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Abstract

This thesis iscompris@ of two manuscriptsthat focus on diatomecological
change through a late Holocen@300 yearrecord froma116.2 cm freezeoreobtained
from Dannyds [Tarkoeies, Chnhadat Tindawom tresults indicate that
climate in this region haseenrelativelystablethroughthe pas8330cal. yr BP, although
three distinctdiatom assemblagearerecognized. Time-seriesanalysis was also carried
outonselect diatom speciesfro t he Dannyds IWekoeelageehd.i83nent ¢
and c. 145year cycles with the 9D 140 year Gleissberg ycle, while thec. 309-year
cycle is attributed to # 3@-year overtone of the 21ifear Hallstadt cycleThis
research is part of a mujproxy project mandated to determine late Holocene climate
variability along the route of the economically important Tibbitt to Contwoyto Winter

Road (TCWR), a seasonal iaead that strehes 600 km from Yellowknifeo Nunavut.
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Chapter 1: Introduction

Goal of gudy

Diatom assemblagewere examinedrom a record that spannele last ~3300
years of the late Holocena a freeze core collectetdr om Dannyds tLake,
Territories(NT), Canada. The goal of this study wéE) to quantify trendsand natural
modes ofsubarcticclimate variabilitythrough the late Holoceneperiod using diatom
populationsas proxiesy2) to determine whethediatomderived late Holoceneclimate
trends and cycles could be recognized basetnoeseries analysis; an@) to employ
select diatomassemblageomponentswhich havepreviously been usetd infer pasice-
coverelsewhere, and by extension temperature@, t h e [Recora fobesampleg
certain kenthic taxaof the Pseudostaurosir@omplextend to flourish under iceovered
conditions where light penetration is significantly reduced, while planktic species
attributable toAulacoseiracomplextend thrive under icdree conditionsduring wind
induced turbulence of the lak&his researclhis of significance to planners and policy
makersas they strive to understand the nature of climate variability and possible future

climate condibns along the route of the Tibbitt to Cauatyto Winter Road (TCWR)

Climate of Northwest Territories and Tibbitt to Contwoyto Winter Road

Northern regions have been referred to
due to theirsensitivityto even slight climateariability (Lim et al., 2007) The reason
that high latitude regions are sgsponsiveo climate variability is because tfe positive
albedofeedbacHKink betweensnowmelt andabsorption osolar radiation(ACIA, 2004).

Even minorarctic warming has far reaching implications, includthg raising ofglobal



sea levels due tihe melting of polar iceandpossible ecological consequences related to

habitat losgACIA, 2004).

The TCWR is 88% built on frozen lakes arglretches 60&m northeastrom
Contwoyto Lake NT, into Nunavut This winter-only transportation route serves as the
main corridor for getting critical mining supplies(e.g. fuel, tires, concrete, heavy
equipmentYo mine sitesn the central NT and southern Nunavat2006,the central NT
was impacted by an especially mild anorsy winterrelated to thézl Nifio of that year.
Due to unseasonably mild conditiotise TCWR was forced to cease operations a month
early, which caugkserious economic losses and ttlesing of one mine.In 2009, a
NSERC strategic project grawasawarded to RT Patterson and collaboratahichwas
mandatedo determine the nature of natural climate cycles impacting this rédgiongh
thelast~3500 year®f the late Holoceneandto provideanindication of possibldéuture

climate variabilityin theregion

Diatoms in arctic lakes

The retreat of the Laurentidee sheet in the central NF 9000 years before
present(Dyke and Prest, 1987#gsulted in the formation ahanyshallow lakes on the
Canadian Shield, whichnderlaysmost of the boreal fesst region.These shallow lakes
are strongly influenced by seasonal weather condit{éusian et al., 1999; Kohle&
Hoeg, 2000)thus makingperfect reservoirs to capture a record of past clim&iasoms
(Class Bacillariophyceaedre singlecelled proists that are found worldwide in most
lacustrine environmentsThey are sensitive limnological indicators becanfsspecies

specific responses associated with changdmglim availability, lake chemistry, nutrient



availability and water temperatuf@drian et al., 1999)If bioturbation is not severe
analysis oflake sediments containirigenthic and planktic faunas can provide a valuable

overview of the evolution of the entire lake ecosystem

Figure 1.1. CommonAulacoseiracomplexand Pseudostaursira complexfound in the
Dannyds Lake cor Aperglabdfa;, A subaictied, A alpigena, A digiang. :
Bottom - CommonPseudostaurosirgomplexs peci es found in the Dez¢
From left to right:Staurosira construens var. exigua, Staira construens var. binodis,
Pseudostaurosira pseudoconstruens, Staurosira construens var. venter, Staurosirella
pinnata.

This research takes advantage of thidity of diatomsto infer past climate
conditions. Of particular importance arevb specie groug, which are prominent in
D a n n y 0 :shenthia kseudostaurosiraomplex (Figure 1.1), which tend to flourish

under icecovered conditions where light penetration is significantly redy&dol,



1988) and planktic Aulacoseiracomplex (Figure 1.1), which require turbulent lake
condition to thrive (Korhola, 1996; Sorvari & Korhola, 1998), thus past wind conditions
can be inferred. In additiodchnanthidium minutissimulive attached to the substrate of
the lake, andhave been demonstrated b® proneto habitat disruption caused by
increased turbulenc@Barnese& Lowe, 1992) Based on this characteristitis species

can be used tprovide anindication of past wind and storm conditions

Research gaps ddressed

Most other studies in this regidrave focused on lakeslocatedon thetunda,
wherasthis project is focused oa lake within theboreal foresisee Table 1.1)This
projectis uniquebecause it is based dngh-resolutiondata analysiof 6 years per
sediment sampleovering the past 330@ears where the previous studies focused on
broacer Holocene timescales at lower resolution, as seen in Tablenladddition,
Chapter 3 documents the results ofirae-series analysisf the diatom floraswhich
revea considerable information on thatare of stationary and nestationary trends and
cycles that have characterized the late Holoc8imailar time-seriesanalysishas not yet

been conducted ithe centraNT.

High-resolutionstudies have the ability to reveal shlived or high frequency
climate events. Our study employs an unprecedentggh6resolution for the Caniath
North, enabled by the use of freeze coring and a cudesigned sledge microtome. The

most obvious benefit of conductiagpaleolimnological study atucharesolutionis the



Table 1.1Summary of paleolimnology studies from the treeline region of the Northwest
Territories, Canada. ALoco refers to the |
years represented in each sample of the study.

Max

Lake Loc Proxy yrBP Res Publication

P-49 Tundra chironomids, 6500 30 Upiter et al., 2013n
sedimentology review

S41 Tundra chironomids 2857 40 MacDonald et al., 2009

TK-2 Tundra diatoms 9056 80 Paul et al., 2010

McMaster Tundra pollen 6180 500 Moser and Macdonald,

1990

Queen's Tundra diatoms, pollen 6150 600 Macdonald et al., 1993

Slipper Tundra diatoms 5660 140 Macdonald et al., 1993;
Ruhland and J. Smol, 200

Toronto Tundra diatoms, 7040 125 Wolfe et al., 1996
isotopes, pollen

UCLA Tundra pollen 8500 100 Huangetal., 2004
Waterloo  Tundra pollen 7640 ? Macdonald et al., 1993
Danny's Boreal diatoms 3300 6 This dissertation

ability to see proxypased lake conditions over a much shorter time interval. Decadal
scale or finer reconstructions of environmang most applicable fdanduse planners.
Furthemore most minerabased industry projects in ttNT have an operating life on a
decadaldscale so this resolution of environmental study is relevant. The only other study
in our region that documented aopounced cool and windy period at approximately
1400 cal. yr BP (Upiter et al., 2013in review was also conducted at a decasicdle

resolution.



Structure of dissertation

This thesisis primarily comprisedf two manuscripts, whichave beerformated
for submission taspecific journalsinput from ceauthors and committee members will
be incorporated into the manuscripts prior to submission for publicatiddoth
manusdpts arebasedont he same di atom dataset from
different methods toreveal the nature gpast climatevariability in this region. The
manuscrippresentedn Chapter 2 focuses on doweore diatom trendthroughthe late
Holocene atDa n n y 6 sNT.L la khis study three diatom diatom assemblageare
recognized hat correspond to chronologically distinct limnolcgi conditions that
prevailed atDa n ny 6 s Thi& an&nascript is being prepared for submission to
Palaeogeography, Palaeoclimatology, Palaeoecology. The manuscript in Chapter 3
focuses on spectral and wedet analysis of the Aulacoseira complex and
Pseudostaurosiracomplex Time-series analysis isa particularly useful tool for
recognizing trends and cycles in climate proxy recortiss manuscript is being prepared
for submission to Eartland Planetaryscience LettersReferences for all chapters are
presented in the style of Earth and Planetary Science Latidristedat the end othe

thesis.



Chapter 2: A 3330year Multi -Proxy Climate Record from Canadian
Subarctic: Detection of Storm event at 110@al. yr BP and Potential for
Time-seriesAnalysis

Dalton, AS!; Macumber, Al Vermaire, T2 Patterson, R: Roe, HM; Crann C;
Galloway, M* Falck, H

(1) OttawaCarleton Geoscience Centre, Carleton University, Ottawa, Ontario
(2) Carleton UniversityPaleoecological Laboratory, Ottawa, Ontario

3School of Geography, Archaeology and
Belfast, Belfast, UK

(4) Natural Resources Canada / Ressources naturelles Canada, Geological Survey of
Canada / Commission geologedu Canada, Calgary, Alberta

(5) Northwest Territories Geoscience Office, Yellowknife, Northwest Territories

Abstract

Freeze coring, paired witkampling using a sledge microtomerovides an
important advance in highesolution paleoclimate studies. Wexamine diatom
assemblage f r o m D a noocate® 50 knh soltheof thel modetay tredine in the
Northwest TerritoriedNT), Canada. The diatom record indicates that climate in this
region hasbeenfairly stable over the pasi330 cal. yr BP, although sbtle shifts in
diatom assemblagesuggessmallscale climate change3he overall trend shows an
increase in abundance tfe heavily silicified Aulacoseiracomplex coupled witha
decline of Pseudostaurosiracomplex At the beginning of the record, weaféer cool
conditions and low windThis is evidenced by the higRseudostaurosiracomplex

which thrive under aaditions of increased ieeover, along with low Aulacosiera

P a



complex which require turbulent lake condition to thrive in the photic zdimereis
evidence ofa period of active weatheirom 148071 1090 cal. yr BP by means ofa
decrease in benthigchnanthidium minutissimuran increase isedimengrain size, and
significant fluctuations in the magnetic susceptibitita through this intervakvidence
of the Medieval Warm Periodl(040- 970 cal. yr BFp at this site is provided by an
increase in the relative abundanceD$costellastelligera complex known tobe an
indicator of warmer surface watersin recent times, he stabilization of diaam

popul ations at Dannyds Lake ssntogrepensldys a st

Keywords

Holocene, diatoms, gbeolimnology, treelia, Northwest Territories, igh-resolution,

sledge microtome, freeze cofeesh water effect

1. Introduction

Northern regions of Canada are expected to be disproportionately affected by
predicted climate warmingNorthern Canada has warmed by 125C each decade since
1980, anctlimate model projections suggest tki@is warmingwill continue through the
comingdecadeqACIA, 2004) In the Northwest Territories (NT), Canada, evidence of
this warming has been marked hyshift, beginning in thé9th century of diatom
communities from assemblage dominated by benthic flora tdiatom assemblage
dominated by plartic flora in lakes located 50 km (Ruhland and Smol, 2005) and 265
km (Paul et al., 2010) north of tipeesenidaytreeline. In both cases, these changes were
attributed to a decrease in winiee-cover extent and duration, ultimately caused by a

warmer cimate.



The treeline in theNT corresponds to the position of the Arctic front during
summer months(Bryson et al., 1969) which impacts regional air temperature,
precipitation patterns and albe@ddacdonald et al., 1998As a result, different biomes
areseen on either side of thiegetationdivide. Adding tothe importance of the Arctic
tredine is the sensitivty of the organismanhabiting this region as thegre often living
close to their ecological toleranc@olfe et al., 1996Macdonald et al.1998;Pienitz et
al., 1999; Ruhlan& Smd, 2002;Lloyd et al.,2003; Seppa et al., 2003 his area has
been poorly studied in thHT (Huang et al., 2004; Peros et al.,, 2018)d abetter
understanding of how climate affects the transition across tleingeis needed
(Macdonald et al., 1998uang et al., 2004n order to better understand the timing and

magnitude of past and future climate changes.

Presentday climate in the north and Pacific regions of Canada was established
approximatgy 3500 years ago, with the onset of late Holocene neoglaciation {Karst
Riddoch et al., 2005; Ruhlan® Smol, 2005; Miller et al., 2010)Late Holocene
conditions have been relatively stable (3500 yr BPreservday), in part due to the
relatively stable alar insolation at 65°N, which has been at a plateau since approximately
3500 yr BP(Berger et al., 1991Steinhilber et al., 2009 There have, however, been
major excursions in solar insolation through this interval that correlate well with pan
hemisphac events such as the Medieval Warm Period (MWP) and the Little Ice Age
(LIA) . These pstclimatechanges may be used as analogues of how ecosystems respond
to predicted climate change in northern Canada.

This research project is part of a much larger taprbxy research study

mandated to assei®e impact of climate change on the letegm viability of the Tibbitt



to Contwoyto Winter Road (TCWR). This transportation rosttetches 600 km from
near Yellowknife, NT, northard across the treelirend intosouthern NunavufFigure
2.1). The TCWR is built primarily on frozen lakes and is the only overland access route
for numerous diamond mines and mineral development projects in the region. The work
was initiated in the wake of warme&hanusual temperaturesnd increased storminess
during the winter of2006, brought on by an El Nif®outhern Oscillation evenThat
year, he TCWR season was shortened by 26 days below average, ledith significant
financial losses for mining companies and sparked intemeshaving a better
understanding of the climate variability in this region. With continued mining activity
along the TCWR, policy makers and planners require a better understanding of the
impact of climate change and natural climate variability in thgsore

This research is focused on a paleolminological assessaiesgdiments from
Dannyds Lake, one of the numerous | akes
TCWR, just south of th@reserntday treeline. A multiproxy approach is employed to
beter understand how past changes in late Holocene (last ~3500 years) climate in the NT
has i mpacted t he Dbatomg(Glass Baallarmphyceae)have een m
demonstrated to be sensitive indicators of environmental change (Smol, 1988).cin arcti
ecosystems, certain benthic taRs¢udostaurosir@aompley flourish under icecovered
conditions where light penetration is significantly reduced, while planktic species
(Aulacoseiracompley thrive under icdree conditionsand often in turbulent surta
water (Korhola, 1996; Sorvari & Korhola, 199&jiatom populations can also be used to
infer past storm events. For example, a decreagetuianthidium minutissimyrwhich

thrive on the lakesubstratejs often a sign of habitat disturbance causedngoyeiased

10



wind or precipitation (Barnese and Lowe, 1992). By understanding pasatelim
variability in the NT, laneuse managers will be better equippeddoognize plan for,

andrespond to future climate change.

2. Site description

Dannyo6s L2EN-1128378%VBis located in the preseday boreal
forest region of th&\T, approximately 150 km northeast of Yellowknife and 50 km south
of the moderrday treeline (Figure.2. The catchment of Dannyods |
Archean granitic gneisBedrock consisting adin amphibolitegrade paragneiss to quartz
biotite schist(Stubley, 1990Dauvis et al., 1996 The land surroundingur study sitas
sparsely vegetated with black spruégcéa mariang, white spruceRicea glauca and
smaller amourgt of tamarack L@arix larincina) and pine Pinus L). Climate in the
Dannyods Lake area is continental, alterne
January temperatur@6.8’ C) to brief cool summers (average July Temperature®0j.8

Average annual pogpitation is 164.59nm (Environment Canada, 2013)

Dannyo6s Isafce ardaafD.1%KkniFigure 21) and maximum depth of
10 m. This lake was not thermally stratified when measured in August, 2011 (Zaple
The lake has ra ephemerainlet at its mrtheasterrmost extent, and an outlet at the

opposite southwestern effeigure 2.1)
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3. Methods

3.1 Freeze coring and subsampling

A 116.2 cm long sediment core was retrieved from a 4.4m deepbsigin of
Dannyods L ak e -desgned tgydacedfreezescorimgrdevic€Galloway et al.,
2010; Macumber et al., 2012Jhe sediment core was kept frozen and transported to
Carleton University for analysi8oth faces of the core were sectioned into 0.1 cm
subsamples using a custdmilt sledge microtom¢Macumber et al., 2011pand slices
were allocated to sevenasearch project®Ve allocated one slice every @ until 56.3
cm to this diatom studin order tofocus on limnological chage over the past ~35@@l.

yr BP.

3.2Radiocarbon dating and Baysian agedepth modelling

Twentyfive bulk sediment samples were chosen for accelerator mass
spectrometry (AMS}*C dating at thé*CHRONO Centrdor Climate, The Environment,
and Chronologpt Queends UnUWnied Kimgdom pll, sanpled uhdarant
a standard hydrochloric acid wash to remove carbonate material. Radiocarbon ages were
calibrated using Calib software version 6.(Sbuiver& Reimer, 1993and the IntCal09
calibration curve(Reimer et al., 2009)Since bulk sediment samples at higtitudes
commonly incorporate old carbofeg. Abbott & Stafford, 1996) we calculated the
freshwater reservoir effect (FRE) based on the projected age of the sedimbent
interface from an agdepth model constructed in Cla@rénn et al 2013in prep). The
Clam model was constructed using a smooth spline with the smoothing parameter set to
0.7 and seven outlienwere removedusing the general outlier modéBronk Ramsey,
2009a)in OxCal version 4.1Bronk Ramsey, 2009b)The calculation of the FRE is
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based on the assumption that the sedimeter interface should yield an age close to the
year the core was collected and also that the FRE has not changed over the past 3500
years. We are confident that the sedimeater interface was captured durifrgeze

coring and was deposited in 2010. The FRE was subtracted from uncalibrated

radiocarbon dates before Bayesian-dgpth modelling was undertaken.

The age modeling procedure for Bacon is similar to that outlin®laiauw and
Christen(2011) but more nmerous and shorter sections are used to generate a more
flexible chronology (Blaauw & Christen, 2011) We used the memory properties
suggested for | ake sedi ment cores, wi t h
accumulation mean of 80 yr/cm is basedaosummary of accumulation rates for this
region byCrann et aR013(in prep) and the accumulation shape was set to 20, which is
very high, but setting this parameter high reduced the noise associated with likely

outliers.

3.3 Diatomsample preparation

Following UCL (2013), aproximately 0.5 grams of wet sediment was weighed
and transferred into a plastic viat 0.5 cm intervals downcore to 56.3 cm depth.
Sediment wasreated with10 ml of 35% peroxide and heated in @fC water bath for 6
hours to digst any organic material. One ml 8% HCI was then added to dissolve any
carbonates. After given 24 hours for the diatoms in each vial to settle at the bottom, the
majority ofthe HCI (approximately 14 ml) was suctioned off and replaced with deionized

water. This procedure was repeated 5 times to ensure most of the HCI and peroxide had
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been flushed from the sampleAmmonia was added to the final wash to ensure any clay
particles remained in suspension and could be rem@i&d, 2013)

Diatom slurries wez pipetted onto slides in 4 dilution series and allowed to dry.
A cover slide was used to seal each dilution series, using Naphrax as a mounting
medium. Diatoms were identifiedising an Olympus BX5Imicroscope at 1000X
magnification undr oil immersion. Datom species were identified according to
Krammer and Lang8ertalot(1991)by creating transects on thever slip At least 400
frustules were identifieth each sample in ordéo obtain statistically significant counts
(Patterson & Fishbein, 1989%peies taxonomy wasubsequently updated to reflect
presentday naming conventions according tlee Academy of Nattal Sciences and
collaborators Z011). See Appendix B for diatom species names and authorities (after
Krammer & LangeBertalot, 1991)along wih updated taxonomy (Academy of Natural
Sciences and collaborators, 2014nd uniqueNorth American Diatom Ecological
DatabasgNADED) identification numbersChrysophyte cysts were also enumeraied
each sediment sample.

Diatom counts were converted tdateve abundance (RE) andsguare root data
transformwas applied. @nstrained incremental sum of squar€ONISS) zones were
determined using the rioja packing in (Buggins, 2011; R Development Core Team,
2012) by comparison to a broken stick mod8emett, 1996) Stratigraphic diagrams
were creating using the C2 progrgduggins, 2011pand are comprised of only those
species that reached at least 2% in one sanafier Fishbein & Pattersor{1993).

Grouped taxa (Table 2.2) are listadcording to simdr trends and ecology among
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specieqPaul et al., 20105ee Appendix C for a comprehensive list of diatom counts for
the Dannyb6s Lake sedi ment core.

Shannon Diversity Index (SDI) (Shannon, 1948) and the ratio of chrysophyte
cysts to diatoms (C:D) was calated. The C:D ratio may be used to better understand
the trophic status of the lake over time, as an increase in chrysophyte cysts may indicate
nutrientpoor waters (Smol, 1985). PCA and DCA were performed on all diatom species

occurring in at least 2% ione or more samples.

3.4 Sedimentology

Particle size distributions were determined everycth2 on a separate face of the
Dannys Lake freeze core, using a Beckman Coulter LS 13 320 Laser Diffratdicicle
Size Analyzer with a Universal Liquid Mate (Coulter, 2003)The twoseparatdéaces of
the freeze corewere correlated by matching loss on ignition (LOMagnetic
susceptibility(MS) and color changesltilizing a protocol modifiedrom Murray (2002)
and van Hengstum et g2007) 10% HO, wasadded to sksamples in an 8C water
bath to remove organic matter. Grain size statistical parameters were calculated from the

results inconjunctionwith the software package Gradistat v@8btt and Pye, 2001)

Organic, carbonate and minerogenic caht@ere determine by LOI using a
Thermo Scientific Thermolyne Benchtop Muffle Furnace (Model: FA8280) at
temperature®f 550 °C and 950°C (Heiri et al., 2001 MS values were obtained by
scanning the freeze core with a Bartington MS2B sensor seivtérequency (Dearing,

1999) as described by Sandgren and Snowball (2001) and recorded as standard
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international (SI) units. See Appendix D for a list of stratigraphic and sedimentary values

for the Dannyds Lake sedi ment <core.

4. Results

4.1 Chronology

A Bayesian agelepth model was constructed in Bacon based on the 25
radi ocarbon dates obtained from the Danny?o
model, the average accumulation rate over the+2&Q0 years was 60 years/cm. As the
sledge microtora was set for a 0.1 cm slicing resolution, each slice represents 6 years. A
uniform FRE of 430 years was subtracted from uncalibrated radiocarbon dates prior to
constructing the agdepth model in Bacon (Crann et al., 20b3prep. FRE can be
caused by mny factors, including: (1) dating submerged aquatic vegetation, which does
not readily exchange GQwith the atmosphere; (2) input 6fC fideado car bon
bedrock; or (3) the hwash of old organic material. Based on tH8C values obtained
during radocarbondating (Table 2.3)it was determined that the material dated was
terrestrial in origin and not aquatic. It is also known that the old carbon is not likely
derived from bdadke s tokated im & grabitc rtenraind Sherefore, the
mostl i kely cause of the F-Rdsh ohold oanic matérial L ak e
during the spring melt (Crann et al., 26b3prep). Previous studies have shown that the
FRE changes over time (e.g. Barnekow et al., 1998; Sadlalbot et al., 2009) with
changes in climate and related changes in lake level, vegetation cover, and erosion (e.g.
Stuiver, 1975; Geyh et al., 1998; Grimm et al., 2009; Blaauw et al., 201t13jnce the
regional climatea t D a n n yhds deen faillyestable through the past 3years
application of a uniform correction is reasonable for dated sediments deposited during
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this interval. Agedepth information for each mm slice throughout the examined portion

of Dannyds Lake sedi ment core i s presented

4.2 Diatomzonaions

A diversediatom flora consisting of 218 speciese r e i denti fi ed i n
Lake freeze core (Figure 2.3pver time, here was a generahcrease in the relative
abundance oAulacoseiracomplex with a correspondinglecrease in the abundande o
Pseudostaurosiracomplex Three diatomassemblagewere identified using CONISS

and by comparison totaroken stick model (Bennett, 1996)

4.2.1First late Holocenediatom assemblag€56.31 32.3cm)

Results of the SDI analysis show thdiatom assemhblje composition varied
significantly through the 56.3 32.6 cm section of the sediment core (Figure 2.4)e Th
first late Holocenaliatom assemblage dominated byAulacoseiraalpigena,which had
an average RE 025.8%, with a maximum abundance 6fL..86 & 36.8 cm and a
minimum abundance 08.8% at 52.9 cm. Benthid®seudostaurosira&aomplex are the
second most common speciggough this inteval, having an average RE of 1%]
reaching a maximum abundance of 24t 56.3 cm and minimum abundancet@%
at 38.4cm. Achnanthidium minutissimyrwhich live attached to the lake substrate, were
characterized by a RE of 6.8% throughout this internwdlich is the highest RE for this
species over the entire sediment coi®DI values ranged from 2.1 to 3.3 thgbuthe
basal part of the studied record. The results of P&wlysis show considerable
variability at the bottom of the sediment core, with an average of 0.088, having a

minumim of 0.063 at 52.9 cm and maximum of 0.095 at 39.706@GA analysis (Figure
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2.4) has an average value of 85.7 and minimum aadimum axis loadings a36 and
133, respectivelyC:D ratio maintained an average of 11.4, but saw a high of 16.7 at 55.3

cm and low of 1.1 at 47.9 cm.

4.2.2Active weather diatom assemblage (321623.3cm)

A significant shift in diatonrcompositionis noted inthis interval Achnanthidium
minutissimumdropped to an average RE of %d4in this zone, indicating decreased
habitat preference for the lakeibstrate Similar to the first late Holocenediatom
asserblage thisintervalwas dominated byulacoseiraalpeging havingan average RE
of 33.8%, with a high of 42.3% at 28.9 cm and low of 24.4% at 2819Cyclotella
ocellata is the second most abundant species during this interval, with a relative
abundancef 8.3% with a minimum and maximum RE of 5.1% and 12.1% at 26.3 cm
and 31.5 cm, respectivellpseudostaurosiraomplexdecreases in this section of the core
to an average RE of 84. To starkly contraghefirst late Holocenaliatom assemblage
the PCA ad DCA results are more stable dgithis interval, with minimum and
maximum axis loadings 09.092 to 0.095 and 2fb 72, respectively. SD index also
reflects more stable diatom populations at this time, with an average value of 2.7. Similar
to thefirst late Holocenaliatom assemblag€:D ratiofluctuates from a minimum of 1.9

to a maximum of 13.2 during this interval.

4.2.3MWP and LIA diatom assemblagg23.0- 0 cm)

The most recerdiatom assemblag@3.0- 0 cm) shows a decreased iaility in
manydiatom speciethat continues into preseday. Aulacoseia alpeginais, again, the

most common species during this intérwath an average RE of 31.3%xhibiting a
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minimum of 19% at 18.4 cm and a maximum of 48.1% at 9.8 cm. The second most
common speeis group isAulacoseiracomplex with an average RE df4.7% and a
maximum of 29.7 at 9.5cm and minimum of 5.4 at 19.6 cnAchnanthidium
minutissimumshows a recovery from the active weather period to 10.0% RE at 22.1 cm
depth, andCyclotella ocellataremains steady wit an RE 6.9%During the interval of

22.1- 20.5 cm, asustained RE of greater than 5.5% is seeDistostella stelligera
complex This increase is unprecedented in this section of the sediment core. Results
from PCA do not vary largely &dm those seen during the preivious interval, with the
exception of 0.078 at 9.4 cm and 0.079 at 5.1 cm. DCASDdndexvalues do not
change drastically from the previous intervals, but an increase in variability is seen in the

C:D ratio during this interal.

4.3 Sedimentology

4.3.1 Magnetic sisceptibility

From 32.37 56.3 cm, which corresponds withe first late Holocenediatom
assemblagdow frequencyMS valuesare consistently below 0. The interval fr@38.6-
23.3cm, however,is characterized biycreased vaability, from alow of -4.1 at 28.0 cm
to a high of 3 at 25.1 cnfrrom 23.0i 0 cm, MS values are mostly less than 0 and display
a moderate amount of variability. The minimum MS valughese most recent sediments

is-4.4 at 2.8 cm and the miaxum is2.2 at 16.3 cm.

4.3.2L.0oss on ignition

The components of LOI, expressed as percent organic, carbonate and

minerogenic, are plotted over time in Figard. LOI data is missing for the top 10.0 cm
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of the core due to insufficient sediment beingilabde for this analysisOrganic matter
fluctuates between 2040% throughout the sediment cor€arbonateconcentrations
consistently less than 7%, with an egtion of 7.75% at 43.0 cnMinerogenic content

makes up 60 80% of the sediment contentdlughout the core.

4.3.3 Grain size aalysis

The majority of the Dannyo6s Lakaeithsedi me
anaverage sizef 33.9 um. Of important note is a shift from intervals of coarse silt (31
16 um) to intervals of very coarsdtsi63 - 31 um) between 31.0 to 17.1 cm, which
corresponds well with the active weather diatom assemblag@ng his intervalmean
grain size is consistently elevated above the average variability seen within the rest of the

core

5. Discussion

With anaverage ob yeargepresented by each sediment sarnpis paper is th
highest resolution analysis of paleoclimate proxies to date in this subarctic regken.
S41, located just north of the treeline in the, d@d a similar sedimentation rate of 70
yr/cm, butanalysis wagperformed at a decadatale (30- 50 year) temporal resolution
(MacDonald et al., 2009)Similarly, tundra lake TK2 had a sedimentation rate of
approximately 75 yr/cm, but was hindered by a sampling resolution of 1 cm, yielding 75
year fsnaps h(Paulsetal., @Qfl0)Dcelsipmatee Dannyds Lake b
by only a fewdiatom species, it is possible to derive evidence of significant ecological

changehroughouthelate Holocengeriod.
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5.1 Trend / zoning data

5.1.1First late Holocenediatom assemblagé3330i 1480 cal. yr BP)

We infer lowwind and cool conditionsluring this periodThis is evidenced by
the high Pseudosturosiracomplex which thrive under conditions of increased-cover
(Smol, 1988), along withow RE of Aulacosieracomplex which require turbulent lake
condition to thrivein the photic zondKorhola, 1996; Sorvari & Korhola, 1998The
initiation of thelate Holoceneperiod (Berger et al., 1991l uan et al., 201Ris seen in
most records in thBIT as a prominent southward shiitthe treeline around 3500 BP
(approx.3776 cal. yr BPYPienitz et al., 1999Huang etal., 2004;Ruhland and Smol,
2005; Paul et al.,, 20J0Pol | en data from Dannyods Lake
Pteridium, Botrychum abundancesluring this time period, coupled with the continued
decrease in charcoal armkdiastrumabundances which supports the trend of climate
continuing to become cooler and wetter (Sulfagrsonal communicatior2013).Pollen
data from UCLA Lake ndicates a shift at 3000al. yr BP towards shrub tundra,
indicating more cool and dry periods the tundra farther nortfHuang et al., 2004)

which coincides with the beginning of tlete Holocengeriod.

5.1.2Active weatherdiatom assemblagg1480i 1090cal. yr BP)

Given our results, we suggest that a periodacfive weather toolplace at
Danny6s L1480¢& 1090rcad. mr BP.During this time period, a decrease in

Achnanthidium minutissimuotcurred Achnanthidium minutissimuhve attached tahe

substrate of the lake, and therefore are prone to habitat disruption caused by increased

turbulence.This would indicate coler air and surface water temperatudesing this

21
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time period,and would have weakendide vertical stability ofthe water coumn malkng

it more susceptible to windriven mixing.

To corroborate our inferredctive weathergrain size data from the &48071 c.
1090cal . yr BP interval of the Dannybs Lake
silt, which stays consistdgtelevated throughout his period (Figure 2.4). An increase in
grain size would be expected under increased precipitation and windier conditions. An
increase in precipitatiomvould result in coarser material being brought in from the
catchment, and the dreased \wmd would influence wave energy. This increased wave
energywould result in coarser material remaining suspended within the water column
over greater distances prior to falling out of suspension. The significant variatib@ in
observed through ik interval provides further evidence that higher precipitation and
wind levels characterized this interval. Large variations in this parameter through a
sedimentary sequence are often attributed to increased erosion and sedimentation within a
watershedDearing, 1999; Sandgren & Snowball, 20(R)e | ati vely c¢cl ose to
Lake study site, a chironomidferred reconstruction of mean July temperatures at Lake
P-49 indicates that temperatures reached atina#l late Holocene low of 10.2°C at 1540

cal.yr BP (Upiter et al., 2013n review.

There is also evidence of a similar cooler, higher precipitation and windy period
during this time elsewhere e circumpolar region (Jackson et al., 2005; Reyes et al.
2006; Viau& Gajewski, 2009; Clegg et al.020; Sorrel et al., 2012). A polldrased
Holocene temperature and precipitation reconstruction for the MacKenzie region
provided evidence for a significant increase in annual precipitation centered at 1100 cal.

yr BP (Viau and Gajewski, 2009), which wasmparalleled through the entidate
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Holoceneperiod. Evidence of widespread cooling in British Columbia and Alaska from
15507 1250 cal. yr BP has also been inferred from major glacier advances during that
time period (Reyes et al., 2006), with higésoltion midge analysis in Alaska yielding
evidence of a similar cooling of up to 1°C during this time (Clegg et al., 2010).

Instudiesc ar ri ed out to t hasinceassinh westérly ra@sa ny 6 s
and cooling in the Atec during this time period d&s been attributed to an increase in
North Atlantic Ocean surface variability (Jackson et al., 2005; Sorrel et al., 2012).
northern Europe,raincrease in sedimentation duritige interval from c. 1600 c. 1250
cal. yr BPat several localities are alsdtributed to Northern Atlantic Ocean variability,
which would also have lead to increased paEosm activity (Sorrel et al., 2012). A
similarly timed increase in mean grain size for sediments deposited through this interval
was observed in Iceland, vadhi was attributed to decreased temperature and increased

wind velocities (Jackson et al., 2005).

5.1.3 TheMWP and LIA diatom assemblag€1040 cal. yr BPi presentday)

At the beginning of this interval, we obseraeslight increase iiscostella
stelligera complex from 104 - 970 cal. yr BP. Other studies in this region of the
Canadian Arctic, as well aBom Finland have attributed an increase Discostella
stelligeracomplexto aclimatewarming, especially with regards to 19th century climate
recowery from theLIA (Sorvari& Korhola, 1998; Rihlan& Smol, 2005; Paul et al.,

2010) The MWP has beerecognized in other proxy records to have impacted Arctic
Canada between c. 110Cc. 900 yr BP (approx1044i 827 cal. yr BPYZabenskie and
Gajewski, ® 0 7 ; D6Arrigo et a | ..In add&i@np @pollenPaaed | et
Holocene temperature reconstruction for the MacKenzie region shows a significant
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increase in January temperature anomalies at 1100 cal. (vi&diPand Gajewski, 2009)
MS appearsstable, suggesting less erosion and transport in the watershed. Increased re
strengthened\chnanthidium minutissimualso suggests a return to radrabitable lake

substrate posictive weatheperiod.

TheLIA is acooler period typically showto immediagly follow the MWP and
lasting from approximately 750200yr BP (approx. 642 221 cal. yr BPYRuhland&
Smol, 2005;Finkelstein& Gajewski, 2008 MacDonald et b, 2009; Paul et al., 2010
doesnotappedoendi n t he di at om r e.¢ndactdafter the incileaser ny 6 s
in Discostella stelligeracomplexwhich we attribute to the MWRhe remainder of this

assemblagshows a stability which continues intoesentday climate conditions.

The warming associated with the end of thé& in previous tudies of the
Canadian Arctic and Finland is generally correlated with an increa$@iscostella
stelligera (Sorvari & Korhola, 1998; Ruhlan& Smol, 2005; Paul et al., 2010). At
Slipper Lake, located 100 km north from our study site, sigmtiecologial shifts were
reported in the entire lake diatcessemblageomposition after 100 cayr BP (Ruhland
& Smol, 2005) The Slipper Lake studyound that diatom flora underweat dramatic
shift from benthiedominated to planktidominated, which was interpred as an
increasd temperaturen recent timesA t D a n n yDOissostdllastellegerashow no
increase in recent times.h& lack of increase in this taxa in response to-pi#st
war mi ng S unknown. Per haps war mi ng at

pronounced than at open tundra locations such as Slipper Lake.
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6. Conclusions

We examined diatomassemblage from the last3330cal. yr BP in the boreal
regionoftheNT. The | arge number of radiocarbon de
core permittd development of a very robust age mod@le also successfully
demonstrated the usefulness céeize coring, paired with the sampling with a sledge
microtome, which provides an important advance innegolution paleoclimate studies.
A notable outcome othis research wathe detection ofn active weather perioftom
148071 1090 cal. yr BPas evidenced by both diatoassemblagehanges and a general
increase grahsize Also of significance washe response obDiscostella stelligerato
MWP warming, butnot to warming in recent time#lthough the results of this study
provideclear evidencéor the onset of the llA, there § little evidence in neither diatom
assemblage grain size dataor MS data of the 19 century recovery from thelA at
this site Given the success of this studye wtrongly advocate the usage of freeze coring

techniques, as well as the sledge microtome for subsampling.

Acknowledgements

Financial andin-kind s upport for the fAPaleocli mato
central NT: Impliations for thelong-term viability of the Tibbitt to Contwoyto Winter
Ice Road project was provided by a Natural Sciences and Engineering Research Council
of Canada (NSERC) strategic project grant to RTP, the Geological Survey of Canada, the
Northwest Tenitories Geoscience Office, the North Slawvétis Alliance, and the Tibbitt

to Contwoyto Winter Road Joint Venture. We also acknowledge the support of the Polar

25



Continental Shelf Program (PCSP) and Northern Scientific Training Program (NSTP), as
well as gants provided bythe Northwest Territorie€Cumulative Impact Monitoring
Program (CIMP). We would also like to specifically thank the personnel of the Northwest
Territories Geosciences Office (NTGO) for their support, assistance widlvdiek and
wealth ofknowledge In addition, we are indebted to the staff of the Tibbitt to Contwoyto
Winter Road Joinh Venture who provided logisticasupport for fieldwork in this
challenging region. Staff provided valuable knowledge and assisted in sediment core

collection. We particularly thank Robert Mercredi for his assistance in core collection.

26



A q“/ Baoreal forest | Transition ,] Tll.lgpdra P
Jw%]%é ‘ gone | 70 Pwe
3 Az %"-j ol e :
P NG (P, Ak
I 4 h :' - * ol B Sl -’j) i-
\}\”“-I":l_h “}}? -jj@};hﬁ}‘t‘m \ “\\ s l3li;”§f;r s 8B5S
,-"""--.\___ f LI .-\. | '\., 4 '
v/ ﬁ’f — i é” ‘ji'? ' \\ o P Vs
L\ |III | 7 ! E\,\ L\_é ';b A u, -, ) \l-'
a - \l .III ‘éﬁ | Q"‘; :((-;kp_-d \“
"‘---..:'_____J_ h | I-\‘J?i \

9] .\ﬂ(‘\r' Pies.
D s Lak . <r- -y G4 "=
anny's La c';kf,ﬁ —
B i T
— Conlours 44 4 - S
i ‘. N
/—\,_____—— '% N l'{\'elluwknife y l i _:
= ' <
440 p ' | 637
ﬁ) -~~~ (Great Slave Lake
— 450 ( Northwest Territories
T . 440
R
|V w - 50 km
Lat:63" 28547 N 500 m . .
Longitude: 112°32.250 115 110
Figure 21 Locati on of Dannyodos Lake. I nset

coring site (B), as denoted by the starhétsitesincluding Slipper Lake, Lake-B9,

UCLA Lake and Lake S41 are also mark&te dashed line indicates the position of the
Tibbitt to Contwoyto Winter Roadlhe elative position of boreal to tundra transition is

also shown.

27

show



- (=] acc.shape: 20 - mem.strength: 20

o g - acc.mean: 80 & — mem.mean: 0.1
2 _ = )
- o steps De: 5 cm
Doy - | =
29 o - -
: z -
:ﬁl Wy 7] © - ] -

o -
Sk S

LI L g I I | I I = I I I | I
0 400 800 1200 0 50 150 0.0 0.4 0.8
Iteration Acc. rate (yr/em) Memory R (1 cm auvtocorrelation)

S _ T e

=] i

% i

_‘J!#ﬁ'l‘-

2 ] i

g y 1 il .
= LA
5 o y
& 2 alt
SR ‘#'

<

g

S

~

[ [ | | [ |
0 20 40 60 80 100
Depth (cm)
Figure 2.2 Bayesian agel e pt h  mo d e | f or [Dppane) thes leftinastk e . O

plot shows that the Markov Chain Monte Carlo runs were stable (1200 iterations), the
middle plot shows the prior (curve) and posterior (filled histogram) distribution for the
accumulation rate (yr/cm), and the rightmost plots shawvpttior (curve) and posterior
(filled histogram) for the dependence of accumulation rate between sections. The major
plot shows the age distributions of calibrated 14C dates and thesgaky agalepth

model indicates precisely dated sections of the dtogy in darker grey, while lighter

grey areas indicate less precise sections.
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Table21. Wat er chemistry variables taken at spc¢
2010 and summer 2011.

Dissolved oxygen
mg/L Conducti Temper at u pH

Depth Winter Summer Winter Summer Winter Summer Winter Summer
(m) 2010 2011 2010 2011 2010 2011 2010 2011

0 901 8.74 128 348 02 145  6.61 8.1
0.5 13.03 8.68 22.7 0.2

1 133 8.78 27.4 0.2
1.5 14.47 8.98 27.4 0.7

2 13.69 9.17 27 1.2
25 13.11 917 271 1.7

3 102 8.68 27.3 2.1
35 7.68 855 27.4 2.6

4 929 6.5 28.2 46.1 2.9 14.4 8.2
45 1.23 32.8 3.3
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Table 2.2Diatomspecies groupings included in stratigraphic diagram

Species Groupings

Compiising species

Pseudostaurosira

Aulacoseira

Discostella stelligera

Psammothidium

Staurosira construens var. venter
Staurosirella pinnata
Pseudostaurosira pseudoconstruens

Aulacoseira distans
Aulacoseira lacustris

Aulacoseira perglabra

Discostela pseudostelligera
Discostella stelligera

Achnanthes levanderi
Rossithidium pusillum
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Table 23. Danny6s

Lake

AMS

radi

ocar bon
relative to the VDPB standard, freshwater reservoir comled#tes were calibrated with

IntCal09 (Reimer et al. 2009), and calibrated ranges presented represent a relative area of
greater than 95% (some values are composite). Outliers are shown in bold.

resul t s.

“C age BP

Lab ID Depth uc Uncorrecteq Corrected Corr. cal BP
(UBA-) (cm) (a) 2R=430 (20)
17359 5.7 -27.5 693 +21 263 +21 284424
17360 10.2 -30.1 855 +23 425 +23 462-519
16543 15.0 -26.3 1329 +23 899 +23 740908
17361 21.9 -29.2 1617 +25 1187 25 10551177
17431 27.8 -27.8 1659 +21 1229 +21 10721257
16544 32.6 -27.5 1916 +25 1486 25 13151408
20377 33.5 -24.7 2071 +24 1641 24 14191611
20378 34.2 -27.8 2159 +24 1729 + 24 15661703
17929 34.5 -30.2 2257 +£26 1827 + 26 17001825
20376 35.3 -29.5 2073 +28 1643 + 28 14171614
20375 36.8 -29.5 2248 +25 1818 25 16971822
17432 37.6 -29.0 2659 +32 2229 + 32 21522335
20374 38.4 -27.6 2392 +25 1962 25 18651953
20373 39.3 -29.1 2448 +33 2018 + 33 18852059
17930 40.4 -28.6 2549 +26 2119 + 26 20022152
20371 41.4 -28.7 2554 +28 2124 +28 20022154
20372 43.3 -24.7 4863 =29 4433 + 29 4875276
16545 45.0 -29.1 2912 +24 2482 24 24592717
16546 56.9 -26.2 3604 =25 3174 25 3361-:3446
16547 70.1 -29.6 5039 +51 4609 +51 50575471
16548 85.1 -31.3 5834 +29 5404 +29 61806286
17931 89.5 -29.6 6231 +34 5801 +34 64966674
16439 95.5 -27.3 8112 +32 7682 + 32 84128541
17932 99.1 -28.9 7623 +£38 7193 + 38 79408111
16440 113.6 -24.9 7450 +£30 7020 + 30 77927935
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Chapter 3: Diatom Data Reveal Solar Foring as a Late Holocene
Climate Control in Canadian Subarctic

Dalton, AS:; Macumber, AP Patterson, RY Swindles, G¥; Roe, HM; Galloway, JM¢;
Falck, H

a. OttawaCarleton Geoscience Center, Department of Earth Sciences, Carleton
University, Ottawa, Caada

b. School of Geography, University of Leeds, Leeds, United Kingdom

c. School of Geography, Archaeology and
Belfast, UK

d. Natural Resources Canada / Ressources naturelles Canada, Geological Survey of
Canadd Commission geologique du Canada, Calgary, Alberta

e. Northwest Territories Geoscience Office, Yellowknife, Northwest Territories

Abstract

Here we present evidence of the influen€solarforcing on seasonal winter ice
cover at Danny'take, NorthwesTerritories in the Canadian subarctic. Thiesearchd
based on highesolution timeseries analysis of diatom assemblages from a ~3309@rcal
BP to presentlay freeze core. Changes in the relative proportion of certain groups of
diatom taxa have beatemonstrated to provide @&xcellent proxy record of changes
seasonal iceover. As the duration of winter iceover in this region is primarily
controlled by temperaturéhese diatom proxies also providseful informatio on winter
climate variabiliy. We studied trends and cgslin the relative abundance of two species
groups:(1) the heavily silicifiedAulacoseiracomplex a group of planktic diatom species

that thrive in conditions of high turbulence, which keeps them suspended in the water
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column; and(2) Pseudostaurosirgaomplex a group of benthic species that thrive under
ice-cover conditions. Spectral analysis of changes in the relative abundance of these two
diatom groups revealstatistically significantc. 89, 145 and 309ear cyclesWavdet

and crossvavelet analysis of the diatom data resultedherecognition of significant
common power between diatom groupdl total solar irradiangesuggesting that solar
forcing plays a significant role in influencingearoveryear variation in ie-cover for

this subarctic region. The c. 89 and 145 year cycles are attributed to th&4@0year
upper band of the Gleissberg solar cycle, while ti&08.yearcycle is recognized as the
300 year harmonic of the 21)ear Hallstadt cycle. The recordegentechere is also
characterized by théisappearance of all major diatom cycles during the Medieval Warm
Periodc. 105071 c. 850 cal. yr BRand Roman Warm Period c. 180@. 2200 cal yr BP
which corresponds with a major reductim total solar irradanceduring these intervals.
This paired breakdow of cyclicities in both total solar irradianeed diatom populations
suggest that solar forcing plays a key role in determining temporal variatiahatom
assemblages. These results are of interesiltoygmakers and planners as they assess the
long-term viability of industrially important ice roads in the region, which are subject to
the influence of not only possible anthropogenic warming, but to significant natural

climate variability.

Keywords

late Holocene diatoms, paleolimnology, wavelet analysipestiral aalysis Gleissberg

solar cycle, Northwest TerritorieBesh water effect
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1. Introduction

With the retreat of the Laurentide Ice Sheet ~ 9000 years before present (yr BP)
(Dyke and Prest1987), shallow lakes began to form on the exposed bedrock of the
Canadian Shield, which covers a large portion of the Northwezsitdries (NT), Canada.
These ectic lakes are often located in catchments with little or no direct anthropogenic
disturbance The hydrology of these shallow lakes is strongly influenced by seasonal
weather conditions (Adrian et al., 1999; Kah& Hoeg, 2000), thusheir limnologic
history provides a useful archive of regional climate variability (Smol et al., 2005). The
treeline region of the subarctic is a particularbod indicator of climate chandeecause
organisms inhabiting this region often live close to the edge of their ecological tolerances
(Macdonald et al., 1998; Pienitz et al., 1999; Ruhl&n8mol, 2002; Lloyd eal., 2003;
Seppa et al., 2003; Wolfe et al., 1996), and are thus sensitive to even the slightest climate
variability (Lim et al., 2007).

Climate in the central NT became cooler but more stable during the late Holocene
(~3500 yr BPi presemntday), in par due to the development of relatively stable solar
insolation at 65°N (Berger et al., 19%Bteinhilber et al., 20Q9With the onset of thiate
Holocene the treeline retreated southward to its modkamposition in the central NT
(KarstRiddoch et al.2005; Ruhlan& Smol, 2005; Miller et al., 2010). This losigrm
stability offers an opportunity to discern more subtle cyclical variations in natural
climate. There have been a large number of paleolimnological papers carried out in
region, which have tilized a variety of proxies, including diatoms, pollen and
chironomids (Douglas et al., 1994; Cremer et al., 2001; Michelutti et al., 2003; Huang et

al., 2004; Le Blanc et al., 2004; Fallu et al., 2005; KRigdoch et al., 2005; Tammy et
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al., 2005; Finklstein& Gajewski, 2008, 2007; Lim et al., 2007; Rolland et al., 2008;
MacDonald et al., 2009; Adan#& Finkelstein, 2010; Chakraborty et al., 2010; Clegg et
al., 2010; Paul et al., 2010; Peros et al., 20H@)wever, he majority ofthese studies
have notexplored their radts for trends and ©es instead relying orproxy-based
assemblage zoning to delineate data trends.
Changes TSl influencetheEar t hds c¢ | i mat ecengnniallaandn u al |
millennial timescale¢Bond et al., 2001; Wu et aRP09 Gray et al., 2010 Solar forcing
has been observed in many pateoords as oscillatory patterns associated \aith
amplification of the well known tyear Schwabe sunspot cycle (Peristykh and Damon,
2003). One such amplification, the GleissbergleyGleissberg, 1958), which has been
observed in naked eye observations (Lean et al., 1995), is expressed at a lower band cycle
of 50- 80 years and an upper band cycle of 9@0 years. The Gleissberg cycle has been
directly linked to solar sunspot aadty, and has been widely reported in records spanning
the last 12,000 years (Peristykh and Damon, 2003), as well as older records (Kern et al.,
2012). Changes S| havealso been shown to drive decadahlle climate variability yo
means of teleconneotis For example, the relatiyeositionsof the Aleutian Low(AL)
and North Pacific High (NPH) in the Northed&scific Oceanshift by more than 700 km
through an 1dyearsunspot cyclgChristoforou & Hameed, 1997; Hameed & Lee, 2005).
Changes in the relak position of the AL and NPH result in cyclic weatlagd oceanic
conditions in theNortheastPacific (Patterson et al., 2013) that ultimately propagate
inland towards t he(Polieretnly®E3). Lake study site
Changes in solar variability havelso been linked to changes in global

temperature. For example, during the Maunder Minimum (c.7360230 yr BP), the
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Schwabe sunspot cycle was nonexistent for several decades (Lean et al., 1995; Jones et
al., 2001). This disruption resulted in a redwuetn regional temperatures 61°C in the
Canadian Arctic (DOArrigo et al., 2609, Ro
in the Holocene havkeeen linked to increased solar activity (e.g. Veizer, 2005), such as
the increase TSI that correspondh the Medieval Warm PeriodMWP), Roman Warm
Period(RWP), and the preseqttay Modern Maxima (Jirikowic & Damon, 1994; Lean et
al., 1995, Solanki et al., 2004Changes in TSl have also been invoked to plain
observed changes in manyctic proxy datasts , including Alaskan Holocene lake
sediments (Hu et al., 2003), late Holocene glacier dynamics (Wiles et al., 2004), and a
700-year record of the linkage between solar forcing and boreal ecosystem response
(Tinner et al., 2008).

Lake icecover in actic regions impacts diatom (Class Bacillariophyceae)
population assemblages by influencing habitat availability (Smol, 1988; |&tRagler,
2000). Since winter iceover duration is primarily controlled by temperature irs thi
region, relative changes inagt temperature can be inferred from diatom populations
(Smol, 1988; Lotter& Bigler, 2000). We focus on two key indicator groups, the
Aulacoseiracomplex and thePseudostaurosiracomplex The Aulacoseiracomplex
which are panktic and require turbulepetltrive in the photic zone, @ften used to infer
changes in the influence of wind or precipitation on a lake (Korhola et al., 1996; Sorvari
& Korhola 1998). ThéPseudostaurosirgomplexis a collection of benthic species that

have tle ability to flouri$y under icecovered lake conditions (Smol, 1988).

This research was desighé determine whether thereascorrelation between

trends and cycles in the diatom assemblages D a n n gnd §Sivariabiity. To test
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this hypothesis, we employed sp@al and wavelet analysis on a3300 year late
Holocene record of variability in th&ulacoseira and Pseudostaurosirgomplexes We
also use croswavelet techniques to compare our diatom data to i3 S| dataThis
research was made possible by toenkined use of freeze coring, which provides an
undisturbed sediment core, and a custesigned sledge microtome (Macumber et al.,

2011), which permitted for unprecedented sampling resolution.

This research has industrial applications for policy makers plaghners
concerned over the lortgrm viability of the Tibbitt to Contwoyto Winter Road
(TCWR), NT, and other ice roads in theubarctic region. The 600 kCWR, which
spans from near Yellowknife in the souttorth throughthe central NT and into southmer
Nunavut(Figure 3.1) i s the worl ddés | ongest heavy
than $500 million worth of critically needed supplies during a brief winter season to
mining operations. Any significant shortening of the ice road season would erequir
construction of an expensive permanent road, which might impact the viability of
existing and future mining operations. As the thermometer record for the region only
extends back to 1947%here is acritical need for an understanding of not only the
influence of possible anthropogenic warming, but also the nature of natural climatic

trends and cycles (Kell& Wigley, 1992; Bond et al., 2001; BakdFrank, 2006).

2. Site description and methodology

2.1 DanniMNBs Lake,

Dannyods Lak e-112682395%8is |6cdtet hh;the presetiay boreal

forest region of the NT, Canada, approximately 150 km northeast of Yellowknife and 20
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km south of the moderday treeline (Figure 3.1). Sparse vegetation presently surrounds

the study site, comprised mainly of thkaspruce Ricea mariana and white spruce

(Picea glauca with smaller amounts of tamarackafix larincina) and pine Rinus L)

(Macumber et al., 2012). All lakes in the region overlay gneissic rocks of the Archean

Slave craton (Davis et al.,, 1996).Clima i n t he Dannyo6s Lake ar
with long, cold winters (average January temperatR6e8°C) and brief cool summers

(average July Temperature 16.8°C) (Environment Canada, 2013). Average annual

precipitation is 164.5 mm (Environment Canag@l3).

Dannyo6s Lake h a0sl9 kaf(Rgure 3.13 and maximemadepthfof
10 m. A lakewater temperature profile collected in August 2011 revealed that the lake
was unstratified with the surface temperature of 14.5°C, nearly identical tattoenb
temperature of 14.4°C. The water budget for the lake is derived from a very small
catchment, and mostly sourced from spninglt waterthat arrives at the lake as surface
runoff across the discontinuous permafrost and minimal till cover in this rregio
Ephemeral streams at the north and south end of the lake are noted on maps, but were not

observed during August 2011 (Figure 3.1).
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2.2 Freeze coring and diatom procedure

A 116.2 cm sedment core was retrieved fromdad msukbasin of Dannyo:
using a twefaced freeze coring device in March 2Q@xalloway et al., 2010ylacumber
et al., 2012) The entire core was kept frozen and transported back to Carleton University
where it was sulsectioned into Inm samples using a custdmild sledge micrame
(Macumber et al., 2011 Diatoms were enumerated evéryp cm until a depth of 56.3

cm. Diatom preparation and enumeration was conduateg@erDalton et al. 2013 in

prep.

2.3 Diatom groups chosen for spectral / wavelet analysis

The diatomspeciesgroupsAualcoseiracomplexand Pseudostaurosiraomplex
wered omi nant i n the DannlDados etlabh R@&L3jnspep)i me nt
Aulacoseira complex and Pseudostaurosiracomplex made up an average of 40.8%
(sd=9.30)and 22.8%(sd=6.12)of total diabms counted in eacbf the 120 sedimnt
slices enumerateTable 3.1). It has been previously shown that the relative amo@int
benthic Pseudostaurosiraompley diatom population is indicative of the length of year
overyear ice-cover (Smol, 1988 Lotter & Bigler, 200Q. In addition, Aulacoseira
complexare heavily silicified chtoms that require turbulente stay n suspension in the
photic zone (Reynolds, 1993), thus we interpret an increaselatoseiracomplexas an
increase inwind andbr precipiation (Korhola et al., 1996; Sorva& Korhola 1998.
Since solar irradiance has been shown to effect lake batkedirectly and indirectly via

teleconnectionswe decided to include both species groups in time-seriesanalysis
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See Table 2.2 for a Itg of which species compriséAulacoseira complex and

Pseudostaurosiraomplex respectively.

Both diatom groups generated very high PCA1 and PCA 2 axis scores,
represenng 94.78 and 4.42% of the datasets variance, respectively (TableGlven
the relaive stability of thelate Holoceneperiod and the sensitivity of theibarctic to
subtle climate changfMacdonald et al., 1998; Pienitz et al., 1999; Ruhl&&mol,
2002; Lloyd et al., 2003; Seppa et al., 2003; Wolfe et al., 1996 assume that
variaions in diatom populations reflect smatlale climate changes, such as those

stronglyinfluenced by changes in solar irradiance.

2.4 Radiocarbon diting and age depth nodelling

Twenty-five bulk organic sediment samples were used for accelerator mass
spedtrometry (AMS)*C dating at thé¢’'CHRONO Centre at Queends
All samples underwent a standard hydrochloric acid wash to remove carbonate material.
Radiocarbon ages were calibrated using Calib software version(8tliiGer& Reimer,

1993) and the IntCal09 calibration cur¢Beimer et al., 2009with the addition of a 430
year fresh water effectSeeDalton et al.(2013, in prep for adlitional chronological

methodson he Dannyb6s Lake sedi ment <core

2.5 Spectral and wavelet maalysis

Raw diatomdata counts foAulacoseiracomplexand Pseudostaurosiraomplex
were converted to relative abundance and then standardized. Spectral analgaisiecs

out using REDFIT in the PAST software packagtammer et al., 2001 Diatomtime-
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seriesdata were converted iatthe frequency domain using asBrete Fourier transform
and a null hypothesis test was used to assign statistical significance to the spectral peaks.

A parametric approach was used to test the significance level of spectral peaks

Wavelet analysis wasarried out using thdiatom data to explore the persistence
and time of occurrence of significant frequencies throughout the paleorecord. Wavelet
analysis was also conducted ®8I data fromSteinhilber et al. (2009pr the past 3300
cal. yr BP. In order to align with TSI data, diatom data was interpolated to annual
incrementsA crosswavelet transform of diatom data and reconstructedtingseries
was carried outo identify and test the significance of common power using the Cross
wavelet package in Matlaf@orrence& Compo, 1998Grinsted et al., 2004 The 9%6

significance level against red noise is shown by the black contour.

3. Results

3.1 Radiocarbon dating

Of the twentyfive radiocarbon dates acquired from this sediment ¢dable
3.1), seven outliers were identified using the general outlier m(gleink Ramsey,
2009a)in OxCal version 4.1Bronk Ramsey, 2009bA freshwater effect estimate of 430
years was then subtracted from all uncalibraf€l datesas described in Daln et al.
(2013 in prep The average accumtilan rate is 60 yr/cnior the upper 56.8m d the
Dannyo0s |laadksincesamples were taken at @rbintervals, 60 is also the
averaga\yquist Frequencyln paleoclimate studies, the Nyquist frequercylouble the
temporal sampling resolution, amtéscribes the limit to what cycles can be resolved

given the sampling resolution and age md@elvis, 1986)

43



3.2 Spectral analysis

The Aulacoseira complex and Pseudostaurosiracomplex display similar
significant ©5%) spectral peakspanningl41i 148 years foAulacoseiracomplex and
14171 154 years forPseudostaurosira&omplex (Figure 3.3). For simplicity purposes,
these cyclidies will be referred to as. 145.A significant ©5%) c. 89 year cyclavas
detectedsolely in the Aulacoseiracomplexdata, and anothesignificant ©5%) c.309
yearcycle was observetnh Pseudostaurosir@omplexresults Of additional interest are
the \ery similarc. 63 yea andc. 68 year cyclesthat were observed in the respeet
Aulacoseiracomplex and Pseudostaurosiracomplex spectral results. As they were
slightly below the 95% confidence interval they are ecansidered further. Similarly, at
the significant 99% confidence intervalwe observed &. 54 year cycle peak inhe
Pseudostaurosir@omplexspectral resultsAgain, we cannot consider this peak further

as the wavelength fgllist short of the statistically significaB0 yearNyquist frequency.

3.3 Wavelet analysis

The dominantc. 145year frequency span identifiein both diatom specieis
prominent between d80071 c. 1200cal. yr BP and c. 2700 c. 2400cal. yr BP in
Pseudostaurosiracomplexand between c. 1800c. 1200cal. yr BP and c. 2700 c.
2200cal. yr BP in Aulacoseiracomplex The c. 89 year cyclef Aulacoseiracomplex
occurs between c. 600c. 300 cal. yr BP, c. 1650i c. 1200cal. yr BP and between c.
25007 c. 2250cal. yr BP (Figure 3.4). A 309 year cyclewithin the Pseudostaurosira
complexoccursthrough a significant part of the record begéwec. 2800 c. 550cal. yr

BP.
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3.4 Crosswavelet analysis

The aosswavelet transform show that both Aulacoseira complex and
Pseudostaurosa complexabundances show significambn-stationarycommon poweat
c. 89 yearswith TSI through the entire recd (Figure 3.5). The relationship is
particularly strongoetweenc. 600 cal. yr BP to presentwith a pronounced bushort
lived breakdownat this cycle bandwidth for both groups betweanc. 400 cal. yr BP
(Figure3.5). A similar pattern ocommon poweaswas observed after 600 cal yr BP
is prevalent between c. 180@&. 1100cal. yr BP andagain from c. 3000 c. 2200cal. yr
BP. A c. 145year bandwidth cycle is also apparent between c. B20@200 cal. yr BP
for Aulacoseiracomplexand TSI. In addition, a very strong. 309 year common power
betweenPseudostaurosirgomplexand TSI is prevalent between14507 c. 1050cal.
yr BP. There is a near complete breakdown betweedittemcomplexgroups and TSI

betweenc. 6007 1100cal.yr BP and c. 1800 c.2200cal.yr BP.

4. Discussion

The strongcommon powerbetween diatom populations and TSI support the
hypothesis that solar variability hasepea key driver of climate, ieeover andlake
hydrology in the CanadianuBarctic through the ta Holocene (Figure 3.5). Based on the
resolution of the results presented her&l influence of climate is responsible for

significant shorterm climate dynamics in this regidrom decadal to centennial scales.
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4.1 Gleissberg gcle

The c. 89 andc. 145 year cyclesdetected inAulacoseira complex and
Pseudostaurosiracomplex correspond to theupper band(90 i 140 yeary of the
Gleissbergsolar cycle(Ogurtsov et al., 2002Weather in this region of the NT spawns
from the northeastPacific Ocean (Rnitz et. al, 1999Hu et al., 2003), where solar
irradiance has been previously shown to drive deeschle climate by means of
controlling the relative position of the AL and NREhristoforou& Hameed, 1997;
Hameed& Lee, 2005) This ocean teleconneoth has been previously detected in
treerings from the boreal NT region (Porter et al., 2048)well adate Holocene glacier
advance (Wiles et al., 2004) antdmperature anomalies in AlaskBapineau, 2001
Furthermoredynamics of the AL have been shovo drivemoisture shifts in the Yukon

(Anderson et al., 2005

We deect ac. 89 year cycleuniquelyin Aulacoseiracomplexthroughout thdate
Holoceneperiod, anathis frequency demonstrates common power to the TSI record of
Da n ny 06 Auldcasdiracomplexare heavily silicified catoms that require turbulence
to stay n suspension in the photic zofieeynolds, 1993)thus we interpret an increase in
Aulacoseiracomplexas an increase iwind andbr precipitation(Korhola et al., 1996;
Sorvari & Korhda, 1998) Given the teleconnection mechanism described abeee,
suggest that these changeg\ilacoseiracomplexare the result of increased wind and/or

precipitation, ultimately caused by changes in TSI.

The c.145year cycle detected in botulacos@a complexandPseudostaurosira

complex time-seriesfalls within the upper fequency band of the Gleissbergcle
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(Ogurtsov et al., 2002 The response ocAulacoseiracomplexcan be explained as an
increase in wind and/or precipitation resulting from tédeconnections between TSI and
Pacfic Ocean pressure gyrésstudy of ocean sediments from Effingham Inlet, British
Columbia, found similar c. 135 year cycles in sediment deposition spanning the last 4500
years (Patterson et al., 2004yhich hints at dar-driven Pacific Ocean dynamics as

described above.

The mechanism for the. 145 yearsolar cycleobserved inPseudostaurosira
complex cannot be explained via increased precipitation from ocean teleconnections
Pseudostaurosiracomplex are benthic spees that thrive inice-cover conditions
thereforewe suggest tha shortlived decrease in temperature, and resulting increase in
yearoveryearice-cover, must be responsible for this periodici®hanges inrSI have
previouslybeen linkedd changes inemperature. For examplée MaundeMinimum,

MWP, RWP ard the presentlay Modern Maxima all correspond to changes in TSI
(Jirikowic & Damon, 1994; Lean et al., 1995, Solanki et al., 20Dderefore, ather than

being indirectly impacted by solar radaii via ocean teleconnections, we suggest that

the Pseudostaurosirgomplexis being directly influenced by incoming T&lt Dannyoés
Lake. We suggest that variability in TSI causes changes to regional temperature, which

impacts yeaoveryear ice cover, antherefore diatom populations.

Regardless of whether thulacoseiracomplexand Pseudostaurosiraomplex
are responding to pure solar irradiation or secondary effects of solar irradiation through
teleconnections from the Pacific Ocean, diatoms and TSleskbammon power
throughout a significant portion of the analyzed recétowever, allcycles completely

disappeared from both diatom records between c. 120®00 cal. yr BP and c. 2200
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C. 2000 cal. yr BP (Figure 3.3). Periodicities in TSI also brokerd during these
intervals although the overall TSI levels increased (Steinhilber et al., 2009). These
periods correspond to tHdWP, where average temperatures rose in this region from
~10°C at c. 1540 yr BP to ~12°C by c. 800 yr BP (Upiter et al., 2ad8)theRWP,
associated with an increase in temperature similar to that observed during the
Hypsithermal (Perner et al., 2012his paired breakdown of both diatom and TSI cycles
further corroborate our suggestion that solar irradiance is a key drivimatte in this

region of the subarctic.

4.2 Hallstadt cycle

A significant c¢. 309year cycle was detected in tiRseudostaurosiraomplex
This correlates with the c. 3@@ar harmonic of the 211year Hallstadt cycle (Damon &
Jirikowic, 1992). A simila band of cycles was detected in the NE Pacific where c. 300
year cycles observed in a record of annually deposited laminated couplets, was attributed
to solar forcing (Patterson et al., 200Fnhey attributed their record to solar derived
teleconnectionsoriginating in the tropics.Previous research has documented the
significant influence of climate teleconnections originating from the Pacific on climate in
the NT (Porter et al., 2013)htis the presence of similar cycles in Holocene records from

the tworegions is not unexpected.

5. Implications

Results from this research have both regional and broader implications. Solar
cycles have persisted throughout geologic history (Ee&chwalb, 2000; Peristyk&

Damon, 2003; Kern et al., 2012), and have deded to climate forcing worldide (Wu
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et al., 2009). Botlulacoseiracomplexand Pseudostaurosirgaomplexshare significant
common power with TSI at various ngtationary cycle bandwidths through the entire
late HoloceneThis commonality indicatethat changes in solar irradiance havad an
important influence on climate and seaaslolake ice cover throughout this time period
TSI levels are presently very high when compared against earlier intervals in the late
Holocene (Solanki et al., 2004; Usasket al., 2004; Rotl& Jutes, 2013)Based on
evidence linking other Holocene warm periods to increased solar activity (Veizer, 2005), it is
therefore not surprising that we see present day warnfsigce variations in TSI
significantly influence the eneygbalance of the Earth, particularly at high latitudes
(Veizer, 200% Jungclaus et al. 201@)yclicity in solar forcing is a dominant force in
determining seasonal ice duration on Rigtitude lakes.Our results have important
implications for policy make and planners regarding the future viability of the TCWR.
Although the threat of anthpogeniederived warming in i&tic regions is of concern, the
ability to recognize climate cycles thate governed by predictable variation in solar

irradiance is imprtant.

6. Conclusiors

Trends and cycles in the relative abundanceAofacoseira complex and
Pseudostaurosir@omplexpopulations were analyzed froafreeze cord r om Danny 6 s
Lake, NT. Spectral analysis revealed statistically signifi@mhtc. 145 and309 year
cycles.Wavelet and croswavelet analysis of the diatom data indicated that these cycles
were nonrstationary and that they displayed significant common powtr TSI. We
suggesthat solar forcing plays a significant role in influenciygprover-year variation
in ice-cover in this subarctic region. Tlee89 and c. 145 year cycles are attributed to the
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90 1 140 year upper band of the Gleissberg solar cycle, while they@9cycle is
attributedto the 300year harmonic othe 2115 year Hallsth cycle. These results are of
interest to policy makers and plannefgshe TCWR, which isubject to the influence of

possible anthropogenic warming and dtsaignificant natural climate variability.
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Figure 3.2. Bayesian agelepth modef or Dannydés Lake. On the
plot shows that the Markov Chain Monte Carlo runs were stable (1200 iterations), the
middle plot shows the prior (curve) and posterior (filled histogram) distribution for the
accumulation rate (yr/cm), artle rightmost plots show the prior (curve) and posterior
(filled histogram) for the dependence of accumulation rate between sections. The major
plot shows the age distributions of calibrated 14C dates and thesgaky agalepth

model indicates preciselyated sections of the chronology in darker grey, while lighter
grey areas indicate less precise sections
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Figure 3.3. REDFIT spectral analysis results foAulacoseira complex and
Pseudostaurosira complex Only peaks surpassing the 95% confidence inteava
statistically significant.
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Figure 3.4. Wavelet results forAulacoseiracomplex and Pseudostaurosiracomplex
Wavelet scalograms show cycle strength and persistence during the time period. High
values (red color) are assigned teas where the indicated cycle is persistent. Low
values (blue color) indicate lack of cyclicity at the given wavelength and time pandd
dashed line indicates the cone of influenBack line is 95% significance against red
noise background

54










































































































































































































































































































































































































































































































































