlakes in OCF (OCF06, 19, 37, 46, 49, and 58) surpass the 0.5 threshibiceamd

these lakes (OCF06, 19, and 46) addbke significant evaporation threshold (E/l >dyring dry

climatic conditions.

Multi-proxy paleolimnology analysis conductedZeima Lakeeveakdifferent
hydroecologicatransitionsduring the past ~33@earsthat include phase 1 (~1678900)
characterized by stable hydroecological conditions; thermokarst expansion (1B2@)marked by
decreases in productivifyphase 2 (~1942007) distinguished by increasing productivity; and a post
drainage phase ftowing rapid drainage in 20Qharacterized by further increases in productivity
The stratigraphy of Zelma Lake shows thadioecological conditions in dynamic landscapes such as
OCF are complex and require mydtbxy paleolimnological analysis. In paular, organic matter,

113 e and pigment concentrations are important parameters to consider when interpreting past

hydroecological conditions, thermokarst expansion, and lake drainage events.
v
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Chapter 1
LYGNRRdAzOUA2Y

National parks and protected areas are becomingedasingly important for the conservation of
biodiversity and physical landscapes in light of climate change. This is especially true for northern
wetlands like Old Crow Flats (OCF) that have been identified as vulnerable to climate change. Traditional
knowledge from indigenos circumArctic communities, such ahe VuntutGwitchin Fist Nation of Old
Crow, Yukonhas echoed that the landscape is changing rapidly, leading to widespread community
concern regarding the ecological integrity of their traditiotedritory and its vulnerability to climate
change. However, while this vulnerability is recognized, knowledge is lacking regarding how and at what
rate these landscapes are changing. In an effort to address these anxieties and understand the
complexity ofchanges that are occurring in OCF, the Government of Canada funded alisuifilinary
research project to study the physical and biological components of the ecosystem as part of the
International Polar Year (IPY) program. Extending beyond the IPY mrotris thesis focuses on
establishing a legacy of lotgrm agencyand communitybased hydroecological monitoring, in
partnership with Parks Canada, that will increase broad understanding of ecosystem change and will
serve to inform future policy and largse management decisions while enabling the capacity for local

stewardship.

1.1 Arctic climate change

The Arctic supports a vast array of biodiversity and is homeland to many indigenous cultures
that are under growing pressure from climate change. The ARiodiversity AssessmerfHohn &
Jaakkola 201)described climate change as the most significant stressor on Arctic biodiyarsityhe
United Nations Environment Program (2008xpressedWSEGNBYS O2y OSNYy Q 2 FSNJ

consequences of the rapid alterations occurring throughout the circumpolar North. Polar amplification



of anthropogenic climate change through positieedback mechanisms of cryospleprocesses (e.g.,
ice-albedo, ce-insulation, cloud cover, vegetation, and permafrost feedbacks) increases thgiggnof
northern ecosystemdgaving landscapes, species, and individuals in a state of vulnergBgitrezeet

al. 2000 Hinzmanet al. 2005 Hohn & Jaakkola 2010/jiller et al. 2010. These changes also affect
regions outside the Arctic due to the planetary energy balance and global atmospheric and oceanic
circulation systems.

Multi-proxy paleoenvironmental studies of lacustrine and marine sediments, glacier ice, and
tree rings have shown a wide variety of changes in ciréustic conditions during the Quaternary and
reveal progressive warming during the past 400 yé@ngerpecket al. 1997: Prowseet al. 2009g Miller
et al. 2010. Paleolimnological evidence has shown unprecedented warming in the past approximately
150 years, wkth has caused dramatic and unidirectional regime shifts in northern freshwater
ecosystemgSmolet al.2005). During the 28 century, four of the five warmest decades of a 26@@r
long compositerecord occurred between 1950 and 2000 despite a reduction of summer insolation
across the ArctigKaufmanet al. 2009 Miller et al. 2010. In the past 50 years, northern temperatures
have increased up 2-3°C and are projected to increase another 2.5°C by the2dficcentury and up

to 5-7°C by the end of the 21Century(ACIA 200p

1.2 Arctic lakes in transition

In recent years,he rate of climate warming ha®sulted in profound hydrological transitions
and regime shifts in the biological communities of many Hégitude lakes(Schindler & Smol 2006
Carrollet al. 2011; Karlssoret al. 2011). Thermokarst lakes naturally form, expand, and drain ifricde
sediments and are the most abundant aquatic ecosystems across the @fiatientet al. 2011; Grosse
et al. 2012. Thawing of neasurface permafost, ground that has remained below 0°C for more than
two years, increases permeability and thickens the active Jagausing widespread changes in the

distribution of surface water across the landscafpgowlandet al. 2010. Groundice distributions,



thermokarst lake water balances, and geomorphic responses to warming temperatures display marked
heterogeneity. Although climate warming is universally and rapidly altering the hydroecology of
northern lakes, remote sensing analysis and field observatione heweded divergent pathways of
water-level increases due to lake expansi®ayette 2004 Smithet al. 2005 and waterlevel declines
through partialor complete drainage event&'oshikawa & Hinzman 200Riordanet al. 2006 Hinkelet
al. 2007 Wolfe & Turner 200Bas well as increases in evaporati@mol & Douglas 2007

The degradation of neasurface permafrost can alter the stuce and function of aquatic
ecosystems in a variety of ways. Thawing of permafrost leads to extensive shoreline erosion and thaw
slumps thatintroduce inorganic suspended sediments, which increases turbidity and decreases light
penetration through the weer column thereby reducing photosynthetic activity and inhibiting primary
production(MacDonaldet al.2012h. In the Mackenzie Delta, lakes affected by théwmgping exhibited
elevated ionconcentrations due to therosionand transportof ancient glacial deposits that are ioich
(Kokeljet al. 2005 2009h. On the other handHobbieet al. (1999 found that thawing permafrost
released stored nutrients to an Arctic lake ecosystem in Alaska, particularly phosphorus. Nutrient
enrichment may be due to slumping of nutrierith allochthonous material into the lake or from supra
permafrost groundwater flow throgh the active layer. As temperatures become progressively warmer,
the active layer thickens, increasing the interaction of input water with orgackc soils (Frey &
McClelland 200p In a manipulated experimentiobbie et al. (1999 revealed that Arctic aquatic
ecosystems displayed a similar eutrophication response to nutrient enrichment as temperateslattes
asincreasedhytoplankton productivity and biomass, as well as cyanobacteria blooms.

In many areas of the Arctic, evaporatiand evapotranspiration exceed precipitation. Warmer
temperaturesamplifiesthe ratio of evaporation to precipitation, leading to declines in water levels and
elevated concentrations of ions and nutrients in shallow lgl&=hindler & Smol 200&mol & Douglas

2007). Warmer temperatures also enhance evaporation by extending the length of tHeeeeeason



During the past 50 years, earlier breakup and delayed fregref lakeice across the Arctic have been
observed(Prowse & Brown 20J)0as well as substantial declines in shoover duration(Brown & Mote

2009. Arctic lakes are characterized by extended periods etaser, and longer growing seasons will
profoundly affect limnological characteristics. Shorter intésvaf snow and iceover permitgreater

light penetration, which enhances photosynthetic activity and leads to increasing primary production
and macrophyte growtiiDouglas & Smol 1999Decreased iceover also increases wirdduced mixing

and nutrient inputs from catchments, further stimulating primary production. Conversely, thinner ice
cover may rduce the amount of solutes and nutrients that precipitate out from freezing water. This
subrice layer of nutrients is important for phytoplankton and zooplankton communities, an effect that
will diminishwith highertemperatures that promote thinner and siter ice cover(Schindler & Smol
2006). Climate change will affect hydrological and ecological conditions directly (loss of water) and
indirectly (changes in ater clarity and water chemistry, including nutrient supply and nutrient cycling)
that will have cascading effects on aquatic biological communities (e.g., zooplankton, aquatic

invertebrates, fish, and waterfowl).

1.3 International Polar Year

In an effort to address the complexities of climate change, an ambitious, collaborative,

international research effort, the International Polar Year, was coordinated by the International Council

for Science and the World Meteorological Organization to quantify and utadetspast and present
environmental and human changes within the Polar Regions. As part of this project, the Government of
Canada funded a multidisciplinary research effort to study the physical and biological components of a
northern wetland¢ Old Crow Fl G & X |, dzZl 2y C¢SNNAG2NBE P ¢KS NBASIHNOK |
traditional use of the OIld Crow Flats in northern Canadéeefidoo Nanh Nakhweenijit
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dendrochronology, @mmunity health, hydroecology, permafrost science, terrestrial ecology, traditional



knowledge, wildlife biology, and Quaternary paleontology. This research project integrated traditional
and scientific approaches to: i) document this history of environrmalecthange from the last interglacial
to the present; ii) assess the distribution and abundance of wildlife; iii) evaluate the impact of change on
traditional food sources; and iv) develop a leegm environmental monitoring program to be

conducted by thdocal community into the futuréWolfe et al.20119.

1.4 Old Crow Flats

Old Crow Flats (OCF), northern Yukon, is a large (560p tkermokarst landscape with
approximately 2700 shallow lakes that provide a unique breeding, moulting, and staging habitat for half
a million waterfowl and is a highly productive environment for moose, grizzly bear, muskrat, mink,
caribou (Porcupine Caribouektl), and other wildlife. Old Crow Flats, knownvas Tat(many lakes) in
the Gwitchin language, is a central part of the Vuntut Gwitchin First Nation (VGFN) traditional lifestyle
and is vital for cultural practices and subsistence use. Internationaltygrezed for its valuable habitat
and cultural significance (Ramsar, 1982), OCF is cooperatively managed by VGFN, Parks Canada (Vuntut
National Park) and the North Yukon Renewable Resource Council (Rig)reThe jurisdictional
boundaries of Vuntut Natimal Park and Old Crow Flats Special Management Area (shown in Fijure
were established in 1995 as part of the Vuntut Gwitchin First Nation Final Land Claims Agreement and
are managed by Parks Canada and VGFN, respectively. As part of the UmbrelgrEerakent (1993),
the North Yukon Renewable Resowd@ouncil was also established to represent the voice of local
community members when managing renewable resources. Together, these three organizations are
committed to cemanaging and preserving the dogical integrity of this pristine landscape, and
together they are concerned about rapidly changing lake levels and the impact climate change will have

on the future conditions of OCF.
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Figurel-1. Old Cow Special Managemettrea and Vuntut National Pa(Rarks Canada, 2009).

1.5 Ecologicalntegrity

Maintaining the ecological integrity of ecosystems has become a common objective for park
managers, conservation authorities, monitoring programs, governmenjepts, and sustainability

initiatives throughout Canada, USA, and European Union. The concept of (biological) integrity entered



North American environmental policy and lawthe late 1960s. Parks Canada introduced ecological
integrity into national park policy in 1979, and in 2001 revised tRational Parks Adegislating that
restoring and maintaining ecological integrity through the protection of natural resources and natural
processes shall be the first priority of the agency. Despite the ugheoferm decological integrity
within policy, legislation, and law, the concept remains challenging to define because it incorporates
complex and controversial scientific and philosophical issues. In a general sense, ecological integrity
NEflG§Sa iN2fOKO2WRRARGAR2YE 2F |y S0O02aeaiSYyr o6KAOK |
define, especially in dynamic landscapes such as OCF. Ecological integrity can be viewed as an umbrella
O2yOSLIi o0dAftd 2y I F2dzyRIGA2Y (27 ROISUdEKRAEO RASIBABE &l KNP
right when it tends to preserve the integrity, stability, and beauty of the biotic community. It is wrong
gKSY Al S ylRapol@l®40,DHFA & S ¢

Key elements that embody the concept of ecological integrity are native species, natural
processes, biodiversity, resistance and resilience to natural stresses, ecosystem heath, and minimal
human activity(Turner & Beazley 2004 and references theyeikach of these concepts is complex, yet
many of the controversial issues within each idea are resolved when they are incorporatedthad
umbrella of ecological integrity. For example, biodiversity refers to the variety of life on genetic, species,
and ecosystem levels within a particular geographic area; yet, it does not differentiate between
naturally evolved and artificial biodivaty. However, when looking at biodiversity through the lens of
ecological integrity one would consider the variation of local species across space and time, thus adding
a native criterion. Ecosystem health is considered a separate concept under the landfretological
integrity, although it is sometimes, incorrectly, considered an analogous term. Ecosystem health is not
sufficient to define integrity given that an ecosystem, like a person, can be healthy without d¢ogtaih
its natural components, foexamplea person maye healthy with a single kidnéWestra 1994 as cited

in Turner & Beazley 2004Yet, under theholistic notion of ecological integrity, a distinction is made



between healthy and incomplete ecosystems, which the concept of ecosystem health alone does not
necessarily express. Ecological integrity is further distinguished from ecosystem healthansirstiém

has integrity if it can reorganize in the face of environmental change (resiliency) and the ability to
continue to seHorganize in its normal environment(Kay & Regier 2000 The largest debate
surrounding ecological integrity relates to the place of humans in nature and the notion that an
ecosystem with integrity will have been minimally altered by human activities. The Global Ecological

Integrity Group Www.globalecointegrity.nét advocates that ecological integrity can only be preserved if it

is untouched by humans, while others view that the preservation of ecological integrity is contingent on
the belief that human and ecological interests canegist. Since literature remains divided on the
perception of the humamature dualism, Fluker (201Dsplits these viewpoints into natural ecological
integrity and socieecologicaintegrity, respectively.

Discussions surrounding the meaning of ecological integrity is mixed in science and ethics, with
science identifying indicators of ecological integrity and ethics justifying the obligation to maintain
ecological integrity(Fluker 201D Thus, ecological integrity is an umbrella concept derived from
biological, ecological, and environmental science and incorporates beliefs, values, and ethics as
properties of ecosystem@.ackey 200\ Indeed, landscapes vary across space and time in response to
changing environmental conditions, rendering ecological integrity a challenging concept to define. Yet
its ambiguity should not undermine the importance of this useful concept to underpin legal and political
FNI YSg2Nla® tFNya /FylFRF KFada RSTFAYSR S02t23A0If
characteristic of its natural region and likely persist including abiotic components, the composition
FYR lFodzyRFyOS 2F yIFiA@®S alLSO0OASa YR o0A2t23A0 02YY
(Parks Canada 20pMany different variations of this definition exist throughout literatufeurner &

Beazley 2004Kellyet al. 2008 Monk et al. 2012). Given this dfinition, the current state of ecological

integrity can be identified by using ecological indicators and trend analysis to determine if ecological


http://www.globalecointegrity.net/

integrity is improving, stable, or in decline. Care must be taken, however, to ensure that measures of
ecolagical integrity do not represent a static view of nature, but allow for evolution, dispersal, natural
regime shifts, and other spatial and temporal variables. Thus,-tlermy monitoring is essential to

properly identify, and continuously fevaluate, ecolgical integrity.

1.6 Longterm aquatic monitoring

The paucity of longerm northern monitoring data inhibits our ability to clearly identify ongoing
hydroecological responses to climate change and other factors. The establishment of working groups
such as theCircumpolar Biodiversity Monitoring Program, the Ecological Monitoring and Assessment
Network, and committees within the Arctic Council illustrate the critical need to implementtérng
monitoring programs and develop a pdémctic monitoring strategyKarlssonet al. (2011 recently
reviewed hydroecological monitoring of inland Arctic ecosystems and revealed that substantial gaps
exist includingthe factthat coupled hydrological and ecological monitoring rarely occur. Increasingly,
however, governments and land managers implement directives focused on restoring the ecological
integrity of feshwater habitats that requirdongterm monitoring plans(Gilvear & Bradley 2000
Vaugharet al. 2001, Parks Canal2007 Bennionet al.2011; Gillettet al.2011).

Monitoring plans are based on the systematic gathering of data and information from a set of
indicator variables with the purpose of establishing baseline conditions and detecting changes over time
(Vaughanet al. 2001, Mezquidaet al. 2005. Mezquida et al(2005 suggest that most monitoring
programs have generally involved acquisitions of data rather than-deéilhed plans with specific
objectives. This can lead to haphazard monitoring that collects thatbare never usedLovettet al.

2007, are inadequate to address important objectives, and fail to provide insight to any future concerns
that may emerge. For example, ti@ommissioner of the Environment and Sustainable Development
(2010 reported to the House of G6Y 2y a (G KIF G 9Y@ANRBYYSYyd /FylFRIFQ& CNJ

Program is not adequately examining freshwater resources, suggesting that the responsibilities and



objectives of the monitoring program need to be-defined and adjusted to address new concern
regarding effects of industry, climate change, and population growth. Simi&styndler (201)0faulted

the Regional Aquatic Monitoring Program (RAMP), created to monitor the environmental impacts of
I £ 6 S NIsan@saindwtiyf as being poorly designed asporadic with inconsistent sampling and
methodology.

To ensure that monitoring programs actually achieve their objectives, humerous conceptual
frameworks have been developed to guide the design and implementation of monitoring strategies
(Ramsar 1999Hockinget al. 2000 Vaugharet al. 2001, Mezquidaet al. 2005 Lovettet al. 2007 Parks
Canada 2007 While various monitoring models exist to etghe specific needs of different areas, they
all sequentially start with a diagnosis of the problem, followed by the definition of objectives and scope
of the program. Ecological monitoring within national parks is a response to a broad objective,
mandaSR o0& FSRSNIf fF g3 (2 -defonsl® asReSsmedts SfltheJorgging & OA ¢
SO2t23A0Ft Ay (dSIANKGE (PO Cahada 2007 pYy ARe fuyidaiental filestion LI NJ, & €
driving ecological monitoring innagol £ LJ NJ & A& a¢KFG Aa GKS adras 2-
K2g Aa A {(PaRKJanadaRQ07A KE2

To address the question proposed by Parks Canada, key ecological processes that are important
elements of different ecostems within the park need to be identified and individually monitored. For
example, Vuntut National Park has four main types of ecosystems: Old Crow Flats; Tundra; Forests; and
Freshwater (rivers and streams). Within each ecosystem are key aquatic aegtrial ecological
processes(e.g., hydrology, aquatic ecology, permafrost dynamics, tundra vegetation cover; Parks
Canada 2009 A key component of anonitoring program is to determine a small but informative
collection of indicators that report on the structure and function of the selected ecological process of a
particular ecosystem. Ecosystem indicators, as suggested by the wetland risk ass¢Bamesa1 999,

should be anticipatory and sensitive in detecting early stages of physical, chemical, or biological

10



responses to a particular stress. An ideal indicator variable is diagnostic, broadly applicable, correlated
to actual environmental effects and dogical relevance, and uncomplicated to measure with sufficient
accuracy and repeatability. It is also important that an indicator variable can be measured in a timely,
non-destructive, coseffective manner, and is easy to communicé®msar 1999vaugharet al. 2001
Parks Canada 20D7

To develop a ydroecological monitoring progranhused a combination of different monitoring
frameworks(Ramsar 1999Vaudian et al. 2001, Mezquidaet al. 2005 Parks Canada 20p% create a
conceptual model that identifies key ecosystem processes and indicariables (Figure -2). For
northern landscapes, such as OCF, that lack pres&rom industrial development, poirgource
pollution, and population growth, the maindriver is climate change. OCF is a Ramsar Wetland of
International Importance (1982) and mprises approximately 29% of Vuntut National Park, yet there is
an overall lack of data and methods to determine the ecological integrity of the aquatic ecosystem
within this landscape. Thushis researchfocuses on developing a program to monitor the dogical
integrity of the aquatic ecosystem, also a key objective of the IPY pro@tacngnizing the interaction
between hydrology and ecology, and the need #ogenuinely interdisciplinary approaahe hydrology
and aquatic ecologgre identifiedas keyecological processes (Figur)l Considering the attributes of
indicator variables described above, arm@yious research conducted on &kes within OCF during the
first three years (200D9) of the IPY project, water isotope tracers and periphytoiat¢dns and
pigments)were selectedas key indicators of hydroecological processes that control lake water balances,
nutrient levels, and biological communities. For each indicator varigb&enecessary to define baseline
conditions, particularly in ayhamic landscape such as OCF. Henm datasets are important to
understand temporal fluctuations and have a critical role to play in determining the range of natural

variability within an ecosystem. The integration of contemporary and paleolimnologitapgctives
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into the monitoring program will enhance temporal context and generate the necessary tools to provide
ongoing assessment of the ecological integrity @& Hyuatic ecosystem.

Scientificknowledge generated by the analysis and assessment dbgical integrity for each
national park is conveyed to the Canadian public everyyears in State of the Park Reports and is
important for developing and informing park management pldns2009, the State of the Park Report
for Vuntut National Park waleased, whiclassigned a high value etological integrity of the entire

landscape, yet listed a number of environmental stressors affecting the park ecosfBieks Canada

2004).
Warmer Changes in Decreased  Permafrost ~ Water level Changes in Loss of
temperatures  precipitation patterns  snow cover thawing declines vegetation habitat
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Figurel-2. Conceptual model of the hydroecological monitoring program.
1.6.1Water isotope tiacers to monitor hydrology
The hydrogen and oxygen isotope composition of water as it passes through the atmosphere,
aquatic, and terrestrial ecosystems is well underst@@dzanski 199lark & Fritz 1997FEdwardset al.
2004). When water passes through the hydrologic cycle, the isotopic composition chengexdictable
ways based on magkependent differences. These medspendent differences allow for sufficient

partitioning (fractionation)among the heavy {HH"O and'H'H'®0) and light 'H'H'°0) isotopes of
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water. Water containing the heavy isotope ofygen or hydrogen preferentially partitions to the more
condensed phaséClark & Friz 1997, thus evaporated water is preferentially enriched with heavy
isotopes and the evaporative moisture flux is deplete@Hrand™®0 (Gibson & Edwards 202

¢KSNBE FNB (62 RA&HAYOspace thay &¢ dskd (tdNdbafaetarize Alogal 1
LINBOALIAGEGAZ2Y YR &dz2NFIFOS 41 GSN 208N Loy bR & LJ
precigtation correlates on a global scale that is defined by the Global Meteoric Water Line (GMWL)
G KSNB I ®hyib NOraig 1961 This relationship arises from temperatuiependent
fractionation during condensation from the vapour mg&8ark & Fritz 1997and Rayleigh distillation
GKIFG NBadzZ Ga Ayd ak e Song theAGMWAE fiom Edldidto warm regigozanski
1993. Local surface water that has been influenced by kinatid equilibrium fractionation during
evaporation diverge from the GMWL in a linear tré@ulaig & Gordon 195This linear trend, known as
the Local Evaporation Line (LEL), reflextseavyisotope buildup and typically has a slope of64
depending on local meteorological conditions including relative humidity, temperature, and ambient
atmospheric moisture isotopic compositigdwardset al. 2004 Wolfe et al.2007).

Displacement of water samples along the LEL and distribution in relation to key reference points
can provide a quantitativé 3 aSaavySyd 2F | t11SQa g-isalopeNttacart f I y OS
method (Yiet al.2008), the relative importance of rainfall and snowmelt on lake hydrological conditions
can be quantitatively assessed by calculating the isotopic composition c&l&k& OA FA O ANy Lddzi & I
Likewise, calculated evaporatigo-inflow (E/l) ratios can evaluate the influenoéevaporation on lake
water balances. Combined, these metrics offer a promising method to determine lake hydrological

responses to climate over a large northern landsc@pg., Turneret al. 201G Turneret al. In review).

1.6.2 Periphyton (diatoms and pigments) to monitor aquatic ecology

Periphyton refers to algae that grow in waterdies on substrates including rocks (epilithion),

sand (epipsammon), sediments (epipelon) and biota such as plant stems and leaves (epijlgtan)
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2007). Algae are useful biota for bimonitoring because they continuously monitor their environment
and represent an integration of many limnological conditigbsxit et al. 1992 Dixit & Smol 1994
These organisms tend to have narrow optima and toleemnfor many environmental variables and can
therefore be used as indicators to obtain quantitative data on ecological characteristics, water
chemistry, and climatic condition®ixit et al. 1992 Smol 2002 Because periphyton communities are
abundant and diverse, sanipy procedures can rapidly obtain sufficient informatiach material for
analysis. Furthermore, algae are abundant, diverse, and respond rapidly to hydroclimactic changes due
their fast growth rates and dispersal abilities, and play an important raleeinransfer of nutrients and
energy within the ecosystem, making them powerful indicators of environmental chéBatarbee
2000.

Since periphyton grow on many different surfaces, artificiddssrates provide an easy method
to collect periphyton while controlling for potential confounding influences of colonization time,
material, texture, and siz€Cattaneo & Amireault 1992 It has been debated in literature whether
artificial substrates distort natural periphyton assemblag8s/er 1977 Cattaneo & Amireat 1992);
however, Wiklund et al. (2010 found very little discrepancy between artificial substrates and natural
plants when comparisons were madathin lakes. Moreover, the use of artificial substrates controls for
effects that lake defh and macrophyte species may have on periphytic communities, making them a
preferred substrate when conducting studies of multiple lakes at a landscape scale. A study conducted
by MacDonaldet al. (20129 showedthat composition of peripyton communities sampled on artificial
substrates did not differ significantly between sites in pelagic and littoral zones of a shallow thermokarst
lake (Mary Netro; OCF 58). Thus, a single sampler placed anywhere in the lddees et toobtain a
representative sample and provide key ecological information

The complex mixture of algae accruing on artificial substrates can be analyzed for diatom algae,

as well as the compositions and abundance of the entire periphyton community from quantification of
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their photosynthetic pigments, to provide an overall indication of the aquatic conditions of the lake.
Diatoms, singleelled microscopic plants belonging to the algal class Bacillariophyceae, are particularly
useful biomonitors because they respond to nbas in microhabitat as well as physical, chemical, and
biological conditiongDixitet al. 1992 Dixit & Smol 19¢; Anderson 200D Likewise, pigments are useful
indicators of algal and bacterial community composition and the overall aquatic primary productivity
and phototrophic status. Photosynthetic pigments I@bphylls, carotenoids, and biliprotiens) are a
primary characteristic of alga@Netzel 200). ChlorophyHa (chta) is the principal photogthetic
pigment for primary production present in all algae, and carotenoid pigments are accessory pigments
that transfer light energy to the cla protein complex, thereby allowing algae to harvest a wide range of
wavelengths of lighfWetzel 200). Measurements of ckd can be used to approximate plant biomass
since it is common to all plants. Carotenoids and other accessory pigments, athérehand, are
specific to certain groups of algae and measurements can be used to determine algal community

composition.

1.6.3 Multi -proxy paleolimnology to assess natural variability

Effects of climate change on the hydroecology of dynamic northern landscapch as OCF are
complex and poorly understood. To improve ecosystem management and to adequately determine and
understand ecological integrity, knowledge of baseline conditions and natural variability is required.
However, logistical constraints, shdield seasons, lack of resources, and high cost maketkmy
monitoring in the Canadian Arctic a difficult ta&leatleyet al. 2006). As an alternative to conventional
longterm monitoring, paleolimnological techniques can be used to rapidly generate information about
past hydroecological conditions and how they have evolved over f{{8raol 1992 Multi-proxy
paleolimnological studies have been widely used in Arcticslé@letermine the response of hydrology

and limnology of northern lakes to past changes in climate by analyzing physical, geochemical, and
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biological information preserved in lake sedimer@ynt Il & Wolfe 20Q1Wolfe et al. 2006 Brocket

al. 2010 Simatambyet al.2010 MacDonaldet al.2012b.

1.7 Researclobjectives and thesis overview

The IPY project in Old Crow aimed to leave a legacy of commandyagencypased monitoring
through the devedpment of a longerm environmental monitoring program to be conducted by the
VGFN and other primary stakeholders. In response to this goal, the overarching theme of this thesis has
been to meet the challenge set by the Government of Canada IPY progradedigning and
implementing a scientificalpased hydroecologicahonitoring program. A key part of this, and for
successful monitoring programs in geneflabvett et al. 2007), has beerbuilding, strengthening, and
maintaining collaborative partnerships. Tlias beenaugmented by a Northern Research Internship
awarded to myselffunded by the Natural Sciences and Engineering Research Council of Canada (NSERC)
to spend additional timeni the North to work alongside key personnel at Parks Canada to ensure that
the monitoring program would be feasible, meet the specific needs of local stakeholders, and tangibly
transfer knowledge of proper sampling techniquéBondu 2011; see Appendix A and. Bur
collaborative efforts have led to a Letter of Agreement between Parks Canada, Wilfrid Laurier University,
and the University of Waterloo outlining a commitment to continue lweign hydroecological
monitoring of selected lakes to understand, detect, describe, and report on the condition of the aquatic
ecosystem and how it is changing over ti(Ag@pendix C)

This thesis outlines two of the three components of the hydroecological mamitgrogram in
two separate papers (chapter 2 and ®)llowed by a concluding chapter (chapter 4). Chapter 2, entitled
4G5S @St 2 LIAefm hydrolodical yrBnitoring program for a northern lakeh landscape using
gl GSNI Aaz2i2LI {mgvaeNsstape tratetsGodtiutdre adaje numditdring program to
track changes in hydrological conditions. Calculated-#akedS OA FA O Ay Ldzi &6 G SN A a2

values can be used to indicate transitions from snowrselirced to rainfalbourcedisotopebased
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hydrologic regimes and vice versa depending on future changes in climatic conditions. Sensitivity to
evaporation is monitored by calculated E/| ratios and a M&endall trend test is used to illustrate how
long-term trends can be statistidgl identified over time. Datpresented in this chapter buildn water
isotope data collected byurneret al. (2010 In review and incorporates a fivgear data set. This
chapter has been written in a manuscript format for submission to a jdurna

/| KFLIWISNI oX SydAidtftSR a9FFSOia 2F OftAYIGS OKIFy3S
AY Y2NIKSNY [/ IFylFRIEY | LI £ S2f A Y ypeoky2 g@lkolimnélogicalS NA LIS C
reconstruction of hydroecological conditions of Zelma Lake=0BLfrom analysis of logsm-ignition,
St SySyidrt OFNb2y FyR yAlKNR3Eym, Gadyfdiss yignentsi Resuitst S A &
from this sediment core are compared to data from other sediment cores collected dtber lakes
(OCF11, 29, 35nd 48 to explore the range of natural hydroecological variation in OCF. {dtdiy
evidence from five sediment cores in OCF indicate that past hydroecological conditions in OCF have
varied markedly, suggesting that lakes in OCF may be experiencingdsetarated natural thermokarst
expansiondrainage cycles as well as gradual wdésel declines and increases in primary productivity
owing to increasing temperatures. This chapter has been written in a manuscript format for potential

submission to a joural.
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Chapter 2
5SSt 2 LIAYSNE RN V2IMAIRINA Y I LINRINF-Y F2NJ
NAOK fIyRaOlFLIS dzaAy3a g SN Aazi

Key Wordsisatope hydrology, monitoring, northern freshwater ecosystem, national parks, ecological
integrity, climate change, Old Crow Flats

2.1 Abstract

Arctic lakerich landscapes are vulnerable to climate change but their remote locations present a
challenge to developffective and feasible approaches for monitoring ecosystem status and trends.
Here | use water isotope tracers to structure a lake hydrological monitoring program that addresses the
needs of a federal agency responsible for managing some of these #quedsa northern Canada. Our
geographic foci are shallow thermokarst lakes of Old Crow Flats (OCF), Yukon Territory, which is the
traditional homeland of the Vuntut Gwitchin First Nation, and is recognized nationally (Vuntut National
Park) and internatioally (Ramsar Wetland of International Importance) for its ecological, historical, and
cultural significance. In partnership with Parks Canadd based on our prior resear¢hurneret al.
201Q Turneret al.In review), 14 lakes situated in catchments that are representative of the-tamabr
and hydrological diversity of O@lere identified Meteorological data and a mulfear evaporation pan
experiment are used to develop a robust isotdpmework, which provides the basis for interpreting
five years (2002011) of lake water isotope measurements and deriving knowledge of hydrological
conditions for the monitoring lakes. Using this framework and an isetopss balance model, isotopic
comll2 aA (A 2y a 2 FandeyabddationasinflowIBL) ratios were calculated and provide key
hydrological information for each sampling interval. From these #m®@ NA S& > WKE@ RNRBf 23 A OI €
were establishedhat will identify changes in lakepecific input water isotope composition (snowmelt

versus rainfall) and evaporatidrom ongoing monitoringTheuse of a ManKendall trend test for
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determining longterm statisticallysignificant trendss demonstratedResultdrom the monitoring
program will contribute directly to assessments of ecosystem integrity, which Parks Canada release in

W{GFrGS 2F GKS tIFN]JQ NBLERNI&a SOSNE GSy eSIFNRO® ¢ KS

northern lakerich landscapes that are within the jadiction of Parks Canada and other agencies.

2.2 Introduction

Shallow thermokarst lakes contribute significantly to Arctic biodiversity with abundant aquatic
habitat that supports microbial, planktonic and benthic communities, aquatic plants, angGtikindler
& Smol 2006ABEK 2008/incentet al. 2008 Rautioet al.2011). These freshwater ecosystems also
provide important refugefor migratory birds and other wildlife and are integral to the traditional
lifestyle and cultural heritage of Indigenous circémetic communitiesWronaet al. 2006 White et al.
2007). Arctic landscapes are particularly sigine to accelerating climatic change and are undergoing
pronounced ecosystem alteratiofflSmolet al. 2005 Sdindler & Smol 2008Prowseet al.2009b.
Remote sensing techniques and field observations have documented widespread hydrological changes
during recent decagls, including decreases in tabundance ad size of lakes in northern Alaska,
Siberia, and northwestern Canagtdinzmaret al. 2005 Smithet al.2005 Riordanet al. 2006
Labrecqueet al. 2009 Carrollet al.2011), likely driven by increases susceptibility of thermokarst lakes
to sudden drainage events and evaporat{@nohnet al. 2005 Hinkelet al. 2007, Wolfe & Turner 2008
Grosseet al.2010. Increases in surface water area have also been observed in regions of Alaska
(Jorgensoret al.2006), SiberigHinzmaret al.2005 and northern Quebe(Payette 2004 Although
climate models predict further declines in the areal extent of aatic wetlandgAviset al.2011),
accelerated rates of permafrost thaw within the continuous permafrost zone and increases in
precipitation may also lead to increases in total surface area of lakes in some regions. Thus, shallow
lakes in circumpolar regiorexhibi, and will likely continue to displayariability in their hydrological

responses to climate chang@/olfe et al.2011h Turneret al. In review. Since multiple hydrological
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responses of shallow Arctic lakes are anticipated, there is a growing need for improved comprehensive
sciencebased monitoring programs to adequately assess spatial patterns andofateange of the
hydrological regime in these northern landscapes. Such knowledge will provide deunekens and
seltgoverning First Nation communities with vital information to support management of northern
freshwater resources.

Effective managemerdf aquatic resources requires loigrm data, yet longerm monitoring
of lakes in northern regions has generally not been conducted because of many unique challenges. Most
northern lakes are remotely located and are only accessible via boat, float plahelicopter. Thus,
they are not easy to sample repeatedly at sufficient frequency, especially given the high costs of
northern field work. Limited budgets, availability and capacity of staff, and challenging logistics (travel
time, equipment and resourcg weather delays, etc.) often deter efforts to implement sherm
monitoring programs, let alone lorgrm initiatives. Yet, longerm data are critical for understanding
complex ecosystem processes, quantifying hydrological responses to changesie, cimal
determining the trajectories of lake water balances.

The Vuntut Gwitchin First Nation (VGFN) and Parks Canada are concerned about rapidly
changing lake levels occurring in their traditional territory and management area, respeetdldly
Crow Fahts (OCF), Yukon. OCF is the largest, most significant wetland in Yukon and is recognized as a
Wetland of International Importance by the Ramsar Convention on Wetlands (1982) for its valuable
wildlife habitat and cultural significance. OCF is cooperatimelgaged by the VGFN, Parks Canada
(Vuntut National Park, established in 1995), and the North Yukon Renewable Resources Council. Each
organization is committed to emanaging OCF and sharing joint authority to preserve the ecological
integrity of this landcape. Given these shared goals and the mounting concerns regarding the impact
climate change will have on the ecological integrity of this landscape, a multidisciplinary research project
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the ecosystem as part of the International Polar Year (IPY) program. The main objectives of this research
program were to1i) document the history of environmental change from the last interglacial to the
present; (ii) assess the distribution and abundance of wildlife; (iii) evaluate the impact of change on
traditional food sources; and (iv) develop letegm environmental maitoring programs to be
conducted by the local community and stewardship agencies into the fiiModfe et al.20113.

The IPY prefct aimed to leave a legacy for the northern community of Old Crow by
implementing longterm monitoring programs to detect and quantify ecosystem change, increase
understanding of the mechanisms driving changes, and inform decisions and policies undgrpinni
effective ecosystem stewardship. Informed decisions are expected to lead to better conservation,
management, and strategic action plans in the face of ongoing climate change and other stressors. In
recognition of the need for lonrterm monitoring, the @nada National Parks Act (2QGtated that clear
and scientificalydefensible assessments of the ecological integrity of all parks and comprehensive
reports on the whole ecosystem are needed. Thus, scientifibalbgd monitomg and reporting
programs are required to effectively measure the state of ecosystems and determine how they are
changing over time. Information capturing an assessment of park ecological integrity is conveyed to the

Canadian public every ten years in 8taf the Park Reports (SoPR). In 2009, the first SOPR for Vuntut

z A
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National Park was releasEd ¢ KA OK NI 6SR @K SO2ft23aA0Ff AHed SANRG &

report used a wide range of ecosystem indicators, yet there is currently no methatktpuately assess

the conditions of the aquatic ecosystem within OCF, despite the fact that surface water (mainly shallow
thermokarst lakes) in OCF covers 23% of the landscape and OCF itself comprises 29% of Vuntut National
Park aregParks Canada 200%Burneret al.In review). Since shallow thermokarst lakes areiuportant

feature of the OCF landscape, a sciebhased monitoring program is essential to improve
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understanding and quantification of the hydrological conditions within OCF and to effectively identify
how they are changing over time.

Monitoring plans & based on the systematic gathering of data and information from a set of
indicator variables with the purpose of establishing baseline conditions and detecting changes over time
(Vaughanet al. 200% Mezquidaet al. 2005. Mezquida et al(2005 suggestd that most monitoring
programsare limitedbecause they are generally acquisitions of data rather than-defihed plans with
specific objetives. This can lead to haphazard monitoring that collects ttathare never usedLovett
et al. 2007), are inadequate to address important objectives, and fail to provide insighhyofature
concerns that may emerge. To ensure that monitoring programs actually achieve their objectives,
numerous conceptual frameworks have been developed to guide the design and implementation of
monitoring strategiegRamsar 1999Hockinget al. 2000 Vaughanet al. 2001, Mezquidaet al. 2005
Lovett et al. 2007, Parks Canada 20p7While various monitoring models exist to meet the specific
needs of different areas, they all sequentially start with a diagnosis of the problem, followed by the
definition of objectives and scope of the program. For northern landscapes, such as OCF, that lack
pressure from industrial development and population growthe main stressor is climate change.
902t 23A0If Y2yAG2NAY3I Ay yIidA2ylf LINJa A& I NBaL
GKS LI NJ S02t23A0Ff Ay ((BakdlEahada 200710 Rddiess ¢his fudstioh & OK |
requires the developmenbf a comprehensive monitoring plan to report on all (or at least many)
ecosystem processes comprising the terrestrial and aquatic elements of national parks.

Ecosystem indicators, as suggested by the wetland risk assesgRensar 1999 should be
anticipabry and sensitive in detecting early stages of physical, chemical, or biological responses to a
particular stress. An ideal indicator variable is diagnostic, broadly applicable, correlated to actual
environmental effects and ecological relevance, and urarated to measure with sufficient accuracy

and repeatability. It is also important that an indicator variable can be measured in a timely, non
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destructive, coseffective manner, and is easy to communicgRamsar 1999Vaughanet al. 2001;
Parks Canada 20P7n consideration of these attributes anetdiled studies that have characterized
lake hydrological conditions and their drivers in OCF as part of the IPY [iajentret al. 201G, Turner

et al. In review), this paperadvocatesthe use of water isotope tracers as a viable monitoring variable to
track hydrological changes. Although the hydrogen and oxygen isotope composition of water is well
understood as it passes through the hydrological cyClark & Fritz 1997&dwardset al. 2004), it has

been underutilized as an indicator variable for hydrological monitoring programs. While wetland
hydrological monitoring programare lacking in general, lotgrm investigation on lentic systems tend

to rely on instrumentation techniques (e.g., lysimeahat are timeconsuming and expensi&ilvear

& Bradley 200pand are generally not feasible to implement at a large spatial scale in remote northern
landscapes.

To effectively detect, describe, and report on ecological integrityaitional parks in a broad
ecosystem context, multiple indicator variables are essentl.genuine interdisciplinary and
collaborative monitoring program to determine the ecological integrity of the aquatic ecosystem is
currently being developed, and thisyper focuses on determining and applysgnethod for monitoring
hydrological changessing water isotope data collected from 2007 to 2011. Water isotopes are cost
effective and provide key information that effectively characterizes lake water balancesribfern
freshwater landscapege.g.,Brocket al. 2007 Wolfe et al. 2007 Turneret al. 2010. We provide five
year time series of calculated lagelLJS OA FA O Ay Ldzi ¢ | (i 9 NIdevdpiatbidS O2 Y L2
inflow (E/I) ratios, key metrics that will serve as the foundation of the hydrological monitoring program.
Despite the aforementionedhallenges associated with northern lotgym monitoring, we also show
how researchers, a northern community, and a government agency can effectively collaborate to
develop a longerm monitoring program that will continue to evaluate the status and treonfithe

aguatic ecosystem in response to climate change.
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2.3 Study aea

Old Crow Flats (68°N 140°W) is a large (5600 #rarmokarst landscape with approximately
2700 shallow lakes (Figueel). OCF is a flat, lelying area with little topographic relief tha bounded
by the British and Barn Mountains to the north, the Richardson Mountains to the east, the David Lord
Range and Ogilvie Mountains to the south and the Old Crow Range to the west. These surrounding
mountains act as a barrier to the inland moverhehPacific air masses resulting in winters that are
prolonged and coldOswald & Senyk 197.7According to 1972000 climate normals at Old Crow airport
(Weather Station ID 2100800; Environment Canada RGhZrage annual air temperature-&0°C and
fluctuates substantially between summer and winter months. The average temperature from June to
August is 12.6°C, with maximum temperatures occurring in July. Average annual total precipitation is

265.5 mm, ~60% of which falls as rain (165rB)rfrom May to September.

OCF represents a prominent region of Beringia that remained unglaciated during the last glacial
maximum. During this time, OCF was inundated by Glacial Lake Old Crow that left a thick (up to 1,200 m)
deposit of fluvial and glamlacustrine sediments, with the exception of an exposure of Carboniferous
shale at Timber Hi{Hughes 1972 auriol et al. 2002 Zazuleet al.2004). The shallowvater wetland is
dissected by the deeply incising, broadly meandering Old Crow River, leaving the river valle;m40
0St 26 I LI I (l8Kesdthataie prishadfy MEyidkdRs0in origin and underlain by continuous
permafrost(Yukon Ecoregions Working Group 200dbrecqueet al. 2009 RoyLeveillee & Burn 2031
Average surface area of lakes in OCF is 44 ha and ranges-8600 ha, although 92% of the lakes have
a surface area of 100 ha or Igksibrecqueet al.2009. Surface water in OCF occupies 23% of the

landscape, based on Landsat imaganalyzedoy Turner et al(In review.

Vegetation in OCF has spatialymplex patterns owing to changes in topography, drainage

patterns, and ongoing thermokarst cycles (lake formation, growth, and drairfeg@)kinget al.2005).
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Land cover in OCF has been broadly categoriz8aiberet al. (In review using Landsat imagem

total of 37% of OCF is covered by dwarf shrub tundra and herbaceous vegetation. This terrain is
characterized by ericaceous shrubs (e.g. Labrador tea, blueberry), herbaceous plantsceghila

fulva, Calamagrostisp., Carex aquatilis, Equisetiiand norvascular plants (e.g., sphagnum mosses
and lichens) that are commonly found in drained lake beds anetkmtre polygongOvenden 1982
Ovenden & Brassard 198 oniferous and deciduous forests (e.g., black spruce, white spruce), located
in welldrained areas account for 13% of tlmdscape and tall shrub tundra (e.g., shrub birch, willows)
covers 25% of the landscape. The southern and western areas of OCF are typically dominated by
deciduous and coniferous trees as well as tall shrubs, while the central, northern, and eastens regi
generally support communities of herbaceous plants,sascular plants, and dwarf shrubs. Shallow
lakes located across OCF provide habitat for communities of pond Wetahjagetorsp.),yellow pond

lily (Nupharsp.), common duck weed émna minay, hornwart (Ceratophyllunsp.), watermilfoil
(Myriophyllumsp.), muskgras£harasp.), and bureed Sparganiunsp.)(Ovenden & Brassard 1989

Yukon Ecoregions Working Group 20d4wkinget al.2005).

Water isotope tracers’f, *®0) have been used to classify lakes in OCF into hydtologi
categories: snowmeldsourced (formerly snowmeliominated), rainfatsourced (formerly rainfal
dominated), and evaporaticdominated(Turneret al.2010, Turneret al. In review). These hydrlogical
differences are driven by physiographic location and catchment characteristics including vegetation type
(Turneret al.In review). Lakes that are located in the sbwestern area of OCF are primarily snowmelt
sourced owing to the dominance of coniferous and deciduous woodland that interaagdt
accumulates snow. Lakes classified as rainfalburced are typically found in central and northeastern
areas of OCF and theiatchments have a greater proportion of herbaceous plants;vastular plants,
and dwarf shrubs. The physiography of snowretid rainfalsourced lakes located in more peripheral

areas of OCF tends to provide adequate runoff from surroundihgndareas to offset evaporation. On
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the other hand, rainfalsourced lakes located in more central kying areas have smaller catchments,
high proportions of surface wateandsmaller vegetation land cover, are more susceptible to becoming

evaporationrdominated during prolonged dry periods.

2.3.1Monitoring lakes

During 200709, 58 lakein OCRwvere repeatedly sampled for water isotope compositiéi,
'80), water chemistry, and algal community composition and abundance. In collaboratioRavks
Canada, 14 of #sse 58akes that are representative of OCF, spanning a wide range of hydrological,
limnological, and catchment characteristics, were selected for the monitoring program (Biguieable
2-1; Table2-2). Special attention was also given to jurisdictidoahtion to ensure that lakes were
distributed between Vuntut National Park (38%) and the VGFN Special Management Area (62%; Figure
2-1). The remote location and difficult terrain of OCF renders most of these lakes inaccessible during the
summer months whout the use of a helicopter. In an attempt to mitigate future logistical challenges
(primarily associated with cost of a helicopter chartéxje of the monitoring lakes were also selected
based on their proximity to the Old Crow River so they coul@miidlly be accessed by boat in the early
spring. This was an important selection criterion because Parks Canada normally conducts a spring boat
trip into Vuntut National Park; thus, a high proportion of lakes can still be monitored if helicbased
sanpling is not possibleA helicopter is necessary to samp# monitoringlakes in late summer/early
fall as the Old Crow River is not navigable by boat duevwovater levels. Initially, 1&kes were chosen
for the monitoring program; however, as a rdtsof a spring boat trip conducted in 2011 to assess the
feasibility of accessing lakes from Old Crow River, another lake (OCF37) was added to the monitoring
program. Although not part of the dataset reported by Turner e{2010, In review), wealso included
Mary Netro Lake (OCF58) as a monitoring lake because it is close to the community of Qlia€row

cultural significance to the communitgind is easily accessible.
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Monitoring lakes represent the three major hydrological categories desttigd urneret al.
(2010 and subsequently keermed (Turneret al. In review: snowmeltsourced (three lakes), irgfall-
sourced (eight lakes), and evaporatidaminated (three lakes) (Tabfl). The lakes span OCF (see
Figure2-1), have varying catchment sizes (0.28 to 395.19) lamd surface areas (0.02 to 12.67%m
Table2-1). All monitoring lakes are less tha® 2n in depth, with the exception of OCF55 which has a
depth >5.0 m because it is an oxbow lake. Lakesateasnowmeklisourced have largdrainage ratios
(catchment area/lake areaproadlyranging from 12 to 5566, and are dominated by tall shrubs (mean
63.6% of catchment area) and have small proportions of dwarfed shrubs, herbs, avdsmrar plants
(mean= 19.7%jTable2-1). In contrast, the catchments of rainfalburced and evaporaticdominated
lakes have lower proportions of tall shrubs (meatf.1% and 14.0%, respectively) and higher
proportions of shrubs, herbs, and neascular plants (mean34.7% and 34.0%, respectively). Rainfall
sourced and evaporatiecdominated lakes also have lower drainage ratios (ranging from 1.7 to 11)
(Table2-1). Baren areas of exposed rock, sand, and fire scar make up a small proportion @iolaed
within lake catchment areas with the exception of OCF06 where barren lands total 43.6% of the
catchment area (based on a SPOT image from July, 2007). This highipropbbarren land around
OCFO06 is due to the drainage event that occurred in June 2007 as well as the drainage of two
neighbouring lakeéWolfe & Turner 2008Turneret al. 2010. Since then, a large propdoh of barren
land has been re@egetated by grasses and sedges.

Monitoring lakes span a wide range of limnological conditions that are associated with
hydrological categories (Tak?e2). Snowmehsourced lakes tend to be cirumeutral (mean pH = 70)
alkalinity = 1713 meq/L), whereas rainfaBourced and evaporatiedominated lakesre more alkaline
(mean pH = 87and 8.7; alkalinity= 82.93 meg/L and 100.56eq/L, respectively). Snowmedburced
lakes have relatively low conductiviitmean specificonductance = 44.7@S/cm) and low

concentrations of major ions (Ca, K, Mg, Nap)Si@infallsourced lakes have intermediate ion content
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(mean = 1793 uS/cm), and evaporatiedominated lakes have high values (mean =.@68S/cm).
Dissolved inorganicacbon (DIC) concentration displays a similar pattern among the hydrological
categories and is relatively low in snowmstiurced lake$4.30 mg/L)and high in evaporation
dominated lakeg21.48 mg/L)Although lakes in OCF are covered by ice for up tomivgths of the
year, they contain elevategheantotal phosphorus (TP) concentratior83(21ug/L¢ 42.83ug/L) in the
summer. Lakes are mesotrophic to eutrophic based on TP, but have low chlor@phylitotal nitrogen

concentrations.

2.4 Methods

2.4.1 Meteorological data

Data from meteorological stations maintained by Environment Canada at the Old Crow airport

(Station ID 2100800 and 21008@&yw.climate.weatheroffice.gc.ca/climateDatznada_e.htnjl were used

to report monthly mean temperature and monthly total precipitation during the fpear study (2007
2011). Data frm a meteorological station erectdayy Wilfrid Laurier University at Old Crow airport were
used to determine averagee-free season temperature and relative humidityhichwere flux

weighted, based on potential evapotranspiratifrhornthwaite 1948; see Calations ), as

recommended by Gibson and Edwa(@802) for use in isotopignass balance calculations.

2.4.2Water isotope sampling andraalysis

Monitoring lakes were sampled for the analysis of water isotope tracers in June, July, and
September from 2007 to 2009, as reported in Turner eZ8l1Q In review and June 10 and August 25,
2010 and June-%7 and September 12, 2011. The initial three years of sampling includesieasdn
sampling in July to more fully characterize the hydrological behaviour of lakes within OCF, which was
used as a basis for establishing the monitoring program. During 2@1@kés within OCF were sampled

with the aid of a helicopter. Mary Netro Lake (OCF58) was sampled from a canoe following river travel
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by motorboat and a short hike to the lake. In spring 2011, a feasibility assessment was conducted to
ascertain the levelfoaccessibility to lakes within close proximity of the Old Crow River. This sampling

GNAL) 61 & O2yRdzOGSR Ay 02y 2dzyrpinto Fufitut fationkl Parkivsl a / F y |
lakes were sampled during this trip (OCF29, 35, 37, 49, and 85gtaining nine were sampled as

previously described. In September 2011, 13 lakes within OCF were sampled with a helicopter, and Mary
Netro Lake was again accessed via boat. Water samples were collected from 10 to 15 cm below the

surface at the approximatcentre of each lake. A haietld GPS system was used to ensure that

samples were collected at the same location in each lake (within a maximum 150 m) during subsequent

sampling trips.

Samples for water isotope analysis were collected imB@ighdensty polyethylene bottles
and transported to the University of Waterloo Environmental Isotope Laboratory for evaluation of
oxygen and hydrogen isotope composition. Isotopic concentrations are expressed as variations in the
relative abundance of the rare (heg) isotope species of water with respect to the common (light)
Aa202L)S aLISOASad ¢KSAS NIXdGdAza IINB O2y@SydaArzylftfte
Reported isotopic concentrations are the difference between the ratio of the samplé¢hanratio of a
1y26y &ail yRIFPNRZWE 800K (R.idRanikg-1), where R is the ratio 6H/'H or
80/*0 in the sample and standard. The international standard for water is the Vienna Standard Mean
Ocean Water (VSMOW) and results acemalizedtop p ®p:-nHy:R>Z NBALISOGAQGStes F2
Light Antarctic Precipitatio(Coplen 199% 6 A G K Yl EA YdzY | y I %8 (K §Hot + dzy OS NI
1 dw': YR pH:X NBaLSOGAGSt&d

A constant volume Clagsevaporation pan was deployed at the Old Crow airport from 207
as reported by Turner et 2010 In review. We continued tanonitor the evaporation pan at the Old
Crow airport again from June to August, 2010. The evaporation pan was carefully maintained over four

years to simulate a terminal basin (i.e., clogskdinage) at isotopic and hydrologic steagtate where
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inflowisdj dzI t G2 S &) WaeNleviéld itlin thiepan were maintained at a constant volume
and water samples were collected weekly for isotopic analysis.

[F1S KeRNRf23AO0Ff O2yRAGAZ2Yya 6SNB SoPoudl (SR dz
space(Figure 23) using the linear resistance model of Craig and Goid865 (seeCalculation)l A key
feature on the isotopic framework is the Global Meteoric Water Line (GMWL), which lukesdthe
O2NNBf A2y 2F LINBOA LR GH G X¥op1Graig 1968 Suface vaterdh@tll t S &
has undergone evaporation deviates away from the GMWL, due to-degsendent fractionation, in a
linear trend characterized as the Local EvafioraLine (LEL), which typically has a slope-6f Key
reference points along the LEL include the amesr8 A A KG SR YSIy | yydarthe LINBOA
GMWLLEL intersection), the limiting steadyli I G S A & 2 { 2 LJ§, aqizhe thisoetical linihy” 6 4
Aa20G2 LA 0 9 dfHeSiccafifyybasin dndiraw season conditions

¢KS Aa202LAO0 02 YLR}Adustare glong2itie LEL) ditler bgldwiod hldové, 4
depending on the relative influence that source water (snowmelt and rainfallectsely) have on lake
hydrological conditions. Using the coupledtope tracer method(explained in detail by it al. 2008),
we guantitatively assessed these hydrological influences on lake water balances by icajctiat
isotopic composition of laké LIS OA FA O ) dndleéxaporatiortod WIF 6 2 § 6 9farleach NI G A 2 3
lake was estimated by calculating lakelJS OA FA O [ 9 [ &to theyinferséstion & heRGMNL 1
(Figure2-3). According to mass consation, the isotopic composition of evaporated vapour from a lake
o & will lie on the extension of the LEL, to the left of the GMWL. Using these key isattagwe budget
02 YL y Syiglaké hydrological conditions can be quantified in terms @fpevationto-inflow
(E/l) ratios that consider the madslanced ratio between the isotopic composition of ladeecific
input water and the evaporative flux from the lake (see equation in Figuwe0 dandt E/I values

reported by Turner et al(201Q0 In review were recalculated to reflect the fouyear average

monitoring framework, described below.
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2.4.3Trend analysis

A MannKendall norparametric test originally derived by Mai{h945), developed by Kendall
(19795, and modified by Hirsch et 41982 and Hirsch and Sla¢k984), was used to detect monotonic
i NB y Rand EVlyatios over time (see Calculations 1). The Méandall test is one of the most
commonly applied tests to detect trends in hydrologic time series data because it is highly robust to
departures from normatly, missing values, and seasonal cycles. It is not, however, robust against serial
dependence, although a modified test to estimate the covariance between the Seasonal Kendall (S)
statistics on sample sizes greater than 10 years can adjustues for sgal correlation(Hirsch & Slack
1984 Yue & Wang 2004We apply both the ManiKendall and th&easnal Kendall trend test, which
performsthe MannKendall trend test for individual seasons separately and then combines the results
to the fiveyear dataset of | valuesand E/| ratiosThe seasons were defined as early (June) and late
(September) based on th@roposedfrequency of future monitang. Thus, results from July 2609 are
not included in the Seasonal Kendall test. Tramalysis was completed usisgftware developed by

the U.S. Geological Survey (20Bip://pubs.usgs.ge/sir/2005/5275/downloads).

2.5 Results

2.5.1 Meteorological conditions
aSly Y2yGKte GSYLISNI GdZNBE YSIF&adz2NBR i 9YJANRYYS
recorded during 2002011 were comparable to the 1972000 climate normals (Figu&4). Total
annual precipiation between 2007 and 2011 was variable avak high in the latter two yeard17 mm
and 625 mmin 2010 and 2011, respectivelyigure2-4). Total precipitation during the ieieee months
(May-September) in 2007 was below averg@84 mm; 19512000 mean = 166 mm; Environment
Canada 2012 The2007-08 icecovered months experienced extremely low snowfall and bedeerage
winter cumulative precipitatiorfsnow water equivalent (SWE) = 28 mm; 12800 mean SWE = 100

mm; Environment Canada 202nd nearaverage cumulative rainfall during the 2008-foee season
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(178 mm). Winter snowfall in 2068 was abovaverage 8WE = 134 mm), followed by high-foee
season cumulative rainfall (212 mm). The-@o¥ered months during 20080 experienced below
average snowfall (SWE =75 mm) and the 26&free season had abovaverage cumulative rainfall
(276 mm). Heavy snowfallring the fall of 2010 coupled with uncharacteristically high snowfall events
in February 2011 contributed to very high winter precipitation amount in 2DLQSWE = 359 mm).
Cumulative icdree season rainfall reached 347 mm by September 2011, whic203% greater than
the longterm mean. Meteorological data for the five years indicate that thefiee seasorexperienced
increasingly wetonditions relative to the longerm mean while precipitation amounts during the ice
covered season fluctuated beegn belowaverage (20008, 200910) and aboveaverage (20089,
201011). Belowaverage rainfall during the 200Ge-free season and extremely low snowfall in 2608
led to relatively dry conditions in 2008, while heavy snowfall in 200L.@nd well abov@verage
precipitation during the thaw season generated very wet conditions in 2011, compared to thtelomg

mean.

2.5.2Developing an isotopic framework

Results from the evaporation pan in 2010 follow a similar pattern as isotopic data collected
during 200709 (Turneret al.In review; Figure -5a). In all four years of deployment, rapid isotopic
enrichment occurred during the first o weeks as cumulative evaporation increased and the pan
equilibrated with atmospheric conditions. Afterth®5 SS1 2 F RSLI 28 YSY*0 Rdz2NAy 3 S
@t dzSa NBYFAYSR NBEf I (A JSfsa The evgparatibpatiR 3 NORGGIReS! dza SR
are similar over four years and the four ydaid S NI B06g=Madn diy:'s *HegERHic:: o a il Yy RI NR
dewvation (s) = 0.5 and 3.2, respectively; Table 3). The isotopic composition of evaporation pan input
gl GSNI g1 & OSNE O2yahsHSyn: 'Sraud reoS | MEZND.S and 0.3,
respectively) and plotted close to the GMWL (Figk#ib). Based on the fotd S NJ Y6 Y WReant

gt dzSaziaiKSHgexmes v 61 a4 SEGSYRSR (2 GKSpoB@&z={ (2 LN
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Hn Ow': HawiRy m: T a I nom FYyR noys NBALISOGA@®SG @ 0 @ ¢ K S
gl a dzaSR GZ2R0F §DGK I &SldNG -0 VeRaindapm':  FH NI 06 and 3.2,

respectively) andthenc G S R&@ &G 0SS LJI2 NI A 2 Yagc2 BegindaiSFiqur@-pcy RS T A y ¢
Although an evaporation pan was not maintainad2D11, framework results would likely not deviate
substantiallysince the flusweighted temperature and relate humidity for 2011 (T = 28K1h = 67.1%)

were similar to values calculated from 2007 to 2010 (mean T = 286.8 K and mean h = 65.9%; d = 0.8 an

3.0, respectively; Tab@23).

2.5.3Monitoring lake hydrological conditions with water isotopes

[F1S & G§SNJ A a2 ()dhdheddranythdadritdriig2aiesd dudng the 2607
field campaigns are superimposed on the fgaar average isotopic framework developed from the
evaporation pan data (Figu6). In general, the lake water isotogemposition spans a broad range
O0¥O=Hp Dy:y dirg: HERA A :-mb:0 Y2y3d GKS Y2YyAG2NAYy 3T ¢
samplhg periods; however, distin¢tends are present. Values that are positioned below the LEL reflect
a stronger influence frommowmelt and generally plot closer to the GMWL, whereas lakes that are more
influenced by summer rainfall have high@t f dzS5&4 I+ YR RS @A Vailles are lovei@Bined KS [ 9
and become higher by the end of the ifree season, reflecting the seasoisdtopic evolution that is
typical of highlatitude lakes as they receive isotopicadkypleted snowmelt in spring and subsequently
undergo evaporative isotopic enrichment through the summer. This generatantraal cycle is evident
in all five years, #iough the evolution is unique to each year becaaténe difference irthe flux and
isotopic composition of inputs (snowmelt and rainfall) and outputs (evaporation). For example, lakes in
2008 are much more isotopically enriched in July and Septembérkwi 3 2 YS | { S& gglJt 2 G G A Y 2
compared to other sampling years (Fig2ré). This is because there was very low precipitation during

the preceding ten months (Figuge4).
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The influence of summer rainfall is most clearly revealed in 2010 and 2@utg#i6d and €) as
lake water isotope compositions for August and September, respectively, deviate above the LEL in
response to substantial rainfall events in July and August of both years (Eigur&he influence of
snowmelt, rainfall, and evaporatioon lake water balances is summarized in Fidli6é which shows
the 58 S NJ Y@ eayh monitoring lake according to hydrological lake categoledisedby Turner
et al.(2010. Lakes that are classified as snownsgltirced are located below the LEL close to the GMWL
whereas raifell-d 2 dZNOSR 1 Sa L) 20 | 0246 exdeftibn td ts[isohey R | NB Of
rainfallsourced lake (OCF48) that plots within the isotopic range of snowsoaliced lakes. Turnet
al. (2010 In review andMacDonalcet al. (2012h note that this lake in particular odlates between
snowmelt and rainfalilsourced owingo its proximity to Timber Hiland receives shallow groundwater
seepage from snowmelt through the active layErvaporatiordominated lakes are situated further
along the LEL and the fiyear averag ¥ 2y S 1 1S O6hiliLncov LI 20a 06Se2yR
The relative role of snowmelt versus rainfall on lake water balances was quantitatively assessed
by calculating laké LJISOA FA O Ay LJzi ¢ (% NS dspiaged @ EifupeiO®2 YQUI2 {5,Q deA 12 iy SR
values oer the fiveyear period show considerable variation within and between lakes. Turner et al.
(2010 distinguished snowmeltversus rainfafi 2 dzZNOSR f I 1 Sa o0 3Rt RiyA @K S 2244
such that snowmelsourced lakes are defy’ S R*™0p & »and rainfallsourced lakes are delineated by
1180, >4 . Using this metric, rainfall is the main contributor to most monitoring lakes (OCF06, 19, 29, 34,
35, 37, 38, 46, 49, and 58) and snowmelt is a main contributor to only OCF11.ahéebblakes
oscillate between rainfall and snowmelt categories (OCF26 and 48)haredore we re-categorize
these lakes as snovain-sourced lakes. Turner et al. (2010, In revieswealed similar patterns, such
that most lakes were rainfaourced, mly a few remained snowmettourced throughout the entirice-
freeseasont Y R f I 1 S a0 HitKdz91a KdetifeditSosdillate between snowmelind rainfalt

sourced categories.
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1, values were plotted versus time to explore temporal trends indsxecific input water for
each monitoring lake (Figu&8). The fiveyel NJdnean of each lake was calculated and compared to
the four& ST NJ M8 hywi: 0Z gKAOK RSt AYSI (S a anil kiffalfokrteB 8 K2 f R ¢
isotopicbased hydrologic regimes (Figitgy 0 ® { S I, daRigs inJune@a¥e typically lowtdian in
July and September owing to the decreasing supply of snowmelt and increasing influeaicdadif
{GFryRFNR RSQOAlIGA2ya ONBLR2NILISR Ay ¢l ofS jvdluegs I NE dza
and reveal lakes that have relativehgl@ Y2 RSNJ (S | y Ralded diriag tEelfingkar 6 A £ A G &
RFEGI aSG® h/ CHPZ oy ny3 p p\aludsyithstandarddevitions@h&tNE € A G
narrowlyrange from 0.6; 0.7. Most of the monitoring lakes (OCF11, 26, 34335and 49) display
Y2RSNI (S ¢valNds (0i%A.2)yOthkryakes including OCF06, 19, and 46 exhibit pronounced

seasonal and intek Yy dzI £ @I, vdllel @nd IBaye stangard deviatiors

A MannKendall test showed statistically sifjoant increasing monotonic trends at OCF11, 26,
and 49 (OCF11: S=48, p=0.004; OCF26: S=44, p=0.003; OCF49: S=38, p=0.011) and an emerging trend in
OCF29 (S8, p=0.088). A Seasonal Kendall test also showed an emergent trend in OCF29 (S=11 p=0.079),
but no significant trends in any of the monitoring lakes (Tab®a). From 2007 to 2009, both OCF11
YR Hc KI 2352 RBILIE GNIER (@ InwHi: NS | o/ Kl BHBE G G KBt | NB 0
2010 and 2011An independent samplei S & { val2e® from 20009 and 201011 shovsa
statistically significat difference between the mass of 200709 and 201al1 (OCF11=-3.034, p=0.013
and OCF26=4.699, p=0.001).

The importance of evaporation to lake water balances was quantitatively assessed by calculating
evaporationto-inflow (E/I) ratios using lakepS OA FA O A YWLIdzi RS I KSNISE L2 N» G A @S
determined for each lake (se@alculations)l An E/I ratio of 0.5, theoretically, represents 50%
evaporated vapour loss from a basin and tlanskE/| ratio >0.5 signifiesvaporationdominated lakes. An

E/l value of 1 is equal to the theoretical terminal basin steady | G S f A YA (0 Ag)hwiddcd Y LI2 & A (1 A
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evaporation is equal tmflow. Thus E/I ratios that exceed 1 indicate a threshold in which lakes have a

negative water balance and are experigignet evaporative drawdown. Temporal trends for E/l were

assessed and fivgear mean E/I values were used to determine lakes that are evapordtionnated

(Figure2-9). Overall, E/I ratios vary substantially among the lakes, ranging from 0.03 inmkare /I

June = 0.34), due to high spring input of snowmelt and rainfall, to 1.55 by the |dteécseason (mean
August/September E/I = 0.53) because of the influence of evaporation. According to the threshold
conventions described above, OCF06, 1948749, and 58 are evaporatiatominated lakes (mean E/I

X nodp0v YR h/ CHdp A& Of2a$8 (2 GKS nop GKNBRakK2fR 02
that exceeded 1 in July and September 2008, respectively. OCF06 had E/I ratios that exéecddg 1

and September of 2007 and 2008 as well as July 2009.

Monitoring lakes exhibit pronounced differences in both irtrad interannual variation that

(@]

Oy 6S RSAONAROGSR 0@ aidl yRI XiesRae graup iindnitoyhg lakéntol 0 f S n
three categories based on mean E/I values and the amount of variation in E/I ratios: low, moderate, and
KAIK® h/ CHcX nyX FYR pp RA&ALI L@ @GSNEB 26019kl O f dz
Other lakesincluding OCF29, 34, 30d 38, have moderate mean E/l values (0:8%0) and display

moderate variation about the mean (0.4D14). OCF11 has a low mean E/I value (0.30), yet a large

standard deviation (0.20). Lakes that are classified as evapo+dtioninated (OCF06, 19, 38,49 and

58) have high mean E/I values((3) and large standard deviations (0:034). A ManfKendall test

showed no significant increasing or decreasing trends in E/I ratios over time.

2.6 Discussion

Landscapes under the stewardship of northern agenaiesc@mmunities are logistically
challenging to monitor, yet land managers and scientists recognize thatéomg scientificallypased
monitoring is necessary to effectively evaluate how northern ecosystems are respdodilimate

change. Implementationf successful and sustainable letegm monitoring approaches involves
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coordination among multiple authorities and other stakeholders to systematically gather information.
Effective monitoring strategies also need to be included as a routine activityiewed as an integral
part of everyday management and not an extradeavour(Mezquidaet al. 2005 Lovettet al.2007). To
achieve this, we developeghd implemented a hydrological monitoring program in partnership with
Parks Canada, with support from the Vuntut Gwitchin First Nation and the North Yukon Renewable
Resource Council. A key component of these efforts includes ensuring that future wbeeiso
monitoring (to be conducted by Parks Canada) wiltdeducted successfultp providevital hydrologic
information for Vuntut National Park State of the Park Reports.

Climate warming is already pronounced in the Argtiimcentet al.2011) and has the potential
to cause major regime shifts in higdtitude inland ecosystem@arlssoret al.2011), the most critical
threshold being the integrity of lake basins and the presencgbsence of watefVincentet al. 2008.
In response to climate change, Arctic hydrology appears to show clusters of local variability over space
and time(Aviset al.2011; Carrollet al. 2011 Karlssoret al. 2011, Turneret al. In review). Thus, ongoing
monitoring that is capable of capturing tldéversity of hydrological pathways is needed to adequately
assess the ecological integrity of hilghitude aquatic ecosystems. The approach presented here utilizes
leadingedge water isotope tracer techniques as an effective monitoring tool to evaluatis¢ape
scale hydrological change in a northern thermokarst landscape. Water isotopes are sufficiently
affordable and logistically feasible to incorporate into a sustainable-femg hydrological monitoring
program. Key information from this work includeaseline characterization of lake hydrological
conditions, which will be compared to results of future sampling campaigns to evaluate multiple
potential hydrological pathways in response to changes in climate.

We used a survey monitoring strategy andested 14 lakes across a large geographical area,
each representing an indRidzl f & Y2 y A (i 2 NJd¢tal coltedied fioin 2007041 shok hat 4

the selected monitoring lakes encompass a broad range of isotopic signatures and thus tiapture
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diverse hydrological conditions in OCF (Fidi69. This highlights the range ofdrological variation in

OCF and reinforces the notion that lakes kklyundergo multifaceted hydrological changes over time.
Since hydrological fluxes from groundwater are generally negligible in continuous permafrost landscapes
(Wooet al.2000), the main components of thermokarst lake water balances can be characterized using
0§KS Aa2 (2 b B whihieMdu@éthetrelative importance ofuhgource water type

(snowmelt and rainfall) and evaporation, respectively. There are a few notable exceptions to this such as
OCF48 (located near Timber Hill) and OCF55 (an oxbowmMddiel likely receive inputs of groundwater
(Turneret al.2010. Ideally, samples for water isotope analysis should be collected during early, mid,

and lateice-free season, yet given the logistical constraints of northern monitoring this is not necessarily
TSI & AmltieS @nd E/kratios collected in July and September are statistically different from each
other based on a Wilcoxon signeank test { : n=28, p=8.001; n=56, p=<0.001, n=58, p=0.002 and E/I:
n=28, p=<0.001; n=56, p=0.12; n=58 p=<0.001, respectihelyever, collecting samples during the

early and latéce-free season captures the full scope of seasonal isotopic evolutiomariierefore
considerthis sample frequencgdequate to assess changes in hydrological conditions. Furthermore,

lakes that experience high E/I ratios in July generally maintain elevated E/I ratios when sampled again in
September, thushe importance ofvapour loss can still bdeterminedby collecting samples at

beginning and end of thiee-free season.

2.6.1An isotopic framework for longerm monitoring

A framework to evaluate the isotopic evolution and water balance of monitoring lakes was
based on four years of evaporatioampdata and fluxveighted temperature and relative humidityhe
similarity of fluxweighted temperature and relative humidity during the fiyear sampling period and
the agreement between isotopic frameworks developed from evaporation pan data for each y
(Figure2-5c; Table?-3) clearly demonstrates that our approach is robust and repeat#ble.

meteorological station deployed within OCF at John Charlie Lake (OCF29), located approximately 50 km
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north of Old Crow airport, revealed that temperature andateve humidity recorded at the Old Crow
airport and within OCF were very similar over a thyear period(Turneret al.In review). Moreover,
temperature and relative humiti recorded by the installed meteorological stations were similar to
data recorded by the meteorological station maintained by Environment Canada at Old Crow airport.
Thus, temperature and relative humidity recorded by Environment Canada are suitalsieefpreting
water isotope results for future monitoring. Although we have shown that the-famar average isotope
framework isappropriate forcharacterizindake water balanceduring 200711, we recommend that an
evaporation pan experiment be repeateseary five years to ensure that the framework is reflective of

hydroclimatic conditions.

2.6.2Monitoring lake hydrological conditions with water isotopes

We present data collected over five years of varying meteorological conditions (Bigliend
show that akes within OCF vary substantially in temporal patterns of dominant seutcal SNJ Ji @ LJISa 0 ¢
1, values can be used to identify lakes that are sensitive to changes in snowmelt versus rainfall. Despite
SELISNASYOAY3I 620K WRNE QinlOgRROCF20538,@8, 8b2ayidS8)isplyed = a2 Y
GSNE Yy I NNP valudslowsrahn® fivgeanfime period. This suggests that these lakes may remain
resilient with respect to lakspecific input water compositions under changing meteorological
condiiord @ Ly O2yGNFadsz f11Sa K balueshill Belnibre sensidv@ 63 A RS NI 0
changes in snowmelt and rainfall (OCFO06, 19, and 46), which may result in altered lake hydrological
conditions. Increases in summer rainfall, winter rain egeand decreases in winter snowpack thickness
influence the input water composition of lakes, and potentially shift the water balance of snowmelt
sourced lakes toward rainfadlourced lakes. Turner et &éln review) revealed a strong association
between individual lake input values and catchmehéaracteristics such as vegetation, hence
Y2y Ad2NRY FalieNdsef it mdy yeveal changes associated with transformations in land

cover. The catchments of snowmsalburced lakes have greater proportionscohiferous and deciduous
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treesand tdl shrubs that promote thick snowpack development, which provides substantial snowmelt
input during the spring. Higlatitude warming has led to the expansion of treeline tree species into
tundra ecosystem§_loyd & Fastie 200RIoydet al.2003), an incease in shrub abundang¢8turmet al.
2000z YR GKS 2 @SNI t f(iarEoNBHchmay shift AKE waieKflanced IoinA O €
rainfallsourced to snowmelsourced, owing to an increased capacity to entrap snow. Complete and
partial lake drainage events due to increased rates of thermokarst erosion and lateral expansion as
temperatures(Pohlet al.2009 and precipitation riséWolfe & Turner 200Bwill also influence
vegetation dynamics. Mackay and B{2002 showed that vegetation grows rapidly on the exposed
organicrich sediments of recently drained lake basins in a successional p&ttenrgrasses and sedges
to willow and other shrubs to alddrees and tall willows >2.0m. For example, the margins of OCF06, a
lake that drained in 2007, have beenvegetated by grasses, sedges, and other water tolerant plants.
Thus, the margins of pastly drained and completely drained lake beds will eventually be colonized by
tall shrubs that will enhance wier snowpack thickness. Thought all areas in the Arctic are
experiencing increases in tree growftisterkampet al. 2000), local land users have observed increases
in shrub size and coverage in QBBEK 2008

Lakes in OCF haveMavater volume and high surfaea@eato-depth ratios, making them
susceptible to climaténduced losses in lake area due to increased evaporation rates. In this study, we
used calculated E/atios to evaluate the importance of evaporation and temporal trends. Lakes that
possessow E/I values and low standard deviations are the least sensitive to vapour loss, whereas lakes
with high E/I values and larger standard deviations are more respoisigvaporation. OCF26, 48, and
55 represent lakes that are not sensitive to vapour loss whereas OCFO06, 19, 37, 46, 49, and 58 have
mean E/I ratios that surpass 0.5, indicating that evaporatiater-loss exceeds 50% of the lake volume.
This is not to sugest that these lakes are drying up as they still maintain positive water balances. Rather

they will be more sensitive to evaporative drawdown under meteorological conditions that enhance
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rates ofevaporation. Rainfabourced lakes are most susceptibles®coming evaporatiolominated

and they are typically shallow, have small lake surface areas, small catchment areas, or have recently

experienced a drainage event. Furthermore, the land cover of catchments of evapedatioinated

lakes typically includdsigh proportions of lowlying tundra vegetation that appear to generate less

spring snowmel{Turneret al. In review). Snowmeksourced lakes are less vulnerable to watepmar

loss as demonstrated during the dry 2008-imee season. On the other hand, three lakes exceeded an

E/l ratio of 1 (OCFO06, 19, and 46) during the 2008&r@season, signifying that these laktest total

water volume in response to meteorologiaanditions experienced during this time. If prolonged dry

conditions such as these become more frequent, lakes may cross the evapatationated threshold.

Several ballow lakes in the high Arctic hagempletely desiccatedwvhile others have experienced

reduced water levelattributed to increased evaporation/precipitatioratios associated with climatic

warming(Smol & Douglas 200.7This underscores the importance of continued monitoring of E/| ratios,

which identify lakes and regions in OCF that are sensitive to viatel changes due to evaporation.
TORSUGSNXAYS AT K& RNZRValResd an0 E/fratiesPaye RangihgRoyei timé, she@ S d 3 |

Mann-Kendall trend tend waapplied to detect statisticalkgignificant increasing or decreasing trends.

The MannKendall trend test revealed that three k& (OCF11, 26, and 49) display a statistically

AAAYATFAOLI yi A yaesRakthauglyifs trénddS goRsighififanttwhen the Seasonal Kendall

GNBYR GSad Aa ILILXASR® ¢KA& YI& o0S | NBadzZd 27F |

influence of July data. Despite the lack of significant trend according to the Seasonal Kendall test, Figure

2-8 clearly shows that both OCFEkh¢wmeltsourced and OCF2&Kowrain-sourced K I v@&es 1

below the snowmelt/rainfall threshold from 20809 and above the threshold in 2041Q with means

that are different.This is likely due to abosaverage precipitation during the idece season of 2010

and 2011 While we are cognizant that this represents a small data set and the trend may be dyiven b

Sy NR& O K S/&ueshizestsuggessthat the water balances of these lakemy transitionfrom

41



snowmnrelt-sourced to rainfalbourced isotopidased hydrologic regimes due to increases in
precipitationduring the icefree seasonThere were no discrible trends in E/I ratios, although
prolonged icefree conditions and warmer temperatures may lead to enhanced evaporative enrichment,
which can only be determined by lotgrm monitoring and future trend tests.

The timed S NR& Svalueg ahd B/l ratis presented here provide baseline hydrologic thresholds
that can be used to identify and evaluate fluctuations in the hydrological status of lakes in OCF in
response to ongoing climate change. The outcome of this work will contribute directly to ecblogica
integrity assessments. Parks Canada uses thresholds as a mechanism to evaluate ecological integrity and

RSGSN¥AYS GKS wO2 yRdks CahadD20\The coriifion & D@ exdsysténsiy’

[@=N
(0p))

NF¥GSR d 3I22RZ FI ANE 2 NJ La#h@avandahca & Rative speclesoét KS I £ (i K &
0A2t23A0Lf O2YYdzyAUASaAZT NI ( SMEark® Gana@aebogoads Whilé y R & dzLJLJ
we do not provide direcassessment®f ecosystem health, we do provide a clear and unique ol f

hydrological monitoring that can define isotofdased thresholds and effectively evaluate the status

YR GNBYRa 2F f1 1S K&RNERT 2 3valGds and B'afids &ré éc@logisallyA y h/ C
relevant hydrological variables that influes nutrient chemistry (Table 2) atikely aquatic

communities (e.g. macrophytes and algae). These metrics will provide Parks Canada, the Vuntut

Gwitchin First Nation and the North Yukon Renewable Resource Council with quantitative data that will

provide nsight to the hydrological responses to changes in climate conditions.

2.7 Conclusion

This paper advocates that lostgrm hydrological monitoring of higlatitude wetlandsis
essential to clearly and adequately determine ecological integaitgthat routine surveillanceof these
landscapeshould be incorporated into management activities. There is substantial evidence showing

that the Arctic is in a state of hydrological transitigfinzmaret al. 2005 Vincentet al.2011), the
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direction of which ismmbiguous. Thudpngterm data sets and monitoring are essential to identify and
understand the hydrological @tus and trends of northern freshwater landscapes. We demonstrate that
water isotope tracers are useful monitoring tools that can be used to assess future vulneratifléies
suite of representative lakes in O@Fchanges in input water (snowmelt versasnfall) and

S @ LJ2 NJvaluedistihguish snowmetind rainfaid 2 dzZNO S R fprepré&séniing @ thrésKold ¢

between the two isotopi® 8 SR K@ RNRf 23A 0O NBIAYSad [1S5a GKIG

values (OCF06, 11, and 46) are negasitive to changes in snowmelt and rainfathich may result in

R’

FEGSNBR 118 KeRNERE 23 jvéed frordshewinaltburc@d/id rdinfalsdldcsia A G A 2 v &

hydrology or viceversa may be a result of increases in summer rainfall, winter agid changes in

winter snowpack thickness associated with precipitation levels as well as landscape vegetation that
entrap snow. A MamiKendall test, used to identify monotonic trends over time, revealed that three
lakes (OCF11, 26, and 49) display diafisO | f f @ & A Iy A T A Qvajés arid yhalt RBA1H A v 3
and 26 may be transitioning from snowmslburced to rainfalsourced. Lake sensitivity to vapour loss
was monitored using hydrological thresholds established from E/I ratios such thratig#l >0.5

signifies lakes that are evaporatigtominated with positive water balances and E/I ratids indicates
lakes that are evaporatiedominated with negative water balances. Six lakes (OCFO06, 19, 37, 46, 49,
and 58) surpaszithe 0.5 thresholdand are evaporatiomominated. Three of these lakes (OCFO06, 19,
and 46) cross the significant evaporation threshold (E/l > 1), representing lakes that are vulnerable to
desiccation. Despite the substantial variability in precipitation durinditresyearstudy period, the

water balance of OCF29, 48, and 55 showed marked hydrological resilience to dnamgésorological
conditions. Whilghese trends aresubject to the limitationsnherent toa fiveyear dataset, they

highlight the diversity of hydrolagal conditions in OCF and reinforce the notion that lakes will undergo

multiple pathways and trajectories over time that can be captured using water isotope tracers.
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Changes itydrological conditionsvill likely have implications for water chemistry aaduatic
ecology, potentially altering the structure and function of lake ecosystém®cognition of the value
and need for coordinated hydrological and ecological monitoring to systematically observe the status
and trends of aquatic ecosystems, we raguend (and are working towards) integrating the
hydrological monitoring program with an ecological monitoring program, protocols of wiéoh
described by MacDonald et #20129. Northern ecosystem monitoring remains challenging. Yet, here
we demonstrate hoveollaboration betweenesearchersa northern communityanda government
agencycansuccessfullgevelop a longerm monitoring program that will serve to inform future policy
and landuse management decisions. Furthermore, these approaches can be readily adopted by other
national parks and agencies that have a vested interest in monitoring the hydrological status and trends

of northern lakerich landscapes.

2.8 Calculationd

2.8.1Meteorological @alculations

Average icdree season temperature and relative humidity were flugighted based on

potential evapotranspiration (Thornthwaite, 1948):

Thx =& % (_C) o = @ (hi?t?) (%)

where T, is the monthly average temperature (°C) dmis the monthly average relative humidity (%)

recorded by WLU meteofogical station and:ks given by the equation:

L . N(uor,)’
=163 —3 —x—a/
= 12 30 | (om)

where Lis the average day length between sunrise and sunset for the month (hours) based on hourly
shortwave radiation data recorded at WLU meteorological station such that vallsE\#m? were

counted as an illumination hour and in the absence of shortwave radiation datas estimated by
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using previous shortwave radiation data and hours of illumination recorded by Environment Canada

(http://app.hia-iha.nrecnre.ge.ca/cgbin/sunsoleil.p), N is the number of days in the monthjs the thaw

season heat index aralis a calculated coefficient. The thaw season heat injeg given by:

()

)1.514
a

and the coefficienta is calculated by:

a=0.49239%+0.01792 | - 7.7x10°3 1> +6.75x10 ' 3 | ®

2.8.21Isotopic framework alculations

The equilibrium liquidrapour isotope fractionation factor (j is derived from the equation

given by Horita and Wesolowski (1994):

|o°0]: 1000n 2" = - 7.685+ 6.712:%’$§- 1.666£%r—g+ 03504839 8
cT = ¢ ¢T =

3 A 2 ~ 3 o ~
|[o31]: 1000na"= 11588%18 16201%18+ 79484%18+2999§g§- 16104

where T represents the interface temperature (K). The equilibriuwt) (and kinetic isotope ()

separation factors between liquid and vapour phases is given by (Gonfiantini, 1986):
e=a-1
|#0|:e,=0.01441- h)
loH|:e,= 0.01241- h)
Isotopic composition of atmospheric moisture over thefreed S | & ) yan belcalculated by

the isotopic composition of a terminal lake at stesstgte and input water derived from the

evaporation pan data (Gibson & Edwards, 2002):
d,& (0t € )1a™- e- d,(1- h+e)/h
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The limiting norsteady state composition of a water body approaching complete desiccation
614 F0O OFy 0S OIFftOdzZ FiSR 06& OD2YFAIYUGAYAZI mMpycOY

g=n @, ferela
h-ec-é€la

The slope and intercept d) of the local evaporation line can be calculagteddecimal
notation, by the approach outlined by Barnes and Allison (1983):

a*z[(ei +e*2/a*2)(1+ dg)- h(df,- dpé)]

== ar*18[(&’1K8+e*m/a*18)(1J’dl;3 )- hla's d’iss)]

and
d =0% S@

Note that all calculations are expressed in decimal notation.

2.8.3Calculations for E/I ratios

The isotopic composition of evaporai flux and individual lake input water can be calculated
based on isotope madsalance equations and the coupled isotope tracer method (Yi et al., 2008). This
involves balancing the volume of evaporative flux,with outflow { ) to yield input water4()). Outflow
is isotopically equal to lake water becaudwsgiid outflow does not fractionate (Gibson & Edwards, 2002).
Thus, considering isotopmass balance, hydrogen and oxygen isotope data can be quantifiednis

of an evaporatiorto-inflow (E/I) ratio:

E/l :—(d"dL))

(dE' a,
where 1 g represents the isotopic composition of the vapour derived from an evaporating lake, defined

as (Craig & Gordon, 1965):

g= (a’L- e )/a*- h@,s e
= h+e,
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2.9 Calculationdl

The MannKendallis a rankbased method that compares the relative magnitude between data
points to test if values tend to increase or decrease with time with added test. The presence of an
increasing or decreasing trend over time can be calculated by the tretidt&talhe ManrKendall test

statistic is defined by:

1

where Xjand Xkare the sequential data values, n is the number of data points, and

P
K w
)

The mean variance &given the possitiies of ties is:

T+ - - . << <« 7

<
wheretAd GKS SEGSyl( dsfhe bupnatichbu@S&tesi A S | yR 1

The standard normal variatéis defined by:

in which in a twesided test the Ki(no trend) iss OOS LI SR AF (GKS a2t dziS JI f c
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Figure2-1. Map showing the location of 14 lakes selected for the hydroecological monitoring program in Old Crow
Flats, Yukon Territory. Catchment areas are outlifge@ Turneet al. In review.
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Figure2-2. Photographs of selected monitoring lakes in OCF.
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Table2-1. Selected hydrological and catchment charactassfor monitoring lakes. Hydrological categories are based on Turner et al. (2010) and vegetation cover is bas
Landsat imagery (Turner et al. In press).

. Lake Drainage Tall Dwarfed Surface
Lake Traditional . . Hydrology Depth Surface Catchment . Woodland Barren
D Name Latitude  Longitude Category (m) Area  Area (k rﬁ) Ratio %) Shrubs Shrubs %) Water
(ki) (CA:LA) (%) (%) (%)
OCF11 68°01'N 140°34'W Snowmelt 0.8 0.07 395.19 5565.99 10.6 53.8 27.7 1.9 4.3
OCF26 67°50'N Mo hbc Snowmelt 1.7 0.42 5.21 12.31 8.2 73.3 1.9 0.8 15.7
OCF55 67°50'N 139°45'W Snowmelt >5.0 0.02 0.59 29.30 3.2 63.6 29.3 0.5 3.4
mean Snowmelt 2.5 0.17 133.66 1869.20 7.3 63.6 19.7 1.1 7.8
OCF29 John Charlie 67°54'N 139°48'W  Rainfall 1.2 6.86 11.71 1.71 0.5 11.2 28.4 14 58.6
OCF34 Netro 67°53'N 139°27'W  Rainfall 15 6.11 29.16 4.77 51 25.0 36.5 1.0 32.1
OCF35 67°58'N 139°37'W  Rainfall 1.2 0.14 0.80 5.95 6.1 29.3 43.0 1.9 19.7
OCF37 Tsl'iivii zhit 68°05'N 139°81'W  Rainfall 1.2 5.14 8.84 1.72 3.6 22.7 13.5 2.1 58.2
OCF38 Husky 68°19'N 140°08'W  Rainfall 1.0 12.67 137.96 10.89 6.7 3.8 70.5 7.0 12.3
OCF48 Hot Spring 68°11'N 139°52'W  Rainfall 0.7 1.31 7.41 5.68 214 21.4 26.0 4.8 26.3
OCF49 Marten 68°04'N 139°39'W  Rainfall 1.2 1.15 10.75 9.37 6.9 20.3 24.9 3.0 44.6
OCF58 Mary Netro 67°32'N 139°51'W  Rainfall* 2.5
mean Rainfall 1.3 4.77 29.52 5.73 7.2 19.1 34.7 3.0 36.0
OCF06  Zelma 67°55'N 139°56'W Evaporation 0.3 5.01 15.99 3.20 0.8 145 9.9 43.6 31.3
OCF9 68°17'N mnnc Evaporation 0.9 0.11 0.58 5.37 1.3 16.6 59.3 2.2 20.5
OCF46 68°09'N 139°36'W Evaporation 0.5 0.12 0.28 2.30 4.6 10.8 32.9 8.0 43.6
mean Evaporation 0.6 1.74 5.62 3.62 2.3 14.0 34.0 18.0 31.8

* Mary Netro lake is desigtied a rainfalsourced lake based on data collected from 2@08.1.
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Table2-2. The mean and standard deviation of selected limnological characteristics of monitoring laki
grouped into hydrological categies. Values represent the average of samples collected in June and

August during the 2010 and 2011 sampling campaigns.

Hydrology category Snowmelt Rainfall Evaporation
29, 34, 35, 36,

Lake 11, 26, 55 37,38 48 58 06, 19, 46
Mean/STDV Mean STDV Mean STDV Mean STDV
pH 7.00 0.15 8.07 0.27 8.71 0.07
Specific conductivity (uS/cm) 4478 541 175.03 29.84 258.00 58.65
Alkalinity (meg/L) 1713 241 82.93 17.51 100.55 2.67
Dissolved organic carbon (mg/L) 1941 2.74 12.64 4.93 17.93 534
Dissolved inorgaic carbon (mg/L) 430 0.68 18.57 3.85 21.48 0.70
Calcium (mg/L) 5.63 0.40 22.00 2.33 32.29 5.08
Magnesium (mg/L) 1.89 0.30 7.44 1.76 11.53 2.87
Potassium (mg/L) 1.08 0.49 1.77 0.82 3.07 0.96
Silica (mg/L) 0.95 0.18 0.86 0.57 0.64 0.29
Total nitrogen(mg/L) 0.65 0.10 0.74 0.18 1.15 0.24
Total dissolved phosphorus (ug/L) 24.65 9.16 11.07 4.59 18.69 3.26
Total phosphorus (ug/L) 42.83 14.39 33.21 12.97 42.62 11.02
Chlorophyll a (ug/L) 441 1.37 4.05 1.83 350 154
Total suspended solids (mg/L) 485 390 9.83 13.51 9.03 5.72
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Table2-3. Fluxweighted thaw season temperature and relative humidity based on WLU meteorological ftatiap at Old Crow airport and parameters
used to construct an average isotopic framework for kbeign monitoring based on 20071 evaporation pan data

Parameter 2007 2008 2009 2010 2011 Mean STDV
T(K) 287.7 286.3 285.8 287.1 287.0 286.8 0.8
h (%) 626 64 66.5 69.4 67.1 65.9 3.0
h F80&H) 1.0103,1.0910  1.0104,1.0927  1.0105, 1.0934 1.0103, 1.0917 1.0104, 1.0922  0.0001, 0.0010
s 0481 0 ot 10.3, 91.0 10.4, 92.7 10.5, 93.4 10.3,91.7 10.4, 92.2 0.09, 1.06
(%071 0 3t 5.3, 4.7 5.1,4.5 4.8, 4.2 43,38 4.9, 4.3 0.4, 04
L0 0 2': -28.8,-216 -29.5,-220 -27.8,-216 -26.0,-205 -27.8,-214 1.4.6.6
1s5(®0,% 0 't -11.8,-127 -12.4,-129 -11.7,-127 -11.2,-122 -11.8,-126 0.5, 3.2
TR ol VIR -4.1,-87 -5.6,-93 -5.2,-94 -5.1,-89 -5.0,-91 0.6, 3.2
(P02 0 r -24.1,-183 -24.2,-184 -24.1,-183 -24.3,-185 -24.2,-184 0.1,0.8
Slope of LEL 457 4.65 454 4.78 4.63 0.10

55



b) 2008

a) 2007
- ® Jun - ® Jun
Y1 e . G v Jul
m  Sep .\S;//O* B Sep %*
g O £
-120 -120
SSL
-160 -160
O 200 -200
=
(2]
> 3 25 20 15 -10 5 30 25 20 15 10 5
(=]
o
= f) 5 year mean
i I e Snowmelt
N -80 -
2} v Rainfall 0
= Evaporation OCFBQ 5
-120 -120
-160 -160
-200 -200

380 (%0 VSMOW)

Figure26.L a2 02 LIA O O2 Y LJ2 & A (i A Psyperinposed 2niicifaueydal nyean nonitdrigisotopic
framework for each sampling year: a) 2007, b) 2008, c¢) 2009, d) 2010, e) 2011 and f)-yearficean for each
hydrologic category as designated by Turner et al. (2010).

56



OCF48 (Snow-Rain) OCF46 (Rainfall)

-120 @\/ —A— 5|
©)
4160 O op
S .

200 & Bliake specific mean

OCF38 (Rainfall) OCF49 (Rainfall) OCF37 (Rainfall)
-120
-160
-200

OCF19 (Snow-Rain) OCF35 (Rainfall)
-120 / :

OCF11 (Snowmelt) Y iy, &) e ;" A -~ OCF29 (Rainfall)
-120 nel T > 2 Y
160 R > ot
200 gt

OCF06 (Rainfall) 5 Sl o, > OCF34 (Rainfall)
-120 A i
-160 T
-200 - f\?iJ

OCF26 (Snow-Rain) OCF58 (Rainfall) OCF55 (Snowmelt)
-120
-160
-200

35 -30 25 20 -15 -10 -35 -30 -25 -20 -15 -10 35 -30 25 -20 -15 -10
3'%0 (%0 VSMOW)

s
o
=]

R
=]
S)

d’H (%0 VSMOW)

Figure2-7d / I £ Odzt G SR A &2 ( 2 LIA)Gor dagh Indritoring takie &romd 201Y LI2 A A GA2Y 614

57



OCF48 (Snow-Rain) OCF46 (Rainfall)

-20 s 6p = '2420/00
18
-24 Q-‘Q—O-&v-e—e&%g e [y o| lake-specific mean

OCF38 (Rainfall) OCF49 (Rainfall)

OCF35 (Rainfall)
(?’Q“?E(S&Eﬁ@\—:éiéo

OCF29 (Rainfall)

8120, (%0 VSMOW)

Figure2-8® ¢ SYLIR2 N} f RAAGNROdzGA2Yy 27F )ifdt SachAmodtdriaglakedrom 3002dz4 & I G S
11. Solid line represents the foyear average amourd SA AK G SR Y SI y | yyauthe daghgd OA LIA G | 0 A
fAySa NBLNBau8yiGa YSIy |

58



Table2-4. General statistics and summary statistics of the M#mmdall and Seasonal Kendall trend tests fc
I 0O values and b) E/I ratios

I 0*0uwvalues

Mann-Kendall trend test Seasonal Kendall trend test

Lake N,I??nr Stapdgrd Mann-Kendall Mann-Kendall
0:: 0 Deviation 7 S p-value Z S p-value
OCF06 -19.67 250 -0.427 -8 0.665 -1.212 -8 0.225
OCF11 -25.11 1.01 2.867 48 0.004 1.905 12 0.057
OCF19 -23.40 151 1.029 16 0.304 0.596 4 0.551
OCF26 -23.86 1.02 2.949 44 0.003 1.391 8 0.164
OCF29 -20.87 0.68 1.708 -8 0.088 1.759 11 0.079
OCF34 -21.92 1.00 1.303 29 0.193 0.993 6 0.321
OCF35 -23.26 1.03 0.206 20 0.837 -0.199 -2 0.843
OCF37 -21.66 1.01 0.716 4 0.474 1.139 5 0.255
OCF38 -21.99 0.63 -0.183 9 0.573 0.000 0 1.000
OCF46 -22.92 2.26 1.303 20 0.193 0.993 6 0.321
OCF48 -24.05 0.66 -0.480 -4 0.684 0.000 0 1.000
OCF49 -21.64 0.92 2.537 38 0.011 1.391 8 0.164
OCF55 -25.15 0.64 -0.671 -12 0.749 -0.520 -4 0.603
OCF58 -22.95 0.70 -0.619 -6 0.732 0.000 -1 1.000

b) E/I ratios
Mann-Kendall trend test Seasonal Kendall trend test

Lake  Mean Standard Mann-Kendall Mann-Kendall
Deviation 2 S p-value 2 S p-value
OCF06 0.80 0.34 -0.671 -12 0.749 -0.173 -2 0.863
OCFl11 0.30 0.20 0.061 2 0.951 0.000 0 1.000
OCF19 0.75 0.20 -0.617 -10 0.731 -0.199 -2 0.843
OCF26 0.25 0.06 -0.480 -8 0.684 -0.596 -4 0.551
OCF29 049 0.11 0.488 9 0.625 0.352 3 0.725
OCF34 0.42 0.10 1.029 16 0.304 0.199 2 0.843
OCF35 0.44 0.14 1.029 16 0.304 0.569 4 0.551
OCF37 0.56 0.15 0.179 3 0.858 0.000 1 1.000
OCF38 0.36 0.10 -1.037 -18 0.850 -1.559 -10 0.119
OCF46 0.61 0.25 -0.069 -2 0.527 0.199 2 0.843
OCF48 0.18 0.07 0.891 14 0.373 0.993 6 0.321
OCF49 0.62 0.14 -0.069 -2 0.527 -0.199 -2 0.843
OCF55 0.16 0.05 0.183 4 0.855 -0.520 -4 0.603
OCF58 0.58 0.12 0.000 0 0.500 -0.569 -3 0.613

Significant (p<0.05) trends are reported in bold.
Emerging (p<0.1) trends are reported in italics.
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Chapter 3
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Key Wordspaleolimnology, Old Crow Flats, drainage, lake expansion, thermokarst, northern freshwater
ecosystem, climate change

3.1 Introduction

Thermokarst lakes are abunotaand naturally productive ecosystems in many areas of the
Arctic, but are often transitional systems that are particularly vulnerable to climate chi&uhéinder &
Smol 2006 Miller et al. 2010 Karlssonet al. 2011 Vincentet al. 2011). In recent decdes, northern
temperatures have increased up t632C and are projected to increase another 2.5°C by the2iifd
century (ACIA 200p Profound hydrological transitions and regintéfts in the biological commuties
of many higHatitude lakes, attributed to warmer temperatures, have already been documefgetbl
et al. 2005 Schindler & Smol 20Q0€arrollet al. 2011 Karlssoret al. 2011). In some cases, Arctic lakes
have completely desiccated owing to warmer temperatures and an associated increase in
evaporation/precipitation ratios, while others have experienced reduced water l€get®l & Douglas
2007). Innorthern landscapes underlain by permagtpgeomorphic changes due to thermokarst activity
also influence the hydroecology of pa#rctic wetlands. Recent studies suggest that these changes are
amplified by climate warming, which can lead to walirel declines through accelerated lattminage
events due to increases in precipitati@iinkelet al. 2007, Wolfe & Turner 2008 and permafrost thaw
(Karlssoret al. 2012 in presk as well as lake expansion through accelerated thermokarst activity and
permafrost thaw (Payette 2004. Remote sensing studies have provided key information regarding
changes in lake surfa@gea over large spatial extents; howevemporal investigations of thermokarst

lake dynamics are limited by the availability of images that epbn tte last few decadeéroshikawa &
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Hinzman 2003 Smith et al. 2005 Riordanet al. 2006. While remote sensing studies can provide
guantitative dataon increases or decreases in lake surface dtesge approaches are often unable to
provide details on the processes responsible for wdg®el changesFor example, decreases in lake
surface area may be due to complete or partial drainage events as well as evaporation, and increases in
lake surface area may battributed to thermokarst expansion thawing permafrost, or increases in
precipitation.

Longterm hydroecologicaimonitoring of lakesin northern landscapess scarce, inhibiting our
ability to clearly identify howake hydroecological conditions have evolved over time and how they
might respond to changes in climate. Yet, understanding-teng hydroemlogicalchanges is of great
concern to circurArctic agencies and communitiessponsible fothe management and stewardship of
northern landscapes. For example, the Vuntut Gwitchin First Nation (VGFN) and Parks Canada (Vuntut
National Park), responsible faomanaging Old Crow Flats (OCF), Yukon Territory (FRjlje are
concerned about how declining watéavels will affect the ecological integrity of their management
area, and the impacts climate change will have on the health and future of OCFpdmsego these
concerns, these organizations are working towards implementing a-temng hydroecdogical
monitoring program (see Chapter 2), yet historical datessential to determin@atural variabilityand
ongoing responses to climate changi@brecqueet al. (2009 indicatedthat lake surface area in OCF has
declined since 1972, but the mechanisms driving changes in hydrology are poorly understood and it
remains unclear whether these changes arenique response to warming of the pas0 years or are
common on longer timecales (i.e., within the past 300 years)in the absence of longrm
environmental monitoring data, paleolimnological techniques can be used to provide &aelong
perspective on hydroecological transitions.

Highlatitude paleolimnological research has been widely conducted to investigate the influence
of climate change on the hydroecology of northern freshwater landscéipesgla et al. 1994 Pienitz

1995 Keatleyet al. 2006 Wolfe et al. 2006 Brocket al. 2010. Recently MacDonaldet al. (2012h
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combined paleolimnological techniques with aerial images to track hydrological changes and identify
their causes in one thermokarst lake (OCF48) in OCF. Hydrological transitions in thermokarst landscapes,
such asOCF, are complex and involve three main processes: i) lake expansion and development through
degradation of permafrost enhanced by increases in precipitation and temperature; ii) accelerated
vertical and lateral lake drainage events heightened by talikn&tion and thermeerosion from
increasing temperature, precipitation, afodt permafrost degradation; and iii) lake desiccatidue to
increasing temperaturejuration of the icefree seasonand/or decreasing precipitation

The paleolimnological analysi$ OCF48 revealed that past hydroecological transitions involving
multiple pathways (i.e., lake expansion, lake drainage, and gradual Veatdr declines) can be
determined. MacDonald et al. (20128 produced a conceptuaimodel outlining the expected
stratigraphic profile of a lake undergmj thermokarstdrainage cy@s and evaporative drawdowhy
linking paleolimnological techniques with historical images (Fi@d2¢. In their predicted schematic,
organic matter rapidly decreases during the onset of thermokarst expansion owing to ansiedtrea
supply of minerogenic sedimenThisresultsin an increase inurbidity that reduces lake productivity.
Thawing permafrost and high precipitation can oftezad to rapid drainage events in thermokarst
landscapegWolfe & Turner 2008Marshet al. 2009, Pohlet al.2009. As suggested bWylacDonaldet al.
(20128, this transition wouldbe capturedstratigraphically by aharp increase in organic matter as the
water column becomes clear and primary productivity increasgsuming water remains in the basin
After drainage, watetevels in OCF48 increased, suggesting that lakes mél aad retun to stable
state postdrainage. In a different scenario, such asincreasein temperature without pronounced
increases in precipitationMacDonaldet al. (2012) suggesed that organic matter content would
gradually increas@wing to an increase in productiviue to evaporativeconcentation of nutrients
and waterlevel declinesMacDonaldet al. (20121 acknowledge that the proposed stratigraphic prddile
are based on one sediment core in a landscape with approximately 2700 lakes and suggest that

additional paleolimnological research is needed to further evaluate wlatexl declines in OCF.
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The aim of this paper is to expand paleolimnological research in @@Faugment the
hydroecological monitoring program in OCF by exploring past hydroecological transitisosiated
with thermokarst ativity and changes in climathysical, geochemical, and biological analysésa
sediment core céécted from Zelma Lake (OCF06) aweorporated with historical aerial images to
investigate past hydroecological conditions. Zelma Lake is a cultsigidificant lake that rapidly
drained in June 2007 due to elevated precipitation levels during the preceding winter and spring (Wolfe
and Turner 2008). Thus, Zelma Lake aldb provide an opportunity to reconstruct hydroecological
conditions prior to and post drainage to improve undarsgling of the hydroecological conditions

associated withthermokarstprocessesparticularly drainage events

3.2 Site Description

Old Crow Flats (OCF) (68°N 140°W) is a flathimg area at an average elevation of 327 m that
is encircled by six differémountain ranges in Yukon and Alaska (Fig4t&. Thesemountain ranges
act as a barrier to the inland movement of Pacific air masses resulting in winters that are prolonged and
cold. According to 1972000 climate normals at Old Crow airport, Yuldfeather Station ID 2100800;
Environment Canada 20}, Zverage annual air temperature-8C and fluctuates substantially between
summer and winter months. The coldest (warmest) month occurs in January (July), which has a mean
temperature of-31°C (15°C). Average total annual precipitation is 265.5 mm, ~60% of which falls as rain
(165.5 mm) during the months of May to September.

OCF isinderlain bycontinuous permafrost. The landscape islic of ancient Glacial Lake Old
Crow thd inundated the basin from 35,000 yr BP until it drained between 16,4000 and 14,860
120 yr BRHughes 1972Zazulaet al.2004). Downcutting of river channels through the thick fahand
glaciolacustrine sediments deposited from the ancient lake have left lakes, that are primarily

thermokarst in origin, perched 480 m above riverd_auriolet al. 2002 Yukon Ecoregions Working
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Group 2004 Icerich finegrained Quaternary sediments are easily degraded by thermal abrasion and
erosion promoting shoreline ression and bank slumping in lakes in (RF¢Leveillee & Burn 2031

Surface aresioflakes in OCF vary considerably (6371knf), although 92% of these lakes have
a surface area d3.01 knf or less, and are generally shallow (2. m), with the exceptin of oxbow
lakes that can be5:0 m(Labrecqueet al.2009). Turneret al. (2010 In review) identified three main
hydrological lake types usimgater isotope tracerssnowmeltsourced, rainfalsourced and
evaporationdominated.

The study site, Zelma Lake (OCF06), isa largert®d. OSYy (i N> t t & f20F GSR tI 1S
p ¢ Q2 TFiguie3-H. Aerial photographs from 1951 and 1972 show a similar extent of lake surface area
(Figure3-3). In June 2007, Zelma Lake rapidly drained likely due to ab@mrage winter precipitation
during OctobetApril, 200607 (148 mm, mean 1952000 = D0 mm) and abov@verage precipitation in
May (44.4 mm; Wolfe & Turner 2008The resulting high water levels breached the bank and
consequently triggeredapid drained. An upstream lake drained the previous year, which might have
also played a key role in catalyzing the drainage of Zelma Lake. The discharge of water from Zelma Lake
was substantial (5.8 mitlh m®) and exposed ~5.2 Krof lake bedWolfe & Turner 2008 This large
volume of water was exported from Zelma Lake via an incised channel connected to Wild Creek; a
tributary of Schaeffer Creek that drains into the Old Crow River., Theiglrainage event represents an
overall loss of water from the system as water eventually flowed into the Old Crow River, which drains
into the BearingSeavia the Yukon RiveCurrently, the average depth of Zelma Lake is 0.3 m.

Water isotope monitoing during 200711 indicatesthat Zelma Lake is a rainfalburced lake
that becomes evaporaticdominated as the ic&F NS a Sl a2y LIR®=viNBRNg:S & yorRY SvS !
PH=mmy:: T %4).BaleN&Bed evaporatieiw-inflow (EA) ratios exceeded 1 in 20@P indicating
sensitiviy to evaporation and potential susceptibility to future desiccat{orean E/l = 0.8; see Chapter
2). Zelma Lake is alkaline and pH increases from 8.1 to 9.5 as photosynthesis increases dagng the

free season (Table 1). The lake is mestrophic basedn total phosphous concentration (mean early
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season = 36.35 ug/l; mean late season = 67.15 ug/l), and has a high concentration of dissolved inorganic
carbon and major ions (Ca, K, Mg, Na, and)SKbundant macrophyte assemblages of pond weed
(Potamogebn sp.), watermilfoil Myriophyllum sp, and sedgefCarex spare also presenfTerrestrial
vegetation withinthe 16 knf catchment areaconsists ofall shrubs (14.5%) and dwarfed shrubs, herbs

and nonvascular plants (9.9%Jurneret al.In review; Chapter 2 Barren land occupies 44% of the
catchment area due to exposure of lake bed area following drainage in 3@ then, a lasy

proportion of barren land has been-+egetited by grasses, sedges, and other plants.

3.3 Methods

3.3.1Sediment core collection and physical characteristics

A 340-cm long sediment core was retrieved from the approximate centre of Zelma Lake in
August, 2010 bdeploying a GleW1989) gravity corer from the pontoon of a helicopter. The sediment
core was extruded and sectioned into &8 intervals using a closectioning upright extrude{Glew
1988) in the community of Old Crowe8iments were stored in Whirlpak® bags at 4°C until analysis.
Water content, weight percent of organic matter and lsanate content were determinedro
contiguous 0.&cm intervals by sequential heating of 0°50.05 g of welmixed, wet sediment at 90°C

for 24 hours, 550°C for 1 h, and 950°C for 1 h, respeciipelgn 1974Heiriet al.2001).

3.3.2Sediment core chronology

Sediment core chronology was developed by measuring the activitié®af**‘Bi, and*'Cs on
every 290.5-cm thick sediment sample fromD cm and every"0.5-cm thick sedimensample from
20-32 cm. Activities fof"®Pb and“Bi were used to calculate sedimentation rates and ages using the
Constant Rate of Supply (CRS) model, which allows the sedimentation rate to vary through time
(Appleby 2001 Activities of*’Cs were used as a complementary radioisotope dating technique to the
2Ppbased chronologhy providing an independent marker for the 1963 peak fallout of this

radionuclide. Approximately 2-B.0 g of freezalried sediment was weighed and packédlftly) into
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DSPEC tubes to a height of 35 mm. Sediments were sealed withof epoxy resin to establish
equilibrium betweerf?Ra and daughter isotope§Pb,**'Cs, and'’Bi). Prepared samples were
analyzed with ai®Ortec ceaxial HPGe Digital Gamma Ray 8peteter (Ortec #and Maestro 32

software (version 5.32).

3.3.3Geochemical analysis

Elemental carbon and nitrogesontentand isotope compositiamwere measuredmcontiguous
0.5-cm sections. All samples were prepared for analysis following methods ouitjnééblfe et al.
(2001). Ssamples were treated with 10% (by volume) HCI in a 60°C water bath to remove carbonate
minerals and shellAfter 24 hours, samples were rinsed withidaized water repeatedly until the pH
approximated neutral, placed in afreeRNE SNJ 12 NBY23S Y2Aa0dz2NBX |yR aA:
O2FNES 2NHFYAO RSONRADP ¢ KS TAy SotheNhi@isity afWatérloop nn > Y
Environmental Isotope Laboratory, and analyzed for organic carbon and nitrogen elemental and isotopic
composition using an elemental analyzer interfaced with a Continuous Flow Isotope Ratio Mass
Spectrometer (GRRMS). Dataal®B LI2Z NIiSR Ay GKS O2y @Sy iGaAz2ylt + y2at
relative to Vienna PeB®ee Belemnite (VPDB) for carbon isotope composition and atmaospheric nitrogen
for nitrogen isotope composition. Analytical uncertainties, based on repeat sampledeifoermtal
carbon and nitrogenaré n ®m s ° A YR X NB A LISOG A @St 8T arg’KnAdinSy: zdzy’ O S NJ
FyRNare° ndmm:d ¢KS LISNOSYyld RNE ¢SA3IKGEG 2F Ordd2y YR

nitrogen ratios.

3.3.4Pigment analysis

Lake sedimensamples from every second 6ck interval were analyzed for pigment
concentrations using the reverse phase high performance liquid chromatography (HPLC) method
described by Mantoura and Llewellgt983), modified by Leavitt et a(1989. Approximately 0.4 0.05

g of freezedried sediments were submerged in 5 mL of extraction solvent (80:15 (v/v), acetone:MeOH)
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and placed in a freezer for 24 hours. Once the pigments were extracted, thesokas filtered

through a 0.2um MillexFG syringealriven hydrophobid®TFE filteto remove fine particles from the
organic solvent, ad poured into amber vials. THidtrate was dried with Mgas to prevent oxidation and
degradation of pigments. Once dry, 300 pL of calibrasioiation (Sudan 1) was added to the sample

vial, pipetted into inserts, and analyzed with a WATERS 2695 HPLC system. Pigment concentrations,
expressed as nMol pigment grganic matter, were identified using retention times and

chromatograms compared tknown standard¢Jdfrey et al. 1997). Pigments identified included
OFNRPGUSY2ARA& OKI NI @ir@deNd), yréeh Glgae (Tteit),Silickous algde AndS 0 i
dinoflagellates (fucoxanthin), mainly diatoms (diatoxanthin), cyanobacteria (echinenone), colonial
cyanobateria (canthaxanthin), and purpisulfur bacteria (okenone). Chlorophgland-b pigments

were also identified and are representative of total algahcentrationsand green algae, respectively.

3.4 Resultsand interpretation

3.4.1 Sediment core chronology

The®°Pb activity in Zelma Lake sediments declines rapidly with depth éxgonentiaffashion
(Figure3-5a).%Pb activities in the upper 5 cm decline from 0.132 Btpgd.075 Bqg g and from 0.081
Bq ¢' to 0.041 Bq g between 5 cm ad 10 cm. Activitiessach neatbackground levels (supportéd’Pb
estimated from the mean of all measured value$'@i and™Pb = 0.040 + 0.004 B¢f pat 10 cm
(0.041 Bq §). However,”°Pb activity increaseat 11 cm (0.048 Bg®y and remains above background
21%Pp |evels until 18 cm (0.043 By It is likely that increases in sedimentation rates during this time
have a diluting effect on th&°Pb activity levels. This suggests that sediment accumulation rates were
not constant, thus the Constant Rate of SupplySJ0Rodel was applied to determine sediment
chronology(Oldfield & Appleby 1984 ppleby 2001 As unsupported™Pb activity asymptotically
approaches zero with depth, a small value of unsuppoft&b activity below 18 cm depth remainsath

cannot be directly measured. This value was estimated to be 0.198 Bqrch¥% of the total
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unsupported™® 6 Ay @Sy (2 NE ® Ly O2 N1J2 NJ*%h igvantoty K tha CRB¥gea a A y 3 £

model improves the accuracy of dates near backgrodeywth (Appleby 2001 The resulting CRS model
for Zelma Lake gave a basal dateapproximately 1877 (18 cm) with mean sampling resolution of 3.8
years from 0 cm to 18 cm. Erriorthe CR®10delled chronology range from £2.1 to £18.2 years (age
= +11.9 years). Dates below the level of unsuppoft&eb activity are extrapolated based on linear
regression of the CRS modelled dates versus cumulative sediment dry mass fromo-1824 before
changes in mod&dd agesare influenced byon-uniform sedimentation ratesEstimated dates after
1877 assume a sedimentation rate that is equivalent to the ~119227 period and approximated the
basal date of the bottoamost sediments to be ~1678 (Figug&b).

137Cs was also measured as a complemantadioisotope dating technique and suppsttie
2Phbased chronology. Results indicate a peak@s activity (0.026 Bg'f) at 6.5 cm (1964 according
to the CRS model) in the core, which is in good agreement with theestalblished maximunt’Cs

fallout that occurred in 19684 as a result of nuclear weapons test{idgpleby 2001

3.4.2Physical and geochemical analysis

The percentage of organic and mineral matter, carbonate content, bulk organic carfhpraga
nitrogen (N), carbotto-nA G NB 3 Sy 0/ k b 0°GNIZ0 A RS I Iisttilp@EsRypaiues
show systematic and coupled trends throughout the sediment profile (Figig)e Overall, there are
four distinct intervals of variation that are interpreted to reflect hydroéagicd changes over thegst
~330 years. During the first ~220 years (~16%980) of the sediment record, all geochemical measures
show smalbscillations and slight trends, but overall reflect a relatively stable pefibtbughout this
interval, the rdative proportions of organic matter (1%1%), mineral matter (#81%), and carhuate
content (516%) display a modesscillatory patterrwith no apparent overall trendvalues for £ (9.5
12.4%)N (0.81.1%) and C/N ratios (10.9 to 12.68main relaively constan® *G values-g0.7 to-

M b @ @pidd N values (2.01 ® T:&lsdshow little variation Overall the early part of the sediment
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record reflects a relatively stable period (termed phase 1) in which all geocherareahgters remain
nearconstar.

Most geochemical measuseshowpronounced changes after ~1900 and clear trends that
continue until ~1943 (Figurg6). During this interval, organic matter (18%) sharply declines and
mineral matter concomitantly increases (83%), while carbonateonitent (4.86.0%) remains negr
constant. Elevated sedimentation rat@ccur between ~1920929 (0.190.78 g/cni/yr) and ~1938
1943(0.21-1.40g/cm?/yr). Both Grg (9.95.5%) and N (0-0.4%) abruptly decrease, resulting in a steep
increase in C/N ratiod0.912.60 ® + | { WG @21.Ft8-Np ®: 0 RSONBF &S Ay |
20 KSNJ LI NI YS{eoloi'- 6 KAYONBF aSao

The increase in C/N ratios, which can be used to distinguish the input of allochthonous versus
autochthonous materiglsuggestshat organic matter is increasingly derived from terrestrial matter
rather than aquatic sourcedleyers & Teranes 200.These changes are characteristic of increased
minerogenic turbidity associated with the introdian of sedimentsand terrestrial materiafrom
shoreline erosion due to thermokarattivity. The carbon isotopgomposition of organic matter
o] “13C;)rg) is useful for reconstructing past productivity in lake sediments because phytoplankton
preferentially remove CQrontaining'’Cduring photosynthesis to produce organic mattdteyers &
Teranes 2001Wolfe et al. 2001). This leaves the remaining &g enriched with the heavier isotope of
carbon {°C) and generates an irgtr & S A’@ of drgadic matter produced in the laf@attarbee
2000.¢ KS RS O3 wildes dusing this lake expansion period signifies a reduction in productivity,
likely a result ofeducedlight availabilitydue tothe highly turbid conditions. Most of the geochemical
proxies idicate highly turbid conditiongn increase in terrestrial input, and a decrease in aquatic
productivity typical of a lake undergoing thermokarst expansidth the excep®2 y  2NF Organic
matter that is produced autochthonously using dissolved nitrate resuft\kenrichment due to algal
discrimination in favour ofb £ (i K dz&"™N KalugsKvSullsuggest an increase in aquatic primary

production(Meyers & Teranes 2001However, MacDonald et 0120 point out tha increases in
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1N values may be a result of the leaching of soils from shoreline erosion introdtNiagriched
nitrate.

' FGSNI dmpnoX St OK LI NI YSGHSNI RA &N ORyanic Nahed S NB S
(12.418.5%), G, (6.98.8%), NO.6-1 @ y:'#°G,3(-24.5t0-H 0 dM's 0 BN (2.36Rvod: 0 | f f RA&LX I
gradualincreasing trend. In contrast, mineral matter (89%) and C/N rat(14.010.6) gradually
decline and sedimentation rates remain constant.

The decrease in mineral mattsuggests thaactivethermokarst expansion has either ceased
RSOSt SNISRd ¢KS Ay ONBIES AlyYyNRaNEslingidudles @ntindBageyi= Y A G N
productivity. C/N ratiosbegin to decline ~1961, whiguggests a trend towards th@oduction of
autochthonous organic matteihe delay in the decline of C/N ratios could be attributed to the addition
of shoreline trees duéo previous bank instabilityOverall, his period reflects different hydroecological
conditions (labeled phase &) which thermokarst activities may have decreasadugh to allow
suspended sediments to settle to the bottom of the lake thereby enhancing light penetration and
aquatic productivity. In 2007, Zelma Lake experienced a rapid drainage event in whicmaatazst.8
million nt of water was lost via an eroded outlet chanii@lolfe & Turner 200B. Within the upper 2 cm

of the sediment profile, organic matter increased by 3.8% and mineral mag¢tereased by 3.4%.

3.4.3Pigment analysis

Fossil algal pigments provided information on the relative abundance of major algal groups in
Zelma Lake over the past ~330 years (Fi@dre Pigment concentrations vary throughout the sediment
profile andstratigraphic changes occur at the same horizons as the geochemistrykigtae3-6).
Lutein and chlorophyh are consistently recorded in the sediment profile from ¥86L900 and
maintainrelatively constant concentrations (mean = 214.4 nMbAid 64.6 nMbg", respectively & |
carotene (4.7 nMol g, canthaxanthian (13.2 nMol' echinenone (14.1 nMol®y, and fucoxanthin

(3.4 nMol ) are also present during this interval, however, their concentrations display a decreasing
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trend and fucoxanthin isacorded sporadically. Phades characterized as a moderately productive
aquatic period owing to the substantial presence of green algae (lutein) and cyanobacteria
(canthaxanthian) and modest concentrations of chlorophytom total algae.

Echinenoné y Rcarbtene disappear from the sediment record after ~1900 and the mean
concentration of canthaxanthian (5.5 nMat)gand fucoxanthin (6.0 nMoly remain low and occur
intermittently until ~1943. During this time period, lutein occurgermittently and mean
concentrations generally decrease (64.3 nM&) ghile mean chlorophy# concentrations slightly
increase (78.9 nMol . This interval (~1960943) is marked by an overall decrease in primary
productivity owing to the decrease in mean concetitons of fucoxanthin, lutein, and canthaxanthian
Fd ¢Sttt I & (K Scaftana andkc8riendhey OS 2 F |

After ~1943large increases in mean pigment concentrations of fucoxanthin (36.4 riflol g
lutein (260.3 nMol g), chlorophyHa (323.4 nMol ), and canthaxanthian (36.3 nMof)pccur. Unique
to this interval is the occurrence of chlorophll{mean = 154.1 nMol Y, with the exception of one
Al YLX S G0 GKS 0L & Scardtdne réefnérged &g tiiSphase (S1384)Sphase 2,
which is characterized by an increase in primary productivity.

The upper 2 cm of the sediment core exhibit a pronounced transition towards greater rates of
primary productivity with the reemergence of echinenone (mean = 11.1 nMYl and the appearance
of okenone (16.0 nMol Y and diatoxanthin (91.4 nMol'y. The presence of these algal groups is likely
a result of the changing limnological conditions associated with the 2007 drainage event. Okenone is

produced by purple sulphur bacteria which arddtanaerobes.

3.5 Discussion

The effects of climate change on the hydroecology of dynamic northern landscapes such as OCF
are complex and poorly understood. Northern highitude regions contain tens of thousands of

thermokarst lakes that continually deogl, expand, and drain through degradation of surface
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permafrost(Grosseet al.2012). There is debate within literature as to whetharemtual reinitiation
and refilling of thermokarst lakes occurs after draing@rosseet al. 2012 or whether differential ice
aggradtion leads to the formation of secondary thaw lakes or eventual paludific@ddiongenson & Shur
2007). Thermokarst lakes initially form through the thawing of polygonal ice veins and wedges or the
broad subsidence of iegch ground that forms a depression in which water can accumy@tedek &
Demek 1970 Fundamental to thermokarst lake development is the formation of the talik (area of
unfrozen ground between the active layer and permafrost) beneath the lake that creates positive
winter-time heat fluxes and aids in the wamgi and degradation of adjacent permafr¢&rosseet al.
2012. Lakes continue to expand laterally by thermal erosion due to the Ipigtific heat capacity of
water and mechanical erosion through wave action anesiteve during lakéce breakup. Erosion from
thermal energy and the conversion of potential to kinetic energy form steep banks along the margins of
thermokarst lakes that caresult in thaw slumps that introduce trees and other vegetation, soil and
peat layers, and sediments into lakgsterkampet al. 2000 Kokeljet al.20099. Thermokarst lkes
may eventually drain, either partially or completely, and mechanisms that drive lake drainage are
multifaceted and include: increases in water levels from large precipitation events that promote water
to breach the edge of the lakMarsh & Neumann 200Wolfe & Turner 2008 retrogressive thaw
slumps along the shoreling.antz & Kokelj 2iB); subsurface pipe flow through interconnected ice
wedge crackgMarshet al.2009); penetration of the talik into suipermafrost groundwater and
establishment ofertical hydraulic gradientéroshikawa & Hinzman 2002nd deepetthan-normal
active layers in combinain with moderately high lake levels and high soil moisture resuiting
increased ground water lealg from the lake through the active lay@ohlet al.2009. This constant
thermokarst evolution causes watdgvels to fluctuate, which are expected to influence the limnology
and aquatic ecology.

Longterm data generated by enulti-proxy paleolimnological analysis fromdsments of Zelma

Lake indicatalistinct phases of hydroecological conditions over the past ~330 gsacxiated with
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thermokarst activity All paleolimnologicahdicatorsduring phase 1 (~1678900) remairconstantand

indicate that the lake was not experiencing any major hydroecological change. After ~1900, there is a
aKINLJ RSOt AYS Ay 2NBIFIYAO YI G4SN Oy, éafgignent2 NBF yAO
concentrations and a concomitant increage i Y A y S NJ PN, afd G/Ni rétiNsz These changes are

likely associated with thermokarst lake expansibat lasted approximately 40 years.

In ~1943, a hydroecological transition from active thermokarst expansion towards phase 2
occurs. il appears thathe shorelines of Zelma Lakéher stabilizedor active thermokarst activity
decelerated indicated by a decrease in mineral matter content (and corresponding increases in organic
matter content)and constant sedimentation rateslistoric aerial imagesf Zelma Laksuggesthat lake
surface aea between 1951 and 1972 remainednstant. From ~1942007, the hydroecological
conditions of Zelma Lalkae marked by arincrease in organic matter and primary productivity indicated
0 &g,z N, and elevated pigment concentratiorhe decline in C/N ratidadicatesa trend
towardsincreasingautochthonousproduction oforganic matterThis change in hydroecological
conditionsmay be attributed to a decrease in active thermokarst expansion, which may have led to clear
water conditionsallowing for more light to penetrate the water column and enhance primary
productivity. The addition of terrestrial material during theevious thermokarst expansion phase may
have introduced nutrientrich bigl A f 6t S 2 NAIF yA O YI (S NANdEmingdhigd 3Sa i S
interval, further promoting primary production in phaseVithin phase 2, pigment concentrations
increase markedly beginning in ~1975, particularly dinoflagellates (fucoxanthiajh glgae (lutein and
Chtb), and total algae (ckly =  kcgfdRene reemerges in ~1984. This change occurs simultaneously
with ring-width index, a proxy for July temperatureeterminedfrom spruce trees in OGFigure 36;

Porter & Pisaric 20)1which indicate July temperaturémve become progressively warmarthe last
several decades. Thus, increases in primary productivitygphase 2 may also be influenced by

warmer summer temperatures.
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InJune 2007, Zelma Lake rapidly drained due to alaasgage winter snowfall and
precipitation in early spring/Nolfe & Turner 2008 The discharge of water from Zelma Lake was forceful
and easily eroded an incised channel through the soft clay resulting in a ~43% reduction in lake area and
over ~80% loss of water volunfé&/olfe & Turner 2008 Undoubtedly, such a rapid and extine
hydrological change will have direct ecological consequences. The upper sediments show an abrupt
increase in organic matter and the emergence of cyanobacteria, purple sulphur bacteria, and diatoms
that have taxonomic affinities tthe pigmentsechinenore, okenone, and diatoxanthin, respectively.
Although the upper sediments represent freshly deposited material, these pigment concentrations are
unique to the stratigraphy and their chemical stability and preservation are rankedlleghitt &

Hodgson 2001l The presence of these algal groups suggeststtigiy productiveconditions
developed in the remnant shallow ponds that remained after the drainage event. The presence of
purple sulphur bcteria implies that Zelma Lake now experienaedended periods of anoxia, possibly
due to increased growth of lake biota and very shallow water levels durirgpiger. Current nutrient
concentrations in Zelma Lake are high ($able 2)whichcould be attributed tahe release of
phosphorous under anaerobic conditions by phosphanabilizing bacteria or iron sulfide formation
(Wetzel 200). High nutriert concentrations of exposed lake bottom sediments may also supply
nutrients into the remaining watetolumn Due to decreasdake depth, nutrient enhancement may
also be a result afvaporative concentration. Watesamplescollected from Zelma Lake revesitong
aStrazylft Aazi2niues ashhibRED kiloStyatiexceer 1 from 2007 confirming the
enhanced influence of evaporation on lake water balance (Figu®esee also chapter 2).

The stratigraphic profile of Zelma Lake is simuathie sediment record of OCF48, reported by
MacDonalcet al. (20121, and theexpected sedimentary profile of accelerated thermokarst expansion
drainage cyles(Figure 32); but, there are some key differenceBoth sediment cores showed a stable
period early in the stratigraphic prité, when all paleolimnologicalariables remained relatively

consistent (Figur8-6; Figure3-8a). Thermokarst expansiom Zelma Lake commenced 900 and

75



persisted for approximately 40 years, while thermokarst expansion at OCF48 was initiated in ~1967 and
lasted for 22 years. After ~1943, Zelma Lake experienogdcaease in organic matter and primary
productivityA y R A O I HCSR N aid elevated pigment concentrations as the shoretieeame
more stable and active thermokarst erosion slowed doWwhis same shift transpired in OCF48 in ~1989;
however, thishydroecological transition was causég a rapiddrainage eventRapid drainage events
as hypothesized bylacDonaldet al. (2012b; Figure -2), would lead to increases in organic matter as
the water column becomeslearer, although this isontingent onwater remaining within the basin and
conditions that promote refilling. Both stratigraphic profiles show an increase in water clarity and
productivity, yet the mechanisms causing these phases are diffefénite parameters such as LOI were
able to depict shifts in hydroecological conditions of G&H#e interpretation oZelma Lake required
additional measures to portray hydroecological transitidast example, both Zelma Lake and OCF48
experience an increase in primary productivity succeeding lake drainage, indicated by increases in
carbon contg (i ]f(;)rg,i and pigment concentrations, suggesting they are also key indicators of lake
drainage. In particular, Zelma Lake exhibigedrophicconditionsafter drainage, which may be a key
consequence of rapid and complete drainage events (not necespartial drainage events) that can be
used to identify historic drainage events in stratigraphic profiles. Paleolimnological analysis can detect
past hydroecological conditions in thermokarst lakes, yet separating drainage events from increases in
primaryproductivity due to bank stability and increases in temperature remains complex and requires
multi-proxy analysis

Following a drainage event, there are multiple hydroecological responses that may happen, such
as eventual rdilling, secondary thermokarsake development, adaption to current wat&vels, or
eventual paludificationWater-levelin OCF48 recoverdaetween 2001 and 20Q7vhich may be
attributed to groundwater flow from Timber Hill, precipitation, dnda beaver dam located near a
channeloutlet. After five years, Zelma Lake water levels do not appear to be recovering. It is possible

that the remnant ponds of Zelma Lake may go through paludification, or infilling, from accumulations of
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benthic algae at the bottom in conjunction with ice aggation causing surface uplift, creating

conditions favorable for plant growth and developmdibrgenson & Shur 20R7The succession of

aquatic wetlands towards terrestrial environments has already been documented across the Arctic
(Karlssoret al. 2011). Water isotope analysis suggests that Zelma Lake is sensitive to evaporation which
could potentially lead to overall desiccation, a pheremon not uncommon tdigh Arcticlakes(Smol &
Douglas 200)¢ On the other hand, Zelma Lake may adjust to its new water bal@uweinued

monitoring is requiredo determine how the hydroecologicabnditions of Zelma Lake waiolve

following lake drainage.

3.6 Conclusion

Climate change will affect the presence or absence, abundance, depth, hydrology, argyecolo
of thermokarst lakes. Zelmake experiences diffent hydroecologicaransitionsduring the past ~330
yearsthat include phase 1 (~167&8900) characterized by stable hydroecological conditions;
thermokarst expansion (~19€1043); phase 2 (~1943007) distinguished by increasing primary
productivity; ard a post drainage phase following rapid drainage in 2007. The stratigraphy of Zelma Lake
shows that: ijactivethermokarst expansion does not necessarily culminate with a drainage event; ii)
inputs ofterrestrial material during thermokarst expansion ligghcreases the availability of organ
material generating nutrientich conditions that enhance aquatic primary productivity when turbidity
subsides; and iii) drained lakes are susceptible to evaporative drawdown and eutrophic conditions.
Zelma Lake wagery similar to the expected stratigraphic profile of a lake&ergoing
thermokarst expansiowlrainage cycles proposed BacDonaldet al. (2012h, although the onset of
the hydroecological phase succeeding active thermokarst expansion were caused by different
mechanismsHydroecological@nditions in dynamic landscapes such as OCF are complex and require
multi-LINE E@ LI £ S2f AYy2f 2340t | yPd.paadipienticoncenthatidds A O dzf N

are important parameters to consider when interpreting past hydroecological tondj thermokarst
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expansion, and lake drainage eventakes within OCF display hydroecological heterogeneity and
variability in their hydrological responses to climate change (Chapter® tthfundamentally
understand thermokarst processes, anoMhthe hydroecological conditions of lakes in OCF are
responding to ongoing changes in climate, ldegn datasets from lakes with different hydrological and

limnological characteristics are essential (Append).3

3.7 Appendix3A - Additional sediment cores

To urther enhance knowledgand improve understandingf past hydrological conditions
associated with thermokargirocessesind changes in climaie lakes with different hydrological and
limnologial conditions (see Chapter, P¢xplored paleolimnological masuresfrom three additional
sediment cores (OCF11, 29, and 35) collected fromi®ZFO8 and 2010 (Figureld. OCF11l is a
snowmeltsourced lake, OCF29 is a large rairdfalirced lake, and OCF33ismall rainfalsourced lake
The stratigraphic pros2 ¥ 2 NHF y A O Y I (i ("&NJIand 2ing@dthynile® frodPoNd 2 y = 1
and Pisaric (20)%s well as aerial images for each lake are presented in Fagfire

OCF34lisplays a similar stratigraphic profile to Zelma Lak @€ F48 (Figu®8b). The early
portion of the sediment core is relatively stable and there is a sharp decrease in organic matter (25.3
My ©c:: 02 2 NB ypi@:: O IPCLB(BAR todHvpvdeT: 0 F NB6Y. THé deblimepin
overall productivityduring this interval is likelgue to thermokarst expansioriThis expansion phase
possibly caused the coalescence of two adjacent lakes that are hydrologically connected in the 1951 and
1972 aerial images, andgeparated in the 2007 aerial imagfter ~L960, organic matter, organic

Ol NDb 2 y",, ValieR become relativelstable until ~1989n which organic matter (20-85.7%),

Q)¢
(s}

organic carbon (9-83.8%) increagkY I N] SRt & dzy At GKS G282 F GKS
remainedrelatively constan{-25.5to-H p ® 3.z 0 P
Similar to Zelma Lake, OCF35 displays active thermokarst expansion that either ceases or

decelerates, owing to the near constancy of the parameters from ~1960 to 1989. In,-€1§88ic
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matter and organi© | Nb 2 y A y G¥WBreniaBdtl felaivSystable, suggesting that this
hydroecological transition is more likely attributed to gradual wdéstel declines rather than a rapid
drainage eventAn aerial image from 2003nfirms that OCF35 is experiencing a reduction in water
levels and overall lake surface ardis possible thaOCF35 ifsing watervia an outlet channel as well
as evaporative drawdowriEnhanced evaporative drawdown due to warmer temperatusasonsistent
with the onset of increasing July temperatures in O@dficated by ringvidth index data. Contemporary
isotopic analysis conducted from 20Q17 reveals that OCF35 is sensitive to evaporation and has E/I
ratios that exceed 0,%articularly during dry conditions and near the end of thefiee seasor{fmean
E/l = 0.44; see Chapter 2). The aerial images show a deeply incised cliaalydbrmed by a rapid
drainage eventextending from the Old Crow River to a small drained (or evaporated) lake adjacent to
OG35. OCF35 is connected to this lak#houghthe channel is not deeply incised (field observations in
2011). The presence of the deeply incised channel connected to Old Crow River in 1951 suggests that
neither water loss from the small laker OCF35 were responsible for its formation. The 1972 aerial
image shows OCF35 as well as the surrounding catchment area in which shaidine is visible
(outlined in a white dashed line). This large lake likely drained prior to the basal date of the sediment
record (1886), thus OCF35 represents a remnant pgradmuch larger thermokarst lake. Interestingly,
11°C,y values remain constant, which is uncharacteristic of water level decreases. It is possible that low
water levels are enhancing macrophyte production, explaining the increase in organic mattertconten
YR GKS I OfC,RaesOKI y3IS Ay

The stratigraphic profile of OCF29 (Fig8+#&c) begins with evidence of thermokarst expansion
from ~12001300, a period of approximatel00 years, as indicated lofzcreasing organic matter (22.7
13.2%), orgawi carbon (11.6.3%) and °G,y values(-22.2 to-22.8: ). It ispossible that OCF29
experienced a drainage event ~1300 denoted by the major increase in organic matte231922) and
organic carbon (8% H ® ¢’z U I TG, Vakieds @AKo-H H ® miHylincreaseslightly. The slight

Ay ONB Ils(a,rﬁnay}\rqzﬂectla partial drainage event, corroborated by the accompanying aerial image
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that shows a relicshoreline suggesting a historic partial drainage event (Figd@eAlternatively, this
could represent a more complete drainage eveotlowed by a period of lake filling. From ~1350
Mppn OLIKFAS m0ZI 2NBI VG Oaluedflicufeabt d2nbitBHow dnpproddumt@d? vy > 1
changes. Hydroecological conditions appear to shift in ~18®8artds an increasi productivity
denoted by increases iorganic matter (18.422.0%), organic carbon (81 ® /£7: 0, (-2¢. Rto- 4
H n @ cThis shift is also consistent with increases inieg data which may suggest that increasing
temperatures are causing a gradual increase in productivity due to evaporative concentration of
nutrients and declining water volum€&ontemporary water isotope data collected from OCF29 indicates
that this lake can be sensitive to evaporation and has E/| ratiosetkaged 0.5luring dry conditions
and at the end of the icfree seasorfmean E/lI = 0.49; see Chapter 2). It is possible that the linear
increase in parameters near the top of the sediment core reflect warmer temperatures, although these
values are not owdide the range of natural variability.

The sediment profile of OCF11 (Fig@r&d) does not show evidence of thermokaasttivity and
is stable for approximately 500 yesa(~149601985;phase 1). Near the top of the sediment core, a
dramaticshift occurs~1985 leading to lpase 2, characterized by an increase in organic matter{15.6
23.7%) and organic carbon content (8.2.8%)and a decrease Gy, values(-27.3to-Hy ® s 0 @ ¢ KSa S
changes are harmonious with increases in4ivigth index further suggesting that recent increases in
temperature areinfluencingthe hydroecology of thermokarst lakes in OTlre decrease in”(;)rg
valuesare not consistent with increases in productivity; however, OCF11 is a highly productive lake
(mean TP = 53.28 pg/L) that accrues thick biofilm on artificial substrates (field observations)Clhe
values of highly productive lakes may decline due to nagtirason and/or chemically enhanced €O
invasion (enhanced fractionation), that is influenced by pH and the thickness of the stagnant boundary
layer(Herczeg & Fairbanks 1987

Interestingly, lakes in OCF appearexhibit nonsynchronous changes reflecting geomorphic

effects due to thermokarst activity as well as synchronous changes likely influenced by climate. Four out
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of the five lakes (OCFO06, 29, 35, and 48) undergo thermokarst spaat some point during the
sediment profile. Onéake(OCF29) underwent thermokarst expansion from approximately ~1300,
while threelakes(OCF06, 35, and 48) experienced thermokarst expansion during theeBury. Two
out of the five lakes (OCEB@nd 48) experienced drainage events within the past 30 years, and OCF29
possibly underwent a drainage event ~1300.

Thereseemgo be harmonioushifts in hydroecological conditions towards enhanced aquatic
productivity within thelate 1980s. These chaag occur simultaneously with increases in fimigth
indices (a proxy for July temperature) collected from spruce stands across OCF, which are
unprecedented within the last 300 yeaiRorter & Pisaric 20)1Studies from many shallow Arctic éak
have revealed transitions in aquatic ecology towards greater primary productivity and diversity of algal
assemblages in the mitb late- 19" centurydue to increasing temperaturgSmolet al. 2006). By
contrast, lakes in OCF suggest a recent response to environmental fluctuations, which may simply be
because lakes in OCF are at lower latitude as well as @gifferences associated with warming
temperatures. Yet, the recent acceleration ofuadjc primary productivity pos1980 agrees with
observations from sediment cores collected from northern Ellesmere Is{Anthniadeset al. 2005

and Cornwallis Islan@lichelutti et al. 2003, associated with recent climatic changes.
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Figure3-3. Aerial photographs showing the historical extent of Zelma I(&CF6) from 1951, 1972, 2007, and June
2011. Aerial images from 1951 and 1972 were scanned at the Energy, Mines, and Resources library in Whitehorse,
Yukon, the 2001 photograph is from SPOT image, and the 2011 image was takeratiefiogpter flight.
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Table3-1. Selected limnological characteristics of Zelma Lake (OCF6). Values represent th:
average earlyce-free season (June) and laiee-free season (late August/early September)
conditions and sindard deviation of samples collected in 2010 and 2011.

Early icefree season

Late icefree season

mean stnd dev mean stnd dev
pH 8.08 0.06 9.50 0.52
Specific conductivity (uS/cm) 313.00 85.56 252.50 156.27
Alkalinity (meg/l) 130.00 9.90 65.20 255
Dissolved organic carbon (mg/l) 13.05 1.77 18.00 1.77
Dissolved inorganic carbon (mg/l) 30.95 2.62 10.50 2.12
Calcium (mg/l) 45.75 2.33 28.95 16.90
Magnesium (mg/l) 16.50 1.84 13.13 7.60
Potassium (mg/l) 5.62 1.48 1.31 1.00
Silica (mg/l) 0.23 0.13 1.37 0.25
Sodium (mg/l) 2.86 0.04 3.52 151
Total nitrogen (mg/l) 1.08 0.32 1.56 0.01
Total dissolved phosphorus (ug/l) 14.75 11.17 26.20 14.64
Total phosphorus (ug/l) 36.35 21.00 67.15 4172
Chlorophylia (ng/l) 4.94 5.65 5.54 1.37
Total suspendedolids (mg/L) 6.65 7.06 23.85 18.00
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Figure3-4. Isotopic composition of water samples collected from Zelma Lake duringZ208idperimposed on a

four-year mean isotopic framework (see Chapter 2). Theojgotcomposition of global precipitation is defined by
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Figure3-6. Physical and geochemicakasurementdor the Zelma Lake sediment core showing organic matter,
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Chapter 4
{dzYYIFI NB YR wSO2YYSYRIUA2Y A

4.1 Summary

Polar amplification of climate warming is dramatig&ransforming Arctic ecosystenasd
continued warming will likely produce large hydrological and biological transitions in freshwater
ecosystems. This thesis aims to develop and implement atkrnghydroecological monitoring
program that will adequatly assess spatial and temporal patterns and rates of change of the
hydroecology of Old Crow Flats (OCF) by incorporating water isotope tracers an@noxjti
paleolimnological techniques to track hydrological conditions and responses to changes in
meteordogical conditions. Results from the previous two data chapters reveal that hydroecological
transitions in northern lakeich landscapes are multifaceted, thus laiegm monitoring that can detect
different trajectories of hydroecological change is necgssa
Resultddemonstrate that water isotope tracers are useful monitoring tools that can be used to
track future changesn input water (snowmelt versus rainfall) and evaporatioising the coupled
isotope tracer method, isotopic compositions of input wWdth) @nrd evaporatiorto-inflow (E/1) ratios
GSNBE OF f OdzAf  iSR YR LINRGARS | Sgvaldeydisenlish siidwehet 2y K@
and rainfalld 2 dzZNO S R  fprepr&eéniing & thrésKold between the two isotofiiased hydrologic
reAAYSad [1Sa GKFG RA&DAUe(OCFa6y 1A Jard36)hré hose sehsitiMditd (A 2 v
changes in snowmelt and rainfall which may result in altered lake hydrological conditions. Transitions in
1 values from snowmelsourced to raifall-sourced hydrology or viceersa may be a result of increases
in summer rainfall, winter rain events, and changes in winter snowpack thickness as well as landscape
vegetation that entrap snow.
Lake sensitivity to vapour loss was monitored using hydrolotficedholds established from E/I

ratios such that E/I ratios > 0.5 signifies lakes that are evapordbomnated with positive water
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balances and E/I ratios > 1 indicates lakes that are evapordtiarinated with negative water balances.
The fiveyear mean E/| ratio of & lakes in OCF (OCFO06, 19, 37, 46, 49, and 58) surpass the 0.5 threshold
and are evaporatioominated. Three of these lakes (OCF06, 19, and 46)edttiss significant
evaporation threshold (E/I > tluring dry climatic conditionsgepresenting lakes that are vulnerable to
desiccation. Lakes that become evaporatimminatedduringthe ice-free season are all rainfall

sourced lakes, thus snowmedburced lakes are less vulnerablestaporative drawdownDespite the
substantial variabilit in precipitation during the study period, the water balance of OCF29, 48, and 55
showed marked hydrological resilience to changes in meteorological conditions. Csaleaited
monitoring lakes are reasonably representative of the landscape and rsftaeiar spatial associations
revealed byTurneret al.(In review in thatlakes located in the central and eastern area of OCF are
typically rainfaHsourcedlakes that show a greater response to evaporation. Lakes located in the-south
western area of OCF are primarily snownsgurced and are less sensitive to vapour loss.

A MannKendall and a Seasor&éndall test were used texplore for monotonic trends ove
time. The MannKendall test revealed that three lakes (OCF11, 26, and 49) display statistically significant
Ay ONB I 4 A Y, Halués#ficAtiRgia patghtial transition from snowmedburced to rainfall
sourced isotopébased hydrologicegimes. These trendsere not significant when a Seasoika@ndall
trend test was applied, likely owing to the short time span of the data. Nonetheledsr i8otopesd
values and E/I ratiognd the application of a ManKendall trend teswill provide a useful tool to
monitor the hydrological status, trends, and conditions in OCF.

Multi-proxy analysis conducted a sediment cordrom Zelma Lake revealed hydroecological
transitions associated with thermokarst activity and changes in cliniéna lake exhibits different
shifts inhydroecologicatonditionsduring the past ~330 years: phase 1 (~18880) characterized by
stable hydroecological conditions; thermokarst expansion (~119B(B) that showed in increase in

terrestrial derived organic matter and a decrease in agu productity phase 2 (~1942007)
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distinguished by increasing primary productivity; and a post drainage phase following rapid drainage in
2007that displayed a marked increase in productiviije increase in aquatic productivity during phase
2 is likdy due to increased water clarity due to a deceleration in active thermokarst expansion as well as
increases in temperature.h€ stratigraphy of Zelma Lake shows thatadjive thermokarst expansion
does not necessarily culminate with a drainage event;inputs of terrestrial material during
thermokarst expansion likely increases the availability of digamaterial generating nutrientich
conditions that enhance aquatic primary productivity when turbidity subsides; and iii) drained lakes are
susceptibé to evaporative drawdown and eutrophic conditiom$ydroecological conditions in dynamic
landscapes such as OCF are complex and require-pnoky paleolimnologial analysis. In particular,
2NBI yA O Y4 @nidSphgdEent (concentrations are important parameters to consider when
interpreting past hydroecological conditions, thermokarst expansion, and lake drainage éeeatsse
thermokarst expansion wilead to a decreasein aquatic productivity and drainage events will likely
causea dramatic increase iaquaticproductivity.

Northern ecosystem monitoring remains challenging. Yet, in this thbhaige demonstrated
howthe collaboration ofesearchers, a ntéinern community, and a government agency éaad to the
development of a successflbngterm monitoring program that will serve to inform future policy and
land-use management decisions. Furthermore, these approaches can be readily adopted by other
national parks and agencies that have a vested interest in monitoring the hydroecological status and

trends of northern lakeich landscapes.

4.2 Recommendations

This thesis outlined two of the three components of a kiagn hydroecological monitoring
program aimel at determining the status, trends, and conditions of the aquatic ecosyst€dCFSince
this is a longerm monitoring program, future work involve®ntinuingthe monitoring program, with

specific obligations outlined in a Letter of Agreement betweark® Canada, Wilfrid Laurier University
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(WLU), and the University of Waterloo (U{¥ppendix C)Yet there are few considerations to advance

the monitoring program, outlined below for each ecosystem process and monitoring \eariabl

4.2.1 Water isotope tracers tanonitor hydrology

In this study, armverageasotopicframeworkwasdevelopedto assess past, present, and future
hydrological conditions bynodelingt s values with an evaporation pdar four years (200-10). It is
highly recommended that an evaporation pan experiment be conducted every five years to ensure that
the framework is reflective of hydroclimatic conditions. In the event that temperataceralative
humidity recorded athe Old Crowairport begin to substantially deviate from the average values that
were used to construct théour-year average framework,r@ew framework should be developed.

Asthis research has shownjater isotope traces provide a useful tool to monitor the
hydrological status, trends, and conditions in OCF, which can be identified using aidiaaall test.
TheSeasonaf Sy Rl f f (Said &aK2dzZ R 0S8 dza SR | nlRes Bf B/QatidsA y S
display istopic evolution throughout the icéree season. The Manrkendall test simply identifies the
presence of an increasing or decreasing trend, it does not identify whether or not an isotegefaiyd
threshold has been crossed. An independent sampéstOF y 6 S dza SR (2 {oBEIYI A F
valuesbefore or after that transition arstatistically diferent. Once ten years of data aobtained, the
dataset can be tested for serial correlatidrne pvalue for serial correlation is already adjusteithin
the USGS program, thus using this program and the adjustediue once ten years of datae
obtained is recommended.

Deuteriumexcess from river water samples are currently being explored as a method to
determine the approximate amount of rivelischarge that is contributed by lakéBurneret al.In
preparatior). This will provide an index of lak&ver connectivity and identify areas of OCF that are
experiencing greater export of water from lakes. Thus, additional sampling for water isotmgedrat

key points along the Old Crow River and its tributaries could potentially detect substantial lake drainage
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events.Aerial images focusing on the specific area experiencing greater water export from lakes can be
analyzed to identify lakes that ménave experienced a reduction in surface area. Key tributaries of the

Old Crow River to sample include: King Edward Creek, Schaeffer Creek, Johnson Creek, Black Fox Creek,
and Timber Creek; and key points along the Old Crow River to sampldeinghstreamfrom Johnson

Creek; upstream from Black Fox Creek; upstream from Timber Caghstream from the crele near

Husky Lakeand at the mouth of the Old Crow RiV@urneret al. In preparation. Ideally, sampling of

lentic water should be conducted in June and late August/early Septermbwsever, since drainage

SoSyida IINB fAYy1SR (2 KAIK tS@Sta 2F LINBOALMKGFOAZY

enough to identify substantial drainage events

4.2.2 Periphyton (diatoms and pigments) to monitor aquatic ecology

A key componento the hydroecological monitoring program is to determine the influence of
hydrological and meteorological conditions on aquatic ecology; however, this aspect of the monitoring
programremains to be developedsiven the strong linkages between hydrologd aguatic ecology, a
coordinated monitoring strategy is needed to adequately assess the ecological integrity of the aquatic
ecosystem. Thus, a key recommendation is to develop a method that can characterize the state of
ecological conditions and how theyeachanging over timéat can be combined with water isotope
analysis to provide a complete assessment of ecological integrity within the aquatic ecosyhtem
includes:

A Complete diatom and photosynthetic pigment analysis on biofilm accrued on attificia

substrates from 2002011;

A Identify relationshig between hydrological and limnological conditions associated with

diatomsand pigments accrued on artificial substrafeseSokalet al.2008 2010 Wiklundet

al. 2010 Wiklundet al.2012 for methods and idesg and
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A Develop a method to monitor the status, trends, and conditions of aquatic ecology to
determine ecological integrity. A modified reference condition approach could be used to
create predictive models for each hydrological category to see if clsangdgal abundance
and community composition are occurring over time (i.e., using time as a reference instead
of a set of reference lakes). The abundance and community composition of algae (given by
diatom and pigment data) collected in 2608 can be capared to the abundance and
community composition of algae collected in subsequent years to determine if there are
differences between theommunities(seeReece &Richardson 20QBennionet al. 2004
Bennionet al.2011). An alternative approach, or method to use in conjunction with the
modified reference conition, is to develop a hydexdogical diatom index (HDI) by
allocating diatoms into one of three groups according to hydrology (i.e., diatoms that are
reflective of snowmeklsourced, rainfalsourced, and evaporatiedominated lakes).
Following methods oKellyet al. (2008 2009+ vy WSELISOGSRQ 15L Oly 68 R
to determine if ecological conditions Wi each monitoring lake are changing over time (i.e.,
Ad GUKS | 0dzyRFYyOS IyR O02YYdzyAdGeé O2YLRAAGAZY NE

significant difference).

Logistically, | wouldecommended to always place two periphyton samplers in eadhtiak
ensure enough biofilm is collected in the event that a sampler is lost from a lake (see Appendix A for
more details). | would also recommend moving the periphyton sampler location of OCF38 to the
V2NIKSFat aARS 2F (KS (0 BOyS NG cty s MOk a2 DI ¥ LIRS
from this lake, likely due to the fact that the current location is near a channel outlet and banks that are
eroding Thus,Josses of samplers are likely due to enhanced turbulent flow within this area ofkée la
The northeast end of the lake (away from the outlet channel located on the northwest shore) does not

show signs of eroding banks and may therefore experience less wave action. A study conducted on Mary
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Netro Lake (OCF58) MacDonaldet al. (20123 revealed that there is no statistical difference between
periphyton sampled on artificial substrates in pelagic and littoral zones, thus moving the location of the

periphyton sampler should not confound results.

4.2.3 Multi-proxy paleolimnology 6 assess natural variability

In total, nine sediment cores were collected in 2008 (OCF11, 29, 46, and 48) and 2010 (OCFO06,
19, 35, 49, and 58) from the monitoring lakesexplore past hydroecological conditions to determine
natural variability Losson-ignition has been performed on all sediment cores, geochemical analygis
21%Pp analysisias been conducted on six sediment cores (OCF06, 11, 29, 35, 46, ast4Byment
analysis has been completen two sediment cores (OCF06 and 48).

OCEF is a dynamlandscape and lakes within this regiiaplay hydroecological heterogeneity
and variability in their hydrological responses to climate chafigefundamentally understand how the
hydroecological conditions of lakes in OCF are respondinggoing chages in climate, lorerm
datasets from lakes with different hydrological and limnolobateracteristics aressential Since fossil
pigment have provided important, sensitive records of hydroecological change, it is highly
recommended to complete pignmeé analysis on all sediment cores that have already been collected
(with the exception of OCF49), particularly OCF11, 29, an@@8&pleting pigment analysis on these
three sediment cores would contribute to lostgrm understanding of hydroecological chasgn a
snowmeltsourced lake (OCF11) and twaonfal-sourced lakes (OCF29 and 35) that can be compared to
a snowrain-sourced lake (OCF48hdan evaporationdominated lakg OCFO6)Furthermore, these
three lakes show interesting past hydroecologicahsitions assoaited with thermokarst activityand
increa®s in temperaturghat would be enhanced by pigment data (see FiguB).Rosson-ignition
data from both sediment cores collected from OCF49 are variable, thus it is recommendecbte re
this lale rather than proceed with further analysRecoring and performing mulproxy analysis would

provide further details on past hydroecological transitions and natural variability within OCF.
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Furthermore, this lake is located within the boundaries of Muilational Park and near the traditional
camp of an Old Crow resident who has a vested interest in the monitoring program.

Ideally, a sediment core should be retrieved and analyaeghysical, geochemical, and
biological parameterfom each monitorind  { S aAy 0SS SI OK 118 NBLNBaSyia
& 0 I ( Thesyedch monitoring station should have a loexgn dataset to effectively determine the
hydroecologicastatus, trends, and conditions of lakes in Ol¥e monitoring lakes have not &e
cored (OCF26, 34, 37, 38, and.35 particular, | would suggest collecting a sediment core from OCF34
(Netro Lake) because it experienced a previous drainage ¢vahtecqueet al.2009. Thus,
information gainecby reconstructing the hydroecology OCF34vould improve understandingf the
hydroecological conditions associated with thermokamgicessesparticularlyconditions before and
after a drainage event

The overall lifespan of thermokargtocesseginitiation, expansion, and drainage) is poorly
understoodandh RS+ 2 F | KSNX 21 I NEeuventdalrdfilihg ar @-ditatioBéf Ay F2f GA )
lakes after they drain has been contested within literat(fergenson & Shur 20Dt has been
postulated that warmer temperatures may accelerate thekarst lake dynamicand increase the
frequency of lake drainage ever(t®orgenson & Shur 200FPohlet al. 2009 MacDonaldet al.2012Hh.

Yet, longterm data is essential to understand natural thermokamicessesthe frequency of drainage
events, and the trajectory of hydroecological conditions succeeding a lake drainage@@ént.
represents a prominent region of Beringia thiatnained unglaciated during the last glacial maximum
and was inundated by Glacial Lake Old Crow 35,000 yr BP until it completely drained approximately
15,000 years latefZazulaet al. 2004). Thus, a detailed paleolimnological analysis of a sediment core in
OCF may provide a record of hydroecological transitions througiheuHolocene and part of the
PleistoceneThis expanded timescaldll be able to capture the full evolution of therrkarst lakes in

OCFand the hydroecological responses to changes in meteorological conditigt®tmthencurrent
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understanding of hydroecologicadsponses to climate chang€&o achieve this, a longer sediment core
is required, which could be collecteding a roddrive piston corer or vibracorer. Since a great deal of
effort is needed to collect a long sediment core, choosingppropriate lake is essential. | would
recommend a remnant lake of a much larger thermokarst lake, such as QG¢t8d in Vatut

National Park)Aerial and satellite imagery from OCF reveals manyt sflarelines belonging to ancient
lakes that have likely draindd the past Paleolimnological reconstruction of a long sediment core
collected from a remnant lake may providesight to initial thermokarst development, lake drainage,

and the influence of climate change on hydroecological conditions.

4 .3 Future research

While this thesis has presented an innovative and effective hydroecological monitoring program
to monitor the effects of ongoing climate change on the hydroecological conditions of thermokarst lakes
within OCF, the program could benefit from additional types of measurements. For example,
groundwater likely plays a key role in lake water balaswoe limnological condibns inOCF. Lakes that
exhibitlow values and low ranges in E/I ratios may be influencesupyapermafrost andor sub
permafrostgroundwaterflow, yet little is known about groundwater flow in Qe influence of
groundwater on lake water balances d¢dipe studied beénstalling piezometeri the catchment of each
monitoring lake or deploying data loggers that measure changes in water volume into each monitoring
lakeand calculating net groundwater flow in each ldkee Tondu 2008An extensive3-D groundwater
modelingproject could also reveal groundwater patterns through G@&fmarfrost dynamics throughout
OCF are largely unknovamd likelyinfluences thenydrology and limnology of lakes in OQRus
knowledge of permafrost throughout the landscape would benefit the hydroecological program
Macrophytes likely play a large role in the transfer of nutrients within the aquatic ecosystem because
they occupy a large pportion of total biomass within lakg$ield observations)Macrophyte coverage

and community composition could also be included to enhance the hydroecological monitoring
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program.Traditional macrophyte (accounting for abundance and community compostioa plot by
plot basis) is labour intensive and tirsensuminghowever,analysis of aeriaimages that shows
macrophyte coverage may providesimple method for acquiringpformation regarding macrophyte
conditions.Photographs of vegetation withhthe catchment area taken from the same reference point
each year could also be incorporated into the sampling campaign to evaluate temporal changes in

terrestrial vegetation.
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Appendix A
Northern hydroecological monitoring in Old Crow Flats, YT (Vuntut National

Park): aguide to field methods
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1.0 INTRODUCTION TO HYDROECOLOGICAL MONITORING
1.1 What is Hydroecology?

Hydroecologyis a term used to simply reflect the scientific overlap between hydrology and ecology. It is
the study of how hydrology affects thehysical and chemical conditions of freshwater systems and the
impacts on plants and animals over space and time. In this monitoring program, we are studying the
water balance of the lakes using water isotope tracers (H, O) and how changes in the aeeba
influence aquatic conditions and biology. The water balances of lakes in the Old Crow Flats are
influenced by théhydrologic cycle The hydrologic cycle describes the continuous movement of water
from the oceans and land to the atmosphere and bacim¢fFigure 1.1). The hydrologic cycle is driven

by climate, and therefore climate change will alter the water balance and aquatic ecology of lakes.

condensation
-

Figure 1.1. The hydrological cycle involves many different processes. Each process is influenoedebgndiin
turn influences the water balance of lakes. Figure from ENNaKth, 2005.

Thewater balanceof a lake is a simple budget of water gains and losses. In lakes of the Old Crow Flats,
the main source of water gain is rainfall and snowmelt andntizén source of water loss is evaporation
OCAIdzNBE MPHUOUD Ly | aAYLES gleéx GKS 6FGSNIolkflyOS

n{ T wl AYyTIgEvaporatio{ y2¢YSt i

This is a very simplified equation for a water balance and there are many other factors l&easaad
groundwater that also influence the water balance of lakes. For this hydroecological monitoring
program, water isotope tracers will be used as a tool to monitor lake water balances.
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Figure 1.2. There are three main lake types found in the @d Elats, based on their water balance. The lake on
the left is mainly influenced by snowmelt, the lake in the middle is mainly influenced by rain, and for the lake on
the right the dominant hydrological process is evaporation. Notice that each lakedifisrant water level. Each

of these lakes will have a different ratio of heavy to light isotopes of hydrogen and oxygen in the water.

Anisotopeis an atom that has the same number of electrons and protons, but differs in the number of
neutrons. Isotops are like identical twins, the same in every way, except that one is heavier (has more
neutrons) and one is lighter (has less neutrons). As water passes through the hydrological cycle, the
hydrogen and oxygen isotope composition of water (the ratio @vyeto light hydrogen and oxygen

isotopes) changes. For example, water that has undergone evaporation becomes enriched in the heavier
isotopes of hydrogen and oxygen because the lighter isotopes will evaporate first. Also, snowmelt and

rainfall differ in hieir hydrogen and oxygen isotope composition. The ratio of the heavy and light
Aaz2G2L5a Ay f11S 6FGSNI NBFESOGa GKS f11SQa o GSNJ
to the lake.

Each lake will have a different water balance; someradikive more snowmelt and some will evaporate
more than others. Differing amounts of snowmelt, rainfall and evaporation affect the aquatic

ecosystem. To measure changes to the aquatic ecosystem, the hydroecological monitoring program will
focus on periphton. Periphytonrefers to algae that grow on substrates. Substrates that algae can grow
on include rocks, sand, sediments, and biota such as plant stems and leaves. Scientists deploy artificial
substrates such as glass slides or plastic sheets to obtaimple of periphyton (this hydroecological
monitoring program will deploy plastic sheets). Algae are good indicators of ecosystem change because
they are very small, grow rapidly and respond quickly to environmental changes. Also, their
communities consistf large numbers of species, and so small samples can provide considerable
ecological information. In contrast, fish are large organisms that respond to ecosystem changes much
more slowly and they are absent in many shallow lakes or there are not maciesggesent. The

advantage of using algae to monitor the aquatic ecology is that they continually monitor the
environment 24/7 and reflect the environmental conditions in which they live. Many species of algae
can only tolerate a certain range of condii® For example, if the water temperature becomes too

warm or the pH becomes too high, the population of a species may not be able to tolerate the new
conditions and start to die out. On the other hand, a new species may prefer the new conditions and
startto accumulate in the lakes (Figure 1.3). A change in the composition of algae in a lake will indicate
changing environmental conditions, likely due to changes in climate.
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Figure 1.3. Species responses to environmental
variables can be very specifics shown in this
figure, different species tolerate different ranges
of conditions. The amount and type of algal
species found in a lake reflects the environmental
conditions (i.e. water chemistry) of the lake.
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1.2 Ecological Integrity, Baseline Conditis and the Role of Paleolimnology

The hydroecological monitoring program is designed to assess the ecological integrity of the aquatic
ecosystem and how it is changing over time in response to a changing clisategical integrityis a

d 02 y RA lisddetefminiedto e characteristic of its natural region and likely to persist, including
abiotic components and the composition and abundance of native species and biologic communities,
NI} GSa 2F OKIFy3dS | yR &dzLJLJ2 NI A chditibiNaPtide duati€ ecdsysterh | NJ &
in its natural state before any human or huminrduced activity has occurred is knownlasseline

conditions, or the preimpact state. Ecosystems are always changing and it can be difficult to tell the
difference betweematural changes and huméanduced change. Although Vuntut National Park is
remote in location and has one of the highest ecological integrity ratings in Canada, the region has
undergone substantial warming over the past two to three decades (Parks C288d3, According to
tree-ring records (Porter, 2010), this warming period is substantially higher than any other period in the
past 300 years. So, while there is little direct hunradiuced development or change within the region,

the area is still indirdty influenced by humaiinduced climate change.

Determining baseline conditions requires a ldegnm data set to gain perspective on how the
environment has varied naturally over time. It is often difficult to find kbgrgn data sets, especially in

the North. However, hydroecological research in Old Crow Flats has studied past lake conditions by
gathering information preserved in sediment cores from the lakes. This is knopaieadimnology- a
science that uses physical, chemical and biological irdtiom that is preserved in the sediments of

lakes to reconstruct past environmental conditions (Figure 1.4). Understanding baseline conditions is
very important. These conditions will be used as a reference point in which present conditions can be
comparedto determine if any change or stress has been imposed on the ecosystem
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Figure 1.4. Paleolimnology uses physical, chemical and biological information stored in lake sediment p
to reconstruct past conditions. Matergfall to the bottom of the lake where they are preserved for
hundreds, even thousands, of years. Scientists can take a core from the bottom of a lake and analyze t|
different layers of sediment for properties such as algae and chemical compositiogamtdetermine what
the water balance and aquatic ecology was like many years ago and can identify baseline conditions.

1.3 Environmental Monitoring in the North
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Monitoring programs consist of repeated collection of samples
using the samenethodover a period of time. Monitoring

programs can span a range of timescales, depending on the
purpose of the program. Figure 1.5 shows the different time

scales of monitoring programs and paleolimnological studies.

This northern hydroecological monitoring is intended to be a
longterm monitoring program designed to answer the general
jdzSaGA2y aegKIFG Aa GKS adras 27
AG OKIFy3IAy3d 20SNI eSINB G2 Ylye
generated by the paleolimnology study and build the data set
forward in time with ongoing mnitoring. Longterm

hydroecological monitoring will detect trends and changes

associated with variations in climate. This is often known as
trend monitoring.

Trend monitoring is a longerm commitment and, in a northern
context, can be very expensivadichallenging. It will require a
major commitment from staff to repeatedly collect the

. i L samples, from university partners to assist with sample
Figure 1.5. Environmental monitoring is a P yp P

matter of timescales. By combining

analyses, analyze the data and describe the results, and

paleolimnology (looking at the past) with from admin_istrators to cor_1tin_ua||y fund the program.
current monitoing programsenvironmental  Afthough this type of monitoring can be costly, it will
managers can develop useful and powerful prOVIde useful and valuable information that will be

datasets for determining ecological integrity
and to inform stewardship and managemen

decisions. Adapted from Smol, 2008.

essential for periodic reporting (e.g., State of the Park
Reports) and informed decisienaking.
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2.0 FIELD SAMPLING PRERAION
2.1 Field Trip Prepatean

In preparation for the fieldwork, a list of the types of samples that are going to be collected should be
made. In the case of this hydroecological monitoring program, we will be collecting water isotope and
periphyton (algae) samples. The next thinglo is make a list of all the required equipment, supplies
and material that are needed to collect these samples. Table 2.1 shows the necessary equipment
needed to collect samples for the hydroecological monitoring program.

Prepare the parts of the pghyton samplers (2 per lake) and partially assemble them before the
sampling starts; see secti@4 Constructing Periphyton Samplérsinstructions. To help keep the field

trip organized and reduce the amount of work needed to be done in the fiahdpksabottles can be
pre-labeled with tape and organized in whirlpack or ziplock bags. It is a good idea to prepare a check list
of all the items that must be taken on the trip. This can include a map of the area, necessary permits,
field observation sheet<sPS, camera, personal safety equipment and proper gear, first aid kit, tool kit,
food, etc. The checklist will vary depending on whether the sampling will be done via helicopter .or boat

Table 2.1. Detailed list of equipment and material required

Variable Collected Material Required
Water Isotopes 9 30ml Nalgene higldensity polyethylene
,r" ¥l bottles (2 per lake)

9 Labeling tapedolouredelectrical tape)
1 Fine Sharpie marker to label bottles
1 (2) Largeiplockbags

1 Wooden floats (2 per laRe

9 Artificial substrates (4 per lake)

1 Anchor (2 per lake)

1 Easy off cable ties (10 per lake)

9 Black film containers (20 per lake)

1 Large ziplock bag (2 per lake)
1
1
1

Labeling tapedqolouredelectrical tape)

Sharpie marker for labeling

Spare parts for periphyton sglers
(additional rope, substrates, nylons, etc)
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2.2 Locating Sites in the Field

Preliminary site selection has already been completed for the hydroecological program in Vuntut
National Park, yet more lakes can be added to the program in the fubuneng the years 2060Z009,

57 lakes in the Old Crow Flats were intensely studied during the International Polar Year (IPY) Project

4 SSYyR22 bl yK bl ] KgSEhadnimentdl Chadghlant Kadigfon Wsé of the Old

Crow Flats ifNorthern Cah R [-Aésiballer group of these lakes were carefully chosen by researchers

and Parks Canada staff to be part of the hydroecological monitoring program. A total of 14 lakes were
selected that represent a range of hydroecological conditions, catchment anidlsgzaracteristics

(Turner et al., 2010). These decisions were also influenced by jurisdictional location and accessibility; the
selected lakes are summarized in Table 2.2 and can be viewed in Figure 2.1. Note that OCF 37 was added
to the monitoring progam in 2011 owing to its easy access from the Old Crow River and is actively used
by local community members.

Table 2.2. Summary of hydrologic and catchment characteristics of selected Old Crow Flats monitorir

Hydrdogical Surface Average

Lake ID Local Name Jurisdiction class Area (k) Jul;EnE))epth Easting Northing
OCF06  Zelma VGFN Evaporation 4.46 0.15 542310 7534197
OCF11 VGFN Snowmelt 0.07 0.5 517935 7546028
OCF 19 VNP Evaporation 0.11 1.1 519752 7574535
OCF 26 VGFN Snowmelt 0.42 15 542429 7536271
OCF 29 John Charlie VGFN Rainfall 6.86 1.3 550592 7533401
OCF 34 Netro VGFN Rainfall 5.71 1.6 564208 7530710
OCF 35 VGFN Rainfall 0.13 1.2 557752 7541127
OCF 37 VGFN Rainfall 5.03 0.6 549542 7548839
OCF 38  Husky VNP Rainfall 12.60 0.5 535923 7578985
OCF 46 VNP Evaporation 0.12 0.6 557881 7560258
OCF 48 Hot Spring VNP Rainfall 1.27 0.45 546491 7564657
OCF 49 VNP Rainfall 1.14 1.75 555720 7552606
OCF 55 VGFN Snowmelt 0.02 3.85 552282 7525870
OCF 58 Mary Netro Rainfall 2.15 548663 7491580

VGFN = Vuntut First Nation Special Management Area
VNP = Vuntut National Park

The exact site location can be found using a Global Positioning System (GPS) and a map. Coordinates,
provided in Table 2.2, can be entered by hand into a @&8m or synced using GPS mapping software

such as MapSource or OziExplorer. Detailed instructions on how to use a GPS and GPS mapping software
are provided in their user manuals. A map of the area marking the lake sites has been created by Kevin
Turner (D student, Wilfrid Laurier University) using ArcMap. This map has been printed and is

available to Parks Canada and VGG staff to help locate the monitoring lakes. It is a good idea to study

the area before the sampling begins and create a flight plahdiintended transportation is a

helicopter). Creating two flight trips will ensure that there is enough gas to reach all lakes and give staff
and the pilot a chance to take a break for lunch. A suggested flight plan is provided in Figure 2.2. Note

that OG- 37can be added to flight trip 1.
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Figure 2.2. Suggested flight plan for the monitoring lakes.
Flght Trip 1: Old Crowy 11 A 19A 38A 48A 37A 06A 26
Flight Trip 2: Old Crofy 34 A 46 A 49A 35A 29A 55

- o

It is a good idea to become familiar with the flight plan and the characteristics of each lake before the
sampling begins. Take some time and look at the photographs of each lake and pick out some key
features.This will make locating the correct lake a lot easier. For example, OCF 49 is the only lake in the
vicinity that has an island of trees in the middle which makes it very easy to identify from the helicopter.
See Appendix A for photos of each lake.

In 2011, five of these lakes were accessed by boat off the Old Crow River. Access by boat will serve as a
back up in case funding for the helicopter trips are not available. Figure 2.3 shows the lakes and access
points for the boat trip and the GPS coordinates aummarized in Table 2.3.1.
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Figure 2.3. Monitoring lakes that are accessible by boat off the Old Crow River. Red flags indicate
sample location for the lake and the hikermbol represents access points from the river.

Table 2.2.1. Description of lake access from boat off the Old Crow River

Lake

Easting

Northing

Access Notes

OCF 29

554174

7532215

Camp at access point and well established trail to lake
Canoe and paddles presentailall Tetlichi camp.

OCF 35

558259

7540358

Access on east side of stream channel. Access is stes
but hauling a light canoe up the bank is possible. No
marked trail, but easy terrain. Walk around the
northeast side of the drained lake that has thickovils
and look for flagging tape.

OCF 37

549519

7550360

Camp at access point and well established trail to lake
No canoe present, but frequently used camp near lake
Erwin Linklater Camp.

OCF 49

555325

7550437

Camp at access point and well establiskrad part way
GKFG tSFrRa G2 a/ly2S [I1]
Peter during the preceding winter. Might be difficult to
LR NIF3IS + OFy2S FNRBY NAQ
and short portage (>100m) to OCF 49.

OCF 55

552501

7525925

Bank is a bitteep, but relatively easy to haul a canoe.
Portage is >100m.
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2.3 Field Notes and Observations

Detailed field notes are an asset to any type of field work. Useful things to note are the date, field crew,
weather, water depth, hydrology, vegetation, wifdlin the area, aquatic organisms, turbidityaniour

of the lake, photos, etc. It is also very important to record any measurements that are being taken. If
your field team is going to use a myb@rameter Water Qualitieter (e.g., YSI 660) you wilbwt to

record the water temperature, pH, specific conductivity and dissolved oxygen content. To make things
easier in the field and help with organization, observation sheets can be made and printed before the
field trip. Appendix B shows an example ofeddfnote sheet that can be used.

2.4 Constructing Periphyton Samplers

Periphyton samplers should be partially prepared before the field trip begins so they can be rapidly
assembled at the lake site using easy off cable ties, either in the helicopgteatrThere are three parts

to the periphyton sampler: the wooden float, the artificial substrate and the anchor. Table 2.4 provides
a complete list of all the material required to construct the periphyton samplers.

Table 2.4. Detailed list of equipmemadmaterial required to build a periphyton sampler

Material Required

T0¢ E wm¢ Eesof waod it #8holé RA I Y S SNJ
drilled in the middle (2 per lake)

9 Fluorescent sprapaint (~1 can for 6 samplers)
Varathane finishing (spray can ~ 1 can feafplers)
Red duct tape

Roll of sill seal foam

w2LJS F2NJ G2L) {y20 omkné
Rope to hang sampler unit (Nylon Masonline)
Rope for anchor (Nylon Masonline)

Trouser sock or heaxguty nylon (2 per lake)
Surlock binder coils (8 per lake)

4x14 cm polgropylene sheets (20 per lake)

Anchor rocks (2 per lake)

)l
)l
)l
)l
)l
)l
)l
)l
)l
il

The Wooden Float

¢tKS ¢g22RSy TFt21lG A& YIRS 2dzi 2F dzy iNBI GSR f dzyo SNJ
MEEOEE yQ RAYSy&aAzya (KI G O y oiStodilbaiholeiinttiezniddiek NS S S
2F GKS al YLX SN ¢KAa K2tS akKz2dZ R 6S I NHS Sy2dAK
has been used. The stick needs to be painted a fluoresm@otr so it can be easily identified from the

helicgpter. Spray paint is the easiest way to paint the sticks and they can either be painted red or yellow.

Once the paint dries, the stick should be coated with Varathane to protect the wood and paint from

water and fading. Make sure that extra Varathane ipliggl to any knots in the wood and the ends

where the wood has been cut.
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To help aid in buoyancy, wrap sill seal foam around the ends of the stick and cover with red duct tape.

The red duct tape will keep the added foam in place and also aids irifidation of the sampler stick.

This is not entirely necessary, but is thought to aid in buoyancy. The last part of the wooden float is the

top knot. Tie pieces of the rope into a noose knot (the thicker white rope in the above photo). If you
haveuseda®y ¢ RNAff o0AdG (G2 RNAff GKS 4K2fS> Al Aa o0Sal
beneficial to burn the ends of the top knot to avoid any fraying that may occur. The top knot is the knot

that will be fed through the hole in the centre of thaclt, with the loop side facing downward to

connect to the anchor rope.

The Artificial Substrate

The artificial substrate is the part that the algae will grow on. It is easily constructed out of
polypropylene sheets and Surlock binder coils. Polyprogy$eets are large sheets that need to be cut
into rectangles that are 4 x 14 cm. This is easily done with a rotary cutter (commonly used to cut
material for sewing). Try not to use marker to measure the sheets, instead just use a ruler and use the
rotary cutter to mark the dimensions. It is best to try to minimize contaminants on the sheets as this
may affect the algae. Once the sheets have been cut in proper dimensions, take a small pile and hole
punch the top and bottom (lengtvise). The hole will be thattachment point to the binder coils. Once
the polypropylene sheets have been cut and Rplexched (top and bottom), 5 pieces can be attached

to each binder coil. Space the sheets so that all of the sheets fit evenly on the binder coil.

The artifial substrates are attached to the sampler stick with string. The artificial substrate should hang
down 30 cm from the stick. Before cutting the string, 30 cm should be marked out with a marker and
excess should be left on each side (10 cm and 25 cmm@Heed part of the string will be an indicator

of where to tie the knots to ensure that the length of the string is 30 cm. Melt each end of the string
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with a lighter, this will stop the ends from fraying. With the 10 cm end, tie a noose knot. This end will
attach to the artificial substrate. With the 25 cm end also tie a noose knot. Wrap the string around the
wooden float and feed it through the noose knot. Wrap the string through the knot of few times and tie
it off with a double knot. This should makeexcare knot that will withstand a summer in the water.

The Anchor

The anchor is the part of the periphyton sampler that will hold the sampler in

place so that it does not get washed to shore. The anchor is simply made out of
KSIF @& Rdzie vy &dehighiroudes okSayedest) gnd rocks. The

rocks can be collected in the town of Old Crow. For example, the two boat launch
areas in Old Crow have many rocks that can be used as an anchor. When selecting
an anchor rock, look for a rock that is suffitly heavy and has smooth edges.

More than one rock can be used as an anchor if a large enough rock is not found.
Place the rocks inside the nylon. If the nylon tears, double wrap the rock with
another.

The anchor needs to be connected to a long sttivag will be connected to the

top knot on the sampler stick. Anchor strings should bermpeasured according

to the depth of the monitoring lakes, see Table 2.4.1 for 2010 anchor rope
lengths. These may change in the future depending on the water baldrbe o
lakes. The length of the anchor line does not need to be exact and it is best to
allow for some excess length in case there is a lot of rain. Tie the anchor rope to
the nylon and make a noose knot at the top end (to connect to the top knot of
the stick). Make sure to keep the different depths separate in a labeled bag.

Table 2.4.1 Depth categories and total amount of anchor ropes required

Depth Category 0.5m 1.0m 1.5m 2.0m 3.0m >6.0m
OCF11, 38,46 OCF19, OCF26, 29

Lake ID OCF06 48 35, 37 34, 49 OCF58 OCF55

Total Anchor Rope 2 8 6 8 2 2
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3.0 FIELD SAMPLING TECHNIQUES
3.1 Deploying Periphyton Samplers

The periphyton samplers should be deployed sometime in June
so that they can collect algae throughout the summer. Deploying
the samplers is very easy and straifdrwvard. Before the

sampler is to be deployed, final assembly is required. There are
three parts that need to be connected. First, connect two
artificial substrates (sheets of polypropylene) to the strings that
are harging down from the wooden float using easy off cable
ties. Each artificial substrate should be connected with two
strings. So, on each stick there will be four strings and two sample
substrates. Next, attach the anchor to the knotted rope that has
been plaed in the middle of the wooden float. The anchor will
have a rope with a loop on it. Simply connect the anchor loop to
the loop on the sampler stick with a cable tie. Make sure that you
are connecting an anchor that has an appropriately measured
length d rope for the lake that you are deploying in.

For each lake, two periphyton samplers will be deployed for quality control. It will provide a duplicate

set of data that can be used to assess analytical uncertainties. Also, deploying two samplerseageinc

the chances of recovering at least one sampler later in the summer. For large lakes, like Husky Lake (OCF
38), it might be a good idea to deploy three periphyton samplers to increase the chance of recovery.
Sometimes curious animals chew on the samglwinds are so strong that they blow the sampler away,

or water levels rise higher than the anchor rope.

)T 3.1.1 Deploying from a Helicopter

Most of the sites are located in remote locations and sampling will involve the use of a helicopter. The
field technician who is in the front of the helicopter will be responsible for finding the correct location
on the map using a GPS, marking a+waint and recording the GPS coordinates (NAD 83) of
deployment (so you can easily locate the sampler later), tpghmotographs, and writing down any
observations.

The field technician sitting in the back of the helicopter will be responsible for deploying the periphyton
samplers and collecting the water samples. While the helicopter is traveling to the site lptato
technician in the back of the helicopter can assemble the periphyton sampler. Once the helicopter has
landed at the appropriate site, the technician in the back can open the door and carefully exit the
helicopter, step on the pontoon, turn to facke helicopter and assume a comfortable and stable
position either squatting or kneeling on the float. Once in place, reach for the sampler and take the
wooden float in one hand and the anchor in the other hand. Then, hold the stick of the sampler in one
hand and drop the anchor rock into the water. Do not slowly lower the rock with the anchor rope; let it
fall to the bottom under its own weight so that stress is not added to the nylon (which may cause it to
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tear). Once the rock has landed, place the sticthe water. If the artificial substrates become tangled,
untangle and orient them properly while they are submerged under water. Repeat this and deploy both
periphyton samplers at the same locatiori8 m apart). There will be slack on the anchor rope

allowing the samplers to move around a bit. A previous study (MacDonald, 2009) at Mary Netro Lake
determined that there is little difference in results among samplers, even if they are placed at different
regions of the lake. So, placing samplers beside etiwr, with enough distance to prevent them from
tangling, is fine.

All persons in the helicopter will be required to wear headphones for communication at all times. The
technician who steps onto the pontoon will continue to wear the headphones (t@pt@tgainst engine
noise) and will be able to communicate with the pilot and field crew. It is important to maintain clear
communication with the field crew and mention any observations to be recorded. The photographs
below illustrate the different stepsiwolved in deploying the periphyton samplers.
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y, all 41 Step 1: Assenib the sampler in the
.. //, helicopter. This is made easy by
= propping the sampler stick so that
the units can hang down freely and
placing the anchor in the foot area.

Step 2: Field technician has assumed a sta
and comfortable position and has grabbed
| the sampler stick with one hand and the

| anchor with the other.
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N

Step 3: Field technician has  Step 4: The anchor has

Step 5: Field technician has

released the anchor into the  landed at the bottom of the ~ Noticed that the sample units

water and isholding onto lake. The field technician is  are tangled. With one hand

the sampler stick with the  now placing the periphyton ~ holding onto the stick, the

other until the anchor has ~ sampler in the water units are easily untangled

reached the bottom. while submerged under the
water.

117



M 3.2.1 Deploying from a Boat

Periphyton samplers will be deployed from a boat (canoe, rowboat or inflatable raft) at Mary Neteo
and other sites that are easy to access from the river (OCF 55, 29, 35, 37 and 49). Ensure that when
sampling from a boat proper safety procedures are being followed and a life jacket is worn at all times.

The periphyton samplers can be assembledt@nshore of the lake and then placed into the boat. Once

all the necessary materials are placed in the boat, the field crew can paddle to the middle of the lake to
deploy the sampler. One field technician can be designated to deploy the sampler whilhénes
responsible for taking notes. Once the boat has reached the proper location, the anchor and float can be
held over the side of the boat. Drop the anchor and hold the float until the anchor reaches the bottom.
Gently place the sampler into the watand untangle the units if they become crossed. Place a sampler
from either side of the boat.

3.2 Collecting Periphyton Samplers

)—_!'j 3.1.1 Collecting from a Helicopter

Similar to deployment, the field technician in the front of the haiter will be responsible for

navigating to the monitoring lakes. Prior to departure, it is important that the waypoints taken with the
GPS when the periphyton samplers were deployed are programmed into the GPS system. This will allow
the helicopter to appoach the correct area of the lake that the samplers were deployed and make it
easier to find them. Finding the samplers can be tricky, especially in larger lakes. The field technician in
the front will search for the wooden floats and instruct the heliwypilot to the correct location. Once

the wooden floats have been spotted from the air, the helicopter will land on the lake close to the
samplers.
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On the lake, the helicopter will navigate over the periphyton samplers. The woaakas fill pass under the front
of the helicopter to be picked up by the field technician on the pontoon.

As soon as the helicopter has landed, the field technician in the back will carefully exit the helicopter
and assume a comfortable and stable positianthe pontoon. The pilot will navigate the helicopter

over to the wooden floats, so it is important to hold onto something while the helicopter moves around
the lake. A line and a lifejacket should be worn for additional safety. The wooden floatsssill pa
underneath the helicopter. As the helicopter approaches the wooden floats, lean towards the inside of
the pontoon and wait for the wooden float to pass by. When the wooden float is near, reach out with
one hand and grab the wooden float. Lift the woodkrat onto the pontoon and hold it in place with

one knee. Locate the anchor rope and proceed to pull the anchor out of the water. Remove any excess
weeds that may be attached to the anchor and place the anchor on the floor of the helicopter. Then
place he wooden float vertically in the helicopter, making sure that the artificial substrates are not
tangled. Once the first periphyton sampler has been retrieved the second one can be collected. Note
that the samplers may be located close together and bothars may be picked up before they are
placed in the helicopter. Once the samplers have been placed in the helicopter, carefully climb back into
the helicopter.
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The photo on the left shows
how the field assistant has
assumed a stable position on
the pontoon and is waiting
for the wooden float to pass
by under the helicopter. On
the right, the field assistant
has reached into the water,
retrieved the periphyton
sampler, placed the sampler
on the pontoon and is about
to secure the wooden float
with his knee.

On the left, the field technician has
secured the sampler in place with
his knee and is pulling up the
anchor line. Once the anchor has
been placed on the floor of the
helicopter, pick up the wooden
float, twist it into a vertical position
and plae it in the helicopter, as
shown in the photo on the right.

Before the artificial substrates are takeff, the thickness and colour of the algae should be noted and
recorded. The technician who collects the sample can communicate any observations to the technician
in the front to be recorded. Make sure to also report and record any observations abolatkthend

the condition of the periphyton sampler. For example, sometimes muskrats can be curious about the
sampler units and may chew on them. A picture of the polypropylene sheets should also be taken;
pictures of the entire unit or a single sheet aneefi Once the information is recorded and pictures are
taken, remove each individual periphyton sheet from the unit, roll the sheets up and insert them into a
black film container (one sheet per film container). Black film containers are used becauseehaytp

light from hitting the samples. If black containers are unavailable ensure that the sample is not exposed
to sunlight by promptly placing them in a dark bag. Previously packed whirlpack or ziplock bags with 5
black film containers, labeled3, shoud be prepared prior to the fight. Ensure that the middle sheet is
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placed in the film container #3 and the outermost sheets are placed in containers labeled 1 and 5.
Remove the polypropylene sheet from the sampler by simply tugging it away from the bmtednce
the sheet is in hand, wrap it around the index finger and insert the rolled sheet into a film container.

Once all 5 sheets of the artificial substrate have been placed in the bag, label the bag (Lake ID and date)
and toss it into a cooler oattger bag (this will help with organization in the helicopter). A total of 20

sheets will be collected from each lake (sometimes there may be less depending if both sarglers
collected and sheets aretarct). Once this is complete the left over piecdshe sampler unit and

anchor can be placed in a garbage bag to keep things organized. The process of removing and packaging
the individual periphyton samples will take place in flight while the helicopter is traveling to the next
monitoring lake.

The photos on the left
show how the
polypropylene sheet is
rolled around the index
finger and inserted into
the black film container.
Sometimes the algae on
the sheets can be quit
thick, as shan in the
photo on the right. Itis a
good idea to take a
photo of what the algae
looks like at each lake
and write down any, and
all, observations

M 3.2.1 Collecting from a Boat

As previously mentioned, some of the lakes, particularly Mary Netro, will be accessed with a boat.
Collecting periphyton samplers from a boat is simple and straight forward. Paddle the boat to the
location ofthe periphyton samplers (using the GPS for navigation). Once the proper location has been
reached the samplers will be in view. Approach the samplers with the boat so that the sampler can be
easily reached from the side of the boat. Once the boat hashezhthe periphyton sampler, the field
technician can slowly and carefully reach out towards the sampler to retrieve the wooden float. Lift the
sampler out of the water and place it on the edge of the boat. Find the anchor rope and pull the anchor
out of the water and place it in the boat. Once the anchor is in the boat, hold up the periphyton sampler
so that the technician in the back can take a photo. Document the thickness and colour of the algae as
well as any other observations about the lake and thedition of the periphyton sampler.
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Remove each artificial substrate from the periphyton sampler by tugging the sheet away from the
binder coil. Wrap the sheet around your index finger and place the rolled sheet into a black film
container, following thesame procedures when collecting from a helicopter.

Approach the periphyton sampler with the canoe or boat. Slowly and carefully reach over the side of the boat to
retrieve the periphyton sampler

Place the wooden float on the side dfet boat and pull up the anchor. Take a photo of the periphyton sampler and
make a note about the thickness and colour of the algae.

3.3 Collecting Water Samples for Isotopic (H, O) Analysis

Water isotope samples will be collected twice during the maniigp program. It is important to collect

gl GSNI Aa202LIS 27T &2 QI2Aa0SdzZNIBR2 (UKASOSA Y A G AL f A &a232 LA
influences and once again at the end of the season to monitor the influence of evaporation. Water
isotopesam@Ba OFy 06S O02ftf SOGSR o0& dza A y-Hortli, ROS5) Bechisk 6 & I Y LJ
the lakes are well mixed. This hahdld method of sampling is the simplest way of collecting a water

sample. The sample should be taken about 15cm below the surfabe ¢dite, which is about mid

forearm deep. The water sample will be collected in a 30 ml Nalgene HDPE plastic bottle. When taking

122





















































































































































































































