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Abstract

This research examines the responses of the éifcurﬁpo!at; éﬁérg}éen, dwarf-shrub,
Cassiope tetragona (L.) D. Don (Ericaceae) (arctic Wﬁite_heather) to éxperir'riéntal warming and
natural climatic variability through dendrochronological tevch_n,iqueg “Th‘e, stud"y_’swgoals were: (1)
to quantify C. tetragona grthh and reproductive respon'sés‘prior to and during experimental
temperature enhancement, (2) to reconsﬁuct 20“‘ century cliﬁlate-'for 'Aléx;eurldra Fiord and central
Ellesmere Island based on C. tetragona chronologies, (3) to conduct a comparative analysis of my

climate reconstruction with other climate proxies from northern North America.

In 1992, permanent open-top ‘chambers (OTCs) were established in heath tundra plant
communities at Alexandra Fiord, Ellesmere Island. The OTCs raised the growing season
temperature by 1.3°C. Using deﬁdrochronological techniques, the responses of C. tetragona prior

to (1986-1991) and during (1992-1998) the experimental warming were investigated. Cassiopeb

" tetragona exhibited a strong reproductive response, but weak growth response to the experimental
warming. The results confirm that reproducti'\)e development in high arctic plants is more
sensitive to the thermal environment than vegetative growth, and, summer temperatﬁres. are

critical to tundra ecosystems for successful reproduction.

Secondly, dendroclimatological analysis of C. tetragona was used to reconstruct past
summer temperature for Alexandra Fiord and central Ellesmere Island. Three C. tetragona
populations were sampled at Alexandra Fiord (78° 52°N, 75° 47°W) and one at Hot Weather
Creek (79° 58°N, 84° 28°W). Two growth and two reproduction chronologies were developed for
each sampling site. The 95-year long reconstruction (1899-1994) of August-September average
air temperature for Alexandra Fiord was the longest C. fetragona-based proxy record and
explained 51% of the 'dependent climate variance. A second reconstruction of August-September
average air temperature based upon chronologies from Alexandra Fiord and Hot Weather Creek
explained 66% of the dependent climate variance. The reconstructions revealed an increase in
summer temperature from the 1920s-1960s, a cooling period from the 1960s-1970s, and finally, a
second increase in summer temperature beginning in the 1980s. Other arctic climate proxies

suppbrt this study’s conclusions. Finally, correlation analysis revealed that high summer Arctic

ii



Oscillation index values are associated with unfavorable growing season conditions, resulting in

reduced growth and reproduction in C. tetragona populations on Ellesmere Island.

i



_ Table of Contents

ADSITACT. ..ottt ittt et et ettt et e bttt e earaeeesae e aen et anrareresanenaananns i
Table of Contents......... [T e iv
LSt Of Tables. .. e ii i eieiiie it e ittt ereteeee e ieerneeeanraeaesenectensasesnsnsasnsnseesansneessX
List of Figures...... ettt eveerrerernaees XVvit
Acknowledgements........ P PP PP XXV
1. Introduction........... ettt et eetereaeerneetteeeeaeeateetteetaettaeeeanetaaeaaeeennerraeaaernaen 1
1.1. Climate Change in the ATCHC.........oouiiiiiiiiiiiiiii e eneaneee 1

1.2. Proxy Climate Data...........c.ooouiiiiiiiiiiiiiiiiiiii e 2

. 1.3. Arctic Vegetation and Climate Change............c.ccoeieiiiniiiiiiiiiinincninieiaeeannn 2
1.3.1. Cassiope tetragona......................ueeivivinnininrinniiininiinissssissnosssssssesesas 2

1.4, Research FramewWorK . .. ..o ottt e et eteasansnnnseseeseessnannnnnenenes 4

2. Retrospective analysis of the growth and reproductivé response of Cassiope tetragona to

experimental Warming.............cc..eeeeeeeuveveennnvenns. SR eestesseteesasasrnseniensnnrasssenanane 5
2.1 Introduction........: ........................... ..... ...... S 5
2.1.1. ClimateChangeintheArctic........ ..... e 5
.2.1.2. Simulated Environmental Change........ TN ST 7
2.1.3. Experimental Wéﬁning and Cassiope tetragona................................8
2.1.4. Retrospective Analysis of Cassiope tetragona...............cc.ccccccuvenn.... 9
2.1.5. Research Objectives. .. ....covuiiiiiiiiiiiiiiiii e ereenaes 10
2.2 MEHROGS. ...cveemtienieeete et ettt ente et e etaestteettaneteeseeebe e beesseesaeaseeaneeesseen s 10
2.2.1. Species Characteristics. ...........uvevevreeeneeenueenennenne. e erreneeeenas 10
2.2.2. SHUAY ATEE......ooviiiiiiiii it 14
2.2.3. Climate Conditions................couuuieriiiiiminien ittt 17
2.2.4. SUUAY Sie..eeveeeer oo et 19
2.2.5. Experimental Temperature Ménipulation ....................................... 19
2.2.5.1. ITEX Thermocouple Data.................... e ——— 21
2.2.6. Coastal Station Cmate Data. ...................oovveevereereerresrresnesi22
'2.2.7. Plant Sampling and MEASUIEINENL. .........eeeeeeeeeeeeeeseereeeeeesseesenss 23
2.2.8. Retrospective Growth and Reproduction Analysis........ e, 24
2.2.8'.1'. Cross-dating and Skeleton Plots.....................lo. 26

v



2.2.8.2. Standardization.......... e, 26

| _ : 2.2.9. Before-After C6ntrol—hnpact—Paired—Comparison Analysis.................. 27
1 2.2.10. Graphical Representation of Indices..............cccveieieiiinii 28
2.2.11. Mean Correlation Technique............: ........................... e, 28
2.2.12. .Pearson’s Product Moment Correlation Coefficient ........................ 3‘0

2.2.13. Repeated Measures Analysis of Variance and Analysis of Covariance...31 -
2.2.14. Correlation Analysis of Standardized Chronologies and Climate

VaATADIES. ....eeeveiieeeneieeeteeee e ee e et e et eerae s aernenenaaneens 32
2.3. Results......c.coceennenen... Feeementaracrarertranieneetananananacssiatessrretitnsareisaenres 33
‘ 2.3.1. Local Climate Characteristics at Alexandra Fiord, 1986-1998.............. 33
23.1.1. Coastal Station, Alexandra FiOrd................cocevvervireeenene. 33
2.3.1.2. Cassiope ITEX Site, Alexandra Fiord................cccooieniniee. 33
2.3.2. Chronology Characteristics. .........oeevuerrerrnernreneerernernneneaannnensn.. 44
2.3.2.1. Control Plants...........cooiiiiiiiiiiiiiiiiiiiiiiiiiici e, 44
2.3.2.2. Experimentally Warmed Plants...............cccovviiiiiinininnn.. 47
2.3.3. Mean Correlation TeChDIQUE. ...........uveeeeermrrnneeeererieereeeeernnenenes 51
2.3.4. Pearson’s Correlation Coeﬁiciegts_Compaﬁng Stqnda:dized
CBIOOIOZIES. ......vveorvverreveses st sss s ess b 51
23.4.1. Individual PIants.. - ..oo.ovoes 2o 51
2.3.4.2. Master ChIONOIOZIES. ... . cfo5 s s riose s ontssiresseseseseesson, 51
2.3.5. Repeated Measures Analysis of" Variance and- Analysis of Covariance ....56
.2.3.6. Correlations Between Standardized Chroﬁéibgies and Climate............. 60
2.3.6.1. Thermocouple Surface Temperature, 1992-1998.................. 60
2.3.6.2. Coastal Climate Station Air Temperature and Thawing Degree
Days, 1986-1998............... ererereneeans e reeeereereerrreenes 66
2.4, DISCUSSION. . u.uuenenenenenenenenaeenenreceeneneesrasasaesrasrnsuensssssnsasesananensnssannns 70
2.4.1 Critique 0f Methods......cccvuiiiiiiiiiiiiiii e reeeaees 70
| 24.1.1. Ca&siope tetragona Chronologies..............coccceviinnininienen 70
24.2. Experimental Temperature Manipulation.......................... eeerneeeas 71
2.4.3. Relationship of Local Climate to Cassiopé tetragoiza Growth and
ReprodUCION. ... .ottt it r e eee et e eeeeeaeaaraernenanaeans 73
2.4.3.1. Control and OTC Treatment — Pre-treatment Period
(1986-1991)............... et eetetetnentneesetrerasaenanaareraenrenaen 73 -



244.

24.5.

2.4.3.2. Control — Treatment Period (1992-1998).............ccoceeiiiiiis 74
2.43.3. Open-Top Chamber Treatment — Treatment Period

(1992-1998).....rrrrcrrree ettt et 78
Chronology CRATACIERISHCS ... . ... rvvvrenoeveseesssssesiorhereeensen 83
2.4.4.1. A Comparison of Cassiope tetrb§on'b"‘Populéttions ................. 83
2.4.4.2. Intra- and Inter-Plant Variability in Cassiope tetragona.......... 85
Principal Findings...................... e 88

3. The reconstruction of past climate for Alexandra Fiord, Ellesmere Island, Canada.............90

3.1, IDrOAUCHON. ..eevevteeetieeeetteeeeiiteeebtee e et e e eaaeeeesanieeeenas reereeeeee 90
3.1.1. The Need for Proxy Climate Data in the Canadian Arctic .................. 90
3.1.2. Instrumental Records in the Canadian Arctic...........cccouvviniiniininn.s .90
3.1.3. Current State of Proxy Climate Data for the Canadian Arctic............... 91
3.14. Reconstruéting Climate Using Cassiope tetragona........................... 92
3.1.5. Research ObJeCtiVes.............cocvrrmrerrerinns cererereieeieeseeeneneee e 93
3.2 MEHhOAS... ... veeveeeeeeseeeeseeeeseeee s seseeseees e s e e e snae s e erees e 94
3.2.1. Species CharaCteristiCs.......couvuirieniiiiieireiieeiieieiiiieriteeiniieieennes 94
3.2.2. Study Area and Sampling Sites........cccovviiiiiiiiiiiiiiiiiiiiii 94
3.2.3. Climate Measurements at Alexandra Fiord and Eureka, Ellesmere
| ISIADM. ..o nenens 102
3.2.4. Plant Sampling and MEASUIEIENL. ...« eeeeeeeereeeeeereeeeeeeesneeeens 105
3.2.5. Retrospective Growth and Reproduction Analysis..........ccccvveieennnnn.. 106
3.2.5.1. Cross-Dating: Skeleton Plots and COFECHA..................... 106
3.2.5.2. Standardization...........c.ecevivereriersuesieeeueaaceeenesvennn 107
3.2.6. DESCTIPHIVE StAtIStICS. .. vneerervrireeeeeiiiineeeeeereiieeeeeernraieeeeeeenns 111
| 32.7. Mean Correlation Analysis......... et 112
~3.2.8. General Linear Model ... 112
3.2.9. Spearman’s Rank Correlation Coefficients..........c.ccooeiiiiinininin.. 113
3.2.10. Response Function Analysis .......ccooveiiiiiiiiiiiiii e ecenenas 113
: 3.2.11. Transfer Function Analysis........... e eeeeererieeieeieiiereeieetaaee e e, 115
3.3 RESUIS. .....ovivereereeieteeeerestteeseteseete e sessese s ese s ese s ean s eseete s anssesns 118
3.3.1. Chronology Characteristics for Lowland, Bench and Dome Sites.........118 v
3.3.2. COMelation ADGLYSIS. ... .. vvreeserersessesesereseseosesesesans e 132




3.3.3. Response Functions: Response of Cassiope tetragona to Climate e 132
3.3.3.1. Coastal Station and Alexandra Fiord Chronologies,

1980-1996......eenene ittt 132

3.3.3.3. Eureka H.A.W.S. and Alexandra Fiord Chronologies,
1948-1996......ccouiiniie et ... 142
3.3.4. Transfer Functions — Reconstruction of Summer Temperature............ 146
3.3.4.1. Transfer Function and Coastal Station Data, 1980-1996.........146
3.3.4.2. Transfer Function and Eureka H A.W.S. Data, 1948-1996......149
R T DT 1 1o« TP TN 158
3.4.1. Critique of Methodology............. et teeteeeteereenteeaeestanraeaann—ans 158
3.4.1.1. Building Cassiope tetragona Chronologies........................ 158
3.4.1.2. Measurement and Cross-Dating.................. eereeereraeiaaes 159
3.4.2. Chronology Variability..........coiiiiiiiiiiiiiiiiiiii it eraeas 161
3.43. Chronology CharacteristiCs. .......oviererirereinirernineeiiieereeraeeeenenen 162
344. 'Reéponse of Cassiope tetragona to Climate Variables...................... 167

3.4.4.1. Response Functions and Coastal Station Climate Data,
1980-1996..... e it ae e 167
3.4.4.2. Response Functions and Eureka Climate Data,

TO48-1996. .. .. it e 168
| 3.4.5. Reconstruction of Summer Temperature...............cccoeiuiuieiininnne. 170
3.4.5.1. Transfer Functions and Coastal Station Climate Data,
1980-1995.......oeveveeecerereeeeeieenienenenene e 170
3.4.5.2.A Transfer Functions and Eureka Climate Data, 1948-1994....... 171
3.4.5.2.1. Reconstruction of August-Septcmber Temperature...171
3.4.5.2.2. Limitations of Climate Reconstruction............ senn172
3.4.5.2.3. Interpretation of and Supporting Evidence for the
Temperatﬁre Reconstruction...........coeeevviiinininnnn.. 172
3.4.5.2.4. Arctic Oscillation..................... e ———— 177
3.4.5.2.5. Supporting Arctic Paleoclimatic Data.................. 179
3.4.6. Principal Findings.........ccocoiiiimiiiiiiiiiiiiiire e 181
4. The reconstruction of past climate for central Ellésméré Island, Cane;da. v e 182
8.1, TEOGUCHON. ... ..o et sa e eneeeeneeeeean 182




4.1.1. Proxy Climate Data and Ellesmere Island, Canada.....................c.o. 182

4.1.2. Reconstructing Climate on Ellesmere Island Using

| CassSiope telPAGONA. ..........ccceveuiiiieniiiiiiainiiiiiiiiiiieniienarernnns 183
; 4.1.3. Research ObJectiVes. .....oociiiiiniiiiiiiiiiiiiiiiiiiiiiaenieaenenes, 184
o 42 Methods............cooe...... e e e e 185
4.2.1. Species Characteristics............. ......... 185
; | 42.2. Study ATEA ........eveeeereeenenrenns ereeeeeeseessseeseeeenss e 185
| v 4.2.3. Climate Conditions.............ccceuunveenn. B 187
! | 424, StUAY St e . 187
4.2.5. Climate Measurements at Eureka, Ellesmere Island............. ereeeeenae. 189
4.2.6 Plant Sampling and Measurement...........c.cccceiviiiiniiiiiininninnnn.. 190
4.2.7. Retrospective Growth and Reproduction Analysis......... e en——— 191
4.2.7.1. Cross-dating: Skeleton Plots and COFECHA....... e 191
4.2.7.2. Standardization...........coveeeiiiioiriiiien i 191
4.2.8. Descriptive Statistics............. e 192
4.2.9. Mean Correlation ANALYSiS..........evunerernernerinrrueesariarenaeeneannmenns 192
4.2.10. CoITelation ABALYSIS ..........cvercvererrurrererreeenerenecesensenseenmees 192
4.2.11. Response Function Analysis.........cccoevuiniiiiiiiiiiiiiiiiiiiiinin., 193
_ 4.2.12. Tfa‘nsferFunctionAnalysis..................._.................; ............... 194
43, RESUMS.....ecveiviieieueeereeeeseeeseesestessesessensensansaeseessenrensensentesseenee e enaees 195
4.3.1. Chronology Characteristics for Hot Weather Creek......................... 195
4.3.2. Correlation AnalysiS......ccevevreneneiuiiinnrcniieeneneinennencnn. eeeereees... 198
_ 4 3.3. Response Functions ...........c.cceeenenenn. e teeceeeeereaaeaaas Crereeees A..204

4.3.3.1. Response of Hot Weather Creek: Casszope tetragona to Eureka
HAWS. Climate........cooiiiiiiiiniiinnininiis rereeeenes 204
43.3.2. Correlation Analysis of Hot Weather Creek and Lowland
Cassiope tetragona chronologies with thé Summer &ctic .
Oscillation Index and Eureka H.A.W.S. Chrnate .................. 207

ISIand. ..o e naeaa 210
44. D1scussmn .................................................................................... 220
44.1. Cnthue of MethodOoLOgY ... cuvveiiiiiiie e ecee e nieees 220

viii



44.1.1. ‘Building Casszfope tetragona Chronologies for Hot Weather

L6 (- S USSP PRSPPI 220
4.4.2. Chronology Variability.................. e e 21
4.4.3. Chronology CRATACETISHCS. .- v eeereeeeseeeeseseeseneneeseseeseseseeens 222
| 4.4.4. _Respoﬁse_c_if Cassiope tetragona to the Summer Arctic Oscillation Index

and Eurek;i HAW.S. Climate............ccoooiiiiiiiiiii e 226
4.4.4.1. Respdnse of Hot Weather Creek and Lowland Chronologies to ,
the Summer Arctic Oscillation Index ...................c.cosrevennn. 226

4442. Respbnse of Hot Weather Creek Chronologies to Eureka '
H.A.W.S. Climate................. e eeeeeeeteeeenteeeeatereraenannan 228
4.4.5. Reconstruction of Summer Temperature.........cccoeeeviieiiininniinnnn.. 232
4.4.5.1. Transfer Functions and Eureka H.A.W.S. Climate Data.........232
4452, Limifations of Climate Reconstruction........ Rt 232

4.4.5.3. Interpretation of and Supporting Evidence for the Temperature

‘ Reconstruction............. S SRR O S SRR 233
4.4.6. Principal Findings........... SO OB SO 236
5. Summary aﬁd Conclusions _ R,
5.1. Cassiope tetragona and Experimental Warmmgg ............ 238
5.2 Cassiope tefragona and the Reconstrut:tién of Past Climate.......... eeeenenreriaeas 241
5.3. Cassiope tetragona and Future Research.................ccooooiiiiiiiiiiie. 244
6. LAETAIUIE CHEA. ... ..vvrveereeereeeeraeseeesseeseseseseseseseseseeseeseeeeseseneseeseeeessonene. 247

ix




List of Tables

Table 2.1. Effects of treatment and year on average May surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1993-1998.
Effects were analyzed using a two-factor repeated measures analysis of variance. Year
and treatment were considered fixed effects n=6. *P<0.05, **P<0.01, ***P<0.001,

NS = N0t SIENIFICANT. ....oeie i e 39

Table 2.2. Effects of treatment and year on average June surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1993-1998.
Effects were analyzed using a two-factor repeated measures analysis of variance. Year

and treatment were considered fixed effects. n=6. *P<0.05, **P<0.01, ***P<0.001,
NS = N0t SIZNIFICANT. .. ...oteitie ittt e 39

Table 2.3. Effects of treatment and year on average July surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1993-1998.
Effects were analyzed using a two-factor repeated measures analysis of variance. Year
and treatment were considered fixed effects. n= 6. *P<0.05, **P<0.01, ***P<0.001,
ns = not significant....................... et et eeeteeteeeeeeeteneeaetaentententaeeaeaeenenrons 39

Table 2.4. Effects of treatment and year on average August surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1992-1998.
Effects were analyzed using a two-factor repeated measures analysis of variance. Year
and treatment were considered fixed effects. n=7. *P<0.05, **P<0.01, ***P<0.001,
NS = N0t SIENITICANT. . ..ottt entee e as 40

Table 2.5. Effects of treatment and year on average September surface temperature measured in
- 7 open-top chambers and 7 control plots at the Cassiope ITEX site from 1992-1998.
Effects were analyzed using a two-factor repeated measures analysis of variance. Year
and treatment were considered fixed effects. n= 7. *P<0.05, **P<0.01, ***P<0.001,
ns = not significant....... ettt teeeettseteteeteneentanteteneteteeeentataaneaneaaaseaaeenrenrananns 40

Table 2.6. Effects of treatment and year on average June-August surface temperature measured
in 7 open-top chambers and 7 control plots at the Cassiope ITEX site from 1993-1998.
Effects were analyzed using a two-factor repeated measures analysis of variance. Year
and treatment were considered fixed effects. n = 6. *P<0.05, **P<0.01, ***P<0.001,
NS = N0t SIGNIFICANT. ... ittt eri et e e caeteeaeneeaneaananensanans 40

Table 2.7. Descriptive statistics of Cassiope tetragona growth and reproduction variables in the
* control and warming (OTCs) treatments at Alexandra Fiord, Ellesmere Island, Canada.
The table is divided into the full (1986-1998), pre-treatment (1986-1991) and treatment
(1992-1998) periods. Numbers are means + standard deviation (SD). AGI = annual
growth increment. lvs = leaves. peds = flower peduncles..................ocooiiiiiii 45

Table 2.8. Measurement of the two growth and two reproductive chronologies’ signal strength
using the mean correlation technique (Briffa and Jones 1992).- Chronologies are
grouped by control and warming (OTCs) treatment and, into pre-treatment (1986-1991)
and treatment (1992-1998) periods. OTC =open-top chamber treativent................ 52

X




Table 2.9 a. Pearson’s correlation coefficients showing relations between the standardized
growth and reproductive chronologies of individual plants for the current year (year C)
~ and previous year (year C-1). Table is divided into control and open-top chamber
(OTCs) treatments for the pre-treatment period, 1986-1991. n = 6 years for current year
(year C) variables. N =5 when previous year (year C- 1) or lagged vanables are included -
in the correlation...................... RO PTPRIS PP L. U P X

Table 2.9 b. Pearson’s correlation coefficients showing relations between the standardized
growth and reproductive chronologies of individual plants for the current year (year C)
and previous year (year C-1). Table is divided into control and open-top chamber’
treatments for the treatment period, 1992-1998. n = 7 for correlation coefficients
between current year (year C) chronologies for annual growth increments, number of
leaves and number of flower buds. n = 6 when previous year (year C-1) or lagged
variables are included in the correlation. For correlation coefficients between annual
number of flower peduncles and another current year (year C) variable,n =6. n=15,
when previous year (year C-1) annual production of flower peduncles are included in
the COTTEIAtION. . ..vuuenet ittt e et eeatreeeaarasteenssensneaasasearsans 54

Table 2.10 Pearson’s correlation coefficients showing relations between the standardized

growth and reproductive chronologies for the current year (year C) and previous year
. (year C-1). Table is divided by treatment, and into pre-treatment (1986-1991), and

treatment (1992-1998) time periods. OTC = open-top chambers. n = 6 for the pre-
treatment period (1986-1991), and n = 7 for the treatment period (1992-1998) for
correlations between current year (year C) master chronologies for annual growth,
number of leaves and flower buds. n =5 for the pre-treatment and n = 6 for the
treatment periods, respectively, when previous year (year C-1) variables are included in
the correlation. n =5 for the pre-treatment period and n = 6 for the treatment period for
correlations between current year (year C) flower peduncle chronologies and another . -
variable. n =4 and n =5 for the pre-treatment and treatment periods, respectively, when
previous year (year C-1) flower peduncles are included...............c.ccoiiiiiinanie... 55

Table 2.11. Effects of treatment and year on lengtﬁ of annual growth increments of Cassiope
tetragona for the pre-treatment (1986-1991) and treatment (1992-1998) periods. Effects
were analyzed using a two-factor repeated measures analysis of variance................ 57

Table 2.12. Effects of treatment and year on number of leaves of Cassiope tetragonalfor the
pre-treatment (1986—1991) and treatment (1992-1998) periods.  Effects were analyzed
using a two-factor repeated measures analysis of variance.............ccoviiiiiiinane 57

Table 2.13. Effects of treatment and year on number of flower buds of Cassiope tetragona for
the pre-treatment (1986-1991) and treatment (1992-1998) periods Effects were
analyzed using a two-factor repeated measures analysis of variance. Data were ranked
and the ranks transformed using a Blom transformation.....................oooiini. 59

Table 2_.14. Effects of treatment and year on number of flower buds prbduced for Cassiope
tetragona for the treatment (1992-1998) period. Effects were analyzed using a two-
factor repeated measures analysis of covariance. The pre-treatment period (1986-1991)




values were used as the covariate. Data were ranked and the ranks transformed using a
Blom transformatron ........... e e ettt et et e et e et ra e e e eanes 59

Table 2.15. Effects of treatment and year on number of flower peduncles of Cassiope tetragona
for the pre-treatment (1986-1991) and treatment (1992-1998) periods Effects were
analyzed using a two-factor repeated measures analysis of variance. Data were ranked
and the ranks transfonned using a Blom transformation................c.ccoveeiiiviann.. 62

Table 2.16. Pearson’s correlation coefﬁcients relating average thermocouple surface
temperature for the previous year (year C-1) and current year (year C) to control and
open-top chamber (OTC) master chronologies for annual growth increments (AGI),
number of leaves, number of flower buds and number of flower peduncles for the
treatment period of 1992-1998. .. e 63

Table 2.17. Pearson’s correlatlon coefficients relating biweekly thermocouple average surface
temperature for the previous year (year C-1) and current year (year C) to control and
open-top chamber (OTCs) master chronologies for annual growth increments (AGI),
number of leaves, number of flower buds and number of flower peduncles for the
treatment period of 1992-1998....... .o e 65

Table 2.18 a. Pearson’s correlation coefficients relating monthly average air temperature
~ recorded at the Coastal station, Alexandra Fiord for the previous (year C-1) and current
year (year C) to control and open-top chamber (OTC) master chronologies for annual
growth increments (AGI), number of leaves, number of flower buds, ‘and number of
flower peduncles for the pre-treatment period of 1986-1991. n = 6 for all chronologres
in both the control and open-top chamber (OTC) treatment. O A S USSP 67

Table 2.18 b. Pearson’s correlation coefficients relating monthly average air temperature
recorded at the Coastal station, Alexandra Fiord for the previous (year C-1) and current
year (year C) to control and open-top chamber (OTC) master chronologies for annual
growth increments (AGI), number of leaves, number of flower buds, and number of
flower peduncles for the treatment period of 1992-1998. n = 7 for the two growth and
number of flower bud chronologies. n = 6 for the number of flower peduncle
chronology. The treatment period for number of flower peduncles is shortened by one
Year, 1092-1007. . .. i ettt et s et e r e nns 68

Table 2.19 a. Pearson’s correlation coefficients relating average monthly thawing degree days
recorded at the Coastal station, Alexandra Fiord for the previous year (year C-1) and the
current year (year C) to control and open-top chamber (OTC) master chronologies for
annual growth increments (AGI), number of leaves, number of flower buds and number
of flower peduncles for the pre-treatment of 1986-1991. n = 6 for all chronologies in
both the control and open-top chamber (OTC) treatment...........c...coevvneninennnnnnnnnn. 69

Table 2.19 b. Pearson’s correlation coefficients relating average monthly thawing degree days
recorded at the Coastal station, Alexandra Fiord for the previous year (year C-1) and
current year (year C) to control and open-top chamber (OTC) master chronologies for
annual growth increments (AGI), number of leaves, number of flower buds and number
of flower peduncles for the treatment period 1992-1998. n = 7 for the two growth and
number of flower buds chronologies. n = 6 for the number of flower peduncles

xii



~ chronology. The treatment period for number of flower peduncles is shortened by one
' ycar, 1992-1997...cooiiiiii 69

Table 2.20. Comparative data on the mean growth (annual growth increments (AGI), annual
- production of leaves) and reproduction (annual production of flower buds and
peduncles) of Cassiope tetragona from temperature enhancement studies in the Arctic.
CON = control plots. OTC = open-top chamber treatment. Buds = flower buds. Peds =
flower peduncles. SD = standard deviation of the mean. SE = standard error of the
mean. DA =N0data............ooiiiiiiiiiiiii e 84

Table 3.1. Comparison of average annual air temﬁerature at the Coastal station, Alexandra
Fiord, Ellesmere Island and Eurecka H.A.W.S,, Ellesmere Island for the period 1980-

Table 3.2. Coinparison of average monthly air temperature recorded at the Coastal station,
.-Alexandra Fiord, Ellesmere Island with Eureka H.A.W.S., Ellesmere Island for the
period 1980-1996 using a paired comparisons t-test. n=17.......ccccceevveviirnnennn.n. 104

Table 3.3. Annual plant performance (from non-standardized data) of Cassiope tetragona from
the Lowland, Bench and Dome sampling sites at Alexandra Fiord, Ellesmere Island.
- AGI = annual growth increment; Leaf = number of leaves; Bud = number of flower

buds; Ped = number of flower peduncles..........ccoeceeieiiniiiiiiiiiiiiiiiiiiee el 119

Table 3 4. General linear model results showing the differences over time in annual stem
growth (AGI), annual production of leaves, flower buds and flower peduncles among
the three sites at Alexandra Fiord, Ellesmere Island, Canada. n = 2863 for annual
growth increments, n = 2864 for number of leaves, n'=2583 for number of flower buds,
and n = 2200 for number of flower peduncles. ereie st et ettt e s asba et aannnnsans 121

Table 3.5. Mean correlation results from the three samphiig sites at Alei(andrzi‘Flord Ellesmere
Island. The mean correlation technique (Briffa and Jones.1990):indicates the climate
signal strength present in the growth and reproductive chronologies (see Chapter 2).
Chronologies cover a common time interval selected by the software program
- ARSTAN to maximize the number of stems included in the calculations. The common
intervals are shorter than those reported in Tables 3.3 and 3.6. AGI = annual growth
increment; Leaf = number of leaves; Bud = number of flower buds; Ped = number of
flOWET PEAUNCIES. ...eevueeeiiieeeeiieee et ee e et e e e et e e e e e eeeaeenes 122.

Table 3.6. Growth and reproductive standard chronology statistics (from standardized data) for
Cassiope tetragona from the Lowland, Bench, and Dome sampling sites at Alexandra
Fiord, Ellesmere Island. AGI = annual growth increment; Leaf = number of leaves;
Bud = number of flower buds; Ped = number of flower peduncles....................... 124

Table 3.7. Spearman’s rank correlation coefficients showing relations between values of the
current (year C) and previous year (year C-1) of two growth and two reproductive
schronologies from the Lowland, Bench and Dome sites. n =79 years for the Lowland,
n = 92 years for the Bench, and n = 65 years for the Dome. n= 78, n=91, and n = 64
for the Lowland, Bench and Dome, respectively, when a variable from the previous year
(year C-1) is included in the correlation................ooeviuiiniiiiiiiniieeeeeeenn. 133

xiii



Table 3.8. Spearman’s rank correlation coefficients showing relations of the growth and
reproductive variables between sites. n.= 75 years for annual growth increment, n = 75
years for number of leaves, n = 70 years for number of ﬂower buds and, n = 66 years for
number of flower peduncles.................o... L Cereeeeareeantereeiorencasanens 134

Table 3.9. Climate transfer function for July-August average air’ temperature at Alexandra
Fiord, Ellesmere Island based on growth and reproduction chronologies of Cassiope
tetragona from the Lowland, and Bench sites." Transfer functron was developed for the
time penod, 1980-1995. n= 16 ........................... - r'., ...... R 147

Table 3.10. Climate transfer function for August-September average air temperature at
Alexandra Fiord, Ellesmere Island based on growth and reproduction chronologies of
Cassiope tetragona from the Lowland and Bench sites. Transfer function was developed

for the time period, 1948-1994. n=47............ciiiiiiiiiiiiiiiiiiiinann. eereeereeaaeanas 151

Table 3.11. Calibration and verification statistics for predicting August-September average air
temperature from growth and reproduction chronologies of Cassiope tetragona from the
Lowland and Bench sites at Alexandra Fiord, Ellesmere Island, Canada..................152

Table 3.12. Largest temperature anomalies and trends for individual years, and for extreme
mean values from among the 10-year, 20-year and 30-year non-overlapping periods.
The temperatures are shown as anomalies with respect to the 1961-1990 mean o
 calculated from the Eureka H.AA.W.S. data Set.........ccouveervunniiiunenenneerennnennnnn 156

Table 3.13. Comparative data on the mean growth (annual growth increments (AGI), annual
production of leaves) and reproduction (annual production of flower buds and flower
peduncles) of Cassiope tetragona from retrospective analysis and temperature ,
enhancement studies (control plots only) in the Arctic. Buds = flower buds. Peds=
flower peduncles. LIA = Little Ice Age. SD = standard dev1at10n of the mean. SE =
standard error of the mean. nd = no.data avallable .......................................... 163

Table 4.1. Annual plant performance (non-standardized data) of Cassiope tetragona from Hot.
~ Weather Creek, Ellesmere Island, Canada. AGI = annual growth increment; Leaf =
annual production of leaves; Bud = annual production of flower buds; Peduncle =
annual production of flower peduncles............................. PPN 196

Table 4.2. Mean correlation results from the Hot Weather Creek sampling site. The mean
- correlation technique (Briffa and Jones 1990) indicates the climate signal strength -

present in the growth and reproductive chronologies (see Chapter 2). Chronologies
cover a common time interval selected by the software program ARSTAN to maximize
the number of stems included in the calculations. The common intervals are shorter
than those reported in Table 4.1. AGI = annual growth increment; Leaf = annual
production of leaves; Bud = annual production of flower buds; Peduncle = annual _
production of flower peduncles.............cc.oeeiiiiiiiiiiiiiiriire e, 197

Table 4.3. Growth and reproductive standard chronologies statistics (frorh standardized data)
for Cassiope tetragona from the Hot Weather Creek site. AGI = annual growth

Xiv.



'increment; Leaf = annual production of leaves; Bud = annual production of flower buds;
Peduncle = annual production of flower peduncles...............cocoiiiiiiiiiiiiiin 197

Table 4.4. Spearman’s rank correlation coefficients showing relations between values of the
“current year (year C) and the previous year (year C-1) of two growth and two
reproductive chronologies from Hot Weather Creek. AGI = annual growth increment;
Leaf = annual production of leaves; Bud = annual production of flower buds; Peduncle =
- -annual production of flower peduncles. n = 46 for correlations between current year
(year C) variables. n =45 when previous year (year C-1) variables are included in the
correlatlon. U et 201

Table 4.5. Inter-site comparisons of the growth and reproductive chronologies from Hot
Weather Creek and Alexandra Fiord (Lowland, Bench, Dome sites) using Spearman’s
rank correlation. None of the correlations were significantly different from zero (* =
P<0.05). AGI = annual growth increment; Leaf = annual production of leaves; Bud =
annual production of ﬂower buds; Peduncle annual production of ﬂower
peduncles..........ccocoiiiiiiiiiiiiiiaia. easaseeaaeerenrniasaensiatasseanrancnn e 202

Table 4.6. Pearson’s correlation coefficients showing the relationship between Eureka
H.A.W.S. average air temperature (T) and total precipitation (P) for individual summer
months and combinations of summer months for the period, 1948-1996. n=

Table 4.7. Pearson’s correlation coefficients showing the relationship between Eureka
H.A.W.S. average air temperature (T) and total prempltatlon (P) with the summer Arctic
Oscillation index (AOS) for the period 1948 1996. n=49.. eeerreen ...205

Table 4.8. Pearson’s correlation coefficients showmg the relationship between Eureka
H.A.W.S. average air temperature (T) and total precipitation (P) and Lowland,
Alexandra Fiord growth and reproduction chronologies for the period 1948-1996. n=
49. AGI = annual growth increment; Leaf = annual production of leaves; Bud = annual
production of flower buds; Peduncle = annual production of flower peduncles.........208

Table 4.9. Pearson’s correlation coefficients showing the relationship between Eureka
H.A.W.S. average air temperature (T) and total precipitation (P) and Hot Weather Creek
(HWC) growth and reproduction chronologies for the period 1948-1996. n=49. AGI
= annual growth increment; Leaf = annual production of leaves; Bud = annual
production of flower buds; Peduncle = annual production of flower peduncles..........209

Table 4.10. Pearson’s correlation coefficients relating Lowland and Hot Weather Creek (HWC)
growth and reproduction chronologies to the summer Arctic Oscillation index (AOS)
for the period 1948-1996. AGI = annual growth increment; Leaf = annual production of
leaves; Bud = annual production of flower buds; Peduncle = annual production of
flower peduncles. N=49.... ..o 211

Table 4.11. Climate transfer function for August-September average air temperature for central
Ellesmere Island based on Cassiope tetragona growth and reproduction chronologies
from Hot Weather Creek and Lowland and Bench sites at Alexandra Fiord, Ellesmere
Island. Transfer function was developed for the penod 1948-1996. n'=49.. .....214

.o

XV T



Table 4.12. Calibration and verification statistics for predicting August-September average air

temperature from Cassiope tetragona growth and reproduction chronologies from Hot
Weather Creek and Lowland and Bench sites at Alexandra Fiord, Ellesmere

Table 4.13. Largest temperature anomalies and trends for 1nd1v1dual y;:éfs “and for extreme
" mean values from among all 5-year and 10-year non-overlappmg periods. The
temperatures are shown as anomalies with respect to the 1961 1990 Eureka H A. W S.

219

Table 4. 14 Comparauve data on the mean growth (annual growth 1ncrement (AGI), annual
production of leaves) and reproduction (annual production of flower buds and flower
peduncles) of Cassiope tetragona from retrospective analysis and temperature
enhancement studies (control plots only) in the Arctic. Buds = flower buds. Peds =

- flower peduncles. SD = standard deviation of the mean. SE = standard error of the
. mean. nd = no data available

- xvi



List of Figures

Figure 2.1. Cassiope tetragona (L. Don (Eﬁcaceae) growing in the lowland of Alexandra Fiord,
Ellesmere Island, Canada. Note the white pendulous bell flowers, usually visible in

Figure 2.2 Schematic diagram of Cassiope tétragona ‘stem leaf morphology and flower

peduncles from Alexandra Fiord, , Ellesmere island, Canada. (Figure adapted from .
Johnstone and Henry 1997)........ ceesverenstiencen [ PP 13

Figure 2.3. Schematic diagram of Cassiope tetragona stem with leaves removed showing leaf
scars, flower peduncle scars, flower buds and internodes. (Figure adapted from
Johnstone and He'm'y |1 T S TSN 15

Flgure 2.4. Map showing location of Alexandra Fiord (78° 53°N, 75° 55’ W) on the eastern
coast ofEllesmere Island, Nunavut, Canada P 16

Figure 2.5. Plant communities of the Alexandra Fiord lowland (F 1gure adapted from Muc et al | »
1989). Map digitized by D. Bean 2003, e e et e 18

Figure 2.6. Map showmg the locations of the Cass1ope and Dryas ITEX sites, and the Coastal
and Meadow automated weather statlons in the lowland at Alexandra Fiord, Ellesmere -

| Flgure 2.7. Internode lengths plotted agamst posmon along a portlon of a Casszope tetragona

stem sampled at Alexandra Fiord, Ellesmere:Isiand.:Note the wave-like oscillations in
internode lengths, with the minimum lengths 1nd1cat1ng the termmatlon of annual

Figure 2 8. June-August average air tenlperature (°C) departures for Alexandra Fiord felative to -
‘the 1980-1998 mean from the Coastal statxon Alexandra Fiord, Ellesmere

Figure 2.9 a-c. (a.) May, (b.) June, (c.) July 'aVerage' ail' temperature (°C) departures for

Alexandra Fiord relative to the 1980-1998 mean from the Coastal stanon Alexandra
Fiord, Ellesmere Island...................coooiiinini . T U .35

Figure 2.9 d-e (d.) August and (e.) September average air temperature (°C) departures for
Alexandra Fiord relative to the 1980-1998 mean from the Coastal station, Alexandra
Flord,EllesmereIsland ...... N 36

Figure 2.10. Comparison of summer growing season mean air, surface and soil temperatures
. measured in the Cassiope ITEX (a.) control and (b.) open-top chamber (OTC) plots for
1995-1998. Temperatures measured mclude +1.5 m (reference), +10 cm (air), 0 cm’
(surface) and -10 cm (s0il)........ccu.......... ceereaivenianene etentteteneentreainestantantearenes 38

Xvil



Figure 2.11. (a.) Comparison of average surface temperature and (b.) average snowdepth in the
control and open-top chamber (OTC) plots for the winter (September-May) of 1995
~-1996. Some snowdepth data may be missing due to measurement errors................ 41

Figure 2.12. (a.) Comparison of average surface temperature and (b.) average snowdepth in the
control and open-top chamber (OTC) plots for the winter (September-May) of 1996
-1997. Some snowdepth data may be missing due to measurement errors................ 42

Figure 2.13. (a.) Comparison of average surface temperature’" and’(b;) averege snowdepth in the
control and open-top chamber (OTC) plots for the winter (September-May) of 1997
-1998. Some snowdepth data may be missing due to measurement errors................ 43

Figure 2.14. (a.) Standardized annual growth increment and (b.) standardized number of leaves
‘ indices for individual plants in the control plots at the Dryas ITEX site at Alexandra
. Fiord, Ellesmere Island, 1986-1998........c..oiireiiiieiiiiiiiieeeeeeeanasanerranenn 46

Figure 2.15. Standardized master chronology values for annual growth increments (AGI) and
number of leaves in the control plots at the Dryas ITEX site, Alexandra Fiord,
Ellesmere Island, 1986-1998........ ..ottt e ree e ns 46

Figure 2.16. (a.) Standardized number of flower buds and (b.) standardized number of flower
peduncle indices for individual plants in the control plots at the Dryas ITEX site at
Alexandra Fiord, Ellesmere Island, 1986-1998. Note that number of flower peduncle
indices end in 1997........ciiiiiiiiiii 48

. Figure 2.17. Standardized master chronology values for flower buds and number of flower
peduncles in the control plots at the Dryas ITEX site, Alexandra Fiord, Ellesmere Island,
1986-1998. Note that the standardized number of flower peduncles chronology ends in

Figure 2.18. (a.) Standardized annual growth increment (AGI) and (b.) standardized number of
leaves indices for individual plants for the open-top chamber treatment (OTC) at the
Dryas ITEX site at Alexandra Fiord, Ellesmere Island, 1986-1998. The warming
treatment (OTC) was established in 1992....... ..o 49

Figure 2.19. Standardized chronology values for annual growth (AGI) and number of leaves for
the open-top chamber treatments (OTC) at the Dryas ITEX site, Alexandra Fiord,
Ellesmere Island, 1986-1998. The warming treatment (OTC) was establlshed in

Figure 2.20. (a.) Standardized number of flower buds and (b.) standardized number of flower
peduncles for individual plants for the open-top chamber treatment (OTC) at the Dryas
ITEX site at Alexandra Fiord, Ellesmere Island, 1986-1998. The warming treatment
(OTC) was established in 1992. Note that number of flower peduncle indices end in

Figure 2.21. Standardized chronology values for number of flower buds and rrumber of flower
peduncles for the open-top chamber treatments (OTCs) at the Dryas ITEX site,
Alexandra Fiord, Ellesmere Island, 1986-1998. The warming treatment (OTC) was

xviii



established in 1992. Note that the number of flower peduncles chronology ends in
1007 e et et e e aeen e aeenrenaan e 50

- Figure:2.22. (a.) Comparison of mean annual growth increment and (b.) mean number of
~ leaves produced per year for Cassiope tetragona in the control and open-top chamber
treatment (OTCs) plots, 1986-1998. Warming expenment began in 1992. n=4. Error

- bars indicate on standard €rTor...............iiiiiiii 58

Figure 2.23. (a.) Comparison of the mean number of flower buds and (b.) the mean number of
flower peduncles produced per year for Cassiope tetragona in the control and open-top
chamber treatment (OTCs) plots, 1986-1998. Warming experlment began in 1992.

n =4. Error bars indicate one standard error................... P T 61

* . Figure 3. 1 Map showmg the locatlons of the Lowland (30 m a.s.l.), Bench (150 m a.s.1.) and
Dome (500 m a.s.1.) samplings sites, and the Coastal and Meadow automated weather
~ stations at Alexandra Flord Ellesmere Island............ccoveienininiiiiiiiiiiiiciiene 95

Flgure 3.2 The Lowland 30 mas.l ) sampling site at Alexandra Fiord, Ellesmere Island,
. Canada. Inthe foreground Cassiope tetragona plants are located around the rock
outcrops and are in bloOM...........cooiiiiiiil i 96

_Figure 3.3. Casszope tetragona plant growmg around a rock outcrop at the Lowland site,
“ Alexandra Fiord, Ellesmere Island Note the unusually long stems of the plant growing
aroundtherock .......... eeereeadaes [ S 97

- -Flgure 3 4. In the foreground, the Bench (150 m a.s.l.) sampling site at Alexandra Fiord,

Ellesmere Island, Canada. The Cassiope tetragona plants were located in the protected
spaces at the base of boulders and rock outcrops. W, .;)_u.,.: PO 99

~ Figure 3.5. Casszope tetragona plants growing down into the 'spaces betweer, the small boulders

' ~ at the Bench site, Alexandra Fiord, Ellesmere Island Note the unusually long and green

' t1pped stems of the plant....... eveserternereianenane Coiavingesres St 100

' Flgure 3.6. (Top) Photo of the Dome site taken from the Eastern Plateau on the eastern side of
- Alexandra Fiord; (Bottom) the Dome sampling site (500 m a.s.l.) (Photo courtesy of S.
Rolph, 2001). Note the dolomitic substrate on the left hand side of the photo, and the
~ granitic substrate on the right hand side. Cassiope tetragona plants were collected from
- surface cracks on the granitic side of the Dome site. The Dome ITEX open-top-
chambers and the Dome automated weather station are visible in the background, as
well as Twm Glac1er ...... veeneens O R +.101

" Figure 3.7 a. (a.) Standardized chi*onOlogies and (b.) sample depth for annual growth increment

‘ (AGI) and (c.) standardized chronologies and (d.) sample depth for annual production of
- leaves chronologies for the Lowland site, Alexandra Fiord, Ellesmere Island. Minimum
number of stems measured wasthree..........coooiiiii ceeeennes 125

v 'Flgure 3 7b. (e ) Standardlzed chronologres and (f ) sample depth annual productlon of flower
' buds and (g ) standardlzed chronologles and (h. ) sample depth for annual production of

U XixX




L]

flower peduncle chronologies for the Lowland site,vAlexandra Fiord, Ellesmere Island.
Minimum number of stems measured was three...............cccvevvnieieeiiienneennnnnnnn. 126

Figure 3.8. a. (a.) Standardized chronologies and (b.) sample depth for annual growth increment
(AGI) and (c.) standardized chronologies and (d.) sample-depth for annual production of
leaves chronologies for the Bench site, Alexandra Flord Ellesmere Island Minimum
number of stems measured was three........ ‘.».,;.-: ..... eezersesiaeiagielige s nratenanean, 127

Flgure 3.8b. (e.) Standardrzed chronologies and (f ) sample depth annual productron of flower
buds and (g.) standardized chronologies and (h.) sample depth for annual production of
flower peduncle chronologies for the Bench site, Alexandra F 1ord Ellesmere Island.
Mrmmum number of stems measured was three.......0.. ... i 128

| Figure 3.9 a. (a.) Standardized chronologres and (b.) sample depth for annual growth increment .

| (AG]I) and (c.) standardized chronologies and (d.) sample depth for annual production of
leaves chronologies for the Dome site, Alexandra Fiord, Ellesmere Island. Minimum
number of stems measured was 11111 -SSP PUUPUURN 129

Figure 3.9b. (e.) Standaxdized chronologies and (f.) sample depth annual production of flower
buds and (g.) standardized chronologies and (h.) sample depth for annual production of
flower peduncle chronologies for the Dome site, Alexandra Fiord, Ellesmere Island.
Minimum number of stems measured was three.........oooiiiiiii 130

Flgure 3.10. Example of stem depth from the Lowland site at Alexandra Fiord for the perlod,
I897-1996.......iuniininiiiiiii ittt et s e e e s aeee s 131

Figure 3.11. Response function coefficients relating growth and reproduction chronologies
from the Lowland site to average monthly air temperature from the Coastal station,
Alexandra Fiord from 1980-1996. The time period covered begins in the previous
September (pS) and continues to the current August (A). L1 is the one year lag effect, .
denoted by the gray bar on the far right of the graphs. In the upper right hand corner of

- each graph, three percentage of variance explained are given: amount of variance
explained by climate alone (top), by previous growth or reproduction alone (middle),
and by climate and previous growth or reproduction together (bottom). Temperature =
“white bars. Precipitation = black bars. Annual growth increment, number of leaves,
number of flower buds and flower peduncles, n = 17 ¥P<0.05. . 135

Figure 3.12 Response function coefficients relating growth and reproduction chronologies from
the Bench site to average monthly air temperature from the Coastal station, Alexandra
Fiord from 1980-1996. The time period covered begins in the previous September (pS)
and continues to the current August (A). L1 is the one year lag effect, denoted by the
gray bar on the far right of the graphs. In the upper right hand corner of each graph,
three percentage of variance explained are given: amount of variance explained by
climate alone (top), by previous growth or reproduction alone (middle), and by climate
and previous growth or reproduction together (bottom). Temperature = white bars.
Precipitation = black bars. Annual growth increment, number of leaves, number of
flower buds and flower peduncles, n = 17. *P<0.05............ccieiieiriiii i, 136




Figure 3.13. Response function coefficients relating growth and reproduction chronologies
from the Dome site to average monthly air temperature from the Coastal station,
Alexandra Fiord from 1980-1996. The time period covered begins in the previous

. September (pS) and continues to the current August (A). L1 is the one year lag effect,
denoted by the gray bar on the far right of the graphs. In the upper right hand corner of
each graph, three percentage of variance explained are given: amount of variance
explained by climate alone (top), by previous growth or reproduction alone (middle),
and by climate and previous growth or reproduction together (bottom). Temperature =
white bars. Precipitation = black bars. Annual growth increment, number of leaves,
number of flower buds and flower peduncles, n=17. *P<0.05...............cceven.eee. 137

Figure 3.14. Response function coefficients relating growth and reproduction chronologies
- from the Lowland site to monthly thawing degree days from the Coastal station,

Alexandra Fiord from 1980-1996. The time period covered begins in the previous
September (pS) and continues to the current August (A). L1 is the one year lag effect,
denoted by the gray bar on the far right of the graphs. In the upper right hand corner of
each graph, three percentage of variance explained are given: amount of variance
explained by climate alone (top), by previous growth or reproduction alone (middle),
and by climate and previous growth or reproduction together (bottom). Temperature =
white bars. Precipitation = black bars. Annual growth increment, number of leaves,
number of flower buds and flower peduncles,n=17. *P<0.05.........c.cccvvrrvinnn.a. 138

Figure 3.15. Response function coefficients relating growth and reproduction chronologies
from the Bench site to monthly thawing degree days from the Coastal station, Alexandra
Fiord from 1980-1996. The time period covered begins in the previous September (pS)
and continues to the current August (A). L1 is the one year lag effect, denoted by the
gray bar on the far right of the graphs. In the upper right hand corner of each graph,
three percentage of variance explained are given: amount of variance explained by
climate alone (top), by previous growth or reproduction alone (middle), and by climate
and previous growth or reproduction together (bottom). Temperature = white bars.
Precipitation = black bars. Annual growth increment, number of leaves, number of
flower buds and flower peduncles, n = 17. ¥*P<0.05...........ccceiiiiiiiiiiiiiinininnn, 139

Figure 3.16. Response function coefficients relating growth and reproduction chronologies

from the Dome site to monthly thawing degree days from the Coastal station, Alexandra
Fiord from 1980-1996. The time period covered begins in the previous September (pS) .
and continues to the current August (A). L1 is the one year lag effect, denoted by the
gray bar on the far right of the graphs. In the upper right hand corner of each graph,
three percentage of variance explained are given: amount of variance explained by
climate alone (top), by previous growth or reproduction alone (middle), and by climate

and previous growth or reproduction together (bottom). Temperature = white bars.
Precipitation = black bars. Annual growth increment, number of leaves, number of
flower buds and flower peduncles, n = 17. *P<0.05..........c..cccciiiiiiiiiiniiiinnnn. 140

Figure 3.17. Response function coefficients relating growth and reproduction chronologies
- from the Lowland site to average monthly air temperature and total precipitation from
Eurcka H.A.W.S. from 1948-1996. The time period covered begins in the previous
May (pM) and continues to the current September (S). L1 and L2 are the one and two
year lag effects, denoted by the gray bars on the far right of the graphs. In the upper



right hand corner of each graph three percentage of variance explained are given:
amount of variance explained by climate alone (top), by previous growth or
reproduction alone (middle), and by climate and previous growth or reproduction
together (bottom). Temperature = white bars. Precipitation = black bars. n =49.
N=49, ¥P<O.05. ..ottt ettt ten e e e a e 143

Figure 3.18. Response function coefficients relating growth and reproduction chronologies
from the Bench site to average monthly air temperature and total precipitation from
Eureka H.A.W.S. from 1948-1996. The time period covered begins in the previous
May (pM) and continues to the current September (S). L1 and L2 are the one and two
year lag effects, denoted by the gray bars on the far right of the graphs. In the upper
right hand corner of each graph three percentage of variance explained are given:
amount of variance explained by climate alone (top), by previous growth or
reproduction alone (middle), and by climate and previous growth or reproduction
together (bottom). Temperature = white bars. Precipitation = black bars. n=49.

Flgure 3.19. Response function coefficients relatmg growth and reproduction chronologles
from the Dome site to average monthly air temperature and total precipitation from
Eureka H.A.W.S. from 1948-1996. The time period covered begins in the previous
May (pM) and continues to the current September (S). L1 and L2 are the one and two
year lag effects, denoted by the gray bars on the far right of the graphs. In the upper
right hand corner of each graph three percentage of variance explained are given:
amount of variance explained by climate alone (top), by previous gro’wth or
reproduction alone (middle), and by climate and previous, growth or reproduction
together (bottom). Temperature = white bars. Prec1p1tat10n black bars. n = 49.

Figure 3.20. Comparison of observed and expected July-August average alr temperature at
Alexandra Fiord, Ellesmere Island for the 1980-1995 calibration period..................148

Figure 3.21. The adjusted coefficients of determination X 100 produced from growth and -
reproduction chronologies of Cassiope tetragona from the Lowland and Bench sites at
Alexandra Fiord, Ellesmere Island. The potential models are based upon different
combinations of average monthly summer air temperature from 1948-1996 from Eureka
H.A.W.S. on western Ellesmere Island. The R? adjusted was greatest for August
-September average air temperature (51%) n =49, Aug August Sept =
September .................................................. e eeeeeiereentattanteaeataneanranrananes 150

Figure 3.22. A comparison of observed (Eureka H.A. W S.) and estlmated average August-
September air temperature for Alexandra Fiord, Ellesmere Island for the period 1948-

Figure 3.23. Reconstruction of annual August-September average air temperature from 1899
-1994 for Alexandra Fiord, Ellesmere Island, Canada.............cccoovvieeiinvinnnnnnnnn.. 152

Figure 3.24. The reconstruction of August-September average air temperature departures for
Alexandra Fiord, Ellesmere Island relative to the 1961-1990 mean from Eureka
H.A.W.S. on western Ellesmere Island.......................oooo 155




Figure 3.25. (a.) S-year and (b.) 10-year non-overlapping means calculated from the ’
reconstructed August-September average air temperature departures......................157

Figure 3.26. Comparison of standardized proxy temperature records for the North American
Arctic from 1900 t01995. (a.) C. tetragona-based reconstruction of August-September
average air temperature for Alexandra Fiord; (b.) lake varve sediment-based
reconstruction of surface air temperature for Lake C2, Ellesmere Island (Lamoureux &
Bradley 1996); (c.) percent melt layers from ice cores taken from the Devon Island Ice
Cap (Koerner 1977; Koerner & Fisher 1990); (d.) tree-ring based reconstruction of

June-July temperature for northwestern Canada (SZCICZ & MacDonald 1995). All series
are presented aS 5-Year AVETAZES. .. cuvurutentenreniverneerenreseenmsseaacneranearensansnmeenn 175

Figure 4.1. Map showing the location of Hot Weather Creek on the Fosheim Peninsula,

Figure 4.2. High Arctic mesic tundra near the Hot Weather Creek sampling site, Ellesmere
Island, Canada.........ccooveiiiiniiiiii e e et 188

Figure 4.3 a. (a.) Standardized chronologies and (b.) sample depth for annual growth increment
(AGI), and (c.) standardized chronologies and (d.) sample depth for annual production .
of leaves chronologies for Hot Weather Creek, Ellesmere Island. Minimum number of
stems Measured Was thI€e............cveeeveveereerevreesereeeneeneaneeneenennesnsaeenncnsensenerneenssn 199

Figure 4.3 b. (e.) Standardized chronologies and (f.) sample depth for annual production of
flower buds, and (g.) standardized chronologies and (h.) sample depth for annual
production of flower peduncle chronologies for Hot Weather Creek, Ellesmere Island.

- Minimum number of stems measured was' three. edenns BRI SR 199

- Figure 4.4. Response function coefficients relatmg Hot Weather Creek growth -and reproductlon
chronologies to average air temperature and total precipitation from Eureka HA.W.S.
from 1948-1997. The time period covered begins in the prévious May (pM) and
continues to the current September (S). L1 and L2 are the one and two year lag effects,
denoted by gray bars on the far right of the graphs. In the upper right hand corner of
each graph, three percentage of variance explained are given: amount of variance
explained by climate alone (top), by previous growth or reproduction along (middle),
and by climate and previous growth or reproduction together (bottom). Temperature =
white bars. Precipitation = black bars. Annual growth increment and number of leaves,
n = 50; number of flower buds, n = 49; number of flower peduncles, n = 46.

Figure 4.5. Graph of the adjusted coefficients of determination X 100 produced from Cassiope
tetragona growth and reproduction chronologies from the Hot Weéather Creek and
Alexandra Fiord sites, Ellesmere Island. The potential models are based upon different
combinations of average monthly summer air temperature from 1948-1996. The R?
adjusted was greatest for August-September average air temperature (66%) N=49. M
= May, J = June, Ju= July, A = August, S = September.... ereeeeenas 213

xxiii



Figure 4.6. Observed and estimated average August-September air témperature for central
Ellesmere Island, Canada from 1949-1994...........c.cooiririiiiieieeeeveeenanee 217

Figure 4.7. The reconstruction of AugustQSeptember average air temperaturé departures for
central Ellesmere Island relative to the 1961-1990 mean from the Eureka H.A.W.S. on
‘western Ellesmere Island ................. 217

Figure 4.8. (a.) 5-year and (b.) 10-year non—overlappmg means calculated from the estimated
August-September average air temperature departures for central Ellesmere Island from
the Eureka H.A.W.S. mean (1961-1990)........ Cerdissgasessaizasieniiessiiieessresiain 218

Figure 4.9. (a.) Comparison of the Lowland annual growth increment (AGI) and (b.) number of
leaves (Leaf) chronologies with the summer Arctic Oscillation (AOS) index for the
period 1948-1996. The solid (AGI and Leaf) and dashed (AOS) black lines show linear
trends in the chronologies and.the AOS index. N =49.........cccccevumuuriaierrerneeannn. 227

Figure 4.10. Comparison of standardized proxy temperature records from Ellesmere Island,
- Canada from 1900-1995. (a.) C. tetragona-based reconstruction of August-September
average air temperature for central Ellesmere Island and (b.) for Alexandra Fiord; (c.)
lake varve sediment-based reconstruction of surface air temperature for Lake C2 and (d.)
Lake C3, Ellesmere Island (Lamoreux and Bradley 1996; Lasca 1997). All series are
presented as five-year averages................ et e . 234

Xxiv




Acknowledgments

As I come to the end of this long road, I would like to thank and to express my gratltude
to the many people who have helped make my research possrble F oremost, 1 would like to
thank Greg Henry for his guidance, enthusiasm and unwavenng support Thank you Greg for
introducing me to Alex and for providing me with the opportumty to part1c1pate m Tundra
Northwest 1999. I am an American in love with the Canadian Arctlc

- o S

A X S
B e

I would also like to thank the ‘other members of my thesis committee, Lor_i Daniels, |
Valerie LeMay, Brian Klinkenberg and Roy Turkington, for their support of and contributions
to my research. I am particularly grateful for Val LeMay’s patience, support and |

uncompromising standards.

My research was greatly improved with the help of many scientists who work outside of
University of British Columbia. I especially thank Connie A. Woodhouse, Henri Grissino-
Mayer, Hal Fritts, Ed Cook and Richard Holmes. Connie, Henri and Ed tirelessly answered my
many dendrochronology-related questions, and Hal and Richard rewrote software programs to
accommodate Cassiope tetragona chronologies. I am also indebted to Claude Labine and the
Meteorological Service of Canada for prdviding me with climate data from the Coastal station at
Alexandra Fiord and from the Eureka High Arctic Weather Station, Ellesmere Island. I thank

- Anne Gunn and Frank Miller for hosting me at Walker River, Bathurst Islandvin 1998. Lastly, I

thank Jill Johnstone for her support, interest and willingness to field my questions.

~ Talso wish to thank the Swedish Royal Academy of Sciences for their invitation to
participate in Tundra Northwest 1999. The experience enriched my research and introduced me

to many European colleagues and friends. I thank all the participants of Camp Yellow (Legs I

.and II) for their knowledge and friendship, especially Eva-Lena Larsson, Katarina Hedlund,

Dagmar Gromsen, Esther Lévesque, Bente Ericksen, Ulf Molau, Reidar Elven, Susanne
Akesson and Ingasvala Jonsdottir.

My field experiences were greatly enriched by the companionship and help of Katie
Breen, Michael Svoboda and Mike Treberg. I'thank each of them for their friendship and



willingneés to tolerate my obsession with Cassiope tetragona. 1 also thank David Bean for his

help and companionship in the lab.

My experience as a Ph.D. student in the Department of Geography was smoothed and
brightened by the presence and help of many staff and faculty members. I thank Lorna Chan,
Junnie Cheung, Elaine Cho, Vincent Kujala, Sandy Lapsky, Ivan Liu, Mary Luk, Margaret
North, Juanita Sundberg and Jeanne Yang.

1 would also like to express my gratitude to Peirce Lewis, professor emeritus, at the
Pennsylvania State University. Dr. Lewis’s three page, single-spaced letter describing why he
was a geographer convinced me to begin my graduate studies in geography. Thank you, Peirce.

I would like to thank the many friends and family who have made this joufney with me.
Thank you Ali, Bob, Helen, Jen and Beth for your friendship and for the many nights on the

futon. Ialso thank my family for their encouragement and enthusiasm. Thank ydu Brian,

~ Alysa, Jimmie, Carol O., Granny, Carol M., Gail, Mireille and André. "~

- Finally, I am deeply thankful for the love, patience and support of my ﬁments, James and
Judith Rayback, and of my husband, Hervé Mahé. Thank you Mom and Dad for the opportunity

to pursue my graduate education, for your unflagging interest in my research, and for your

‘complete confidence in my ability. Thank you Hervé for your never-ending patience, for your

- willingness to follow me to the U.S.A. and Canada, and for your unfailing faith in me.




1. Introduction

1.1. Climate Change in the Arctic

From the time of Louis Agassiz and his contemporaries, Quaternary scientists have been
interested in piecing together and understanding the complex record of pést climate change. |
Accumulating evidence from many scientific disciplines has shown that the Northern
Hemisphere has experienced repeated major climatic changes, as well as shorter and more
abrupt fluctuations (Smol ef al. 1991). In the Northern Hemisphere, high latitude sites have
been identified as crucial reference points for environmental monitoring as they are especially
sensitive to climatic change (Roots 1989; Douglas and Smol 1994). Research based on
paleoclimatic and instrumental data from the Arctic has demonstrated that climate change
during the twentieth century was anomalous in terms of the rate and magnitude. Paleoclimatic
records from arctic sites suggest that temperatures have increased at an unprecedented rate since
the end of the Little Ice Age (c. 1850) w1th many arctic reglons experiencing both the coldest
(end of Little Ice Age) and the warmest (19905) temperatures for at least four hundred years and
possibly several millennia (Jacoby anq D’ Arrigo 1 989; Bradley 1990; Koerner and Fisher 1990;
D’ Arrigo and Jacoby 1992; 1993; Lamo:ureu‘x;and Bradley 1996; Overpeck et al. 1997; ) _

D’ Arrigo et al. 1999; Hughen et al. 1959'; 'B'i'éé“l‘ey 5000). At the close of the twentieth century,
analysis of instrumental climate records from Arctic Canada revealed that the decade of 1989—
1998 and the summer of 1998 were the warmest ever recorded (Meteorological Service of | |
Canada, National Archive and Data Management, Environment Canada, 2002). For the twenty-
first century, General Circulation Models (GCMs) predict continued significant climate change
in association with anthropogenic and natural forcing factors. The greatest temperature
increases were forecast for the Arctic (IPCC 1996; 2001). Thus, in order to understand current

~ and future climate change in the Arctic, proxy records are necessary to gain a full understanding

of how climate has varied in the past (Bradley and J ones 1993).




‘1.2. Proxy Climate Data

Paleoclimatic researcfl and the resulting climate proxies provide the necessary
perspective to understand past climate variability. Proxy data provide a means through which:
(1) reference conditions can be determined, (2) natural climatic variability can be aésessed, and
(3) future climatic conditions and their impacts might be inferred (Smol and Douglas 1996).
Understanding the unique spatial and temporal variability of arctic climate during the past 100-
150 years is crucial to understanding cuﬁent and fu_?ure climate change, as well as its potential
impact on arctic tundra qcosysteﬁis. deve\i@lj, vas'tli’e instrumental record is short and
geographically sparse;‘ and only a'_vlimite‘d' nﬁmber of high-resolution climate proxies exist for
Arctic Canada (Hardy and Bfédleyn19_97),x.ri'e'w research is needed to fill thé geographic gaps and

to supplement existing paleoclimatic studies.

1.3. Arctic Vegetation and Climate Change

Previous studies indicate that arctic plant growth and reproduction are directly and -
indirectly limited by a range of environmental variables, including temperatlire (Bliss 1956;
1962; Billings and Mooney 1962; Chapin 1983; Henry ef al. 1986; Shaver et al. 1986; Billings
1987; Shaver and Kummerow 1992). It is believed the future impact of climate change on the
abiotic and biotic components of the arctic tundra ecosystem as predicted by GCMs will be
substantial (Maxwell 1992; IPCC 2001). Increésing temperature would directly and indirectly
impact arctic tundra vegetation through changes in geophysical feedback mechanisms and
biogeochemical cycles (Swift ef al. 1979; Chapin 1984; Oeschel and Billings 1992; Smith 1993; |
Robinson et al. 1998; IPCC 2001). Experimental studies offer one way to understand the '

response of arctic plant growth and reproduction to current and future climate change.

1.3.1. Cassiope tetragona

_ Cassiope tetragona (L.) D. Don (Ericaceae) (arctic white heather) is an evergreen,
 dwarf-shrub with a circumarctic distribution (Polunin 1959; Hultén 1968; 1971). Well-
established individuals are long-lived, surviving for up to 100+ years (personal observation). It
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is an important component of high and mid-arctic vegetation communities including, low shrub-
:heath, dwarf-shrub heath and mixed heath communities (Bliss and Mateyeva 1992). The
species typically forms loose, prostrate cushions of monopodial stems (Serensen 1941). Along
the length of the stem, two alternating sets of opposite leaves form which are photosynthetic for
three to ten years and may remain attached to the stem for periods up to and beyond 20 years
(Callaghaﬁ et al. 1989; personal observation). Cassiope tetragona produces white, pendulous,
bell flowers which form fruits with multiple seeds (Serensen 1941). However, reproduction in
C. tetragona is often unsuccessful due to unfavorable environmental conditions which lead to
heavy flower and fruit abortion (Molau 1983) and a low number of seedlings (Freedman ef al.
1982; Havstrom er al. 1993).

Cassiope tetragona is characterized by its slow growth and by its longevity. The
species” short- and longer-term response to growing season conditions, both natural and
ameliorated, have been investigated in several studies (Nams 1982; Callaghan et al. 1989;
Havstrdm et al. 1993; 1995; Johnstone 1995; Johnstone and Henry 1997; Molau 1997; 2001).
The results of field experiments investigating the vegetative growth and reproductive responses
to short-term temperature enhancement were equivocal. While the species has the potential to
respond positively to increases in growing season temperature, it did not do so at all sites nor for
all vegetative growth and reproductive variables (Nams 1982; Nams and Freedman 19876; _
Havstrom et al. 1993, 1995b§ Johnstpne 1995; Bliss et al. 1997; Molau 1997; 2001). Howeifer,
results from temperatuie enhancement studies are typically based on five years or less of

experimental warming data and these indicated that longer-term investigations are needed.

In previous research, retrospective analysis of C. tetragona growth and reproduction was
used to mvestlgate and to reconstruct the species’ response to past climate conditions for
relatively long time periods (Callaghan et al. 1989; Havstrom et al. 1993; 1995; Johnstone and

Henry 1997). Retrospective analysis is based upon modified dendrochronologlcal and
| dendroclimatological techniques (Callaghan ef al. 1989; Johnstone and Henry 1997). The
results from previous studies indicated that its high arctic populations responded significantly to
summer growing season temperature (Callaghan et al. 1989; Havstrom ef al. 1993; 1995;
Johnstone and Henry 1997). In addition, retrospective analysis was used to reconstruct average
July temperature and July growing degrees for periods of up to 35 years (Havstrom et al. 1995

Johnstone and Henry 1997). Given the success of previous climate reconstructions using C.
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tetragona growth and reproduction as predictors, and the possibility that the species can live for
over 100 years, there is great poténtial for reconstructing past climate of high-resolution and
moderate duratiqn'for high arctic sites where few or no instrumental or proxy data are yet

available.

1.4. Research Framework

The first part of the thesis reports the fesul'ts"from a \;Varming experiment conducted at
Alexandra Fiord, Ellesmere Island, Canada as part of thé International Tundra Experiment
(ITEX). The purpose of the warming experimenf was to investigate the current response and the

potential future eﬁ'eéts of recent and predicted climate change on C. fetragona growth ahd. _
| reproduction. Plants from a high arctic population were subjected to a short-term (7 years)
temperature enhancement experiment using passive, open-top greenhouses. The retrospective
analysis technique was used to reconstruct thé growth and reproductive responses of the C.
tetragona population to temperature both prior to (1986-1991) and during (1992-1998) the

warming experiment (Chapter 2).

In the sgcond part of the thesis, past summer temperature was reconstructed and
aﬂalyzed for two sites on Ellesmere Island, Canada. Using modified dendrochronological
techniques, chronologies of C. tetragona growfh and reproduction were constructed for three
sites at Alexandfa Fiord and for one site at Hot Weather Creek. Through dendroclimatological
analysis, C. tetragona chronologies were related to instrumental climate records from Alexandra
Fiord (1980-1996) and the Eurek5 High Arctic Weather Station (1948-1996), Ellesmere Island,
and used to reconstruct past growing séason temperature for Alexandra Fiord (1899-1996)
(Chapter 3) and for central Ellesmefe Island (1948-1996) (Chapter 4). The temperature
reconstructions for Alexandra Fiord and central Ellesmere Island were compared with ‘
instrumental climate data and other climate proxies from the Canadian Arctic, including tree-
ring, lake varve sediments, ice core melt records and fresh water diatoms. Lastly, the ‘
chronologies developed for the Lowland and Hot Weather Creek sites were compared with the:

Arctic Oscillation index for the period 1948-1996 (Chapter 4). A summary and conclusions are

presented in Chapter 5.




2. Retrospective analysis of the growth and reproductive response of Cassiope tetragona to

experimental warming

2.1. Inﬁ‘qductibn
2.1.1. Climate Change in the Arctic .

General circulation model’é (GCMs) of the Eanh’s aﬁhosphere pfedict signiﬁcaﬁt climate
change at high latitudes wuhm the first half ef ‘-:theftwenty-ﬁrst century due to the effects of
anthropogenically enhanced éreenhOuse gases in the atmosphere (Maxwell 1992; IPCC 1996;
2001). The GCMs predict mean annual global surface air temperature will rise by 1.4-5.8 °C
(IPCC 2001). .However, the greatest temperature increase is forecast for the Arctic; 4.0-7.5 °C
in summer and 2.5-14.0 °C in winter (Carter et al. 2000; IPCC 2001). While it is thought that
predicted future wafming in the circumpelar north will vary on both an areal and temperal basis,
the direct and indirect impacts on the abiotic and biotic eomponents of arctic tundra ecosystems
will be substantial and will continue for eentudea (Ma_xwell 1992; IPCC 2001). In fact, there is
strong evidence that climate change has already had an inipaci on the Arctic including: increases
in air temperaturev (Jones et al. 1999; Serreze et al. 2000) and precipitation (Groisman et al.
1991; Groisman and Easterling 1994; Georgiyeifskii 1998), decreaaes in sea ice thickness and
extent (Cavalieri et al 1997; Wadhams 1997; Parkinson et al. 1999; Johannéssen et al. 1999;
Rothrock et al. 1999 Serreze et al. 2000) reduction in snow-cover extent (Brown 2000; Serreze
et al. 2000), retreat of glaciers and ice caps (Koerner and Lundegaard 1996; Dowdeswell et al.
1997), changes in ocean circulation and temperature (Carmack ef al. 1995; Maslanki ef al. 1996;
McPh'ee et dl 1998), deepening of the active la?er and change in the distribution and
temperature of permafrost (Halsey et al. 1995; Weller 1998 Weller and Lange 1999; Osterkamp
et al. 2000). |

‘ General circulation models predlct that increased temperatures will lead to alterations in
geophyswal feedback mechanisms impacting surface energy and water balances in the Arctic
(Smith 1993 ‘Robinson et al. 1998; IPCC 2001). Decreasmg sea ice and snow cover due to the
, .greenhouse effect would lead to a reduced surface albedo, mcreasmg the absorptlon of solar
radiation and .terrestnal net radlatlen (Maxwell 1992; IPCC‘ 2001). Increased net radiation



would, in turn, result in a positive feedback loop with further ice.and snowmelt associated with
the dissemination and storage of warmth in thé atmosphere and ocean. Furthermore, GCMs
forecast a decrease in the thickness and the retreat northward of the continuous permafrost
boundary, as well as associated deepening of the active layer (Kane et al. 1992; Maxwell 1992;
IPCC 2001). Changes in arctic permafrost would strongly affect the surface and subsurface
hydrological regime of the Arctic (Kane et al. 1992; Osterkamp et al. 2000). Most general
circulation models predict an increase in net annual precipitation throughout the circumpolar
nbrth, élthough the models’ conclusions are far from uniform (Maxwell 1992; Stewart 2000;

- IPCC 2001). Greater cyclonic activity in winter combined with warmer winter temperatures
should produce greater snowfall (Maxwell 1992). However, predicted spring and summer
warming is expected to result in earlier snowmelt and a prolonged growing season (Barry 1982;
IPCC 2001).

Future warming in the Arctic would likely lead to biogeochemical changes in tundra
ecosystems. Increased temperature and variable soil moisture may increase microbial acﬁvity,
thus stimulating decomposition and nutrient mineraliiation (Swift et al. 1979; Gates et al. 1992;
Kane et al. 1992; Waelbroeck 1993; Groismand ef al. 1994). Net trace gas fluxes between the
aﬁnosphere and tundra ecosystems are also hypothesized to change. Accelerated decomposition
rates associated with permafrost loss and a deepening active layer could result in the increased
reiease of carbon dioxide into the atmqsphere from previously buried and frozen organic soils
(Billings ef al. 1982; Billings 1987a; Oeschel and Billings 1992; Oechel et al. 1993; McKane e
al. 1997a and b). The influence of potentlally anthropogemcally-mduced climate change on
these biogeochemical and other geophysxcal factors w111 ultlmately impact terrestrial tundra

ecosystems :
K

oL

Predicted temperature increase is expected to‘ directly affect tundra plant growth and
phenology, while ecosystem functioning will be indirectly mediated by nutrient and moisture
changes (Chapin et al. 1995; Harte and Shaw 1995; Wookey et al. 1995). Tundra plant species
will respond individually to environmental changes in temperature, light and nutrients (Chapin
et al. 1997, Callaghan et al. 1998). However, their interactions and cumulative response will

dictate plant community composition and diversity on micro- and meso-scales, in addition to

propelling future landscape-scale changes (Chapin and Shaver 1985; Henry et al. 1986; Wookey
et al. 1993; Chapin ef al. 1995; Henry and Molau 1997; Press et al. 1998). Given the
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~ complexity and uncertainty inherent in predicting tundra ecosystems responses to climate
change, the importance of defining precise relationships between climatic controls and
ecosystem components becomes that much more critical (Kielland and Chapin 1992; Maxwell
1992; Wookey et al. 1995).

2.1.2. Simulated Environmental Change

‘The appeal of arctic ecosystems “.. .srnall vegetation stature, low species diversity and
fine grained environmental variation.. .”(Chap‘in and Shaver 1985) has proven alluring to -
 scientists interested in the effects of various environmental factors on ecosystem structure and
function (Wookey et al. 1993). Furthermore, field-based experiments enable researchers to. '
assess the ecological nnpacts of specific abiotic envrronmental factors within the context ‘of an

' otherwrse natural ecosystem (Chapin and Shaver 1985; Wookey ef al. 1993). Over the past two
~ decades, field experiments des1gned to determme plant responses to enwronmental change and
to examine limiting factors have been conducted in various arctic ecosystems (¢.g., Chapm and
Shaver 1985; McGraw 1985; Henry et al 1986 Shaver et al 1986; Grulke et al. 1990;
Havstrom et al. 1993 Oeschel et al.. 1993; Wookey et al. 1993; 1995; Parsons et al.1994;
Chapin ef al. 1995; Henry and Molau 1997 Welker et al 1997; Press et al. 1998; Robinson ef
al. 1998; Arﬁ et al. 1999). ‘ ‘

The International Tundra Experiment (ITEX), begun in the early 19905; was initiated in
- response to predictions made by GCM s of significant climate change in high latitude
ecosystems (Henry and Molau 1997). ITEX proyides_a structure for international, collaborative,
| long-term research on plant and community responses to climate change throughout the |
. cucumpolar north and in high altitude mountam ranges (Molau 1993). The multi-site
"experiment employs a common temperature manipulation to examine vanablhty in response of
" arctic and alpine species to increased warmth across climatic and geographic gradients of tundra
ecosystems (Henry and Molau 1997; Arft et al. 1999). The studies are a combination of annual
monitoring of the phenology, growth and reproduction of plant species, and simple field
experiments designed to simulate predicted’climate change (Henry and Molau 1997). Initial
results from the ITEX study have provrded ecologlsts with a prehmlnary understandmg of the
nature of plant variation m response to warming experiments across broad geographlc and
7



climatic gradients (Henry 1997; Arft et al. 1999). ‘Two recent ITEX studies focused on the -
growth and reproductive variability within and between populations of Cassiope fetragona
(arctic white heather), one of the ten key ITEX species (J ohnstone 1995; Molau 1997).

2.1.3. Experimental Warming and Cassiope tetragona

Previous studies whi'éh éXarhihed‘ the respdﬁses of high arctic C. tetragona plants to
expenmental warmmg yleldcd mixed results. A two-year warming experiment of C. tetfragona
plants at a high arctic site at Ny-Alesund Svalbard Norway, showed strong correlations
between vegetative growth and siiminer chmate conditions (Havstrom et al. 1993). The
conclusions from this experimental warming study suggested that northern populations of C.
tetragona are limited primarily by temperature éﬁd should respond positively to an increase in
average summer temperature (Havstrdm et al. 1993). An early study at Alexandra Fiord,
Ellesmere Island, Canada, also resulted in a positive annual growth response in stem length to
experimental warming after one growing season (Nams 1982). However, in these early |
investigations, greenhouse temperatures were raised by approximately 3-5 °C. More recent
studies completed under the auspices of ITEX raised growing season temperatures by 1-3 °C, an
increase that coincides ‘more closely with recent GCM predictions for the high arctic (Maxwell
1992; Marion et al. 1997; IPCC 2001). '

A two-year study of C. tetragona, conducted by Johnstone (1995) at Alexandra Fiord
produced mixed results. At one of the Alexandra Fiord lowland study sites, annual shoot
elongation was positively affected by experimental warming while at the secqnd site it was not
(Johnstone 1995). A three- and a ﬁve-yeaf study at the sub-arctic ITEX site in Latnj ajaure,
northern Swedish Lapland resulted in no signiﬁcant response of annual stem elongation to
increased temperature (measured as total degree days above 0 °C for the growing season)

~ (Molau 1997; 2001). The absence of a vegetative growth response to short-term experimental
warming parallels results from research on other arctic evergreen species, such as Saxifraga
oppositifolia L. (Stenstrdm et al. 1997), Diapensia lapponica L. (Molau, unpublished data), and
Dryas octopetala L. (Welker et al. 1993; but see Welker et al. 1997, Wookey et al. 1993).




In addition to investigating the vegetative response, several studies also examined the
reproductive response of C. tetragona to expenmental warming. The reproductive success of C.
fetragona is highly sensitive to climate conditions of the previous and current year (Bliss ef al.
1977; Nams and Freedman 1987b). In the aforementioned two-year study at Alexandra Flord,
increased temperature resulted in a strong positive response in the production of flowers and
buds and an increase. in seed viability (Johnstone 1995). Nams (1982) also observed a greater
number of buds produced on experimentally warmed C. fetragona plants. The reprbducti_ve
response of other high arctic evergreen speéies such as Dryas octopetala also showed a
significant increase in flower production, seed set, seed weight and seed viability following
favorable growing season conditions (Wookey e al. 1993; 1995). Strikingly, Havstrdm et al.
(1995) found no signiﬁéant warming effect (temperaﬁire raised by 2.5-5 °C) on C. tetragona
flowering frequency after four years of treatment at two subarctic sites near Abisko, Sweden.
While observations of C. tetragona plants under experimental warming treatments appear to

indicate an increase in reproductive success, the results are equivocal.

2.1.4. Retrospective Analysis of Cassiope tetragona

Dendrochronology is the study of the patterns of annual tree-ring widths (Fritts 1976).
The techniqué facilitates the identification and reconstruction of common patterns of ring-width
variation among trees within a region and allows for the identification of the exact calendar year
of each ring (Fritts 1976) Precisely dated tree-ring chronologies may extend backwards in time
for hundreds to thousands of years prov1d1ng retrospective information on small- and large-scale
fluctuations in climate, environmental disturbances and ecological relationships, depending on
the chronology quality and research objectives (Fritts 1976; Cook and Kariukstis 1990).

The dendrochronological proxy technique was later modified by Callaghan et al. (1989)
and Johnstone and Henry (1997) for use with C. fetragona to reconstruct ecological
relationships and climate. Callaghan et al. (1989) outlined a retrospective analysis technique
that used the pattern in leaf-lengths along the C. fetragona plant stem to delimit annual growth.
They were able to develop growth chronologies of up to 20 years for three sites, two located in
northern Swedish Lapland and one on Svalbaid, Norway. By invesﬁgating the relationship
between growth and climate using dendrochronological techniques, Callaghan er al. (1989)




developed climate response functions that explained up to 74% of the variance in the measured :
growth variables. More recently, Johnstone and Henry (1997) détermined that pattems in the
positioning of leaf nodes in adjacent leaf rows on the plant’s stem were analogous to fhe
patterns in leaf-length. Using this modified technique, they were able to date annual growth

© increments and generate longer chronologies (up to 35 years). Johnstoneand Henry (1997)
generated one reproductive and fwo growth chronologies that were significantly and positively
correlated with June and July temperauues Flower production was the most sensitive variable
to summer climate conditions w1th chmate response functlons ‘explaining up to 84% of the
variation in the flower chronology (Johnstone and Henry 1997) These investigations mdlcate
that retrospective analysis of C. tetragona could prov1de valuable information on past
productlon and the long-term variability of the plants’ vegetatlve growth and reproductlve

variables.

2.1.5. Research Objectives

In this chapter, the three objectives were: (Dto construct two vegetative growth and two
reproductive chronologies which cover the period prior to and during the establishment of an
experimental warming treatment; (2) to investigate the short-term trends and inter-annual '
variability of reproduction and growth for the,pre-treatment and treatment periods and; (3) to
evaluate the response of the variables to natural climatic vériation and experimental warming.
The pre-treatment period was deﬁned as the period of time (1986-1991) prior to the initiation of
the warming experiment in the summer of 1992 at Alexandra Fiord, Ellesmere Island. The
 treatment period was defined as the period of tirne' from July 1992 to late August 1998 when the

plants were harvested.

2.2. Methods
2.2.1. Species Characteristics

Cassiope tetragona is a long-lived, evergreen, dwarf shrub with a wide geographical

range. The species has a circumarctic distribution, found at the highest latitudes to the .
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subarctic, with extensions into some alpine regions (Polunin 1948; 1959; Bocher et al. 1968,
Hultén 1968; 1971). Throughout its range, itis a component of low shrub-heath, dwarf shrub-
" heath and mixed heath communities (Bocher 1954; 1959; 1963; Gjaerevoll and Bringer 1965;
Igoshina 1969; Renning 1969, Beschel_ 1970; Chepurko 1972; Thompson 1980; Bliss and
* Matveyeva 1992). The species may occur on well-drained heath tundras and fellfields with
moderate snow cover in winter (Polunin 1959; Nams and Freedman 1987a; Muc et al. 1989). It
" may also occur at the base of raised beach ridges or on steep slopes where snow persists into the
* growing season as snowbeds, particularly in the high arctic (Porsild 1920; 1955; Polunin 1948;
" Holmen 1960; Brassard and Beschel 1968; Tikhomirov and Gavrilyuk 1969; Brassard and
Longton 1970; Barrett and Teeri 1973; Bliss et al. 1977; Webber 1978; Nams and Freedman
1987a; Muc et al. 1989). It is also found within the shelter of rocks and in ice wedge

depressions and crevices (Polunin 1959; Bliss and Matveyeva 1992; personal observation).

Cassiope tetragona forms loose prostrate cushions of stems that radiate outward in a
centrifugal manner from a central root mass (Figure 2.1). The species initially grows
" monopodially with upright stems that later form wildly entangled and creeping shoots
(Havstrom et al. 1993). The individual genets of C. tetragona are generally long-lived and can
grow to cover an area of aboﬁt one square metre (Crawford 1989; Havstrom ef al. 1993). '
Personal observations of large genets in the Canadian Low Arctic revealed a large central zone

of dead biomass encompassed by a circle of live stems and photosynthetic leaves.

The plant produces whlte pendulous bell ﬂowers extendmg from the axils of the topmost .
leaves on the stem. Buds form the summer pnor to ﬂowermg, remaining protected beneath the
leaf at the base of the node until the followmg summer. Followmg flower opening and petal
drop, a darkly-colored capsule on the end ‘Qf_', the p_eduncle is revealed (Callaghan ef al. 1989;
Johnstone 1995). Seed dispersal is thoughtv to take place either in winter or early spring as all
capsules have demsced prior to snowmelt (Molau, 1997). However, a truncated growmg season
due to unfavorable environmental conditions can lead to heavy flower and fruit abortion (Molau
1997).

Cassiope tetragona produces two alternating sets of opposite leaves along the stem

forming four distinct rows (Figure 2.2). The imbricate leaves are deeply grooved and scale-like

with stomata restricted to the curled margins of the abaxial leaf surface (Calléghan et al. 1989;
11




Figure 2.1. Cassiope tetragona (L.) D. Don (Ericaceae) growing in the lowland
of Alexandra Fiord, Ellesmere island, Canada. Note the white pendulous bell
flowers, usually visible in July.







Havstrom ef al. 1993). The leaves of the species remain photosynthetic for three to ten years
(Serensen 1941; Molau 1997; personal observation). Later, the green leaves change color to
yellow or red and then brown with death (Callaghan et al. 1989; personal observation). The
dead leaves remain attached to the stem for at least 20 years and up to 100 years (Callaghan ef ’A
al. 1989; Havstrom et al. 1993; Johnstone and Henry 1997; personal observation). Several
species of microfungi are known to colonize the dead leaves, but this does not appear to affect
the persistence of the leaves attached to the stem (Holm 1975). In addition, the green leaves
contain flavonoids (Denford and Karas 1975) and phenols (Harborne and Williams 1973),
making them unpalatable to caribou, muskox and other grazing species (Nams 1982; Callaghan
et al. 1989; Henry and Gunn 1990; johnstone and Henry 1997; Ferguson et al. 2001; personal
observation). Wave-like patterns in leaf-length along individual stems are apparent on most
plants. Small leaves produced in the spring and autumn of each year frame larger leaves formed
during the summer (Warming 1908). The smaller leaves delimit an annual growth increment.
Measurement of individual leaves allowed Callaghan ét al. (1989) and Havstrdm et al. (1993;
1995) to identify and date individual annual growth increments. Later, Johnstone and Henry
(1997) found the pattern in the positioning of leaf nodes in adjacenf leaf rows was analogous to
patterns in leaf length. As leaf scars remain visible along the full length of a shoot even after
long periods of time, Johnstone and Henry (1997) were able to use this pattern to measure and
date annual growth increments (Figure 2.3). Their modified technique allowed for the-
generation of longer growth chronologies. (Johnstone and Henry 1997) than the leaf-length
method used by Callaghan et al. (1989) and Havstrém et al. (1993; 1995).

2.2.2. Study Area

Field work was carried out at Alexandra Fiord, Ellesmere Island (78° 53°N, 75° 55°W)
during the summer of 1998. Ellesmere Island is located in the Queen Elizabeth Islands of Arctic
Canada, an archipelago of about 1.3 million square kilometers (Bradley 1990). Alexandra Fiord |
lies on the eastern coast of céntral Ellesmere Island incising the Johan Peninsula and opening
_ out onto Buchanan Bay and the Kane Basin (Figure 2.4). The triangular-shaped lowland, 8 km?
in area, is a gently sloping, post-glacial, outwash plain. To the east and west, the lowland is

bound by bare upland plateaus (approximately 500-700 m a.s;l.) of Arcane granite and -

Paleozoic dolomitic rock (Sterenberg and Stone 1994). Two glacial tongues from the Prince of
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Figure 2.3 Schematic diagram of a Cassiope tetragona stem with leaves removed
showing the leaf scars, flower peduncle scars, flower buds and internodes (Figure
adapted from Johnstone and Henry 1997). Dotted line with arrows in Year 4 indicates
the direction of measurement between internodes for one annual growth increment.
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Figure.2.4 Map showing the location of Alexandfa Fiord (78°53’ N, 75°55' W
on the eastern central coast of Ellesmere Island, Nunavut, Canada.




Wales Ice cap form the southern apex while the northern base of the triangle meets the waters of
Alexandra Fiord. The lowland topography consists of a river and several stream courses, 4

~ granitic rock outcrops, sorted polygons, frost boils, raised beach ridges and erratics.
Microtopographic variation includes hummocks and hollows, as well as smaller scattered
boulders. |

Most of the surroundmg terrestnal landscape around the Alexandra Flord lowland is’
classified as polar desert (vascular plant cover < 5%) or polar semi-desert (vascular plant cover |
5-20%) (Bliss 1975; 1977 Bliss and Matveyeva 1992). Communities of semi-closed and closed
vegetatlon are locally rare in. the Queen Ehzabeth Islands, Canada (Bliss and Matveyeva 1992). |

At Alexandra Fiord, 12 distinet plant commumtles comprised of closed to semi-closed
vegetation occur over greater than 90% of the lowland (Muc ez al. 1989) (Figure 2.5). Heath '
communities dominated by C. tefragona and Dryas integrifolia M. Vahl cover over 50% of the
lowland (Nams and Freedman 1987a; Muc et al. 1989). Cassiope tetragona occupies a wide
range of habitats within the lowland including late-lying snowbeds, well-drained heath tundra
and fellfields (Muc et al. 1989).

2.2.3. Climate Conditions

According to the climate classification of the Canadian Arctic Archipelago by Maxwell
(1981), Alexandra Fiordv lies within the Northern Region along with the High Arctic Weather
Station at Alert (85° N) However, climate variables during the summer months are more
strongly correlated with those at the High Arctic Weather Statlon at Eureka (Labine 1994). The
mean summer air temperature (J une-August) of the Alexandra Fiord lowland is approximately
32°C (Coastal station, 1980-1998) with a mean annual precipitation of approximately 100-200
- mm (Freedman et al. 1983; Labine, 1-994; C. Labine, personal comrnunication, 2000). The
 contribution of two Synoptic factors, the Greenland high-breSsure system and the arctic ‘
cu'cumpolar vortex, results in hlgh levels of incoming radiation dunng the summer at Alexandra
Fiord (Alt and Maxwell 1990 Labine 1994). The Greenland seml-permanent hrgh—pressure
system helps to maintain clear skies at Alexandra Fiord. Warmer temperatures in June and July

are partly the result of the adiabatic drying and warming of air flow off the Arctic Ocean as it

crosses interior mountain ranges before descending at Alexandra Fiord (Alt and Maxvvell 1990;
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Labine 1994). Warmer winter conditions are maintained in the region by the prevailing airflow
frem the open waters of northern Baffin Bay and associated storm activity responsible for the
later date of sea ice consolidation (Maxwell 1981; Labine 1994). Despite low mean summer
precipitation values (10-60 mm), the lowland’s hydrological budget is supplemented throughout
most of the summer by é'large mﬂux of glacial and snow meltwater as well as water produced
by the annual thaw of the active layer.  The presence of the two synoptic factors, the unique
topographical eonﬁguration of the lowland and subsequent low albedo levels, result in sumnier
air and soil temperatures warmer than those of the surrounding uplands. Such factors"combine

to create a veritable thermal polar oasis (Labine 1994).

2.2.4. Study Site

During the summer of 1992, several sites were selected in the lowland for a long-term
temperature manipulation expenment (Flgure 2 6). The 51te selected for the current study is
classified as a dwarf shrub-cushion plant commumty type for the Alexandra Fiord lowland (Muc
et al. 1989). The community is dominated by D. mtegrzfolza, with C. tetragona, Carex
misandra (R. Br.) Nyman, Erzophorum angustzfolzum subsp angustifolium Honck., Luzula
confusa Lindeberg, Papaver radzcatum Rottb and: Arctagrosns latifolia (R. Br.) Briseb. subsp.
latifolia also present. The site is underlam by soils characterized by alluvial sands and gravel
topped by a thin layer of humus and organic litter (Muc et al. 1994). The topography slopes
gently (<2°) with a slight northern exposure (Johnstone 1995).

2.2.5. Experimental Teniperature Manipulation

Experimental warming began at the Dryas-dominated community site (Dryas ITEX) in
June 1992. Open-top hexagonal-shaped greenhouses or openLtop chambers (OTCs) were
established to increase the ground surface temperature (Marion et al. 1997). The sides of the
open-top chambers are inwardly inclined (60° with respect to the horizontal), which allows
. transmittance of solar radiation and traps convective heat (Marion et al-1997). The open-top

chambers (OTCs) are approximately 60 cm high with a top diameter of 1.5 m. The chambers

are constructed of 1.0 mm thick Sun-Lite HP® (Solar Components Corporation, Manchester,
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Coastal and Meadow automated weather stations in the lowland at Alexandra Fiord,
Ellesmere Island.




NH, USA) ﬁberglass material designed for solar apphcatlons (Manon etal 1997) While the
open-top-chambers do increase air temperature, side effects such as altered light, moisture and

- gas exchange are minimized (Marion ef al. 1997). The ﬁberglass has a high solar transmittance
of visible wavelengths (86%) and low transmittance of infrared (<5%) (Marion et al. 1997). At

~ Alexandra Fiord, open-top chambers were left in place year round. .'

In June 1992, 14 treatment and 14 control plots were estabhshed within the Dryas ITEX
site. Plot locations were selected in, order to mclude md1v1duals of the target ITEX species,
including C. tetragona.. The srze of the control plots approxrmates that of the treatment plots
(c1rca 1.8 m?) (Johnstone 1995) The: control and open-top chamber plots were placed a

minimum of three metres apart in order to réduce mterference with normal snowpack
- conditions. At the establishment of the treatment, four plot pairs were randomly designated for
future destructlve sampling. One C. tetragona plant per plot was tagged in 1992 for later

destructive sampling.

2.2.5.1. ITEX Thermocouple Data

Year-round temperature data have been collected at the Cassiope ITEX site since the
summer of 1992. The Cassiope Site is approximately 200 metres north of the Dryas site on the.
lowland. At the Dryas site, contmuous growing season temperatures were only avallable for
July 1995. Therefore surface temperature (-3 cm) data from the Dryas ITEX site were only
used in a Pearson’s product moment correlation analysis with temperature data from the
Cassiope ITEX site for the month of July 1995. Between 1992 and 1994 at the Cassiope site,
there were seven treatment and seven control plots instrumented for temperature measurement
using copper/constantan thermocouples. Beginning in July 1995, the number of treatment and
control replicates was increased to nine plot pairs at the site. During the period 1992 to mid-
summer 1995, three soil thermocouples (-3 cm) per treatment plot were placed along a south-to-
north transect (Marion ef al. 1997). One thermocouple was located in the center of the open-top
chamber with the other two sited immediately beneath the top edge of the chamber on the north
and south sides (Marion et al. 1997). Beginning in mid-July of 1995, the three soil

thermocouples were moved to the center of each treatment plot in order to measure a sirigle

profile of air (+10 c¢m), near surface (0 cm) and soil (-10 cm) temperature. Measurements were
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taken every five minutes and averaged hourly, with daily outputs of data. In addition, snow
depth was measured daily over two control and two open-top chamber plots at theCassfope site.
Snow depth was measured with ultrasonic depth gauges (UDGO1, Campbell Scientific, Logan
UT, USA) (Marion ef al. 1997). |

In order to assess the magnitude of the temperature response to the open-top chambers
for the period 1992-1998, two-factor repeated measures analyses of variance (ANOVA-R) were
carried out (M)ANOVA procedure, SYSTAT 1992). Tempefature. response magnitude was
examined for the months of May, June, July, August, and September, as well as the seasonal
peﬁod of June-August. In addition, the temperature response magnftude during two-week
periods in the months May, June, July, August and September was examined. In the ANOVA-
R, both treatment and years were considered fixed effects (Model I) (Hicks 1993; Johnstone et
al. 1996). Data used in the ANOVA-R met the assumptions of parametric statistics, including a

normal distribution of errors and homogeneity of error variances.

2.2.6. Coastal Station Climate Data

Beginning in the summer of 1980, meteorological data on daily weather conditions were
collected at Alexandra Fiord through the use of permanent, automatic, meteorological stations
(Labine 1994). Climate data used in this thesis were recorded by two autostations, one located
in the middle of the Alexandra Fiord lowland (Meadow station, 30 m a.s.l., 1989-1998) (G.
Henry, unpublished) and a second station located 1 km away on an ancient, uplifted beach ridge
(Coastal station, 10 m a.s.l., 1980-1998) (Labine 1994; C. Labine, unpublished) (Figure 2.6).
The autostations measured all or several of the following variables: air (150 cm above surface),
surface (0 cm) and soil temperatures (-2 cm), relative humidity, incoming global solar radiation,
and wind speed and direction (300 cm). Air temperature and relative humidity were measured
using a Campbell Scientific 207 sensor. The relative humidity sensor was a Phys-Chemical
Model PCRC-11 polysulfonated styrene chip and the temperature sensor was a Fenwall
UUT51J1 thermistor. Soil and surface temperatures were measured with Campbell Scientific
101 thermistor probes which use the Fenwall UUT51J1 thermistor as well. Incoming solar

radiation was measured using a Li-Cor LI200S silicon pyranometer. Sensors used for wind

speed and direction were 014A Met-One three-cup anemometers and Met-One 024A wind
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vanes, respectlvely at the Coastal station. At the Meadow station, wind speed and direction
were measured by a Wind Sentry set. Begmmng in 1993, snowdepth was measm‘ed dally with
ultrasonic depth gauges (UDGOI, Campbell Sclentlﬁc,v-Logan, UT, USA). A Campbell
Scientific CR10 Micrologger monitored all sensors. The scan rate for each ,senéot was every

five minutes with daily outputs of data. Avera'ge monthly air temperature' data (1986-1998)
| recorded at the Coastal station were used to calculate average air temperature departures
(relative to the 1980—1998 mean from the Coastal statlon) for Alexandra Fiord.

Remarkably, given the year-round envuonmental condltlons of a high arctic site and the

" lack of instrument maintenance for nine months of the year, there was only one period of
interrupted data collection at the Meadow station site (July 1992 — May 1993) since its start date
in June 1989 There were a greater number of data gaps in the Coastal station data set from
1980- 1985 but these were due to the lack of viable meteorologlcal equlpment in the early 1980s
suitable for operation in the high arctic. ‘Data are nearly continuous at the Coastal station ﬁom
1985 onward. Other gaps in the Coastal station data set due to instrumental teading errors do
exist, but they are infrequent and of short duration (e. g., <1-2 months). Data gaps from 1989
onward in the Coastal station set were estimated ustng the Meadow station data set and linear
regression. Gap.s‘in the Coastal station data set between the years 1980-1989 were estimated
using data from the High Arctic Weather Station (H.A.W.S.) at Eureka, Ellesmere Island (D.
Bean, personal communication, 2002).

2.2.7. Plant Sampling and Measurement '

" Atthe Dryas ITEX site, C. tetragona plants were collected from the destructive plots on
August 18, 1998. Unfortunately, the plants in the control and open-top chamber treatments
were small in stature, and the stem lengths were short. Unavoidably, the lengths of the
chronologies developed for this site were shorter than desired. Following harvest, the

collections were air-dried for three dajrs and then stored in sealed paper envelopes.

~ In the laboratory, between five and seven stems per plant were selected for -
measurement. Plants with multiple branching stems were excluded from the data set, as were

stems that were irretrievably broken in transit. Stems were specifically selected for their length,




- and when possible, for live green leaves and leaf buds at the tip of the shoot. In order to remove
‘bends in the stems resulting from drying‘ and storage, stems were blaced in a lukewarm water
bath for five to ten minutes. The stems were then inserted into 1 cm diameter glass tubes and

‘allowed to dry overnight. Following drying, two adjacent rows of leaves along the stem were
removed by hand with fine tweezers under a microscope. During the process, care was taken to

leave any peduncles and flower buds in place.

, Measurement was carried out under a dissecting microscope (i 0X to 30X magnification)
using a manually operated caliper system (designed by J. Svoboda, University of Toronto,
1992). The measurement device is composed of a digital caliper attached to a computer, and a
location marker mounted on a solid wooden base. Samples of C. tetragona stems were placed
in glass tubes (1 cm diameter) and inserted into a holder attached to the base of the device.

' Internode scars found along a C. tetragona stem may be positioned precisely-in relation to the
location marker beneath the microscope. The glass tube is pushed past the location marker
allowing the operator to measure accurately the distance from the base of one internode to the
next. The internode lengths were measured from the base of the stem to the tip of the shoot

- (F igﬁre 2.3). The number, location and size of flower buds and the number and location of |

-

flower peduncles were noted during the measurement process.

 2.2.8. Retrospective Growth ah‘d Reprbdhction' ‘Aﬁalys’is '

Four vanables of annual growth and reproductlon for the sampled C. tetragona plants
were measured and recorded 1ncludmg annual stem elongatnon, number of leaves, number of
ﬂower buds, and number of flower peduncles By followmg the wave-like distribution patterns
in mternode lengths, as first described by Johnstone (1995), annual growth increments were
determined. Annual stem elongation was measured as the sum of the internode lengths with the
terminus of each year’s gfowth delimited by the shortest internode length at the end of each
wave-series (Figure 2.7) (Johnstone 1995). Each year of growth is referred to as an annual
growth increment (AGI)f Annual leaf production was calculated by counting the total number

‘of leaf scars within the two rows measured for each year. The number of flower buds and

peduncles produced each year were calculated in the same way as the number of leaves.
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2.2.8.1. Cross-dating and Skeleton Plots

Cross-dating, the cornerstone of dendrochronology, ensures the proper placement in time
of individual annual growth increments by matching common patterns of yearly growth (Fritts
1976). In cross-dating, the assumption is made that enwronmental conditions affect the annual
growth of a species. The effect may be observed in the vwdth of a tree-ring, for example. The
environmental factors produce synchronous varlatlons in annual increment sequences over long
periods of time and across large number of md1v1duals within: a wide geographic region. Using
the technique of skeleton plottmg, a process of graphlcally representmg annual increment
variations, synchronous growth patterns can be 'matched w1thm-plant and between-plants to
create a site chronology and, ultimately, to establish a precise calendar year for each growth

increment.

| In this study, the data series for each stem wos cross-dated by hand using skeleton plots
of annual growth increments (Stokes and Smiley 1968). Three to seven stems per plant were
cross-dated. The stems from the treatment and control plants were maintained in two separate
groups for cross-dating purposes. Both the treatment and control ‘groups covered the time span
from 1986 to 1998. The ohronology based on the number of flower peduncles covered the time
span 1986-1997, as flowers buds formed in 1998 would not produce flowers until the folloWing
summer. The cross-dating software COFECHA, available in the Dendrochronological Program
Library, wés used to detect measurement and cross-dating errors in the measured annual
increment series (Holmes 1983; Holmes et al. 1986; Grissino-Mayer et al. 1992; Holmes 1994,
Grissino-Mayer 2002). However, due to the short length of most of the series, 13 or fewer
years, COFECHA analysis was only marginally useful. |

2.2.8.2. Standardization

In dendrochronological studies, the purpose of standardization is to remove trends in the
annual growth increment series and to allow the resultant standardized values of individual
plants to be averaged togéther into a mean-value function by adjusting the series for différences -
in growth rates (Fritts 1976; Cook ef al. 1990). The process of standardization involves fitting

the observed annual growth increment series to a straight line or curve and calculating an index
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value of the observed annual increment divided by the expected value (Fritts 1976; Veblen et al.
1991)." Standardization results in a time series of annual growth increment indices with a
defined mean and relatively constant common variance over the time series (Fritts 1976; Cook
et al. 1990). This process allows for the calculation of an average annual growth increment

chronology without the average being dominated by faster growing stems (Veblen et al. 1991).

In this study, the horizontal line standardization method was used to calculate indices for
the individual time series (Cook and Holmes 1986), as the removal of the age-related growth
trend was not the goal as it is in most tree-ring studies. Standardization with a horizontal
straight line does not detrend the series and remove the “biological growth trend,” but rather it
enhances the detection of deviations from average growth and reproduction rates (Veblen ef al.

1991). In particular, horizontal standardization was employed in order to detect the growth and

reproductive responses of C. fetragona to the temperature manipulation.

Two vegetative growth (annual growth increment, number of leaves) and two
reproductive (number of flower buds, number of flower peduncles) chronologies were produced
for both the control plots and the OTC treatment. All chronologles were estlmated using the
horizontal straight-line standardization method: Each stem was standardlzed using:

.

@.1)

where X is the yearly measurement value, X is the average measurement of the variable for the

stem and SD is the standard deviation of the variable for the individual stem time series.

. Following standardization, the individual stem chronologies were averaged together using the

arithmetic mean to form master chronologies for each of the four variables measured.

2.29. Before-After-Control—Impact-Paired-Comparison Analysis

Through the use of the retrospective analysis technique in this study, a modified Before-
After-Control-Impact-Paired-Comparison (BACIP) methodological approach was feasible
(Osenberg et al 1994; Underwood 1994). In most experimental studies, treatment plots are
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established and their responses compared to untreated controls. In the current study, annual
growth and reproductive variables were measured and dated for the period prior to the
establishment of the warming experiment, thus providing a baseline estimate of these variables.
Furthermore, as prior studies of C. fetragona populations have shown (Callaghan et al. 1989;
Havstrom ef al. 1993; 1995; Johnstone and Henry 1997), sufficiéntly long records (25-35 years)
of vegetative growth and reproduction can be reconstructed. Using retrospective analysis |
techniques, it was possible to determine the natural temporal variability of the measured
variables prior to treatment. Retrospective analysis techniques were also uéed to measure the
vegetative growth and reproductive effort of the control and treatment blant's during the
experimental period without annual monitoring and measurement. This technique facilitated the
comparison of the measured annual variables from plants in the treatment plots with those from
plants in concurrent control plots. In addition, the technique allowed the treatment period
control and OTC plant variables to be compared with the same variables measured

retrospectively for the period prior to treatment.

2.2.10. Graphical Representatién"of Indices

Each standardized master chronologywas pfesented as a time series in order to examine
patterns of annual departures from a mean of zero. The control and treatment chronologies were
graphed separately for the period 1986-1998 (1986-1997 for number of flower peduncles). In
addition, four standardized individual plant chronologies per treatment were graphed together
for each of the growth (annual growth increment, number of leaves) and reproductive (number
of flower buds, number of flower peduncles) variables. This representation facilitated a visual
assessment of the synchronicity of departures from the mean across individual plants within the

same treatment.

2.2.11. Mean Correlation Technique

The mean correlation technique was used to estimate the signal and noise within groups

of standardized time series (indices) by measuring the common variability within and between

plants (Briffa and Jones 1990). A correlation matrix was calculated for each of the 16 variables,
28 | |




divided into control and open-top chamber treatments and into pre- and treatment périods, to
show the relationships between all series of indices for the individual plant stems (Briffa &
Jones 1990). In the matrix, correlation coefficients were calculafed within-plants and between-
- plants. The correlation matrix grand mean, the mean of all correlations among different stems
(both within- and between-plants) was defined first. It is defined as '

. ‘ RN ' . A' ls' . ‘ . . B
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- where 7, is the correlation matrix grand mean, N, is the total number of correlations

summed, i =1to ¢ plants, / =i =1 to ¢ plants, j = 1 to ¢, stems, and r, is the correlation

coefficient among time series.
Then, an estimate of the “Iitlﬁn-plant signal was calculated by averaging the correlation

coefficients bét\Ncen series of indices from the same plant over all plants (Briffa & Jones 1990).
This within-plant signal is defined as
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where 7, is the mean within-plant correlation coefficient, N ,, is the total number of within-
plant correlations summed, i =1 - ¢ plants, j =2~ c, stems, and r; is the within-plant

correlation coefficient.

Finally, the between-plant signal, T,, , was calculated. It was defined as the mean inter-

series correlation calculated between all possible pairs of indexed series drawn from different
plants (Briffa & Jones 1990). It is denoted as

_ 1 (L _ '
F bt =—]\T (r totNtot - rthwt) ’ . (2.4a)
bt
where
N bt = N tor N wt? : (2.4b)

where 7 ,, is the mean between-plant correlation coefficient, and N ,, is the total number of

correlations summed minus the total number of within-plant correlations summed.

The between-plant signal,” ,, , is thought to reveal the relative influence of a large-scale
factor, such as climate, on plant growth or reproduction (Fritts 1976). The within-plant noise is

calculated by subtracting 7,,, from 1. Finally, between-plant noise is calculated by subtracting

7y fromr,, .

2.2.12. Pearson’s Product Moment Correlation Coefficient -

In order to understand the relationships among the growth and reproductionvariéblés
~ within their respective control and open-top chamber treatments, simple correlation coéfﬁcicnt_s

* between the standardized master chronologies were calculated using Pearson’s product-moment
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correlation coefficients (Correlation ptocedure, SYSTAT 1992). Ae the two vegetative and two
reproductive variables for the control and open-top chamber treatment were divided into pre-
 treatment (1986-1991) and treatment (1992-1998) time periods, 16 chronologies were used in

' the correlation analysis.

To understand the constancy of the relatlonshlps among the two growth and two
reproductive variables between plants within the control and open-top. chamber treatment,
Pearson’s correlation coefficients; were calculated Ind1v1dual plants were separated into control -
| and open-top chamber treatment groups for companson and further divided into their respective
pre-treatment (1986-1991) and treatmént (1992 1998) time periods. Sixty-four chronologies

were used in the correlation analysis.

- 2.2.13. Repeated Measures Analysis of Variance and Multiple Analysis of Covariance

In order to assess the growth and reproductive response of C. tetragona plants to the
warming treatment, two-factor with repeated measures on one factor analysis of variance
(ANOVA-R) and analysis of covariance (ANCOVA-R) were carried out. In the repeated
* measures analysis of covariance (flower buds only), the average of the pre-treatment period
flower bud measurements was used as the covariate. Plants were maintained within control and
open-top chamber ti'eatxnent groups for comparison, and further divided into the pre-treatment
~ (1986-1991) and treatment (1992-1998) time periods. For this part of the study, the vegetative
and reproductive chronologies used were cross-dated, but were not standardized with a
horizontal line. Each annual value represents the arithmetic average measurement from all
stems per plant. When the data met the assumptions of parametnc statistics, including normal
distribution and homogenelty of vanance, a two-factor repeated measures analysis of variance
was used (M)ANOVA and (M)AN COVA procedure, SYSTAT 1992). In the ANOVA-R and
ANCOVA-R, both treatment and years were considered fixed effects (Model D) (Hicks 1993).
Years were classified as fixed effects in this analysis as summer seasons, particularly in the
. Arctic, are discr_ete and short events separated by long winters (thnstone et al. 1_996)._ Data
which did not. meet parametric assumptions, including the number of buds and number of

Apeduncles, were ranked and the ranks transformed to approximate a normal distribution using a

Blom transformation (SAS 1985; Conover and Iman 1981). Repeated measures analysis of
. 3 v ,




variance and repeated measures analysis of covariance were performed on the transformed data
sets (M)ANOVA procedure, SYSTAT 1992). The vegetative and reproductive variables from
the control and open-top chamber treatments were presented in bar graphs for the period 1986-
- 1998 (1986-1997 for number of peduncles).

2.2.14. Correlation Analysis of the Standardized Chronologies and Climate Variables

The relationship between the standardized growth and reproduction chronologies and
microclimate at Alexandra Fiord was evaluated using Pearson’s product-moment correlation
coefficients. Maintaihed within the respective control or open-top chamber treatments and the
pre-treatment and treatment time periods, correlation coefficients were calculated for the growth
and reproductive chronologies and average air temperature for the previous year (year C-1) and
the current year (year C). Air temperature readings were recorded by the Coastal automated
weather station at Alexandra Fiord. The readings were daily averages recorded at 1.5 metres ‘
above ground level. While other automated stations are in operation at Alexandra Fiord, the
Coastal station has the longest data set, 1980 - 1998, covering the pre-treatment time period in
this study (Labine 1994; C. Labine, unpublished data). No surface temperature data were
available from the Coastal station. Average air temperature used in the correlation analysis was
calculated as a monthly average. In addition, ayerage air temperature was used to calculate
thawing degree days for the mon‘dfs of May to~September' 'iuclusive Thawing degree days were
calculated as the sum of daily average air temperature above’ 0 °C for each month. For the
correlation analysis, thawmg degree days were, calculated for 1nd1v1dual summer months (e.g.,

June).

S . v
M TR P

As an additional investigation, Pearson’s product-moment correlation coefficients were
calculated comparing the treatment period (1992-1998) standardized growth and reproductive
chronologies with surface temperature for the previous year (year C-1) and the current (year C).
. Surface temperature data were recorded by thermocouples placed inside the open-top chambers
and the control plots at the Cassiope ITEX site beginning in mid-July 1992. Data recorded by
the central thermocouple (-3 ¢cm) from 1992-1995 were considered as surface temperature
readings. For the period 1995-1998, data were derived from the centrally-located surface (0 cm)

thermocouples. Average thermocouple surface temperature was calculated as monthly averages
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(e.g., June) and as a 15-day biweekly average. The biweekly averages were calculated for the
months of May to September, inclusive. Correlation coefficients calculated for the preﬁous |
year (year C-l) and the current year (year 'C), were based upon six years of thermocouple data
for the mionths January to July and seven years of data for the months August to December. In
addition, correlation coefﬁcients calculated for the previous year (year C-1) were based upon six

years of data from October to December.

2.3. Results
2.3.1. Local Climate Characteristics at Alexandra Fiord, 1986-1998
2.3.1.1. Coastal Station, Alexandra Fiord

June-August average a1r temperature departures for the penod 1986- 1998 at Alexandra
Fiord indicated that the growing seasons of 1986 1996, 1992 1989, 1987, and 1997 were cool.
(Figure 2.8). The summer of 1986 was the coldest growing season on record, followed by the
summer of 1996. During the same penod the summer growmg seasons of 1998, 1995, 1990,
1994, 1988,.1993 and 1991 were warm at Alexandra Frord The summer of 1998 was the
warmest growing season (1986—1998) Average air temperature departures for the period 1986-
1998 indicated that the months of June and July 1986, May 1989, August 1996, and September
. 1997 were the coldest for the period 1986-1998 at Alexandra Fiord (Figure 2.9). In contrast,
May and Augrlst 1995, June arxd SeptemBer 1998 and July 1988, were the warmest months for

the same period.

2.3.1.2. Cassiope ITEX Site, Alexandra Fiord

Pearson’s product-moment correlation analysis confirmed the strong similarity in surface
temperature regime (-3 cm) between the Dryas and Cassiope ITEX sites. For the month of July
1995, temperatures in the control plots at the Dryas and Cassiope ITEX sites were significantly
different from zero and positively correlated (r = 0.87; n = 31; P<0.01). Temperatures recorded
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Figure 2.8. June-August average air temperature (°C) departures for Alexandra Fiord relative to
the 1980-1998 mean from the Coastal station, Alexandra Fiord, Ellesmere Island.
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Figure 2.9. (a.) May, (b.) June, (c.) July average air temperature (°C) departures for

Alexandra Fiord relative to the 1980-1998 mean from the Coastal station,

Alexandra Fiord, Ellesmere Island.
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Figure 2.9. (d.) August and (e.) September average air temperature (°C) departures for
Alexandra Fiord relative to the 1980-1998 mean from the Coastal Station, Alexandra Fiord,

Ellesmere Island.

36




in the open-top chambers were also significantly different from zero and positively correlated (r
- =0.90; n=31; P<0.01). ' "

For the period 1995-1998, measurements of temperature in the control plots indicated
that average monthly surface temperature (0 cm) was warmer than air temperature (10 cm) for
the months of June, July, August and September (Figure 2.10 a). The average temperature
difference between the surface (0 cm) and the air (10 cm) was greatest in July (+2°C), followed
by September (+1.78°C), August (+0.61°C) and June (+0.45°C). Average surface temperature
for the month of May was -1.15°C colder than the air temperature. Measurements of
temperature in the open-top chamber plots for the period of 1995-1998 showed that average
monthly surface temperature (0 cm) was wai'nier than air temperature (10 cm) for the months of
July (+0.35°C), August (+0.15°C) and September (+2.61°C) (Figure 2.10 b). During the months
of May and June, average monthly surface temperature was -1.8°C and -2.15°C colder,

respectively, than air temperature inside the open-top chambers.

At the Cassiope ITEX site, the magnitude of temperature response was significantly |
affected by the open-top chambers in September only (P=0.028) (Tables 2.1-2.6). However,
among-year variation was significant for several months, including: May (P=0.001), June
(P=0.001), August (P = 0.001), Septetnber (P=0.028), and the seasonal period of June-August
(P=0.000). During the month of May, surface temperature showed a significant ‘year X
treatment’ interaction, indicating that treatment cannot be evaluated independently of time. A
comparison of average monthly surface temperature (0 cm) in the control and open-top chamber
plots for the period 1995-1998, showed that the open-top chambers are cooler in May (-1.29°C)
and June (-1.94°C), but warmer in July (+0.23°C), August (+0.30°C) and September (+0.93°C)
than the control plots (Figure 2.10). Similarly, the magnitude of temperature responses during
two-week periods throughout the summer months were not significantly affected by the open-
top chamber treatment, except in the month of September (P=0.037) (Appendix I). However,
among-year variation was significant for two-week periods in May, June, July, August and

September (Appendix I).

During the winter months from the previous September (year C-1) to the current May

(year C), snowpack was generally thicker above the open-top chambers than above the control

plots (Figures 2.11-2.13). From 1992-1998 snow pack depth measured above the open-top
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Figure 2.10. Comparison of summer growing season mean air, surface and soil temperatures
measured in the Cassiope ITEX (a) control and (b) open-top chamber (OTC) plots for 1995-1998.
Temperatures measured include +1.5 m (reference), +10 cm (air), 0 cm (surface) and -10 cm
(soil).
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Table 2.1. Effacts of treatment and year on average May surface temperature measured in 7 open-top
chambers and 7 control plots at the Cassiope ITEX site from 1993-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects.
* P<0.05, ** P<0.01, ** P<0.001, ns = not significant. - . - . -

19931998 Source of Variation T . 88 WS, F Probabliity
Treatments oo Y. 0823 .. 0823 0.653 . 0446 ns
Error 7 e 8823 1.260
Year 5 60751. 12150 11639 <0.001 =
Year x Treatment 5 . . '35.594 7.118 6.820 <0.001 ***
Error 35 36.536 1.044
- Total 53 132.881

Table 2.2. Effects of treatment and year on average June surface temperature measured in 7 open-top
chambers and 7 control plots at the Cassiope ITEX site from 1993-1998. Effects were analyzed using a

two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects.
* P<0.05, ** P<0.01, *** P<0.001, ns = not significant.

1993-1998 - Source of Variation df S8 MS F Probability
Treatments 1 . 1.587 1.587 0.267 0.641 ns
Error 3 17.844 5.048 -
Year . 5 131539 - 26.308 14.073 <0.001 ***
Year x Treatment 5 11.156 223 1.194 . - 0.359 ns
- Error 15 28.041 1.869

Total 29 190.167

- Table 2.3. Effects of treatment and year on average July surface temperature measured in 7 open-top
chambers and 7-control plots at the Cassiope ITEX site from 1993-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects. )
~*P<0.05, ** P<0.01, *** P<0.001, ns = not significant.

1993-1998 Source of Variation df SS . MS F Probability

Treatments 1 11.530 11.530 3.462 0.122 ns
Error 5 16.654 3.331

Year ' 5 35.466 7.093 2.033 0.108 ns
Year x Treatment 5 7.676 1.835 0.440 ) 0.816 ns

Error 25 87.209 3.488

Total ' 41 158.535




Table 2.4. Effects of treatment and year on average August surface temperature measured in 7 open-top
~ chambers and 7 control plots at the Cassiope ITEX site from 1992-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects.

* P<0 05, *=* P<0.01, *** P<0.001, ns = not significant.

1992-1998 Source of Variation df SS MS F °  Probability
i Treatments 1 9.906 9.906 4.847 0.079 ns
Error 5 10.219 2.044
Year C "B 48.489 * 8.082 - 7.789 <0.001 ***
Year x Treatment 6 7177 1.196 1.153 0.357 ns
Error 30 31.127 1.038
Total 48 106.918

Table 2.5. Effects of treatment and year on average September surface temperature measured in 7 open-
top chambers and 7 control plots at the Cassiope ITEX site from 1892-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects.

- *P<0.05, ** P<0.01, ** P<0.001, ns = not significant. '

1992-1998 Source of Variation df - 88 . MS . F Probability
Treatments 1 16.875 © 16.875 11.451 0.028 *
Error 4 5.895 1.474
Year . 6 32.782 5.464 "~ 10.005 <0.001 ***
Year x Treatment 6 5.481 0.914 1.673 0.238 ns
Error ' 24 . . 13.106- . ' 0.546 i
Total .41 . TA139

-

Table 2.6. Effects of treatment and year on average June-August surfaoe temperature measured in 7 open-
top chambers and 7 control plots at the Cassiope ITEX site from 1993—1998 Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and' treatment were considered fixed effects.

* P<0.05, ** P<0.01, *** P<0.001, ns = not significant.- - R .

1993-1998 Source of Variation df . 8§ . MS F Probability
Treatments 1 3.702 3.702 1.314 0.289 ns
Eror 7 . 19.715 2.816
Year . 5 115.634 23.127 11.651 <0.001 ***
Year x Treatment 5 . 11.093 2.219 1.118 0.369 ns
Error 35 69.474 - 1.985

53 219.618
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Figure 2.11. (a.) Comparison of average surface temperature and (b.) average snowdepth in the

control and open-top chamber (OTC) plots for the winter (September - May) of 1995-1996.

Some snowdepth data may be missing due to measurement errors.
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Figure 2.12. (a.) Comparison of average surface temperature and (b.) average snowdepth in the
control and open-top chamber (OTC) plots for the winter (September - May) of 1996-1997.
Some snowdepth data may be missing due to measurement errors.
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Figure 2.13. (a.) Comparison of average surface temperature and (b.) average snowdepth in the
control and open-top chamber (OTC) plots for the winter (September - May) of 1997-1998.
Some snowdepth data may be missing due to measurement errors.

43



chambers at the Cassiope ITEX site was, on average; +6 cm deeper than above the control plots.
It appears that the open-top chambers act as snow-traps at Alexandra Fiord. However itis
important to note that snowpack depth changes due to dnftmg and blowing snow over the

course of a winter (e.g., see Figure 2.12b). For the winters of 1995-1998, surface temperatures
(0 cm) within the open-top chambers were warmer than in the control plots (Figures 2.1 1-2.13).
For the winter months of September (year C-1) to May (year C), surface temperatures in the
open-top chambers were +0.69°C (1995-1996), +1.75°C (1996-1997) and +0.71°C (1997—1998)
warmer than in the control plots. Warmer surface temperature in the open-top chamber plots
may be due to thicker snowpack.

2.3.2. Chronology Characteristics

A total of 12 stems representing four control plants and 22 stems representing four
treatment plants were measured to prodﬁee two- gro‘hvth (annual growth increment and number of
leaves) and two reproductive (humber"of flower buds and number of flower peduncles)
chronologies (Table 2.7). The cornmori time interval coyered by all plants within both
treatments was 1986-1998, except for the number of peduncles chronology which covers the
period 1986-1997. The mean stem age for control plants was 13.5 years, with a mean stem
length of 45.09+26.85 mm (mean+SD). The longest control stem measured 105.63¥ mm with an
age of 21 years. For treatment plants, the mean stem age was 15.68 years with a mean s"tem
length of 52.15+21.22 mm (mean+SD). The longest and oldest treatment stem measured were
122.77’ mm and 33 years, respectively. The means and standard deviations were calculated wuh

unstandardized data.

2.3.2.1. Control Plants

Visual analysis of the chronologies for annual stem elongaﬁonand annual production of
leaves in the control treatment revealed that, in general, single plants responded individually to.
inter-annual environmental conditions for the period 1986-1998 (Figure 2.14 a and b). »
However, from 1996-1998, annual growth increments and leaf production values for individual
plants did respond in unison. Examination of the standardized master chronologies of the two
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Table 2.7. Descriptive statistics of Cassiope tetragond growth and reproduction variables in the control
and warming treatment plots at Alexandra Fiord, Eliesmere Island, Canada. The table is divided into the full
(1986-1998), pre-treatment (1986-1991) and treatment (1992-1998) periods. Numbers are means +

standard deviation (SD). AG! = annual growth increment. lvs = leaves. peds = flower peduncles.

Waming

Full Period (1986-1998) Control Treatment
Sample Size 4 plants 4 plants
Number of stems measured per plant 2-4 stems 4-7 stems
Total number of stems measured 12 stems 22 stems
Interval years 1986-1998 1986-1998
Mean stem length 45.09426.85 mm 52.15421.22 mm
Longest stem 105.63 mm 122.77 mm

* Mean stem age 13.5 years 15.68 years
Oldest stem 21 years 33 years
Pre-treatment Period (1986-1991)
Mean AGi 3.69+1.69 mmfyr 3.76+1.69 mmiyr
Mean # of Leaves® 10.28+2.88 Ivs/yr 10.4413.12 Ivslyr
Mean # of Flower Buds 0.1610.37 buds/yr 0.15£0.41 buds/yr
Mean # of Flower Peduncles 0.1610.37 peds/yr 0.2310.53 peds/yr

Treatment Period (1992-1998)

Mean AGI 3.5111.69 mmlyr 3.53+1.70 mmvyr -
Mean # of Leaves* 9.9242.90 Ivs/yr 10.70+3.28 Ivs/yr
_Mean # of Flower Buds 0.14+0.35 buds/yr 0.2510.51 buds/yr
Mean # of Flower Peduncles™ 0.2110.45 peds/yr 0.4:;:1:0.70 ‘peds/yr

* Mean annual leaf production estimates (mean+SD) are for four leaf rows on a stem. Mean annual
flower bud and flower peduncle production estimates are for 2 of 4 leaf rows on a stem.
** Treatment period for average number of flower peduncles is 1992-1997.
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Figure 2.14. (a.) Standardized annual gro'wtﬁ increment aﬁd (b.).standardized .
number of leaves indices for individual plants in the control plots at the Dryas ITEX
site at Alexandra Fiord, Ellesmere Island, 1986-1998. .
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Figure 2.15. Standardized master chronology values for annual grbwth increments (AGI) and
number of leaves in the control plots at the Dryas ITEX site, Alexandra Fiord, Ellesmere
Island, 1986-1998.
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growth variables showed closer unison of response to environmental conditions (Figure 2.15).
Both master chronologies responded negatively in 1996, the second coldest growing season year

on record at Alexandra Fiord.

Similarly, the chronologies for number of flower buds and number of flower peduncles
in the control treatment showed individual plants did not respond in unison to inter-annual
environmental conditions (Figures 2.16 a and b). The only consistent similarity between the
individual control plants was the depressed state of flower bud and flower peduncle formation
from 1986-1998. The generally depressed state of reproduction was punctuated occasionally by
a positive departure by one or two plants. The standardized master chronologies for the two

reproductive variables also revealed little unison in response (Figure 2.17).

2.3.2.2. Experimentally Warmed Plants

Examination of the chronologies for annual stem growth and annual production of leaves
for individual plants in the open-top chambers revealed an individualistic response to inter-
annual environmental conditions (Figure 2.18 a and b). However in 1987 and 1996, three plants
responded negatively to colder summer temperatures, while in 1990 and 1994 three plants
responded positively to warmer summer temperatures at Alexandra Fiord. Unlike the control
master chronologies for vegetative growth, the treatment master chronologies did not respond in
unison to inter-annual environmental factors. However, the treatment master chronologies for
vegetative growth did respond positively in 1990 and 1994 and negatively in 1992, 1993 and
1997 (Figures 2.19). |

The chronologies for annual production of flower buds and flower peduncles for
individual plants in the open-top chamber treatment also revealed a general lack of unison in
response to inter-annual environmental conditions (Figure 2.20 a and b). However during the
first year of the warming treatment in 1992, the individual plants responded positively and/or
remained above the zero mean. Then in 1993, the individual plant chronologies responded
negatively, falling below the zero mean. Most of the individual plant chronologies rebounded
positively in 1994. A similar pattern was evident in the standardized master chronologies for
number of flower buds and number of flower peduncles (Figure 2.21).
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Figure 2.16. (a.) Standardized number of flower buds and (b.) standardized flower peduncle
indices for individual plants in the control plots at the Dryas ITEX site at Alexandra
Fiord, Ellesmere Island, 1986-1998. Note that number of flower peduncle indices end in

1997
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Figure 2.17. Standardized chronology, values for number-of flower buds and number of
flower peduncles in the control plots at the Dryas ITEX site at Alexandra Fiord, Ellesmere
Island, 1986-1998. Note that the standardized number of flower peduncles chronology ends
in 1997. ’ ) : -
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Figure 2.18. (a.) Standardized annual growth increment (AGl) and (b.) standardized number of
leaves indices for individual plants for the open-top chamber (OTC) treatment at the Dryas ITEX
site at Alexandra Fiord Ellesmere Island, 1986-1998. The warmmg treatment (OTC) was
established in 1992, indicated by an asterix.
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Figure 2.19. Standardized chronology values for annual growth increment (AGI) and number of
leaves for the open-top chamber (OTC) treatment at the Dryas ITEX site, Alexandra Fiord,
Ellesmere Island, 1986-1998. The warming treatment (OTC) was established in 1992, indicated
by an asterix.
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Figure 2.20. (a.) Standardized chronology values for the number of flower buds and (b.)
standardized number of flower peduncle indices for individual plants in the open-top chamber
(OTC) treatment at the Dryas ITEX site at Alexandra Fiord, Ellesmere Island, 1986-1998. The
warming treatment (OTC) was established in 1992, indicated by an asterix. Note that the
number of flower peduncle indices end in 1997.
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‘Figure 2.21. Standardized chronology values for the number of flower buds and number of
flower peduncles in the open-top chamber(OTC) treatment at the Dryas ITEX site at Alexandra
Fiord, Ellesmere island, 1986-1998. The warming treatment (OTC) was established in 1992,
indicated by an asterix. Note that the number.of flower peduncles’chronology ends in 1997.
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2.3.3. Mean Correlation Technique

Measurement of the signal strength revealed that the growth and reproductive variables
in both the control and open-top chamber treatments, and for both pre-treatment (1986-1991)
and treatment (1992-1998) periods, exhibited the highest level of variation due to differences

among stems within the same plant (1-7,, , within-plant noise or stem-chronology source)

(Table 2.8). Variation attributed to difference among plants (7,, —7,,, plant-chronology source)

and variation common to all plants (7, , between-plant source) within a group were close to

negligible.

2.3.4. Pearson’s Correlation Coefficients Comparing Standardized Chronologies
2.3.4.1. Individual Plants

Simple Pearson’s product-moment correlation coefficients calculated between the
standardized chronologies for each individual plant for the current (year'C) and previous year
(year C-1) resulted in few strong and consistent relationships across treatments and time periods
(Table2.9a and b). The correlations between the chronologies for annual stem elongation and
annual production of leaves for the current year (year C) were the only strong relationships
across all plants, treatments and time periods. Nearly all correlations between annual growth

increments and number of leaves were positive and signiﬁcant (n = 6 for pre-treatment period

1986-1991; n = 7 for treatment period 1992-1998; P<0.05) (Tables 2.9 a and b).

2.3.4.2. Master Chronologies

Comparison of the simple Pearson’s product-moment correlation coefficients generated
between the standardized master chronologies resulted in no consistent significant relationships
across.treatments and time periods (Table 2.10). The correlations between chronologies for |
annual stem elongation and number of leaves, and between annual stem elongatidn and number
of flower buds for the current year (year C) were positive, but were not all significantly different
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Table 2.8. Measurement of the two growth and two reproductive chronologies' signal strength using the mean
correlation technique (Briffa and Jones 1992). Chronologies are grouped by control and warming treatment (OTC) and
into pre-treatment (1986-1991) and treatment periods (1992-1998). OTC = open-top chamber treatment.

Control o N Warming Treatment
Pre-treatment - .* Treatment -~ Pre-treatment Treatment
19861991 . ‘;1993‘-1?93 - 19861991 1992-1998
Mean L ;‘. s , ]
-Correlation L s Annual Gioyvth I'ncn'em‘e'nt
006 G oo 0,04 -0.01
i - r, 0.20 . 0.03 | 0.02 ' 0.01
1-7, 087 090 100 1.00
Number of Leaves
-0.03 0.11 -0.03 _ 0.00
oy — Tyt | 0.07 | 0.08 0.04 " 008
1-r, 0.96 0.82 . 1.00 1.00
Number of éuds
- -0.01 -0.05 -0.05 0.00
Vor — Ty 0.04 0.01 0.21 0.00
-7, 1.00 1.00 0.83 1.00
Number of Peduncles*
E 003 0.02 _ 001 0.02 -
P — Ty 0.01 0.00 -0.02 " 003
1-7, 1.00 0.99 1.00 0.96

* Treatment period for number of flower peduncles chronology is 1992-1997.

Fb t‘ is the between-plant signal.

= _ 5 | isthe between-plant noise.
. rb‘

is the within-plant noise.
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from zero (n = 6 for the pre-treatment period 1986-1991; n = 7 for the treatment period of 1992-
1998; P<0.05 and P< 0.01). Correlations between annual stem elongation for the previous year
(year C-1) and number of peduncles for the current year (year C) were negative, but not |
significantly different from zero (P>0.05). Correlations between annual production of leaves
prodl}ced for the current year (year C) and number of flower buds and number of flower
peduncles produced for the current year (year C) were positive. These correlations were also -
not significantly different from zero (P>0.05). Lastly, correlation coefficients between the
chronologies for number of flower peduncles for the current year (year C) and the number of
flower buds for the current year (year C) were posmve, but not 31gruﬁcantly different from zero
P>0. 05)

2.3.5. Repeated‘Measures Analysis of Variance and Analysis of Covariance

Results from two—factor repeated measures analysis of variance showed that the length
of the annual growth increment of C. fetragona was not significantly affected by the warming
experiment between 1992-1998 (Table 2.11, Figure 2.22 a). Annual variations in local
environmental conditions did not affect yeorly stem elongation. Analysis of the annual growth
increments for the period prior to the establishment of the open-top chamber treatment (1986-,
1991) revealed the two populations exhibited a consistent community wide response to-annual

variation in the environment.

Similarly, the number of leaves produced per year was not significantly affected by the
open-top chamber treatment from 1992-1998 (Table 2.12; , Figure 2.22 b). In addition, the
collective response of this vegetative growth- variable to lo_cal environmental conditions was
uniform from 1986-1991 (Figure 2. 16 b). However annual leaf production was strongly
affected by year-to-year differences in envuonmental factors, both prior to (P = 0.001) and
. during (P=0.001) the open-top chamber treatment.

There was a significant warming effect of the open-top charﬁbers on the nuﬁxber of buds
produced per year after 1992 (P =0.039) (Table 2.13). A repeated measures analysis of

covariance using the pre-treatment period (1986-1991) values as the covariate, confirmed the
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Table 2.11. Effects of treatment and year on length of annual growth increment of Cassiope tetragona
for the pre-treatment (1986-1991) and treatment (1992-1998) periods . Effects were analyzed using a
two-factor repeated measures analysis of variance. ’

1986-1991 Source of Variation df SS MS F Probability
Treatments 1 0.834 0.834 0.275 0.619
Error 6 18.177 3.029
Year 5 2.380 0.476 0.542 . 0.743
Year x Treatment 5 4,968 0.994 1.132 0.365
Error 30 26.34 0.878
Total . 47 52.699

1992-1998 Source of Variation df SS MS F Probability
Treatments 1 0.378 0378 0.346 0.578
Error 6 6.553 1.092
Year 6 4722 0.787 1.219 0.319
Year x Treatment 6 8.078 1.346 2.086 0.079
Error 36 23.237 0.645 .
Total 55 42.968

*=P<0.05. *=P<0.01. ™ =P<0.001.

e

Table 2.12. Effects of treatment and year on number of Ieaves produoed by Cass:ope tetragona for the
pre-treatment (1986-1991) and treatment (1992-1998) penods Eﬁects Wwere analyzed using a two-factor
repeated measures analysis of variance.

.

1986-1991 Source of Variation S8 MS F Probability

df
Treatment 1 3.810 3.810 0.356 0.573
Error -6 64.295 10.716
Year 5 25.129 5.032 7.319 0.000 ***
Year x Treatment 5 7.378 1.476 2.146 0.087
Error 30 20.625 0.688 )
Total - 47  121.237
1992-1998 Source of Variation df SS MS F Probability

Treatment 1 0.152 © 0.152 0.106 - 0756
Error 6 8589 . 1432
Year : 6 50.018 - 8.336 8.229 0.000
Year x Treatment 6 ‘9.114 1519  1.500 0.206

_ Error 36  36.468 1.013
Total 55 104.341

*=P<0.05 *™=P<0.01. ™ =P<0.001.
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Figure 2.22. (a.) Comparison of mean annual growth increment and (b.)
mean number of leaves produced per year for Cassiope tetragona in the
control and open-top chamber treatment (OTC) plots, 1986-1998. Warming
experiment began in 1992. n = 4. Error bars indicate one standard error.
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Table 2.13. Effects of treatment and year on number of flower buds produced by Cassiope tetragona - .
for the pre-treatment (1986-1991) and treatment (1992-1998) periods . Effects were analyzed using

a two-factor repeated measures anaIyS|s of variance. Data were ranked and the ranks transformed using
a Blom transformation. : :

19861991  Sourceof Variaton - df - S§ =~ MS “ F Probability
Treatment ) 1 0815 0815 - 0.562 0.482
Ervor LT 6 8T12 1482 :
Year SR 5 1626 0325 0585 0712
Year x Treatment 8+~ +0:336  -0.067 0.121 0.987
Error ©7.30 16692, ‘ 0.556 -
Total 47  28.181

1992-1998 Source of Variation df SS MS F Probability
Treatment 1 3545 3545  6.966 0.039 *
Error 6 3.054 0.509
Year : : 6 4404 0734 0947 0.474
Year x Treatment 6 3911 0652 0.841 0.546
Ervor 36 27894 0775

Total 56  42.808

_*=P<0.05. *=P<0.01. ™ =P<0.001.

Table 2.14. Effects of treatment and year on number of flower buds produced by Cassiope tetragona

for the treatment period (1992-1998). Effects were analyzed using a two-factor repeated measures analysis of
covariance. - The pre-treatment period (1986-1991) values were used as the covariate. Data were ranked
and the ranks transformed using a Blom transformation.

SS MS F Probability

1992-1998 Source of Variation df

’ Treatment 1 1.773 1.773 9.76 0.026 *
Covariate 1 2.145 2.145 11.84 0.019 *
Error 5 0.908 0.182
Year 6 . 2159 036 0.537 0.776
Year x Treatment 6 4575 0.762 1.137 0.365
Year x Covariate 6 7.781 1.297 1.934 0.108
Error 30 20.113 0.67
Total 55 39.454

*=P<0.05 *=P<0.01. " =P<0.001.




effect of the open-top chambers (P = 0.026) (Téble 2.14). Annual flower bud production on
treatment plants increased dramatically in 1994 compared with the control plants, and remained
high throughout the treatment period (Figure 2.23 a). Retrospective analysis showed no
significant difference in the plants’ production of flower buds prior to establishment of
treatment (Table 2.13). There also appeared to be no effect on flower bud production due to
yearly differences in environmental conditions either prior to or during the experimental

warming.

Lastly, the number of flower pedﬁnellé‘sfproduced per year was significantly affected by
the experimental warming treatment from 1992- 1997 P= 0 03) (Table 2.15). The increase in
flower peduncle production was seen 1mmed1ately in 1992 aﬁer only one summer of warming
(Figure 2.23 b). The effect of the warmmg was V1s1ble throughout the treatment period (1992-
1997). Analysis of the annual flower peduncle production during the period prior to the
establishment of the open-top chamber treatment (1986-1991) confirmed a consistent

reproductive response of the sampled plants to the prevailing environmental conditions.

2.3.6. Correlations Between Standardized Chronologies and Climate
2.3.6.1. Thermocouple Surface Temperature, 1992-1998

The correlation coefficients for the control growth and reproductive variables revealed a
consistent negative relationship with extremely cold surface temperatures from October (year C-
1) to April (year C) (Table 2.16). Eight of the correlations during the winter period were
significantly different from zero (n = 6 for the months of January-July; n = 7 for months
August-December; P< 0.05 to P<0.01). In contrast, the correlation coefficients relating annual
stem growth and the production of flower buds and flower peduncles to surface temperatures
within the open-top chambers during the winter months were mostly positive, although only one
was significantly different from zero (for flower buds: n = 6 for months of January-July, n=7
for months August-December; for flower peduncles: n = 5 for months of Januaty-July, n=6 for
months August-December; P>0.05) (previous October, P< 0.05). The correlation coefficients
for annual leaf production in the open-top chamber treatment were negative from October (year
C-1) to April (year C).
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Figure 2.23. (a.) Comparison of the mean number of flower buds and (b.) the
mean number of flower peduncles produced per year for Cassiope tetragona

in the control and open-top chamber treatment (OTC) plots, 1986-1998. Warming
experiment began in 1992. n = 4. Error bars indicate one standard error.




Table 2.15. Effects of treatment and yeér on number of flower peduncles produced for Cassiope tetragona

for the pre-treatment (1986-1991) and treatment (1992-1997) periods. Effects were analyzed using
a two-way repeated measures analysis of variance. The data were ranked and the ranks transformed
using a Blom transformation.

1986-1991 Source of Variation df SS MS F Probability
Treatment : 1 1.925 1.925 2.789 0.156 .
Error 5 3.451 0.69
Year 5 2487 = 0.497 0.835 0.538
Year x Treatment 5 1.006 . 0.201 0.337 . 0.885
Error 25 14.898 0.596
Total 41 23.767

1992-1997 Source of Variation df SS MS F Probability
Treatment 1 6.172 6.172 8.395 0.027.*
Error 6 4.411 0735 :
Year 5 2.508 0.502 0.799 0.559
Year x Treatment ' 5 7.303 1.461 2.326 0.067
Error 30 18.84 0.628
Total 47 39.234

*=P <0.05 *=P<0.01. ™ =P<0.001.
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During May and June, the growth and reproductiVe variables‘in the control plots
changed sign, and were posmvely correlated with spnng and early summer temperatures (Table
2.16). At the biweekly time scale, the surface temperatures during the last two weeks of May
were important for flower peduncle development in the control treatment (P<0.05) (Table 2.17).
Stem elongatlon (P<0.05) and flower bud productlon (P<0.01) were positively mﬂuenced by
warm temperature in the first two weeks of June (Table 2.17).

~In May, the relationships of the four treatment variables with increased surface
temperature were mixed (Table 2.16). Annual stem elongation was negatively related (P<0.05)
while annual 1eaf production was positively related (P<0.01) to temperatures in May. Increasing ’
temperatures in the last two weeks of May appeared to adversely affect stem elongatidn '
(P<0.01) in the open-top chamber treatment (Table 2.16). The two reproductive variables in the
open-top chamber treatment were positively related to May temperatures, but negatively to June
temperatures (Table' 2.16). |

By mid to late summer, the surface temperatures in the control plots were negatlvely
correlated w1th the growth and reproductlon of C. tetragona (Table 2.16). Annual flower buds
productxon was the exception, with a posmve assocmtlon with surface temperatures in August.
The positive response by flower buds (P<0 01) to surface temperatures continued into
September. Annual growth increments (P<0.05), the number of leaves (P<0.05) and number of -
flower peduncles were positively associated with September temperature as well. Any . |
remaining warmth in the final two weeks in September was particularly beneficial to stem
| elongation (P<0.05), leaf production (P<0.05) and flower bud development (P<0.01) (Table
2.16).

During the months of June, July and August in the open-top cnamber treatment, the :
correlation coefﬁcients between summer temperatures and the two growth and number of flower
bud variables changed sign twice (Tabie 2.16). No correlations were sigrliﬁcanﬂy'different o
from zero, however.(n = 6 for the months of January-July; n =7 for rnonths AugustQDecember .
P>0.05). The correlations between annual flower peduncle productlon and surface temperatures )
. were negative throughout the summer. Annual leaf production appeared to be the only vanable -
which was positively influenced by extended warmth into September in the open-top chamber
treatment. |
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2.3.6.2. Coastal Climate Station Air Temperature and Thawing Degree Days, 1986-1998

. In the open-top chamber treatment during the pre-treatment period (1986-1991), the
annual production of leaves was positively and significantly correlated (P<0.05) with average
air température in May (Table 2.18a). During the same period, the annual production of flower
peduncles in the open-top chambers was negatively and significantly correlated (P<0.05) with
average air temperature in the previous November (year C-1). No other correlation coefficients ‘
were significantly different from zero in the control or open-tdp chamber treatment during the
pre-treatment period (P>0.05).

During the treatment period (1992-1998), annual production of leaves in the control
plots were negatively and significantly correlated with July average air temperature (P<0.05)
(Table 2.18b). In the open-top chamber treatment during the treatment period, annual stem
elongatlon was negatively and significantly correlated (P<O0. 05) with average air temperature in
October of the previous year (year C-1). No other correlation coefficients were significantly
different from zero for the treatment period (P>0.05). However, a comparison of annual stem
elongation across the pre-treatment and treatment periods revealed a moderately consistent
growth relationship with average air témperature over time in the control and open-top chamber
treatment (Tables 2.18 a and b). The association between flower peduncles in the control and
open-top chambers with average air temperature across the pre-treatment and treatment periods -
was also moderafely stable through time. '

No relationships betweén' the grdwth and reproductive variables and thawing degree
days during the pre-tmatment penod across the control and open-top chambers, were
significantly different from zero (P>0 05) (Table 2 19 a). However, the signs of the correlatlon
coefficients relating annual stem elongatlon to thawmg degree days during the pre-treatment
period, in both the control and open-top chamber treatment, were similar. During the treatment
period, only the annual production of leaves in the control plots was significantly and negatively
correlated (-P<0.05) with July thaWing degree days (Table 2.19 b). In addition, a comparison of |
annual production of leaves during the treatment period showed a consistent growth relationship
to thawing degree days in both the control and open-top chamber treatment.
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2.4. Discussion
2.4.1 Critique of Methods
2.4.1.1. Cassiope tetragona Chronologies

The results ﬁom this study reafﬁrrhed the use of dendrochronological techniques,
spe_ciﬁcally the measureménts of internode blength patterns to cross-date annual growth
increments and create master chronologies for the growth and reproductive variables of C.
tetragona. The 16 chronblogies developed for this study covered the time period, 19%6-1998.
While the lengths of the chronologies were much shorter than those reported by other studies
(Callaghan et al. 1989; Havstrom et al. 1995; Johnstone and Henry 1997), they did cover a six
year pre-tréatment period (1986-19‘91) and the seven year treatment period (1992-1998) of the

warming experiment at Alexandra Fiord.. =

The retrospective andl'ysi'sftechniquc allowed the use of a modified Before-After-
Control—Paired-Impact—Comparngnv(BAA'CIP:). (Osenberg et al. 1994; Underwood 1994)
approach to analyze the effect of fhe wmg tfeéfment. The responses of annual growth and
reproduction variables to natural climatic variatibn wére measured and precisely dated for the .
pre-treatment period. Measurements and the results of the repeated measures analyses of
variance effectively established benchmarks for comparison with the same measured variables
during the treatment period. Retrospective analysis also allowed for the investigation of the
growth and reproductive responses over the treatment period, removing the need to conduct
annual measurements each field season. Despite the success of developing chronologies for the
control and open-top chamber treatments at the Dryas ITEX site at Alexandra Fiord, several
problems and difficulties with the sampling and measurement"methodology need to be

addressed before the results are discussed.

The C. tetragona plants selected in 1992 for destfuctive sampling at the Dryas ITEX site
were small in stature and the stem lengths were short when compared with C. fefragona plants
in other populations. Hence, the short stem lengths precluded the construction of site
chronologies prior to 1986 and made it impractical to use the cross-dating software COFECHA,
-commonly used in dendrochronological studies (Holmes 1983; Holmes et al. 1986; Grissino-
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Mayer et al. 1992; Holmes 1994; Gfissino—Maye'r 2001.). Despite these pfoblems, cross-dating

" was accomplished using the visual method of skeleton-plotting. The technique of skeleton-
plotting facilitated the generation of growth and reproductive chronologies, albeit slowly when
compared to the construction of tree-ring chronologies. High intra- and inter-plant variability
present in the chronologies contributed to the difficulties 1n cross-dating C. tetragona, as well.
Johnstone and Henry (1997) encountered the same variability problem in their retrospective
study of C. tetragona plants. High amounts of variance within-plants and between-plants
reduce the strength of the mgnal—to-nmse-ratlo and can necessitate an increase in the sample size
in order to estimate population vanables w1thm desned 11m1ts (Fritts 1976; Cook and Briffa
1990). However, at least some of the vanablhty w1th1n the chronologxes was likely a product of
community dynamics. The short length of the chronologles also tempered interpretation’ ‘of
perceived trends and variability beyood the mtelf-.annua_l time scale in the reproduction and
growth of C. tetragona prior.to or during the warming treatment. Finally, the time period (n =
6, 1986-1991;n=17, 1 992-1998) covered in this study was short, and the number of planfs and
stems per piant was low. Thus, the power of the 4given statistical tests was low. Therefore, it
should be emphasized that while the results of the study are interesting, 'they should be
interpreted with caution and treated as an initial retrospective assessment of C. tetragona S

growth and reproductlve response to natural and-experimental climate variation.

2.4.2. Experimehtal Temperature Manipulation

Temperature enhancing experiments in the field have the potential for ﬁnw_anted

- ecological effects including temperature extremes and increased raﬂge of temperatures, |

" modified moisture and gas concentrations, decreased hght and wind, anthropogenic site
dlsturbance and alterations to animal and insect access to plants (Marion ef al. 1997). In
addition, recent field greenhouse experiments have been critiqued by Kennedy (1995), who
pointed out that by altering other environmental factors within temperatufe enhancemeot
experiments it is difficult to examine the effect of temperature alone. Despite the potential
drawbacks and criticism of the open-top chamber design, the greenhouses were found to

 simulate the predictions of General Circulation Models of increases in modern average surface
temperature for the Arctic, while maintaining ambient levels of light, moisture and gases
(Manon etal. 1997).
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In this study, the average monthly surface temperatures in the open-top chambers were
warmer in July, August and Septémber than in the control plots. However, the magnitude of the
temperature response to the open-top'treatment was not statistically significant for most of the
growmg season (P>0.05). The absence of a treatment effect was expected as changesin

| monthly surface temperatures were small when compaied to among-year variation in -
temperature. Interestingly, the treatment did impact the magnitude of temperature response at
the end of the summer (September, P<0.05), suggesting that increased temperature throughout
the growing. season leads to drying of the ground surface in the open-top chambers at the
Cassiope ITEX site. The among-year variation'in surface temperature at the Cassiope ITEX site
was significant for all months but one (July, P>0.05), during the summer growing season. The
impact of among-year climatic variability on arctic plant growth and reproduction, particularly »' '
extreme climatic events, is substantial (Robinson ef al. 1998; Molau 2001). ‘Havstrdm e al.
(1993) noted no predictions of change in-variability of temperature have been made for the
effects of global change in the Arctic. Extremes of temperature may have an important
.influence on some plant species which respond opportunistically to more favorable climate ..
conditions, but for other species the impact of greater variability' mey result in growth and
reprodoction limitations (Chapin and Shaver 1985; Molau 2001), damage to plant parts, or death

~of the plant. ‘ '

Published daily temperature measurements for a 68-day period in 1993 at the .Cassiope
ITEX site also supported the use of open-top chambers to simulate the General Circulation
Models’ predicted increases in average arctic temperature (Marion ef al. 1997). They showed
the mean daily near surface temperature warmed by an average of 1.3°C during the growing
season. The warming effects within the:open;tOp chémbers varied diurnally, with the greatest
differences between the open-top ‘chambers and controls in the early afternoon followed by
minimum differences at night (Marion ef al. 1997) Much of the temperature enhancement i in
the open-top chambers was due to mcreased dally maximum temperatures, with the greatest
effect on clear days with light to moderate winds (Marion et al. 1997). Thus, within the open-
top chambers, daytime temperatures were warmer than ambient temperatures and the overall |
range of temperatures increased. An increased range of temperature ié a common byproduct of

_passive greenhouse designs (Debevec and MacLean 1992). Finally, pubhshed snowpack depth
measurements taken in January 1993 and 1994 showed that snow. depths were somewhat deeper
inside the open-top chambers at Alexandra Fiord (Marion et al. 1997). However, the date of
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complete snowmelt in June within the open-top chambers and the control plots did not differ
(Marion et al. 1997). Overall, the unwanted ecological and secondary effects of the open-top
chambers were generally less than those produced by methods used in previous studies to

enhance near-surface temperatures.

Despite the difficulties presented above, examination of the results from the control and
open-top chamber treatments yielded some interesting effects and intérpretations. Furthermore,
the results of this study compare well with those of previous work on C. tetragona (e.g., Bliss et
al. 1977, Nams 1982; Callaghan et al. 1989; Havstrom et al. 1993; 1995; Johnstone 1995;
Johnstone and Henry 1997). |

2.4.3. Relationship of Climate to Cassiope tetragona Growth and Reproduction
2.4.3.1. Control and OTC Treatment — Pre-treatment Period (1986-1991)

It was expected that C. tetragona plants in the control and open-top chamber populations
would respond similarly to local climate conditions during the pre-treatment period (1986-
1991). Indeed, the relationships between the vegetative growth variables and average monthly
air temperature were similar. However, the relationships between the reproductive variables
and average monthly air temperature exhibited much less similarity between the two
populations. High intra- and inter-plant variability, in particular the species sensitivity to inter-
annual growing season conditions, may have contributed to the lack of similarity. Observations
of reproductive effort in C. tefragona showed that under naturally or artificially ameliorated
growing season conditions, the species increased flower bud and flower peduncle production in
one summer (Bliss et al. 1977; Nams and Freedman 1987b; Johnstone 1995).

The lack of similarity in the response of the reproductive variables to terriperature in the
control and open-top chamber treatment, and the small number of significant correlations across
all variables during the pre-treatment period, made interpretation of the climate-growth and
climate-reproduction relationships problematic. As a further complicating factor, evidence from
. previous studies has indicated that the measurement of temperature at the ground surface (0 cm)
is a more accurate assessment of the microenvi

L3

onment influencing the growth and reproduction
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| ,of arctic plants (Savile 1964 Svoboda 1977; Nams 1982). At Alexandra Fiord, average
temperature at the ground surface may be 3°C or warmer than air temperature at 1.5 metres
Despite these difficulties, repeated measures analyses of variance showed the growth and
reproductive variables from the two populations exhibited a consistent response to annual
variation in the environment during the pre-treatment period. The consistent responses of the
variables prior to 1992 provided support for a stable, similar base-line response-of the plants
from 1986-1991. These results indicated that differences between the two populations were not
| substantial enough to alter the mterpretatlon of the effect of the warrnmg treatment on C.
tetragona, and supported the use of the Before-After-Control-Irnpact-Pmred-Companson
(BACIP) methodological approach. ‘Given this base-line understanding 'of the relationship of C. - |
tetragona to pre-treatment conditions, greater attention was paid to understanding the rneaning
of the correlations for the treatment period by examining the relatlonshrp of the plants to ground
| surface (0 cm) temperatures.

2.4.32. Control — Treatment Period (1992-1998)

The.relationships between the mean growth and reproduction indices‘of the control

' plants to monthly and‘biweekly temperature measurements during the treatment period (1992-
1998) were complex. However, the correlation coefficients pointed towards a general and
biologically logical response of the control C. fetragona chronologies to prevrous (year C-1) and
i current year (year C) monthly, and current year (year C) blweekly surface temperature In
addition, these were the first correlatlons reported between C. tetragona growth and
reproductive variables: and average surface temperatures for winter months. Few studies have
been carried out on the effects of wmter temperature on growth and reproduction of arctic
plants. o

Correlation coefﬁcrents between the growth and reproductlon vanables of C. tetragona
and winter surface temperatures in the control plots were negatlve However, not all the _ |
correlations were significantly different from zero (P>0.05). From October (year C-1) to April
(vear C), growth and reproduction, particularly annual flower bud production, were negatively
impacted by cold winter temperatures. Possibly, C. tetragona responded negatively in the -

 control plots to both severe winter surface temperatures, which can reach a daily minimum of
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-26 °C at Alexandra Fiord, as well as a shallower snow pack.. During the winter months,
snowpack is generally thinner above the control plots than above the open-top chamber plots.
However snowpack depth does vary over the course of the winter due to dnﬁmg and blowing

snow at Alexandra Fiord.

Beginning in early summer, control growth and reproduction of C. fetragona were
positively correlated with May and June surface temperatures. In late May and early June,
global solar radiation and accompanying temperatures increase causing snow pack to melt and
exposing arctic plants to temperatures high enough to begin photosynthesis (Chapin 1983;
Shaver and Kummerow 1992). Typically, the Alexandra Fiord lowland is snow-free by mid-
June (Freedman et al. 1994; Bean 2002). Evergreen species, like C. tetragona, have the ability
to resume photosynthetic activity within a few days of snow melt. Temperatures in the first two
weeks of June were positively and signiﬁcantly associated with stem elongation and flower bud
| formatlon Vegetative bud break in C tetragona usually does not occur until late June or early
July at Alexandra Fiord, dependmg on the date of complete snowmelt (Nams 1982; Johnstone
1995). However, C. tetragona plants may have already taken advantage of available moisture
and nutrients in the rapidly thawing soil of eariy-summei as well as drawing upon nutrient
reserves stored up from the previous year (Chapm 1983; Shaver and Kummerow 1992).
Cassiope tetragona, like many other arctic plants, is tradmonally thought to employ a
conservative growth strategy of holding nutrients in perennial plant tissues for use early on in
summer (Haag 1974; Berendse aﬂd Jonasson 1992; Shaver and Kummerow 1992). In fact,
Nams (1982) found the highest concentrations of nitrogen, phosphorus and potassium in leaf
buds and flower buds during the time period directly preceding rapid shoot elongation and
flower bud expansion in early July. Accumulation of these elements often occurs in actively
differentiating tissues (Larcher 1980; Nams 1982). Flower buds are generally visible and
swollen in the leaf axils by late June to mid-July, depending on date of complete snowmelt
(Nams 1982; Johnstone 1995). In many arctic plants, flower bud devel'opment typically takes
 place during the first four to six weeks of the summer in the high arctic (Shaver and Kummerow

1992). Flower peduncle development also appears to be strongly influenced by increasing early
‘summer temperature, partieulaﬂy during the last two weeks of May. The warming temperatures
possibly initiate the elongation of the flower peduncles and the subsequent formation of the
flowers early in the season. By the first two weeks in July, flower peduncles are usually visible,
but the corolla remains undeveloped (JohnStone 1995). Evidence for the positive effect of early
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summer temperature on C. fefragona growth and reproduction, whether direct or indirect, has
_ been reported in other studies (Nams and Freedman 19875; Callaghan et al. 1989; Johnstone
and Henry 1997).

Beginning in July, the signs of the correlations between surface temperature and growth
and reproduction variables in the control plots changed from positive to negative correlations.
The negative correlations are a departure from previous studies which found significant positive
correlations between July temperatures and vegetatlve growth in C. fetragona (Johnstone and
Henry 1997). Potential explanatlons for these negatlve July correlations include moisture stress
and/or within-plant resource depletlon aﬁer a penod of hlgh productlon As mentioned
~prev10usly, snowmelt is completed generally by mld-J une at Alexandra Fiord (Freedman et al.
1994; Johnstone 1995; Bean 2002). In the early sﬁr;me;, soils are saturated following -

- snowmelt, but soil moisture decreases steadily as the season progresses as a result of thinner
snow pack, low summer precipitation, poor water retention, and exposed soils (Nams 1982;
Oberbauer and Dawson 1992; Johnstone 1995). If the early summer months are particularly
warm, the combination of low humidity and high leaf temperatures may produce substantial
water vapor gradients between the air and leaves. Evapotranspiration may increase resulting in
a situation where plants may be moisture stressed by mid-summer. For the period 1992-1998,
June and July average temperature departures relative to the 1980-1998 mean from the Coastal
weather station at Alexandra Fiord, were greater than average during five and four of the seven
years, respectively. Further support for possible moisture-stress in C. tetragona by mid-summer
is provided by Welker et al. (1995) who showed that the primary source of water for C.
tetragona was from snowmelt and not summer precipitation. Thus, when snowmelt has |
evaporated or percolated beyond the root zone of the C. tetragona plants, moisture stress

becomes a growth-limiting factor.

An interesting counterpoint to the moisture-stress hypothesis was noted by Nams (1982)
who found an inverse correlation between C. tetragona production and soil mbisture along a
topographically controlled snow melt gradient. The greatest production in C. fetragona plants
was measured at a site in the lowland at Alexandra Fiprd with relatively well-drained, waﬁn,
mesic soils (Nams 1982). Tikhomirov et al. (1969) and Porsild (1920) also made similar

observations of C. fetragona plant communities found in Russia and Greenland, respectively,
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reporting that the plants grew best on sunny exposures with well drained soils and, a reliable

source of moisture during the growing season.

From August to September, the correlations between surface temperature and flower bud
production were positive once again. At Alexandra Fiord, flower buds continuegl to develop
throughout August, even after vegetative growth has slowed or ceased (Nams and Freedman
1987b; Johnstone 1995). Successful reproductive organ development in the current year in C.
tetragona is dependent in part upon the length of the growing season. Continued warmth
throughout the month of August into September potentially enables flower buds to over-winter
at a more highly developed stage, increasing the odds of successful seed maturation the
following summer. Cassiope tetragona, like several other arctic species, pre-forms flower buds
at least one year prior to actual flowering (Serensen 1941). By end of summer, nitrogen and
phosphorus are most highly concentrated in the flower buds compared to the rest of above-
ground biomass tissue acting as a source of nutrients for the following year’s flower production
(Nams and Freedman 1987b). |

Temperatures in September were significantly and positively correlated with C.

tetragona growth and reproduction Qariables, specifically annual stem elongation, leafand

~ flower bud production. While Qegetative growth has ceased by late summer, gradual reduction
in temperature or ﬂnctuations around 0°C may facilitate winter hardening. However, prior
studies of C. tetragona have found no evidence of nutrient movement out of current-year tissues
and into specialized storé.ge ofgans at the end of the growing season (Nams 1982). Instead,

 arctic evergreen shrubs retain nutrients and photosynthates in their stems and leaves (Chapin et
al. 1980). The aboveground storage allows for fore rapid access to these elements the
followmg growing season as soon as snowmelt occurs but ‘when soil nutrients may still be
locked up in frozen soil. Johnstone and Henry (1997) also. found positive correlations between
growth and Septembef temperatures. In addition, the prolonged warmer temperatures may
allow the further development of ﬂov(ier buds. The length of the growing season may determine
both the number of flower buds produced annually, and also the stage at which a flower bud
over-winters (Serensen 1941; Nams 1982). Qualitative observations of the size of pre-formed
flower buds which failed to flower the following summer (not presented here) showed
particularly tiny buds for years during which-aVerage temperatures in August and Seﬁfember
Were below normal (e.g., 1996 and 1997).
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2.4.3.3. Open-Top Chamber Treatment — Treatment Period (1992-1998)

The correlations between the average growth and reproductive chronologies from the
open-fop chambers and monthly and biweekly surface temperature duﬁng the treatment period
(1992-1998) were more moderate and variable than in the control plots. Correlation coefficients
for annual stem elongation, flower bud, and flower peduncle production in the open-top
chamber treatment were mostly positive. Annual leaf production was negativély correlated,
however. Evidence suggests that the open-top chambers at the Cassiope ITEX site tended to
capture snow within the confines of the greenhouse walls. The additive effect of snow capture
within the open-top chambers during the winter months may have better insulated the plants |
from cold temperatures. On average, surface temperatures within the open-top chambers
throughout the winter months were warmer than in the control plots. In addition to providing
insulation, a thicker snowpack protects plants from physical damage due to abrasion by wind-
blown snow crystals and mineral particles and physiological damage due to freezing and
desiccation (Serenson 1941; Billings and Mooney 1968; Bliss 1988; Parsons ef al. 1994).
Despite the thicker snowpack, there was little difference in the dates of complete snowmelt in
June of 1993 and 1994 between the open-top chambers and control plots (Johnstone 1995;
Marion et al. 1997), or through the rest of the treatment period (Henry et al., in prep.).

~ The responses of C. tetragona grdwth aﬁd reproduction variables to summer monthly
surface temperatures over seven years of experimental warming were variable. The month-by-
month (May-September) responses of the two growth variables to manipulated summer -
temperatures were of opposite signs. Correlation coefficients between annual leaf production
and monthly summer temperatures were almost identical to that of the control plants. Annual
leaf production responded positively to elevated temperatures in the early and late summer. As
soon as summer temperatures are warm enough, photosynthesis begins within the leaves. The
positive correlations between leaf production and summer temperatures continued into laie
summer, indicating a positive association between gradual temperature decrease and winter
“hardening. As in the control treatment, the correlation coefficient between the annual
production of leaves and Jixly monthly temperature was negative, although not significantly
different from zero (P>0.05). In a similar temperature enhancement study, Michelsen et al.
(1996) suggested that warming may reduce water use efficiency in C. fefragona by increasing
stomatal conductance relative to carbon assimilation. Reduced water use efficiency is thus
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likely to be harmful to the plants, particularly in communities where soil moisture content is

- reduced and where there may be competition for water (Michelsen et al. 1996). |

The correlation coefficients between annual stem elongation and summer temperature
were of opposite sign when compared with the control plots. One plausible explanation for the
change in correlation signs between the two populations may center on the shift in the timing of |
shoot elongation when exposed to enhanced temperatures. Evidence from prior studies showed
' that the effect of enhanced temperatures tended to shift the start of the growing season forward,
resultmg in earlier growth initiation or vegetative bud break in C. tetragona plants (Nams 1982
Johnstone 1995). In addition, the annual shoot elongation rates tended to be more rapid in
temperature mampulatlon plots early in the growing season while later in the season, shoot
. elongation rates accelerated in the control plots (Johnstone 1995). Earlier and more rapid'stem
elongation in the open-top chamber treatment over an extended period of temperature o
enhancement could potentially place a strain on the stored carbon and nutnent reserves of the
. plant so early in the growing season. Cassiope tetragona stores the ma]onty of its reserve
nutrients in its stems and leaves over the winter. The reserves are critical resources in the early
summer, when growth requlrements cannot be met by current uptake of nutrients (Berendse and
Jonasson 1992 Shaver and Kummerow 1992). Thus, shorter-term, earlier vegetatrve growth
under the conditions of temperature enhancement may occur at the expense.of sto_red plant '
reserves. The longer-term cost would be a decline in growth if the plants cannot recover and |
restore reserves (Arft ef al. 1999). A combination of repeatedly warmer early growing season |
. temperatures which facilitate early growth initiation and a concurrent potential nutrient deﬁclt

may result in the negative correlatlons of annual growth and surface temperature in May and
June. However, no declme in annual stem elongatlon was detected in the open-top chambers in -
this study. e " |

Interestirrgly, in‘July, annual stém elongation and surface temperature were positiyely s
correlated, potentially ihdicating a mid-summer surplus of nutrients for shoot growth in the
open-top chambers. It is possible that the increased soil temperatures within the open-top
- chambers facilitated an increase in soil carbon and nutrient pools by increasing decomposition,
mineralization and perhaps nitrogen fixation in sml-dwelhng microbes and algae (Billings 1987
Oberbauer and Dawson 1992; Rolph 2003). Wookey etal (1995) suggested that, for arcttc
species such as Dryas octopetala, low nutrient availability can be compensated for by high :
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“absorption potential” when nutrients are made available. Also, in a 5-year study at a high-

‘montane fellfield site in Swedish Lapland, Michelsen et al. (1996) found that an increase in

green biomass in axtiﬁcliallly-warmed C. tetragona plants did not lead to a proportional dilution .
of shoot nitrogen concentration. They argued that C. tetragona has the ability to adjust its
nutrient uptake to match increased growth (Michelsen et al. 1996). However, ina similar study
at Alexandra Fiord, Tolvanen and Henry (2001) found that C:N ratios in biomass of both C,
tetragona and Dryas integrifolia increased in response to experimental warming. They
concluded that the evergreen shrubs were unable to match their nutrient uptake to increased

growth in the open-top chambers, unlike the graminoid and forb species.

Prior studies have shown that, while the timing of the vegetative phenophases shift in

‘response to changes in growing season conditions, the total period of actual growth in C

tetragona temains relatively stable (Svoboda 1977; Nams and Freedman 1987b; Johnstone
1995). In this study, temperature enhancement did not appear to affect the total annual stem
elongation when compared to the control treatment In addition, temperature enhancement dld
not affect annual production of leaves during ‘the treatment period, but leaf production did
respond to year-to-year changes in climate. The year-specihc responses in the annual

production of leaves may reflect the growth response to inter-annual variation in temperature as

“well as precipitation and nutrient supply (Robinson et al. 1998). Observations made by

Johnstone (1995) and Molau (1997; 2001) of annual stem elongation in C. tetragona under
ambient and enhanced temperature conditions showed little vegetative growth response as well.
The rather conservative response of annual stem elongation and leaf production to short-term »

variations in growing season climate, and the plant’s inflexible use of the extended growing

| season may serve to stabilize annual variability in productivity of this species (Serensen 1941

Shaver and Kummerow 1992).

The results of this study at Alexandra Fiord contrast with those found in a 3-year study |

~of C. tetragona by Havstrom ef al. (1993) at Ny-Alesund, Svalbard, a high arctic site, and at

Abisko, Swedish Lapland, a subarctic site. In addition, the results from a 5-year study of C.

~ tetragona at the same site at Abisko also showed increased biomass with temperature

enhancement (Michelsen ef al 1996). However, the absence of a significant vegetative growth
response to temperature enhancement in this study parallels the observations of other similar
short-term studies of high arctic plants including, C. tetragona (Molau 1997, 2001), D.

‘ 80




octopetala (Welker et al. 1993; 1997), Polygonum viviparum L. (Wookey et al. 1994),
Saxifraga oppositifolia (Stenstrom et al. 1997; Desrosiers 1991) and Diapensia lapponica L.

| (Molau 1996). In a recent meta-analysis of the ITEX data, the influence of short-term warming

(4 years) on vegetative growth across all species in the high arctic, and more specifically woody
species, showed only small-to-moderate effects (Arft ef al. 1999). Examination of the more
narrow functional groups showed evergreen shrubs experiehccd a.small, but non-significant |
positive effect during the first three treatment years; however, the effect was diminished in the
fourth year (Arft et al. 1999).

The reproductive response: of C tetragona to summer monthly surface temperatures over
seven years of experimental warming was nelther stralght-forward nor was interpretation
sunple due to the lack of 51gmﬁcant correlatlon coefﬁcwnts In general, the correlation
coefficients were not significantly different from zero (P>0.05). Indeed, the small number of
significant correlation coefficients may be related to the number of annual growth increments
measured (n = 6, 1986-1991; n =7, 1992-1998) in this study; hence, the power of the given

statistical tests was low.

Annual production of flower buds was positively correlated with surface temperatures in
the open-top chambers during the months of May and July.  Annual production of flower
peduncles was positively correlated with temperature in the month of May, as well as during the
first two weeks of July and September. Repeated measures analyses of variance showed that the
reproductive variables were strongly affected by the experimental warming. The mean annual
production of flower buds was especially high in 1994, 1995, 1996, and 1998. The effect of the
warming experiment on the production of flower buds in 1996 was paxtiéularly notable, as the
growing season (June-August) was the second coldest on record at Alexandra Fiord. During the
summers of 1994, 1995, and 1998 at Alexandra Fiord, the open-top chambers appeared to
enhance already warm growing season temperatures, resulting in a higher mean number of
flower buds produced. The mean number of flower peduncles produced in the summers of
1992, 1994, 1995 and 1996 was also high. The strong positive effect of the warming
experiment on mean number of flower peduncles was clearly evident in 1992, the first year of
treatment. Interestingly, the growing season of 1992 was cool at Alexandra Fiord. The
immediate response to the warming experiment further emphasizes the rapid response of C.
tetragona reproduction to warmer temperatures as observed in other studies (Nams and
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Freedman 1987b; Johnstone 1995). Similarly, mean flower peduncle production was high in
1996. The dpen—top chambers enhanced growing season temperatures enough to off-set the
effects of a cold growing season. Notably, both mean production of flower ﬁuds and pedunéles
decrease in 1997 in the open-top chambers, the second coldest growing season during the
treatment period. Possibly, the high level of reproduction in the treatment population could not
be sustained through two cold summers. '

Johnstone (1995) also found a signiﬁcant positive treatment effect on-thé percentage of
tagged shoots that developed mature flowers. In the same study, she found that the number of
flower buds produced per mature shoot showed a strong posiﬁve response to temperature
enhancement. Observations of C. tetragona reproduction following years of naturally favorable
growing season conditions also showed increased flower production (Bliss et al. 1977; Nams
and Freedman 1987b). From evidence provided in studies done at Alexandra Fiord ahd
elsewhere, the strong reproductive response of C. fefragona to enhanced surface terhperatures
sugéests that this evergreen species has adapted to take advantage of increased temperature

during the growing season.

Whether the extra investment in reproduction by C. tetragona at Alexandra Fiord is a
positive and cost-effective population strategy remains questionable. In an open, polar semi-
desert community, investment in reproduction during warm summers could lead to the
colonization df open ground by the plants and an increase in distribution (Wookey et al. 1993).
However, the lowland at Alexandra Fiord is dominated by closed-cover vegetatioh. Intra and
interspecific competition for nutrients, water, light, and space may leave few available suitable
microsites for C. tetragona seed germmatxon and @evélppment, thus resulting in a poor
investment of resources (Callaghan and Emanuelsson 1985 ;’Carlsson and Callaghan 1990;
Karlsson et al. 1990; Callaghan ef al. 1‘992;:Eriksson and Ehrlén 1992; Wookey et al. 1993;).
Seedlings of C. tetragona have rarely Béen found at Alexaﬁcifa Fiord (Freedman et al. 1981;
Johnstone 1995; personal obseﬁéﬁoﬁ). Howéver,-continixedinvestment in reproduction ensureé
that viable seeds will be dispersed after each favorable growing season, thus increasing the
chances of beneficial genetic recombination and potentially improved survival capabilities in a
changing environment (Blopm et al. 1985; Philipp et al. 1990; Crawford et al. 1993; Wookey et
al. 1995).
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Interestingly, there was no detectable effect on C. tetragona flower frequency due to
short-term greenhouse wamnng at either a subarctic subalpine heath or at a h1gh altitude
fellfield site at Abisko, Swedish Lapland (Havstrﬁm etal. 1993). On the other hand, other
short-term experimental warming studies of other arctic species have found striking effects of
increased temperature on reproduction: these studies include observations on C. tetragona
(Molau 1997; 2001), D. octopetala (Welkér et al. 1993; 1997; Wookey et al. 1993; 1995),
Polygonum viviparum (Wookey et al. 1994), Saxifraga oppositifolia (Stenstrﬁm et al. 1997),
Salix arctica Pall. (Jones et al. 1997), Silene acaulis L. (Alatalo and Totland 1997), Eriophorum
vaginatum L. (Molau-and Shaver 1997), Carex bigelowii Torr. (Stenstrﬁrh and Jonsdéttir 1997)
and Papaver radicatum (Molgaard and Christensen 1997). Meta-analysis of ITEX data on |
short-term response of reproductive effort to enhaqcéd temperaturés showed a positive effect
(Arﬁ}et al: 1999). The magnitude of the effect increased over the four years of the study
indicating a trend towards greater reproductive effortvin the warmed plots (Arﬁ etal. 1999). In
addition, analysis of the high arctic data showed a greater response than that from the low arctic,
particularly for the second and third years of treatment which were - significantly different from
the controls (Arft et al. 1999). When examining the results for the functional groups, the mean
effect size for reproductive effort in woody plants was positive, with most of the response
contributed by evergreen shrubs (Arft et al. 1999). Finally, Arft e al (1999) also reportcd high

levels of inter-annual variability in reproductive effort for both evergreen and deciduous shrubs.
2.4.4. Chronology Characteristics .
244.1. A Comparison of Cassiope tetragona Populations

The estimates for mean annual growth and reproduction of C. tetragona presented in this

study were similar to those found in comparable temperature enhancement studies (Table 2.20).

Measurements of annual shoot elongation in the control and open-top chamber treatment during

the pre-treatment and treatment periods were similar to those made by Nams (1982) and

Johnstone (1995) at Alexandra Fiord. However, measurements of annual stem growth were
slightly smaller than those reported by Havstrdm et al. (1993) for Ny-Alesund, Svalbard
(control plots'only), and substantially shorter when compared with values from the ITEX site at
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Table 2.20. Comparative data on the mean growth (annual growth increments (AGI), annual production of leaves)
and reproduction (annual production of flower buds and peduncles) of Cassiope tetragona from temperature
enhancement studies in the Arctic. CON = control plots. OTC = open-top chamber treatment. Buds = flower buds.
Peds = flower peduncles. SD = standard deviation of the mean. SE = standard error of the mean. nd = no data.

Meant - CON OTC CON OTC CON OTC CON OTC

Study Site and Date SDISE AG! AGl Leaf Leaf Buds Buds Peds Peds
Rayback, Chapter 2 Dryas ITEX site mean 369 376 1028 1044 016 0.15 016 023
Alexandra Fiord 1986-1991 sD . 169 169 288 312 037 041 037 053
Ellesmere Island ’ . o ’

' Dryas ITEX site mean 351 353 902 1070 014 025 02t 043
1992-1998 SD 169 170 280 328 035 051 045 070
Johnstone 1995 Dryas TEX site mean 287 324 nd nd nd nd nd nd
Alexandra Fiord 1992 SD 025 039 nd nd nd nd nd nd
Ellesmere Island
Dryas ITEX site mean 406 368 nd nd nd nd 0.55* 021
1993 SD 032 032 nd nd nd nd 067 022
Cassiope ITEX site mean 303 370 nd nd nd nd nd nd
1992 SD 015 021 nd nd . nd nd nd nd
Cassiope ITEX site mean 317 348 nd nd nd nd 049 0.14
1993 SD 015 015 nd nd nd nd 018 011
Nams 1982* Central Piain mean  340. 400 nd nd 18~ 420 nd nd

Alexandra Fiord 1981 SE .~

010’ .030 nd-*. nd 050 110 nd  nd
Ellesmere Island i :

" i 3

Havstrom etal. 1993  Treelineheath ~ mean . 829, .nd ' 1948 nd nd nd nd  nd

Abisko, Sweden 1989-1991 SE - 0.22 ; nd 039 nd nd nd nd nd
Summit felifield mean 625 nd 1329 nd nd nd nd nd
1989-1991 SE ' 025 nd 036 nd nd nd nd nd
Ny-Alesund Beach ridge heath mean 521 nd 10.78 hd nd nd nd nd
Svalbard, Norway 1990-1991 SE 022 nd 0.35 nd nd nd nd nd
Molau 2001 ITEX site mean 912 914 nd nd  nd nd nd nd
Latnjajaura, Sweden 1993-1997 SE 032 029 nd nd nd nd nd nd

* Mean numbers of flowers per live shoot measured in 1993 (Johristone 1995).
* Greenhouse design was a closed-top chamber (Nams 1982).
=+ Mean number of flower buds per shoot on tagged shoots (Nams 1982).
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Latnjajaure, Sweden (Molau 2001). Measurements of mean annual leaf production in this study
were similar to those for a population at Ny-Alesund, Svalbard (control plots only), but much
smaller than those reported for two populations at Abisko, Sweden (Havstrom et al. 1993).

Differences between the mean growth estimates reported in this study and others are, in
some cases, a product of the latitudinal location of the study sites. Havstrom ef al. (1993)

~ suggested C. fetragona stem elongation and leaf production decreases with latitude and

specifically, C. tetragona plants found at high latitudes would invest resources into
strengthening and protecting fewer leaves on a shorter stem to prevent deéiccation damage.
Regarding annual shoot length, there was also the possibility that the stems collected in this
study could have been juvenile stems, and therefore, would have exhibited shorter annual
growth. Callaghan et al. (1989) discovered a similar developmental trend in leaf length on C.
tetragona plants, specifically; smaller leaves were produced in the first years of growth of a

juvenile shoot.

" Apart from the one-season (1981) éxperimental warming study done by Nams (1982) at
Alexandra Fiord, there were no comparable, long-term data for annual production of flower
buds in C. tetragona. The values presented by Nams (1982) represent the mean number of
flower buds per shoot, and were notabl); highei' in both the control and greenhouse plots in
comparison to estimates presented in this study. However, in the experiment conducted by
Nams (1982), greenhouse temperature were raised on average 1-3 °C more than in the ITEX
open-top chambers at Alexandra Fiord. In addition, it is not known if flower buds were counted
oh two or four sides of the stem for each annual increment. Finally, estimates of mean annual
production of flower peduncles were slightly smaller in the control plots and Slightly larger in
the open-top chamber plots, than values estimated by Johnstone (1995). '

2.4.4.2. Intra- and Inter-Plant Variability in Cassiope tetragona

High intra- and inter-plant variability in C. fefragona was apparent through visual
comparison of individual plants and correlation analysis of the chronologies in this study.
Qualitative observations of the inter-annual growth and reproductive responses of individual
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plants to environmental variables revealed asynchronous patterns in both populaﬁons from
1986-1998. However, during summers with lower or higher average temperature, individual
plants tended to respond in unison. For example, the growth variables in both populations
responded negatively to environmental conditions in 1996, the second coldest summer on record
at Alexandra Fiord. '

" Interpretation of the correlations between the master growth chronologies during the pre-
and treatment periods was difficult. It. was expected that a contemporaneous suite of
environmental conditions for the same tlme penod (pre-treatment 1986-1991) would produce
comparable correlations between the control and open-top chamber treatment. Similarly, it was
expected that the control master chronologles would \eXhlblt consistent responses across the pre-
treatment and treatment time periods. Instead, it appears that the high degree of intra- and inter-

plant variability resulted in few correlation coefficients of the same sign.

High intra-plant variation is not surprising in a plant with a complicated, multi-branching
structural architecture as was noted by Johnstone (1995). The position of individual stems
within a densely branching plant may influence the amount of solar radiation each plant part
receives, as well as surface temperature. Strong temperature gradients exist in tundra
ecosystems between the ground surface (0 cm) and 10 cm above the ground. While C.
tetragona plants rarely reach a height above 15 cm tall, the difference in temperature is often
several degrees between those stems near the ground surface and those at a height of 15 cm
(Savile 1964; Svoboda 1977; Nams 1982). Surface temperatures (0 cm) in the control plots

~ were approximately 2.0°C higher than air temperature (10 cm) in July from 1995-1998. In-
addition, temperatures measured at various points on and within high arctic tundra cushion
plants and rosettes have recorded values as high as 28°C (Warren Wilson 1957; Kjellberg et al.
1982; Molgaard 1982; Philipp et al. 1990; Wookey et al. 1993; G. Henry, personal

communication).

Resource partitioning among stems may also be an important factor affecting individual
stem growth and reproduction in C. fetragona (Johnstone 1995). Because of apical dominance
and rapid growth, certain stems within a plant may be sinks for a disproportionate amount of
nutrients and water, despite all stems being attached to a central root system. Havstrém et al.
(1993) suggested that differences in response between individual mature and juvenile stem
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growth to simulated environmental change may be caused by infemal resource partitioning. As
a further complication to cross-dating and assessing the climate signal, apical dominance likely
changes throughout the lifetime of the plant due to the naﬁiral senescence of the dominant |
stems, or to damage and death by wind desiccation and freezing temperatures. |

Intra- and inter-plant variability linked to resource partitioning and possible intra- and -
inter-species dynamics may have dampened the response of the plant to larger-scale climate
factors. At present, there is a limited amount of research available on intra-species and inter-
species competition in arctic tundra ecosystems, particularly high arctic ecosystems (Bliss and
Peterson 1992)." Although untested at Alexandra Fiord, it is possible that C. fetragona plants
may compete to a limited degree for available light, heat, nutrients and water, particularly in
densely occupied communities like that of the lowland ét Alexandra Fiord and other hlgh arctic
oases. Plant competition theory suggests that low levels of competition occur in tundra
commuriities. as s?ascular planf species are limited more by stressful environmental conditions
than by oompetitive interactions (Grime 1977). In a study by Hobbie ef al. (1999), the results
suggested that the direct limitation of environmental ’conditions was more important than the
11m1tat10ns by species interactions in low arctic, Alaskan tussock tundra. It is unclear at this
pomt, what role competition plays in this high arctic ecosystem and how it 1nﬂuences C.

tetragona growth and reproduction.

Fmally, our lack of understandmg of high arctic plant and community interactions
presents a problem when selecting sampling sites. In dendrochronology, site selection is driven
by the goal to enhance the effect of a given set of growth-hmmng factors and to reduce the
influence of local endogenous and commumty exogenous dlsturbance factors (Fritts 1976 Cook
and Briffa 1990; Pilcher et al. 1990) While the selection of the Alexandra Fiord lowland meets

_ site selection criteria as an appropnate region where the species is at its climatic distribution

limit, and where climatic factors groatl& affect annual growth and reproductive variability, it

~ cannot be said W1th certainty that community-dynamics do not influence the strength of the
chronology signal (Pilcher et al. 1990). '
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2.4.5. Principal Findings

Despite some of the difficulties inherent in the analysis of the warming experiment,
examination of the results from the control and open-top chambers yielded some interesting
findings. Cassiope tetragona growth and reproducfive chronologies were reconstructed
successfully for the control and open-top chamber treatment at Alexandra Fiord. However, high
intra- and inter-plant variability, most likely linked to resource partitioning and species
dynamics, characterized the chronoldgies. Despite the high levels of variability, the
chronologies provided a baseline estimate of grovx'rth and reproduction prior to (1986-1991) and
during (1992-1998) the warming experiment. |

The study’s results showed that C. tetragona plants did respond to local climate
conditions and to the warming experiment during the treatment period. Repeated measures
analysis of variance provided evidence for a strong reproductive and weak vegetative growth

response to increased temperature. The two reproductive variables were significantly affected

by the warming treatment, but the two growth variables were not.

Correlation analyses revealed that thicker snowpack in the open-top chambers may have

better insulated C. tetragona plants from cold temperatures, as well as provided protection from

physical and physiological damage during the winter months. Correlation analysis also
sﬁggested increasing temperatures early in the summer may have shifted the start of the growing
season forward and resulted in earlier growth initiation in the open-top chambers. Earlier and
accelerated shoot elongation rates may have placed a strain on the plants’ stored carbon and
nutrient reserves so early in the growing season. However, by mid-summer, a potential surplus
of soil nutrients for shoot growth resulted in a positive relationship with annual stem elongation
and July temperatures. In addition, the reproductive variables were positively inﬂuencéd by

early summer temperatures in warming experiment.

Correlation analysis also showed growth and reproduction in the control plots responded
positively to increasing temperatures early in the summer which facilitated the initiation of"

photosynthesis and the formation of flowers and flower buds. However by mid-summer,

moisture stress and/or within-plant resource depletion may have stressed plant growth, resulting

in negative correlations. By the end of the growing season, gradually decreasing temperatures
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likely facilitated winter hardening within the control plants, while at the same time enabled
flower buds to develop more fully.

These results compare well and support previous studies which characterize C. tetragona
as a slow-growing, long-lived, conservative plant, similar in its life history to other northern
evergreen species, including conifers and other ericaceous shrubs. However, further studies of
C. tetragona’s growth and reproductive responses to longer-term ambient and enhanced

temperatures are needed at both Alexandra Fiord and from other sites across the Arctic.
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3. The reconstruction of past climate for Alexandra Fiord, Ellesmere Island, Canada

3.1. Introduction
3.1.1. The Need for Proxy Climate Data in the Canadian Arctic

In order to understand modern climate and past climate change in the Canadian Arctic, a
high resolution paleoclimatic record documenting temporal and spatial patterns of natural
climatic variabiiity over a long time period is crucial (Bradley 1985; Smol 1988; Bradley-and
Jones 1993; Hardy and Bradley 1997; Mann et al. 1998; 1999). Multiproxy studies of climate
during the Late Hol_ocetie have shown that, within the last two hundred years, the Arctic has

experienced the coldest and warmest temperatures within the last millennium (Overpeck et al.

- 1997). The need for long and high resolution proxy records from arctic sites is particularly

pressing in light of the present discussion of the origins-and mechanisms for current giobal
climate change. The results of Gehéréil (fi‘rculétion’ Models (GCMs) predict a warmer global
climate (+1.4 - 5.8 °C) by 2100 (IPCC 2601).‘ -A The greatesf temperature increase is forecasted
for the high northern latitudes, ranging from 40-175 °C in summer to 2.5 - 14.0 °C in winter
(IPCC 2001). While the predicted future warming in the circumpolar north will vary both
spatially and temporally, the direct and indirect impacts on the biophysical environment in the
Arctic will be substantial (Maxwell 1992; IPCC 2001). To understand the current and future
impact of climate change in the Arctic on these systems, it is imporfant to develop proxy records
to obtain an empirical description of past climate variability including its modes of behavior, its
extremes and the duration of trends and cycles. With proxy climate records, a more confident

estimation can be made of the roles of different external forcing factors and internal sources of

variability on past and recent climate.

3.1.2. Instrumental Records in the Canadian Arctic

While high quality instrumental data exist for the Canadian Arctic, they cannot be used
to assess regional climatic patterns in space and time (Hardy and Bradley 1997). The major
difficulties encountered when using these data in the examination of climatic patterns and the
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development of proxy data for high arctic locations are: (1) the brevity of the meteorological
record, and (2) the location and number of long-term, year-round climate stations (Hardy and
Bradley 1997). In the Queen Elizabeth Islands, five High Arctic Weather Stations (H.A.-W.S.)
are in operation, all of which began collecting weather data in the 1940s. The HAW.S. at
Mould Bay, Prince Patrick Island and Isachsen, Ellef Ringnes Island closed in 1997 and 2002,
respectively. The situation is similar for the mid- and low arctic, with only four weather stations
in operation before 1940. The remaining 31 stations began collecting weather data in the 1940s
or later (Chapman and Walsh 1993; Hardy and Bradley 1997) As climatic variability operates
at many time scales, from years t to decades to centunes (Mitchell 1976), the length of the

H.A W.S. instrumental record precludes most mvestlgatrons of climatic variability over time
intervals equal to or longer than the meteorologlcal record (Hardy and Bradley 1997).
Moreover, the brevity of the instrumiental record at the H.A.W.S. makes calibration and

verification of reconstructions difficult and their results tenuous.

The second constraint of the instrumental record involves the location and number of the
H.A.W.S. All five climate stations-in the Canadian High Arctic are situated at coastal locations
at less than 100 m a.s.1. In the low and mid arctic, the majority of climate stations are also
located on the coast. However, five high elevation sites (100-640 m a.s.1.) exist on Baffin Island
(Maxwell 1981; Hardy and Bradley 1997). Although the coastal plain topography of the
western half of the Canadian Arctic is similar to that of the climate station sites, the plateaus,
mountains and fiords of the eastern Arctic are in direct contrast. Thus, climatic conditions at the
coastal H A.W.S. may not be directly representative of all locations around the Canadian Arctic
(Hardy and Bradley 1997). Given the constraints and limitations of the instrumental record and
the pressing need to exaniine climatic variability over time periods longer than the recorded

data, the development of proxy climate data sets is necessary.

4

3.1.3. Current State of Proxy Climate Data for the Canadian Arctic

| While significant advances have been achieved in recent years in the reconstruction of
the arctic proxy climate record, our knowledge of past climate conditions in the Canadian Arctic
remains incomplete. In particular, there are very few data sets from sites within the large region
of Nunavut and the Northwest Territories, Canada, documenting the spatial and temporal
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variability of climate. ‘Available proxy climate data sets and other evidence of paleoclimatic
| Change from Canadian Arctic sites include: ice cores, laminated lake sediments, fresh water
diatoms, pollen and tree-rings, as well as glacial and glacio-isostatic evidence and radiocarbon
dates of organic matter (Bradley 1990). Many of these proxy data sets are spatially and ‘
: 'temporally l‘imited, which can present certain problems when climatic information is derived |
from a limited region and extrapolﬁted to much larger areas (Jones and Kelly 1983). Currently
only ice cores, 1an1i‘nated lake sediments, and free-rings offer long duration, high resolution
proxy records. Ice core and tree-ring sampling sites are limited geographically to glaciers in the
high arctic and south of tree-line in the low arctic, respectively. To address the problems of '
better spatial coverage in the Arctic and highly resolved data sets, a recently developed proxy
techmque to reconstruct climate using the clrcumpolar evergreen, dwarf shrub, Cassxope

 tetragona is used in this study

3.1.4. Reconstructing Climate Using Cdssiope tetragona

The retrospective analysis technique used in this study is based upon the principles of
dendrochronology, the study of the patterns of annual tree-ring widths (Fritts 1976). The
retrospeét_ivé analysis technique was first introdu@ in Chapter 2. Dendrochronological studies
have been successfully carried out on several tree species in the low arctic (e.g., Kay 1978;
Cropper and Fritts 1981; Jacoby and Cook 1981; Cropber 1982; Kuivinen and Lawson 1982;
Jacoby et al. 1985; Briffa et al. 1988; Jacoby and D’ Arrigo 1989; Briffa ef al. 1990; 1995;

D’ Arngo et al. 1992; 1993; 1999; Jacoby et al 2000) but studies on shrub species north of
treehne have proven more problematlc (Beschel and Webb 1962 Warren Wilson 1964; Walker
1987, Kollshchuk 1992). ' -

The retrc')épective analysis technique developed by Johnstone and Henry (1997) is used
in this research to investigate the vegetative growth and reproductive response of C. tetragona -
to climate and to reconstruct proxy climate data for a high arétic site. It is a long-lived species
found throughout the circumpolar north (Hultén 1971; Bliss and Matvayeva 1992). A more
detailed description of the plant and its habitat can be found in Chapter 2.
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Previous studies (Havstrom et al. 1995; Johnstone and Henry 1997) strongly support the |
use of retrospective analysis of C. fetragona to develop proxy data sets of high resolution and
" moderate duration. If chronologies of one hundred years or longer can be generated using C.
tetragona plants from multiple sites, a better understanding of the temporal variability of
climate over the last century or more might be achieved. Previous studies reported chronologies
of 20 to 35 years (Callaghan et a/.1989; Johnstone and Henry 1997), but more recent field
‘observations suggest chronologies of 100 years or more may be generated (personal
observation). The development of C. tetragona chronologies, which cover the late 19" and
entire twentieth century, is of particular interest given the range of environmental conditions the
Arctic has experienced since the end of the Little Ice Age (c.1850).

Furthermore, as C. fetragona is a circumpolar species and can be found as a dominant or
co-dominant plant in muitiple 'arctic tundra ecosystems, it may be used to generate proxy
climate data from a network of high latitude terrestrial sites. The potential for increasing the
available number of proxy data sets for Arctic Canada through the retrospective analysis of C.
tetragona would contribute greatly to our understanding of the spatial and temporal variability
of northern climate, and hence, would improve our understanding of the arctic climate system.
Multiproxy networks appear to provide the best opportunity for larger-scale paleoclimatic
reconstruction and climate signal detection (Mann et al. 1998).

3.L5. Research Objectives

In this chapter, the four research objectives are: (1) to construct two vegetative and two
reproductive chronologies at each of the three sites which follow an elevational gradient (30 m
a.s.l. to 500 m a.s.1.) at Alexandra Fiord, Ellesmere Island; (2) to reconstruct summer climate
conditions at Alexandra Fiord from the late 1800s to the present; (3) to investigate high- and
medium-frequency variability in the climatic reconstruction; and (4) to relate the climatic
reconstruction based on C. tetragona to the results of other single and multi-proxy studies and to

instrumental data from the Canadian Arctic.
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3.2 Methods
3.2.1. Species Characteristics

- The long-liVed} ericaceons dwarf shrub Cassiope ietragona (L)D.Don, hasa .
circumarctic distribution and is a major component of low shrub dwarf shrub and mixed heath
- communities (Bcher 1954; 1959; 1963; Gjaerevoll and Bnnger 1965 Igoshma 1969; Ronmng
1969; Beschel 1970; Chepurko 1972; Thompson 1980; Nams and Freedman 1987a Bliss and

Matveyeva 1992). A full description of the species’ characteristics and the assoc1ated
retrospectlve analysis techmque based on the species morphology is grven in Chapter 2

3.2.2. Study Area and Samplin‘g'Sites |

Field work was conducted at Alexandra Fiord, Ellesmere Island, Canada (78° 53™N, 75°
55’ W) in the summer of 1998. A descnptlon of the study area is provided in Chapter 2. Plants :
were collected at three.sites at Alexandra Fiord along an elevatjonal gradient. The three -
sampling sites are referred to in the text as Lowland, Bench and Dome, in order of thelr position -

from the bottom to the top of the elevational gradrent (Figure 3.1).

- The Lowland samplmg site is located at30m above sea level (a.s.1) w1th1n the central
plain zone (Nams and F reedman 1987b) of the Alexandra Fiord' lowland (Fi 1gure 3.2). The
central plain zone has. the greatest annual net productlon of all vegetation communities at
Alexandra Fiord, charactenzed by the warmest temperatures relatively early snowmelt, and the
deepest soil thaw (Nams and Freedman 1 987b). Cassiope tetragona plants we_re»sampled in
early.luly 1998 within ;59—2,50 metres west to northwest of the Cassiope ITEX site (Chapter 2).
The vegetation commnnity of the Lowland site: is dominated by C. tetragona, but also includes
Dryas integrifolia M. Vahl, Salix arctica Pall., Luzula nivalis Spreng., Saxifraga oppositifolia L.
and Papaver rqdicatum Rottb. (Muc 1989). Longer-stemmed C. fetragona plants were found-
growing within frost cracks and depressions, as well as alongside broken granitic ontcroppin'gs. -
on the gently sloping outwash plain (Figure 3.3). The protection from the wind, as well as

1ncreased warmth provided by the darker rocks, and a prolonged source of water from late-

' meltmg SNOwW trapped within the cracks most likely contributed to the increased stem lengths _
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Figure 3.1. Map showing the locations of the Lowland (30 m a.s.l.),
Bench (150 m a.s.l.) and Dome (500 m a.s.l.) sampling sites, and the
Coastal and Meadow automated weather stations at Alexandra Fiord,

Ellesmere Island.
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Figure 3.2. The Lowland sampling site (30 m a.s.l.) at Alexandra Fiord, Ellesmere
Island, Canada. In the foreground, Cassiope tetragona plants are located
around the rock outcrops and are in bloom.




Figure 3.3. Cassiope tetragona plant growing around a rock outcrop at the Lowland
site, Alexandra Fiord, Ellesmere Island, Canada. Note the unusually long stems of
the plant growing around the rock.




(Bruggemann and Calder 1953; Callaghan ez al. 1989; Carlsson and Callaghan 1991). Many
plant stems were found to extend along the length of the protected cracks. However, no
evidence of etoliation was present in these stems. . Shorter-stemmed and much smaller C
fetragona plants were preseht on the raised ground between frostv cracks and on top of

hummocks within the sampling area.

The Bench site is located at approximately 150 m a.s.l. on a northeast-facing slope, on
the west side of the Alexandra Fiord lowland (Figure 3.4). The site is dominated by large
granitic outcrops and boulders. In early July 1998, small patches of snow were found in deeply
shaded cracks around the rocks. Meltwater from snowbeds upslope of the sampling site was
present at the soil surface. Cassiope tetragona dominated the site’s vegetation community, but

D. integrifolia, S. oppositifolia, and Luzula confusa Lindeberg were also found. Similar to the

Lowland site, the longest C. fetragona stems were found growing either in the protected space at

the base of boulders and rock outcropg;’ or héngmg down into the openings between the rocks

from clumps of bryophyte-covered soil .(Figl.l_re. 35) S

The third site along thé élevation g’radiént,‘tﬁe DOfne, is located at 500 m a.s.l. on the
Western Plateau (Figure 3.6). It is believed thiat the présent ice-free uplands of the Canadian
High Arctic, including the Western Plateau at Alexandra Fiord may have beén covered by.
glaciers, ice crusts and persistent snowbeds as recently as 100-150 years ago (Svoboda 1982;
Svoboda and Henry 1987; Batten and Svoboda 1994). The western arm of Twin Glacier has
retreated approximately 1.5 km from the Dome site exposing a bare upland. The upland is
strongly marked by the geologic unconformity of a roughly circular, Paleozoic outlier of non-
metamorphosed and undeformed sedimentary rock underlain and surrounded by Arcane
gneisses. (Sterenberg and Stone 1992). The recent deglaciation and the underlying geological
substrate have influenced the vegetation communify type and patterning within the plant
communities at the Dome site (Batten and Svoboda 1994; Bliss et al. 1994). The vegetation
* communities are most influenced by the soil-moisture content of the Dome‘site. The absence of
a well developed soil profile and drier conditions of the uplands result in lower species richness
compared to elsewhere at Alexandra Fiord (37 species vs. 92 species). The granitic acidic soils
with a pH between 5.0 and 7.0, host a rich vascular flora including C. tetragona, S. arctica, D.
integrifolia, Pedicularis hirsute L., Festuca hyperborea Holmen ex. Frederiksen, Oxyria digyna
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Figure 3.4. In the foreground, the Bench sampling site (150 m a.s.l.) at Alexandra
Fiord, Ellesmere Island, Canada. The Cassiope tetragona plants were located in
the protected spaces at the base of the boulders and rock outcrops.
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Figure 3.5. Cassiope tetragona plants growing down into the spaces between
small boulders at the Bench site, Alexandra Fiord, Ellesmere Island. Note
the unusually long and green tipped stems of the plant.




Figure 3.6. (Top) Photo of the Dome site taken from the Eastern Plateau on
the eastern side of Alexandra Fiord; (bottom) the Dome sampling site (500
m a.s.l.) (Photo courtesy of S. Rolph, 2001). Note the dolomitic substrate
on the left hand side of the photo, and the granitic substrate on the right
hand side. Cassiope tetragona plants were collected from surface cracks
on the granitic side of the Dome site. The Dome ITEX open-top chambers
and the Dome automated weather station are visible in the background, as
well as Twin Glacier.
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(L.) Hill, Saxaﬁaga cdespitosa L., S oppositifolia, S. cernlla L., and S. nivalis L. (Batten and
Svoboda 1992). Cassmpe tetragona, like many of the other plants at this s1te congregates in the
frost cracks in search of protection from the wind (Bruggemann and Calder 1953; Callaghan et -
al. 1989). Very few C. tetragona plantsfwere found outside of these prptectlve depressions at

the Dome site.

3.2.3. Climate Measuremellts at Alexandra Fiord and Eureka, Ellesmere Island |

The instrumental climate records from two sites on Ellesmere Island, Alexandra Fiord
and Eureka, were used in this study to investigate the relationship between C. ietragona growth
and reproduction and local and regional climate, and to reconstruct past climate for Alexandra
Fiord. As summarized in Chapter 2 and in Labine (1994), the influence of the synbptic
~ conditions on the climate of eastern Ellesmere Island, and the impact of the unique topographic

configuration of the lowland on local climate at Alexandra Fiord are discussed.

Instrumental climate data have been collected at Alexandra Fiord since the summer of

1980 through the use of automated meteofological stations (Labine 1994). Climate data used in
this study were recorded by fwo autostations at Alexandra Fiord, the Ceastal_station atl0m
a.s.l. (1980-1998) (Labine 1994; C. Labine, unpublished) and the Meadow station at30 ma.s.l.
(1989-1998) located 1 km inland (Henry et al. in prep) (Figure 3.1). Detalled descriptions of the
Coastal and Meadow autostations and the climate, data sets are prov1de in the Methods section of
Chapter 2. The autostations measured all or several of the following variables: air, surface and
soil temperatures, relative humldlty, mcommg global solar radiation, and wind speed and |

direction. ‘ C B

As the Coastal station record was tlle lorlgest and most continuous data set at Alexandra
Fiord, it was selected for use in this study. Any data gaps from 1989 to 1996 in the Coastal
Station set were estimated using the Meadow station data set via linear regression analyses. Air
temperature data used in this study were measured at 1.5 m above the ground surface at both the
Coastal station and Eureka H.A.W.S. While surface temperatures (0 cm) and soil temperatures

(-10 cm) do exist for Alexandra Fiord and are a useful indicator of the plant’s

_ microenvironment, these data were not available for the Eureka H.A.W.S. In addition, despite
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the fact the Coastal station record was the best local dataset for retrospective modeling of
climate at Alexandra F.iord', its length (1980-1996) was too short to verify any reconstruction.
Hence, the longer data set from the Eurcka HA.W.S. (1948-1996) was chosen for response and
transfer function analysis to estimate climate at Alexandra Fiord.

Eureka, Ellesmere Island (79° ' 9;‘1\1‘{58"5“" ‘59"W) is one of two weather stations located
on Ellesmere Island and one of only ﬁve 1n the Canadlan ngh Arctic. It is located on the coast
of western Ellesmere Island on the Fosheun Pemnsula at 10 m a.s.1. The station has collected
hourly and daily meteorologlcal data contmuously since May 1947, including temperature and
precipitation data (Meteorologlcal Service of Canada, National Archive and Data Management
Division, Envxronment Canada, 2002; http://www.msc-smc.ec.gc.ca). Eureka is approximately
250 km from Alexandra Fiord, separated by the Saw-Tooth Mountains and the Prince of Wales
Ice Field. While Eureka and Alexandra Fiord were not classified into the same climate region
(Maxwell 1981), climate variables recorded during the growing season correlated more strongly
between Alexandra Fiord and Eureka than with the H.A.W.S. at Alert, Ellesmere Island (85° N) |
(Labine 1994). Eureka has the warmest summer climate conditions of any of the HA.W.S,
thus making it a good counterpart to the thermal oasis of Alexandra Fiord (Maxwell 1981;
Labine 1994). The relationship between the climate conditions of Alexandra Fiord and Eureka
for the period 1980-1988 was discussed in Labine (1994). Labine (1994) found that the annual
air temperature at Aiexandra Fiord was 5-6 °C higher than at Eureka for 1980-1988, but much
of this difference was due to milder temperatures at Alexandra Fiord during the winter months
(January to May; September to December). Labine’s (1994) observations are supported by
comparisons of annual air temperatures for the period 1980-1996 (Table 3.1). Paired
comparisons t-tests were used to compare average monthly air temperature for 1980-1996 at the
Coastal station, Alexandra Fiord with average monthly temperature at Eureka, H.A.W.S. (Table
3.2). '

Unfortunately, there are no long-term climate data recorded at the Bench or Dome sites
at Alexandra Fiord. Recently, however, as part of a long-term warming experiment at
Alexandra Fiord, continuous temperature measurements have been made using thermocouples at
the Dome site since 1993 in the control and open-top chamber treatment plots. In addition, |

measurements of air temperaturé at 1.5 m above the ground surface have been made. As the
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Table 3.1, Comparison of average annual air temperature at the Coastal station, Alexandra Fiord,
Ellesmere Island and Eureka HAW.S., Ellesmere Isiand for the period 1980-1996.

Eureka Coastal Station

_Year * Annual Air " Annual Air
‘ _Temperature Temperature
°C °C
1980 -19.9 -15.3
1981 - -176 . -14.1
1982 - -204 -15.4
1983 -19.3 -15.1
1984 -21.2 -16.5
1985 ' -20.0 -15.4
1986 T -208 -16.4
1987 -21.2 -16.6
1988 - -17.5 -14.6
1989 : -20.6 -15.7
1990 -194 -15.4
1991 ) -18.5 -14.9
1992 | -20.5 : -15.9
1993 : -18.8 -15.2
1994 -18.0 -14.4
1995 -18.2 -14.0
1996 -18.7 -14.0

Average -19.4 -15.2

Table 3.2. Comparison of average monthly air temperature at the Coastal station, Alexandra Fiord,
Ellesmere Island with Eureka, HAW.S,, Ellesmere Island for the period 1980-1996 using a paired
comparisons t-test. n=17. P : . . : -

Eureka Coastal station

Monthly Air '.” “Monthly Air © paired
Month Temperature . Temperature ttest
January -36.9" Co o282 0 ¢
February 377 ., 288, 0 ™
March 375 v . <302 el -
April -27.5 -21.8 b
May -10.5 -8.0 bl
June ‘ 25 22 ns
July 5.7 4.8 bl
August 27 27 . ns
September -7.2 5.7 >
October -21.6 -16.5 -
November -31.0 -24.1 i

December -34.3 -27.3 b

**P< 0.01; ns = not significant.
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data set increases in length, it could be used in future retrospective studies of C. fetragona plants

from the Dome site.

3.2.4. Plant Sampling and Measurement

In July 1998, C. tetragona plants were collected at the Lowland, Bench and Dome
sampling sites. Fifteen to twenty plants were collected from a visually homogenous area at
each site. Every attempt was made to collect plants that could be considered genetic
individuals. However, this could not be ascertained in thls study, since C. tetragona shoots are
known to trail and produce adventitious roots (Havstrom 1 995); When the genets disintegrate,
the individual plants may be physically separated, but are genetically identical (Havstrom 1995).
The plants were selected for the longest stems possible as the goal of the study was to-
reconstruct climate for the longest peﬁod possible. Plants were collected from frost cracks and
depressions around gneiss outcroppings at the Lowland site, from the base of and in between
granite boulders and outcrops at the Bench site, and from frost cracks on the gneissic side of the
unconformity on the Dome site. Following harvest, the collections were air-dried for seven.

days and then stored in paper bégs.

In the laboratory, five to nine stems per plant were selected for measurement. Stems
were selected for length and, when possible, for live green leaves and leaf buds at the tips of the
shoots. Bends in the shoots, whether natural or from storage, were removed by placing the
stems in a lukewarm ‘ba‘th for five to ten minutes. Stems were inserted into 1 cm diameter glass
tubes and allowed to dry overnight. When dry, two adjacent rows of leaves on the stem were
removed by hand. Any flower buds or flower peduncles found on the shoot were left in place.

A cofnplete description of laboratory procedures was given in Chapter 2.

Measurement obf the internode distances between leaf scars along the length of the stem |
was carried out under a dissecting microscope (10X to 30X magnification) using a mémually-
operated caliper systein (designed by J. Svoboda, University of Toronto, 1992). The internode
lengths were measured from the base to the tip of the shoot, while taking care to record the
number and locatlon of flower buds and peduncles. Data were recorded in a spreadsheet
program.
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3.2.5. Retrospective Growth and Reproduction Analysis

Two variables of growth (annual: stem elongation, annual prpduction of leaves) and two
of reproduction (annual production of flower buds and flower peduncles) for the sampled C.
tétr_agona plants were measured and recorded. A complete description of retrospective growth
and reproduction anafysis is givén in Chapter 2. Annual growth increments wéré determined by
the wave-like patterns in internode lengths, with the terminus of annual growth delimited by the
shortest internode length at the end of each wave-series (Johnstone 1.995). Each year is referred
to as an annual growth increment (AGI). The annual production of leaves, flower buds, and

flower peduncles were counted and recorded for each annual growth increment.

3.2.5.1. Cross-Dating: Skeleton Plots and COFECHA

The procedure of cross-dating éﬁsﬁ{és ;t‘he pri)pgr plgc_cment in time of individual annual
growth increments by matching common pattem's’ of » ye"arlyrérowth (Fritts 1976). It is assumed
in cross-dating that environmental factors» (e g.,"éliihz'ate)f affect annual growth and, thus, will
produce observable synchronous: variations in annual ;'growt‘h‘sequences over long time periods
and across large number of individual plants over wide geographical areas. Skeleton plotting, a
graphic technique of representing annual growth increment variations, aids the}researc'her in
matching up synchronous growth patterns within- and between-plants to create site'l
chronologies. Each site chronology is constructed from precisely dated time series of growth

increments.

In this study, each stem was cross-dated using skeleton plots of annual growth
increments (Stokes and Smiley 1968). Five to nine stems per plant were cross-dated and 10 to
15 plants were used to create site chronologies. The dendrochronological software program,
COFECHA, available in the Dendrochronological Program Library (DPL), was used to verify
further the visual cfoss~dating and to detect missed measurement and cross-dating errors in the
measured series (Holmes ef al. 1986; Grissino-Mayer 2002). - Chronologies for annual
production of leaves, flower buds, and flower peduncles were constructed as well, based on the
number of variables per year as defined by the annual growth increment. These chronologies

were not formally cross-dated.
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3.2.5.2. Standardization

In this study, standard chronologies of average growth and reproduction for each of the
three sites at Alexandra Fiord were constructed from a subset of all C. tetragona plant stems . E
measured. The annual growth mcrement senes selected for each study site were: (1) visually
" and statistically cross-dated to insure proper placement in tune (2) at least 20 years in length,
and (3) posrtlvely mter-correlated with the master series (Daniels 2000). The chronologles were
standardized using traditional dendrochronologlcal methods.(Fritts 1976; Cook et al. 1990).

In dendrochronology, the dual purpose of standardization is: (1) to.remove non-climatic' N

4 growth trends from the annual growth increment series, and (2) to allow the resultant
standardized values of md1v1dual plants to be averaged together into a méan-value function by
adjusting the series for dlffcl‘,CnCes in growth rates (Cook et al. 1990). Commonly, time series L
" of annual growth increments contain a low frequency component resulting from uneven growth_ :

of the species over its lifetime (Bradley 1999). 1tis necessary to remove this juvenile growth

function partlcular to the individual stem before annual increment variation between different

stems can be compared (Bradley 1999). Otherw15e the record from one stem with larger than

average growth | for a glven year will dominate other series of smaller than average annual

' growth when the series are combmed 1nto a mean chronology (F ritts 197 6)

lnspectlon of mdmdual series of C tetragona revealed that smaller annual growth
increments occurred during the first years of shoot elonganon, whether on a main stem or a
branching auxiliary stem. The Juvemle growth trend i in shoot growth is similar to what ‘
Callaghan et al. (1989) noted for leaf lengths in early stem growth In order to avoid an age-
related bias, the growth chronologles were standardlzed In addltron it was hypothe51zed that
reproduction in C. tetragona may be 1nﬂuenced by Juvemle growth effects. However, as no one
has been able to date a stem back to its first year of growth with certainty, it can only be
estimated that a plant reproduces after 10 years of growth. To minimize the juvenile effect on
reproduction: (1) all chronologies for annual production of flower buds and flower peduncles
were truncated to begin at the first year of bud formation or flower production, and (2) were
standardized. Johnstone and Henry (1997) also truncated and standardized the chron'ology for
annual production of flower peduncles used in their study (J. Johnstone, personal

.communication, 2002). In addition, any stems found to have neither flower buds nor flower
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peduncles were eliminated from the chronology building process. By eliminating these non-
reproductive stems, the number of stems upon which the flower bud and flower peduncle
chronologies were constructed is lower than the number of stems included in the growth

chronologies.

A Standard chronologies for the Lowland, Bench and Dome sites were produced using the
dendrochronological software _program ARSTAN (also in the DPL) (Ceok 1985; Ceek and
* Holmes 1986). The two growth and two reproductive chronologies per site were standardized
using flexible cubic-splines. Flexible cubic splines are symmetrieal, low-pass digital filters
(Cook and Peters 1981). There is little theoretical basis behind the selection of the proper
degree of curve flexibility or data smoothing when using digital filters, such as cubic splines, in
dendrochronology (Cook and Briffa 1990). As the frequency-dependent properties of the noise
(i.e. band limited spectral properties of the age trend and stochastic disturbance effects) are
unknown a priori in most situations, it is hard to choose objectively and to justify a selected
digital filter (Cook and Briffa 1990). However, when a priori mformatlon about the species, the
site and the environmental conditions is known, amore objective selection of an optimal
frequency response for a low-pass filter is possible (Cook and Briffa 1990). When considering
cubic splines, one possible criterion for choosing the proper low-pass filter is the signal-to-
noise-ratio (Wigley et al. 1984; Cook and Briffa 1990). The SNR is defined as: |

 SNR =———_ @3

where 7 is the average correlation between plants and N is the total number of plants included
to construct the chronology. The SNR expresses the strength of the observed common signzil
among plants. The goal is to find the frequency response of the filter whlch best maximizes the
SNR (Cook and Briffa 1990)

The maximum SNR cntenon does have drawbacks because it assumes, in the derivation
of the equation above, that the series being cross-correlated are random (Cook and Briffa 1990).
- The limitation of the SNR is that it measures the strength of the observed high-frequency signal
in the growth and reproductive mdlces but not the lower frequency signal oﬁen of interest in

climate change research (Cook and. anfa 1990) Thus the SNR criterion may select a dlgltal



filter which removes more low frequency variance than intended or desired (Cook and Briffa -
1990). With the bias of the SNR criterion in mind, it still provides a reasonable and objective
benchmark for selecting the frequency response of the digital filter (Cook and Briffa 1990).

Using a SNR criterion, as well as a priori information regarding the plant growth -
characteristics, flexible cubic splines on the order of twenty years were selected for the annual
growth increment and number of leaves chronologies. Cubic splines of 60_‘and 70 years were
selected for the number of flower peduncle and flower bud chronologies, respectively. The
flexible cubic splines were selected to smootﬁ out the local fluctuations which constitute the
high-frequency variation in growth and reproduction in order to produce a smoothed estimate of
the actual series (Cook and Peters 1981). For the purposes of this study, a smoothing spline was
needed that would maximize the inter-shoot correlation without losing the climate signal
'entirely. It was hypothesized that small changes within the C. tetragona plant’s architecture
(e.g., due to inter-shoot s'hading,A resource partitioning, apical dominance) would likely have é
greater effecf on plant growth than climate over the lifetime of the plant. Thus, intra-plant
effects must be filtered out as much és-possiblc. In previous work, Johnstone and Henry (1997)
effectively selected a 10 year weighted moving average to smooth chronology values and
develop response and transfer functions for Alexandra Fiord. A weighted moving average is
similar to a cubic spline. However, one drawback of the use of flexible cubic splines is their use
essentially precludes the possibility of reconstructing climate trends that last multiple decades to
centuries (Cook and Briffa 1990). Hence, the climate reconstruction in this study is one that
focuécs on higher-frequency climate variation. . '

The process of standardization results in anew tlme series of annual growth indices or
annual reproduction indices. -Each time series has adefined mean and a relatively constant
common variance that is approXimateiy_the same thrc;ﬁghout the entire length of the series
(Fritts 1976; Cook ef al. 1990). Afier cach cross-dated stem is standardized, the annual growth
indices from the multiple individual stems may be averaged year by year to produce a master
chronology for the site, independent of growth function and differing sample age (Bradley
1999). The master chronology is often referred to as a mean value function in
dendrochronology. In this study, the individual standardized stems were averaged together

using a biweight robust mean to calculate the mean value function (Mosteller and Tukey 1977).

The biweight robust mean for year ¢ is computed by iteration as:
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I = Zm: wil, | (32)
where o
. {1_ : {Lc;_j'_}zy , (3.3)
when

-2
{I—'—‘-—I-—} <1, (3.4)
cS,

otherwise 0. I, is the detrended index for each year, j is the number of stems or series, and m is

the number of indices available in year  across all series. The weight function, w,,, is
symmetric, and, therefore, unbiased in its estimation of central tendency when the data are
symmetrically distributed (Cook 1985; Cook et al. 1990). S, is a robust measure of the standard

deviation of the frequency distribution, which will be the median absolute deviation (MAD)

*

S; = median {[I, - T}| | , (3.5)

and c is a constant, often taken as six or nine (Mosteller and Tukey 1977). The constant ¢
determines the point at which a discordant value is given a weight of zero. When this is the

case, the outlier is totally discounted in computing the mean and, thus, has no influence on the
estimation of the mean index. To start the iteration for computing the final I, the arithmetic

. mean or median can be used as an initial estimate. Ordinarily, only three to four iterations are
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needed to converge on an estimate of I, that does not change by more than 10~ (Cook etal.

1990).

The use of the biweight robust mean is recommended to discount the influence of
possible outliers in the computation of the means, thus reducing the variance and bias caused by
those outliers (Cook et al. 1990). Averaging the standardized indices also increases the signal
(climatic) to noise ratio (Bradley 1999). The climatically related variance or signal is common
to all time series and is not lost by averaging (Fritts 1976; Bradley 1999). However, non-
climatic “noise”, varying from plant to plant, will be partially cancelled out in the averaging
process (Bradley 1999). To increase the climate signal, it is important that a large number of
stems be included in the master chronology in order to enhance the climatic signal common to
all plants (Briffa and Jones 1990; Bradley 1999). '

In order to rnaintain the low frequency 51gnal m the three site chronologies, the standard
chronologies were retained for ana1y51s Followmg the methodology outlmed in Szeicz and
MacDonald (1995), D’ Arrigo and Jacoby (1992) and Jacoby and D’Arrigo’s (1989) work on
. the reconstruction of temperature using arctic ‘tree spec1es autoregressive modeling was not
carried out. Autoregressive modehng or “prewhitening” removes the low-order autocorrelation.
or chmatlcally—mduced variance in a chronology It was decided that prewhitening was not
necessary given the use of flexible cubic sphnes and low autocorrelation values for the mean

value functions.

3.2.6. Descriptive Statistics

Descriptive statistics were calculated for the growth and reproductive chronologies for ‘
~ each of the sites as outlined in Fritts (1976). Statistics included the mean, standard deviation, -

mean sensitivity and first-order autocorrelation. Mean sensitivity is defined as

2( t+1 | t)
+X,

1 n-1

n- 143

. (3.6)

t+l
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* where x, is the ordered annual growfh increment such that time (indicatéd by the subscript ¢)

varies sequentially from 1 (the calendar year of the earliest dated annual growth increment), to »

(the last calendar year) (Fritts 1976). The denominator of the term scales the absolute values of

the differences between adjacent annual growth increments, x, andx,,, , so that the differences

are proportional to the average of the two widths (Fﬁtts 1976). The values of mean sensitivity
range from 0, where there is no difference, to 2, where a zero value occurs next to a non-zero
one in the time sequence (Fritts 1976). Mean sensitivity is the mean percentage change from

each measured annual growth increment to the next (Douglass 1936).

3.2.7. Mean Correlation Analysis

As described in Chaipter 2, fnean correlation analysis, an alternative approach to
estimating the quantities obtained in the analysis of variance, provides a relative measure of -
variability in common within and between planfs (Fritts 1976; Briffa and Jones 1990). Mean
~ correlation analysis was carried out using the software program ARSTAN (Cook 1985; Cook
and Holmes 1986). The program computes the cdrrelation statistics using an optimum common |
interval. The optimum common interval is the maximum time span which is covered by the
maximum number of index series (Cook and Holmes 1986). The correlation statistics

calculated include the between-plant signal, 7,, , which is an estimate of the common signal in |
 the C. tetfagona chronologies, and the Mthiﬁ—plant signal,.1-7,,, which is an estimate of the

within-plant noise.

"

T e

3.2.8. General Linear Model

In order to determine whether a significant difference in annual growth, number of
leaves, number of flower buds or number of flower peduncles among the three sites existed,
general linear models were used to obtain repeated measures analyses (MGLH,proceduré,, _
SYSTAT v. 5.0, 1990-1992). The number of plants sampled per site and the time period |
covered by all time series were not equal. Plant time series were calculated by averaging all

stem time series for each plant. All time series were based on non-standardized data and
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averaged using the arithmetic mean. In the general linear model year was used as the
continuous variable, site (Lowland, Bench and Dome) was used as the class variable, and year
by site interaction was used as the independent variable.  The variable, site, was considered a

~ fixed effect while year was considered as a continuous variable (Neter et al. 1996). In this case,
the variable, year, was not of intrinsic interest in itself, but constituted a sample from a larger
population (Neter ef al. 1996). The general linear model was calculafed as a Type Il multiple
analysis of variance. The assumptions of parametric statistics were tested using visual
examination of residual plots, the modified Levene’s test, and the correlation test for normahty
(Neter et al. 1996).

3.2.9. Spearman’s Rank Correlation Coefficients

To understand the relationships among the growth and reproductive chronologies both
within each site and among the three sites, simple correlation coefficients were calculated. As
" not all of the mean standardized chronologies were normally distributed, the nonparametric

Spearman’s rank coefficient, 7, _was used (Conover 1971).

3.2.10. Response Function Analysis

In order to select an optimum season for climate reconstruction, corrélation and response
function analysis were carried out (Briffa et al. 1990). A response function is a statistical
representation of the climate variables and prior growth (or feproduction) factors that control
index growth (or reproduction) (Cropper 1985). In this study, the relationships between climate
variables measured. at Alexandra Fiord and the Eu:feka H.A.W.S. and C. tetragona growth and
reproduction standard chronologies were investigated. Correlation and response function
analyses were carried out using the software program PRECONK, Version 5.11 (Fritts 1996).
First, PRECONK ran a correlation analyéis, producing simple correlation coefficients between
the growth or reproduction chronologies and m‘onthly climate variables (e.g., average
temperature, total monthly precipitation, and monthly thawing degree days). Next, PRECONK
ran the response function analysis. In the lje,s‘pon_senfunction analysis, the most important
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eigenvectors of monthly temperature, total monthly precipitation (and/or other climate
variables) and previous growth (or reproduction) were extracted from a correlation matrix of the
climatic and prior growth variables. The nermalized climatic and prior growth variables were
multiplied by the eigenvectors to obtain the principal components. These principal components
contain the same information that was in the original correlation matrix; however, they have
been rotated so that they are uncorrelated or orthogonal with one another. Using the PVP
criterion (Guiot 1985; 1991), the principal components that explained too little of the variance
were excluded from the analysis. The PVP criterion is the point where the cumulative product
of the eigenvalues falls just below one (Guiot 1985). Next, the principal components with

~ significant eigenvectors were used as predictors in multiple regression analysis. Because the
regression coefficients using the principal components as predictors cannot be interpreted easily,
the coefficients were back-transformed into the original monthly clirnatic‘ and prior growth
variables. The back-transformation was accomplished b)r multiplying the regression weights by
the eigenvecters which met the PVP criterion. The re-rotated set of regression coefficients are
the coefficients of the response function. At this point in the analysis, however, the variables
are no longer uncorrelated end the significance of the coefficients is overestimated (Cropper
1985). To address this problem, a bootstrap procedure is used (Guiot 1991). The bootstrap
procedure estimates the errors in the results by replicating the calculations m times by randomly
drawing n sets of data with replacement, simulating n years of data. At the end of the
procedure, the pooled data are used to calculate the standard errors of each response function
coefficient. All coefficients with absolute values exceeding two standard errors are marked as
 significant. While response function analysis. cannot prove a cause-and-effect relaﬁenship
between climate and growth, the statistical techmque isa useful tool to infer which aspects of
the climate-growth relatlonshlp are nnportant The 51gn of the response function weight for
each monthly variable provrdes an 1nd1cat10n of the direction of the growth or reproductive

response to the climatic variable (Cropper and Fntts 1981)

Climate data, including average monthly air temperature and monthly thawing'degree
days from the Coastai station at Alexandra Fiord (1980-1996) were used to investigate the
climate-growth and climate-reproduction relatienships with the chronologies from the three sites
at Alexandra Fiord. Air temperature was measured at a height of 1.5 m above the soil surface.

Monthly thawmg degree days were calculated as the sum of the average da11y temperature

across all days with an average dally temperature above zero degrees Celsrus No prec1p1tat10n
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data were available from the Coastal station site. Correlations and response functions were
calculated for the twelve-month time period from September of the previous year (year C-1) to
August of the current year (year C) using average mohthly air temperature. In addition, one
year of previous growth (or reproduction) was included in the response function models to
account for lag effects. Due to limitations in the PRECONK software program, it was only
possible to calculate correlation and response funct10ns using monthly thawing degree days for -
the prior May, June, July and August and the current May, June, July and August (H.C. Fritts,
personal communication, 2002) For the months of September—Apnl the total number of
thawing degree days at Alexandra Frord was zero! The Zero values caused a computational

error in the PRECONK software and thus, these:months could not be included in the analysis.

One year of prior growth (or reproduction) was included in the response function models.

Climate data from Eureka H.A.W.S. were also used to investigate climate-growth
relétionships with the Lowland, Bench and Dome chronologies. Correlation and respouse
functions were calculated usmg average monthly air temperature and total monthly precipitation

- measurements for the common overlap period of 1948-1996. Air temperature was measured at
1.5 m above the ground surface. Total monthly precipitation, including rainfall and snowfall,
was measured using the standard Canadian rain gauge, a cylindrical container 40 cm high and
11.3 cm in diameter and Nipher snow gauges. All measurements were carried out by the
Meteorological Service of Canada. Correlations and response functions were calculated for the
time period of May.of the previous year (year C-1) to September of the current year (year C).
Two years of previuus growth were included in the response function models to accountA for lag
effects. Once the potential for reconstructlng temperature or precipitation for a particular month
or season was established through response function analysis, the form of the regression model

was explored using transfer function analysis.
3.2.11. Transfer Function Analysis
Transfer function models predicting climate from growth and reproduction of C.

tetragona were calibrated using stepwise multiple linear regression analysis for the common

overlap period between the chronologies from the Lowland and Bench sites and the climate

records from the Coastal Station, and Eurcka H.AA.W.S. All stepwise multiple regressiou :
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analyses were carried out using the MGLH procedure in SYSTAT (v. 5.0, 1990-1992). The set -
of potential predictor variables included growth and reproductive variables from the Lowland
and Bench sites at years t, t + 1, t+ 2, and t — 1. Both positive and negative lags were inciuded
in the analyses in order tb capture persistence effects in the growth-reproduétion—clirhate
relationship (Fritts 1976; Briffa et al. 1986; Jacoby and D’ Arrigo 1989). Predictor variables
lagged forward by one and two years were entered into the fnodel as temperature in the previous
year(s) has been shown to correlate significantly with current year C. fetragona growth and
reproduction (Fritts 1976; Briffa ef al. 1986; Callaghan ef al. 1989; Johnstone and Henry 1997).
In addition, a sampling site may lead or lag regional and hemispheric climate shifts (Jacoby and
D’ Arrigo 1989). Leading and lagging of predictor variables may enhance the low frequency
 variance modeled (Jacoby and D’ Arrigo 1989). However, it may also smooth out high
frequency variability as the individual site response to changing climate may not be in sync with
greater regional changes (Jacoby and D’ Arrigo 1989). The Dome site was not included in the
transfer function analysis as the lengthé of the-D(')me' chronologies were considerably shorter
than the chronologies from the other two sites. Non-51gmﬁcant candidate predictor variables
were ehmmated by the stepwme procedure (a 0 05) to develop a parsimonious model
(SYSTAT v. 5.0 1990-1992). ' o

Initial models predicting summer temperature at Alexandra Fiord were developed using
- stepwise multiple linear regression for single months of the growing season (June, July, August)
and for combinations of summer months (e.g., July-August) calculated from the Coastal station
data set. After the full model was selected, an examination of the residuals was carried out

- using visual examination of residual plots, the modified Levene’s test and the correlation test for
normality (Neter ef al. 1996). Given the short overlap period between the Coastal station data
set and the chronologies (1980-1996), it was impossible to verify the calibrated model as is
recommended in dendrochronological protocols (Fritts 1976; Cook ef al. 1990).

Preliminary models predicting summer temperature for single months of the growing
season (May, June, July, August, September) aﬁd for combinations of summer months (e.g.,
May-September) for the full period of overlap between the Eureka H.A.W.S. climate data and
'Lowland and Bench chronologies (1948-1996) were calibrated. While total monthly

precipitation was included as a climatic variable in the response function model, it was decided

that precipitation is a more local phenomenon than temperature, and its reconstruction would be
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dlfﬁcult and the models possibly unstable Moreover, precipitation at Alexandra Fiord is
influenced by the mountain ranges which separate the two locations as well as ice fields, local
~ glaciers, and the open water of the large North Water Polynya at the northern end of Baffin Bay.
In addition, there can be different predominant synoptic systems which influence Alexandra
FlOI‘d Once the model for predlctmg temperature was selected, cross-calibration and
venﬁcatlon were preformed to test the general form of the regression equatlon to be used in the
reconstruction of climate. It is common practice within dendroclimatology for empirically
derived equations which link growth and reproduction to climate time series te be verified
(Brlffa et al. 1988). The model was divided into two parts followmg the data-splitting method
" of Fritts (1976). The full data set was split into an “early” period (1948 -1980) and a “late”
period (1964-1996) and transfer functions _cahbrated for each period using stepwise regression
“on the same predictor variables as the full model (Case and MacDonald 1995). The calibration -
models developed for the eaﬂy (1948-1980) and late periods (1964-1996). were then verified
over the late (1981-1996) and early (1948-1963) verification periods. Verification statistics
included the Pearson’s product-moment correlatlon coefficient (), reduction of error statistic
(RE), coefficient of efficiency (CE) and the first dlfference 51gn test (Fritts 1976 Briffa 1988)

" The reduction of error statistic is defined as

RE =1.0 -

(, y)z

l

3.7

Mz EMZ

o
-

I I
where y, are the measured tetnperah.ﬁ*es in year 1 and ( ;," are die eetitrlated temperatures in year
i, yis the mean of the measured temperatures over the cahbratlon period, and N i is the number
of years in the verification period (Briffa er aI 1988) The reductlon of error statistic is
commonly used in dendroclimatology to compare estimated data with values assumed to be
equal to the calibration peﬁod mean (Bﬁffa et al. 1988). The coefficient of efficiency (CE)
differs from the RE in that the y in equation (3.7) is replaced by the mean of the verification
period. The coefficient of efficiency, used in hydrology (Nash and Sutcliﬁ'e, 1971),isa

measure of the variance in common between the real and the estimated data over the verification

period (Briffa ef al. 1988). Any positive RE or CE value is generally ac'cepted as indicative that
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thére is meaningful climatic information in the reconstruction (Fritts 1976; Briffa et al. 1988).

- Unfortunately, the level of significance of the RE and CE statistics canhot easily be tested
(Briffa et al. 1988). In the nonparametric sign test of first diﬁ'erences, the number of
agreements and disagreements between two series are counted and then their measure of
association is tested using a sign test (Fritts 1976). The direction of change in the variable from
one year to the next is recorded as either an increase (+) or a decrease (-) for each series; The

~ two series are compared and the number of agreemehts in sign are totaled‘. If the number of
similarities is significantly larger than the number of dissimilarities, then an association between
the two series exists (Tate and Clelland 1957; Fritts 1976). When the veriﬁcaﬁon é_tatistics -'are
examined together, they provide information on the quality of the reconstructions at high and
medium frequencies (Briffa et al. 1988). Followihg successful calibration and veﬁﬁcation, the
model,‘calibrated over the full period of 1948-1996, was considered time stable and used to.
reconstruct climate prior to the period of instrumental data on Ellesmere Island. - |

3.3 Results
3.3.1. Chronology Characteristics for Lowland, Bench and Dome Sites

At the Lowland site, between 74 and 86 stems representing 15 plants were mea_sixred,
cross-dated and standardized to develop two growth and two reproductive chronologies (Table
3.3). The Lowland chronologies for annual stem growth and annual production of leaves
covered the 118 year time period of 1879-1996. The chronologies for annual production of
flower buds and flower peduncles were shofter, extending from 1900 to 1996 (97 yeafs) and
1917 to 1996 (80 years), respectively. As all C. tetragona plants were collected in early July of
1998 and annual stem elongation had yet to begih, the 1998 growth year was not included in the
chronologies. This delay in stem elongation made measurement of the 1997 growth year
difficult as well; thus, chronologies were truncated at 1996 to ensure bproper measurement and

dating.

Growth and reproductive chronologies developed for the Bench site were constructed

with 59 to 79 stems from 13 plants ,4,(‘12 plants were used in the flower peduncle chronology)

(Table 3.3). The chronologies. for annual sterﬁ growth and production of leaves covered the 113
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year time period of 1884-1996. The chronologies for annual production of flower buds and
. flower peduncles covered a shorter time period, 1894-1996 (103 years) and 1904 -1996 (93

years), respect1ver

The Dome chronologies for growth and reproduction were developed from 58 to 69
stems representing 10 plants (Table 3.3). The chronologies for annual stem growth and
production of leaves were the longest for the site, covering the period from 1922-1996 (75
years). The two shortest chronologies developed at Alexandra Fiord were the Dome’s annual
production of flower buds »(1927-1996, 70 years) and flower peduncle chronologies (1931-1996,
66 years).

General linear models showed significant differences existed among the three sites for i
one growth and one reproductive variable (annual growth increment, P<0.01; flower buds,
P<0.001) (Table 3.4). In addition, both annual growth increment (P<0.01) and flower bud
(P<0.001) variables showed significant site-by-year interactions. Annual production of leaves
only showed significant year-to-year differences (P<0.001). No significant differences were
detected for the annual production of flower peduncles variable (P>0.05). Unfortunately, none
of the models developed met all the assumptioné of parametric statistics. The model which
tested for differences in the annual growth increment variable among sites violated assumptions
of normality. The models which tested for differences in the variables for annual production of
leaves, flower buds and flower peduncles among sites violated assumptions of normality and
nonconstancy of the error variance. Due to the problems with violations of parametric
assumptions, the general linear model results are vrewed with caution. ‘

Investigation of the s:gnal strength for the growth and reproductive chronologies showed
that the common signal, 7, , 1s very weak across all three sites (Table 3.5). The estimate of the

w1thm—plant noise, 1 -

wt’

was much greater than the common signal across all variables and

sites.

In dendrochronology, the strength of the observed common signal among plants within
the sample data set is given in the signé.l-to—noise ratio (SNR) (Cook and Briffa 1990). The
SNRs calculated for the growth and reproductive chronologies from each of the three sites were
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Table 3.4. General linear model results showing the differences over time in annual stem growth (AG),
annual production of leaves, flower buds and flower peduncles among the three sites at Alexandra
Fiord, Ellesmere Island, Canada. n = 2863 for annual growth increments, n = 2864 for number of
leaves, n = 2583 for number of flower buds and n = 2200 for number of flower peduncles.

Annual Growth Increments

Source Sum of Squares df Mean-Square F
Year 49.974 1 49.974 31.047 **
Site 16.133 2 8.066 5.01 **
Site*Year 17.685 2 8.843 5494 *
Error 4598.77 2857 1.61
Total 4682.562 2862

Number of Leaves

Source Sum of Squares df Mean-Square F
Year 16.636 1 16.636 20.178 ™
Site 2.853 2 1.426 173 ns
Year*Site 3.148 2 1.574 1.909 ns
Error 2356.293 2858 0.824
Total 2378.93 2863

Number of Flower Buds

Source Sum of Squares df Mean-Square F
Year 0.509 1 0.509 2.344 ns
Site 2.95 2 1.475 6.797 ~*
Year*Site 2.957 2 1.478 6.813 ™
Error 559.147 2577 0.217
Total 565.563 2582

Number of Flower Peduncles

Source Sum of Squares df Mean-Square F
Year 0.227 1 0.227 1.388 ns
Site 0.463 2 0.232 1415 ns
Year*Site 0.421 2 0.211 1.286 ns
Error 359.217 2194 0.164
Total 2199

* P<0.05, ** P<0.01, *** P<0.001, ns = not significant (P>0.05)

360.328
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relatively weak when compared to tree-ring chronologies (Table 3.6). waever, the SNR
values were the largest for each of the master chronologies selected when compared with the

other standardization methods attempted.

Mean sensitivity values and the standard deviation of the mean provide an estimate of
the sensitivity of the measured growth or reproductive parameter to climatic conditions (Fritts
1976) (Table 3.6). In general, high mean sensitivity and standard deviation values and low first-
order auto-correlation values are indicative of high inter-annual variability and sensitivity to
yearly climate conditions (Case and MacDonald 1995; Fritts and Shatz 1975). Across the three
sites, the chronologiés for annual stem growth and annual production of leaves showed the
lowest mean sensitivity and standard deviation values. In contrast, the chronologies for annual
production of flower buds and ﬂower peduncles had a mean sensitivity four to ten times greater
than the growth chronologies at all sites. The first-order autocorrelation values were low across

all sites and chronologies.

At the three sites at Alexandra Fiord, standard chronologies or mean value functions
were constructed for each of the growth and vegetation chronologies (Figures 3.7., 3.8 and 3.9).
A minimum sample depth of three stems was maintained for each chronology. At the Lowland
and Bench sites, chronologies for annual growth increments and number of leaves showed high
vériability during the late nineteenth to early twentieth century, but this variability decreased
throughout the rest of the twentieth century. The early variability in these chronologies may be
an artifact of fewer stems extending backwards in time (Figuré 3.10). In the standardized
growth and reproduction chronologies, annual indices were based on a minimum of three stems.
The chronologies for number of flower buds and number of flower peduncles from plants at the
Lowland and Bench sites also showed high inter-annual variability, but for the entire length of
the chronologies. The chronologies for annual growth increments and number of leaves from
plants at the Dome site showed slightlyvmore iﬁter—annual variability throughout the twentieth
century than either the Lowland or Bench chronologies. Similar to the Lowland and Bench
reproductive chronologies, thé chronologies for flower buds and number of flower peduncles at
the Dome site were also highly variable in the twentieth century. It is difficult to make
 definitive statements regarding longer-term trends in any of the chronologies given the flexible

cubic splines used to standardize them.
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Figure 3.7 a. (a.) Standardized chronologies and (b.) sample depth for annual growth increment
(AGI), and (c. ) standardized chronologies and (d.) sample depth for annual production of leaves
chronologies for the Lowland site, Alexandra Fiord, Ellesmere Island. Minimum number of stems
measured was three.
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ure 3.7 b. (e.) Standardized chronologies and (f.) sarhple depth for annual production of flower

Fig

and (g.) standardized chronologies and (h.) sample depth for annual production of flower
peduncle chronologies for the Lowland site, Alexandra Fiord, Ellesmere Island. Minimum number

of stems measured was three.
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Figure 3.8 a. (a.) Standardized chronologies and (b.) sample depth for annual growth increment
(AGI), and (c.) standardized chronologies and (d.) sample depth for annual production of leaves
chronologies for the Bench site, Alexandra Fiord, Ellesmere Island. Minimum number of stems

measured was three. ‘
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Figure 3.8 b. (e.) Standardized chronologies and (f.) sample depth for annual production of flower
buds, and (g.) standardized chronologies and (h.) sample depth for annual production of flower -
peduncle chronologies for the Bench site, Alexandra Fiord, EIIesmere Island. Minimum number
of stems measured was three.
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Figure 3.9 a. (a.) Standardized chronologies and (b.) sample depth for annual growth increment
(AGI), and (c.) standardized chronologies and (d.) sample depth for annual production of leaves

chronologies for the Dome site, Alexandra Fiord, Ellesmere Island. Minimum number of stems

measured was three.
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Figure 3.9 b. (e.) Standardized chronologies and (f.) sample depth for annual production of flower
buds, and (g.) standardized chronologies and (h.) sample depth for annual production of flower

peduncle chronologies for the Dome site, Alexandra Fiord, Ellesmere Island. Minimum number

of stems measured was three.
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-3.3.2. Correlation Analysis

At the Lowland, Bench and Dome sites, current year (year C) annual stem elbrigatibn
was significantly and positively correlated with current year (year C) production of leaves
(P<0.01) (Table 3.7). In addition, current year (year C) stem elongation and production of
leaves were positively correlated with current year (year C) production of flower buds and
flower peduncles at the three sites. The annual production of flower peduncles for the current
year (year C) was positively correlated with annuél pfoduction of flower buds from the previous
summer (year C-1). Finally, the annual production of flower buds in the previous year (year C-
1) was positively correlated with cmreht year ﬂoWer bud production (year C). However, not all

the correlations were significantly different from zero (P>0.05).

Correlations between standardized grOWth and reproductive chronologies revealed little
similarity among the three sites 4(Teb1e 38). A 'sig'niﬁcant and positive correlation was detected
between the annual growth increment chr()nologies of _the Lowland and Bench (P<0.05). In
addition, a significant and positive correlatioh was present between the Lowland and Bench
annual production of leaves chronologies (P<0.01). There were no correlations between the
reproducti\)e chronologies among the three sités that were significantly different from Zero
(P>0.05). However, comparisons of the three sites’ chronologies for number of peduncles were

positive.

L

333. Respbnse Functions: Respon.’s’e‘ of Casvs'ioﬁe'vte‘t‘ragor‘iaf to?(}i}imate

3.3.3.1. Coastal Station and Alexandra _Fionlji'l' Chronologles, 1980-1996

_ Examination of the response function coefficients revealed a 4signiﬁcant relationship
betweeﬁ the chronology for the number of leaves at the Lowland site and July thawing degree
days (P<0. 05) However, there were no other relationships between the two growth vanables
and air temperature (Figures 3.11, 3.12, and 3.13), and thawing degree days (Flgures 3.14, 3 15
and 3.16) at the three sites that were s1gmﬁcantly different from zero (P>0.05). Only the

response function coefficients will be discussed in this study. The results of the correlation

analysis are found in Appendices II and III. Despite the low number of significant coefficients,




Table 3.7. Spearman's rank correlation coefficients showing relations between values of the current (year C) and
previous year (year C-1) of two growth and two reproductive chronologies from the Lowland, Bench and Dome

sites. n = 79 years for the Lowland, n = 92 years for the Bench, and n = 65 years for the Dome. n=78,n=91,and |
n = 64 for the Lowland, Bench and Dome, respectively, when a variable from the previous year (year C-1) is

included in the correlation.
Annual Growth - Number of Number of Number of
i Increment ", Leaves Flower Buds Flower Peduncies
Lowiand - Lo Lo : .
yearC .yearC-1 . yearC.. yearC-1 ,',yea‘"r C - yearC-1 year C year C-1
AGI (year C) 1.00
Leaf (year C) 0.84 S 100 7
Bud (year C) 0.14 ¢ 046 et 1.00
- Peduncle (year C) 0.15 0.21 0.07 1.00
AGl (year C-1) ©031* 100  -022* -0.06 -0.04
Leaf (year C-1) -0.29 ** 084 .-028" 1.00 -0.10 -0.03
.Bud (year C-1) 009 012 - 002 0.17 0.20 1.00 022*
Peduncle (year C-1) 000 . ' 013 0.04 021 * 0.11 0.08 0.12° 1.00
Annual Growth Number of Number of Number of
Increment . Leaves Flower Buds Flower Peduncles
Bench
year C year C-1 yoar C year C-1 year C year C-1 year C year C-1
AGl (year C) 1.00
Leaf (year C) 093 ** 1.00
" Bud (year C) 0.09 0.06 - 1.00.
- Peduncle (year C) - 011 0.07 0.11 1.00
AGlI (year C-1) 0.01 - 1.00 -0.02 0.02 0.02
Leaf (year C-1) -0.02 0.93 ** -0.06 1.00 007 . : -0.01
Bud (year C-1) -0.10 0.08 -0.08 0.05 041 * 1.00 0.15
Peduncle (year C-1) -0.06 0.10 -0.11 0.06 0.03 0.09 0.13 1.00
Annual Growth Number of Number of Number of
Increment Leaves Flower Buds Flower Peduncles
Dome : . '
yearC-  year C-1 year C year C-1 year C year C-1 yearC = year C-1
AGI (year C) 1.00
Leaf (year C) 0.93 * 1.00
- Bud (year C) 0.17 024 * 1.00
Peduncle (year C) * - 025 * : 023 _-0.09 1.00 -
AGl (year C-1) -0.20 1.00 -0.18 0.03 -0.22
Leaf (year C-1) -0.05 093 ™ -0.06 1.00 0.07 -0.18
Bud (year C-1) 025" 0.13 0.26 * 0.20 033~ 1.00 0.09
Peduncle (year C-1) . ' -0.07 0.23 -0.09 . 021 0.13 -0.11 0.01 1.00

“*2p<0.05, " =p<001.




Table 3.8. Spearman's.rank correlation coefficients showing relations of the growth and reproductive variables
petween sites. n = 75 years for the annual growth increment, n = 75 years for number of leaves, n = 70 years
for number of flower buds, and n = 66 years for number of flower peduncies.

Annual Growth Lowland Bench Dome
increment AGI AGI AGI
year C year C year C
Lowland AGI 1.00
Bench AGI 0.19 * 1.00
Dome AGI 0.07 -0.15 1.00
Number of Lowiand Bench Dome
Leaves Leaves Leaves Leaves
year C year C year C-
Lowland Leaves 1.00
Bench Leaves 029 * 1.00
Dome Leaves -0.04 0.14 1.00
Number of Lowland Bench Dome
Flower Buds Buds -, Buds ;. Buds - . -
year C yearC  ‘yearC =
Lowiand Buds 1 00 Co
Bench Buds 017 1.00, - .
Dome Buds 04370, 7 005 -5 4.00 .-
Number of Lowiand Bench Dome
Flower Peduncles Peds Peds Peds
: ’ year C year C year C
Lowland Peduncles 1.00
Bench Peduncles 0.17 1.00
Dome Peduncles 0.14 0.10 1.00

=p<0.10,*=p<0.05

Year C denotes current year values of the chronologies.
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Figure 3.11: Response function coefficients relating growth and reproduction chronologies from the Lowland site
to average monthly air temperature from the Coastal station, Alexandra Fiord from 1980-1996. The time period
covered begins in the previous September (pS) and continues to the current August (A). L1 is the one year

lag effect, denoted by the gray bar on the far right of the graphs. In the upper right hand

comer of each graph three percentage of variance explained are given: amount of variance explained by

climate alone (top), by previous growth or reproduction alone (middle), and by climate and previous growth or
reproduction together (bottom). Temperature = white bars. Precipitation = black bars. Annual growth

increment, number of leaves, number of flower buds and flower peduncles, n = 17. *P < 0.05.
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Figure 3.12. Response function coefficients relating growth and reproduction chronologies from the Bench site
to average monthly air temperature from the Coastal station, Alexandra Fiord from 1980-1996. The time period
covered begins in the previous September (pS) and continues to the current August (A). L1 is the one year

lag effect, denoted by the gray bar on the far right of the graphs. In the upper right hand

corner of each graph three percentage of variance explained are given: amount of variance explained by
climate alone (top), by previous growth or reproduction alone (middle), and by climate and previous growth or
reproduction together (bottom). Temperature = white bars. Precipitation = black bars. Annual growth
increment, number of leaves, number of flower buds and flower peduncies, n = 17. *P < 0.05.
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Figure 3.13. Response function coefficients relating growth and reproduction chronologies from the Dome site
to average monthly air temperature from the Coastal station, Alexandra Fiord from 1980-1996. The time period
covered begins in the previous September (pS) and continues to the current August (A). L1 is the one year

lag effect, denoted by the gray bar on the far right of the graphs. In the upper right hand corner

of each graph three percentage of variance explained are given: amount of variance explained by

climate alone (top), by previous growth or reproduction alone (middle), and by climate and previous growth or
reproduction together (bottom). Temperature = white bars. Precipitation = black bars. Annual growth
increment, number of leaves, number of flower buds and flower peduncles, n = 17. *P < 0.05.
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Figure 3.14. Response function coefficients relating growth and reproductive chronologies from the Lowland site
to average monthly thawing degree days from the Coastal station, Alexandra Fiord from 1980-1996.

The time period covers previous May (pM) to previous August (pA) and current May (M) to current August (A).

L1 is the one year lag effect, denoted by the gray bar on the far right of the graphs. In the upper right hand
corner of each graph three percentage of variance explained are given: amount of variance explained by

climate alone (top), by previous growth or reproduction alone (middle), and by climate and previous growth or
reproduction together (bottom). Temperature = white bars. Precipitation = black bars. Annual growth

increment, number of leaves, number of flower buds and flower peduncles, n = 17. *P < 0.05.
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Figure 3.15. Response function coefficients relating growth and reproductive chronologies from the Bench site
to average monthly thawing degree days from the Coastal station, Alexandra Fiord from 1980-1996.

The time period covers previous May (pM) to previous August (pA) and current May (M) to current August (A).
L1 is the one year lag effect, denoted by the gray bar on the far right of the graphs. In the upper right hand
corner of each graph three percentage of variance explained are given: amount of variance explained by
climate alone (top), by previous growth or reproduction alone (middle), and by climate and previous growth or
reproduction together (bottom). Temperature = white bars. Precipitation = black bars. Annual growth
increment, number of leaves, number of flower buds and flower peduncles, n = 17. *P < 0.05.
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Figure 3.16. Response function coefficients relating growth and reproductive chronologies from the Dome site

to average monthly thawing degree days from the Coastal station, Alexandra Fiord from 1980-1996.

The time period covers previous May (pM) to previous August (pA) and current May (M) to current August (A).

L1 is the one year lag effect, denoted by the gray bar on the far right of the graphs. In the upper right hand comer
of each graph three percentage of variance explained are given: amount of variance explained by

climate alone (top), by previous growth or reproduction alone (middle), and by climate and previous growth or
reproduction together (bottom). Temperature = white bars. Precipitation = black bars. Annual growth

increment, number of leaves, number of flower buds and flower peduncles, n = 17. *P < 0.05.
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the relationships between the growth chronologies at the three sites Wlth average air temperature
and monthly thawing degree days (mtdd) during the months of June, July and August were
positive. Only the relationships between the Dome site’s two growth chronologies and June
thawing degree days were negatlve In addmon, one year of prior growth (or reproductlon) was
included in each model, but none of the coefficients were significant (P>0.05). Average air
temperature and monthly thawing degree days plus pnor growth, accounted for a moderate to
moderately-high amount of variance in the annual stem growth (58-68% with air temperature;
40-51% with mtdd) and leaf productron (48 -68% w1th a1r temperature 38 60% w1th mtdd) of C.
tetragona at Alexandra FlOI‘d for the penod 1980 1996

Response function medels relatirtg the two repredlretive variables (annual production of
flower buds and flower peduncles) with average air temperature (Figures 3.11, 3.12, and 3.13)
and monthly thawing degree days (Figures 3.14, 3.15, and 3.16) revealed no coefficients at the
three sites that were significantly different from zero (P>0.05). The relationships between
annual flower bud production and average summer air temperature and monthly thawing degree
days at the three sites were not uniform. The response function coefficients relatingthe flower
bud chronologies from the Bench andtDome sites with average air temperature in June, July and
August were mostly negative. The relationships between the Lowland flower bud chronology
and average air temperature during the same months were mixed. However, the relationships
" between the Lowland annual flower peduncle chronology and average air temperature and
thawing degree days during the summer months were positive. Interestingly, the relationships
were reversed for the Bench site chronology, just 250 metres upslope. At the Dome site, the
chronology for flower peduncles exhibited a negative relationship with average air temperature
and with monthly thawing degree days in early summer (June), but switched to a positive
relationship in July and August. In addition to the climate variables, one year of previous
growth (or reproduction) were included in éll models, but they were found to be not
significantly different from zero (P>0.05). The amount of variance explained by the two
climatic variables and previous growth in the flower bud production models (39-68% with air
temperature; 30-42% with mtdd) and the flower peduncle production models (35-73% with air
temperatures; 47-59% with mtdd) ranged from low to moderately high for the period 1980-
1996.
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3.3.3.3. Eureka H.A.W.S. and Alexandra Fiord Chronologies, 1948-1996

* Examination of the response function coefficients for the Lowland site’s two growth
chronologies revealed significant and positive relationships with June and July (June only for
leaf chronology) average air temperature and with January and April total precipitation (P<0.05)

(Figures 3.17, 3.18, and 3.19). At the Bench site, the two growth chronologies were positively
and significantly related to current September and previous May average air temperatures
(P<0.05). The same growth chronologies were also positively related to January precipitation
(P<0.05). Although the relationships of the Dome‘ site’s two growth chronologies to
temperature and precipitation were similar, no monthly coefficients were significantly different
from zero (P>0.05). Moderately high levels of variance were accounted for by temperature and
precipitation variables, plus previous growth (or reproduction), in the Lowland and Bench
annual growth increment (73-75%) and number of leaves (70-72%) chronologies. Less variance
was accounted for by the climate vanables and prevrous growth in the Dome annual growth

- increment (51%) and annual productlon of leaves (48%) chronologres

At the Lowland site, annual ﬂower peduncle productlon was negatively and 31gmﬁcantly
related to April average air temperature, and positively and significantly related to June total
precipitation (P<0.05). The relationships between the Lowland site’s two reproductive
chronologies and summer temperature were weakly positivé for bthree out of five summier
* months (May-September). At the Bench site, annual production of flower buds was negatively

and significantly related to previous August, and positively and significantly related to current
April precipitation (P<0.05). However, the Bench site’s two reproductive chronologies were not
significantly related to average air temperature durmg the summer months (P>O 05). Finally,
the Dome site’s flower bud chronology was negatively and s1gmﬁcantly related to air
temperature in February and April (P<0.05). The chronology was also signiﬁcantly. and
‘negatively related to June precipitation (P<0.05). Moderate to moderately high amounts of
variance were accounted for by the climate variables and previous growth for the flower buds
(52-74%) and flower peduncle (38-70%) chronologies. The results from the response function
analyses using the Coastal station and Eureka H.A.W_S. data were used as a guide in the

development of transfer functions to reconstruct past climate.
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Figure 3.17. Response function coefficients relating growth and reproduction chronologies from the Lowland site
to average monthly air temperature and total precipitation from Eureka HA.W.S. from 1948-1996. The time period
covered begins in the previous May (pM) and continues to the current September (S). L1 and L2 are the one and
two year lag effects, denoted by the gray bars on the far right of the graphs. In the upper right hand comner of each
graph three percentage of variance explained are given: amount of variance explained by climate alone (top),

by previous growth or reproduction alone (middle), and by climate and previous growth or reproduction together
(bottom). Temperature = white bars; Precipitation = black bars. n =49. *P < 0.05.
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Figure 3.18. Response function coefficients relating growth and reproduction chronologies from the Bench site

to average monthly air temperature and total precipitation from Eureka H.A.W.S. from 1948-1996. The time period
covered begins in the previous May (pM) and continues to the current September (S). L1 and L2 are the one and
two year lag effects, denoted by the gray bars on the far right of the graphs. In the upper right hand comer of
each graph three percentage of variance explained are given: amount of variance explained by climate alone (top),
by previous growth or reproduction alone (middle), and by climate and previous growth or reproduction together
(bottom). Temperature = white bars. Precipitation = black bars. n=49. *P < 0.05.
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Figure 3.19. Response function coefficients relating growth and reproduction chronologies from the Dome site

to average monthly air temperature and total precipitation from Eureka HA.W.S. from 1948-1996. The time period
covered begins in the previous May (pM) and continues to the current September (S). L1 and L2 are the one and
two year lag effects, denoted by the gray bars on the far right of the graphs. In the upper right hand comer of each
graph three percentage of variance explained are given: amount of variance explained by climate alone (top),

by previous growth or reproduction alone (middle), and by climate and previous growth or reproduction together
(bottom). Temperature = white bars. Precipitation = black bars. n=49. *P <0.05.




3.3.4. Transfer Functions — Reconstruction of Summer Temperature

33.4.1. Trsrnsfer Function and Coastal Station Data, 1980-1996 -

Standardized chronologies from the Lowland and Bench sites were used to produce
reconstructions of summer temperature for Alexandra F iord, Ellesmere Island. After
examination of the response function coefficients using the Coastal station elirnate data to model
growth and reproduction at Alexandra Fiord, it was decided to recorrstruct average summer air
temperature. Exploratory stepwise multiple regression analysis inVesrigating single summer |
months (May, June, July, August), seasonal periods (May-August) and combinations of sv.rmmer
months (e.g., May-September) indicated that the estimation of average July-AtrguSt temperature
provided the best model based on the coefficient of determination, adjusted for loss of degrees
of freedom (R?adj). Although many of the coefficients for the summer months in the response
function analysis were not significantly different'f_rom Z€ero (P>0.05), it was decided the
possibility of the inclusion of all growth and reproductive variables in the final climate
reconstruction model was biologically possible. Furthermore, evidence of their utility in other
transfer function models (Havstrém et al. 1995;VJoI‘mstone’ and Henry 1997) supported this |
decision. Using the standard techniques of Fritts (1976), a dendroclimatic reconstruction was
carried out yielding a transfer function for July-August average air terrrperature (Table 3.9). This
model of July-August average temperature e)iplained 78% of the variance (adjusted for loss of
degrees of freedom) for the perrod 1980-1996. EXaminatien of the residuals showed
assumptions regarding normality, independer‘ii:é‘ii:ﬁd homogeneity of variance were not violated.
' As stated previously, cross-cahbratlon and venﬁcatron statlstlcs were not carried out on this
model due to the short duratlon of the clrmate record at, the Coastal station (16 years).
Verification of the transfer function would have requ1red additional climate data from '
Alexandra Fiord which were not available. Johnstone arid Henry (1997) also encountered this
problem in their study. A comparison of the reeorlstructed and observed July-August average
air temperature values showed that this model captured the annual variation in summer

temperature for this short time period well (Figure 3.20).
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Table 3.9. Climate transfer functior for July-August average air temperature at Alexandra
Fiord, Ellesmere Island based on growth and reproduction chronologies of Cassiope

tetragona from the Lowland and Bench sntes Transfer functlon was developed for the time
penod 1980-1995. n=16... R

l P

aEt Lt N

Estimated,.

_ . Regression ~'Standard ° Adjusted

Predictor Variables Coefficients Error p-value Multiple R Mulitple R? Mulitple R?
Constant . 6.634 3.531 0.090 0.923 0.853 0.779 -
LowAGI1 13.636 3.647 0.004 ' :
LowLeaf 9.905 . - 2.009 0.001

LowlLeaf -16.851 5.675 0.014

Benleaf 4.169 1.556 0.023

BenPed -0.807 0.173 0.001

*Low = Lowland site, Ben = Bench site, AGI = annual growth increment for year C, AGI1 = annual growth
increment for year C+1, Leaf = number of leaves for year C, Leaf1 = number of leaves for year C+1, Ped =
number of flower peduncles for year C.




------ Observed

o 6.00 .
- Estimated
3
b
o
5 5.00
2 LA
o g / ~ /
- 4.00 \\ > L3
-= A A - * -
m 3 "l \\ L4
O * L
20 300 .
‘_v
[
4
- 2.00
[7.]
=2
S
<. 1.00
2
3
0.00
o - N (%23 g Yol [(s] ~ [s] o] [w] - oN [0 <t Ve
© [+0} [eo] [0 [+o] [~ [10] o] e} [} [2] [=2] [2] [«)] [2]
g 8 ¢ & & 8 28 5 2 2 2 ¢ 2.2 @ ¢
Year

Figure 3.20. Comparison of observed and estimated July-August average air temperature at

Alexandra Fiord, Ellesmere Island for the 1980-1995 calibration period.
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3342 ‘Transfer Function and Eureka H.A.-W.S. Data, 1948-1996

Following investigation of the response function coefficients using the Eureka H.A.W.S;
climate data to model growth and reproduction at Alexandra Fiord, it was also decided to
reconstruct average summer air temperature. Preliminary models predicting average air
temperature for single summer months (May, June, July, August, September) and for
combinations of summer months (e.g., June-August) for the period 1948-1996 were calibrated
using stepwise multiple regression analysis (Figure 3.21). Cassiope tetragona was most highly
correlated with average air temperature durihg"August-September (Rzadj = (.51) for the period
1948-1996 (Table 3.10). Examination of the residuals showed that all assumptions of |
parametric statistics were met by the full model. Early and late calibration models accounted
for 45% and 60% of the variance (adjusted for loss of degrees of freedom) in the temperature
record, respectively (Table 3.11). The CE values (0.320; 0.280) while positive, indicated that
~ only a small proportion of the variancé in the observatiéns was reduced by the model. The RE
statistics (0.110; 0.340) were also positive, a sign that the model was better than using the
average of the calibration period. However, the CE and RE values were not high when
compared with tree-ring studies. The PEarso_n’ product-moment corrélation coeflicients (r =
0.70; r = 0.54) were significant showing that the model adequately estimated the temporal
patterns in the observations. Despite some low values, overall, the verification statistics
indicated there was evidence of meaningful ciirnatic information in the reconstruction (Fritts
1976; Fritts et al. 1979). Only the sign tests for the verification periods were not significant.
Given that the early and late periods passed three out of four of the verification tests, the sub-
period transfer function estimates of August-September average air temperature were
considered relatively time stable. The model calibrated over the full 1948-1996 period was
therefore also considered to be time stable and could be used to reconstruct summer air

temperature prior to the time of instrumental data collection.

The reconstructed August-September air temperature model for 1948-1994
underestimated the instrumentally recorded data in particularly warm or cold August-September
periods (Figure 3.22). In addition, there were several periods (i.e. 1958-1960, 1971-1974, 1988-

1991) in the comparisoh when the estimated model smoothed over short periods of moderate -

inter-annual variability. Generally, the model followed the observed data from the Eureka
HAW.S. IR
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Figure 3.21. The adjusted coefficients of determination X 100 produced from growth and

reproduction chronologies of Cassiope tetragona from the Lowland and Bench sites at Alexandra

Fiord, Ellesmere Island. The potential models are based upon different combinations of average

monthly summer air temperature from 1948-1996 from the Eureka H.AW.S. on western Ellesmere

Island. The R? adjusted was greatest for August-September average air temperature (51%).
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Table 3.10. Climate transfer function for August-September average air temperature at
Alexandra Fiord, Ellesmere Island based on growth and reproduction chronologies of
Cassiope tetragona from the Lowland and Bench sites. Transfer function was developed
for the time period, 1948-1994. n = 47. '

Estimated y
Regression Standard © Adjusted
Predictor Variables Coefficients Error p-value Multipte R Mulitple R?  Mulitple R?
Constant -37.921 - 7.581 0.000 0.771 0.594 0.509
LowAG! 8.742 3.406 0.014
LowAGI3 -14.911 7.696 0.060
LowLeaf3 37.210 12.191 0.004
LowBud1 -0.653 0.364 0.081
LowBud2 -1.004 0.400 0.016
BenAGI . 5.889 246 0.022 -
BenBud2 1.064 0.337 0.003
BenBud3 -1.168 0.351 0.002

*Low = Lowland site, Ben = Bench site, AGI = annual growth increment for year C, AGI3 = annual growth
increment for year C-1, Leaf3 = number of leaves for year C-1, Bud1 = number of flower buds for year C+1,
Bud2 = number of flower buds for year C+2, Bud3 = number of flower buds for year C-1.
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Table 3.11. Calibration and verification statistics for predicting August-September average air
temperature from growth and reproduction chronologies of Cassiope tetragona from the Lowland
and Bench sites at Alexandra Fiord, Ellesmere Island, Canada.

Calibration
Model Period n X X R R? R? adj
Early 1948-1980 33 24 7 0.755 0.571 0.450
Late 1964-1 SQ 31 24 6 0.824 0.679 0.599
Full 1948-1994 47 24 8 0.771 0.594 0.509

Verification sign test
Model _ Period n r r RE CE (hit/miss)
Early 1981-1994 14 0.700™ 0.490 0.110 0.320 9/4 ns
Late 1948-1963 16 0.540* 0.290 0.340 0.280 8/7 ns

* = P< 0.05, *™* = P< 0.01, ns = not significant.

Note: n = sample size; X, initial number of candidate predictor variables in backward stepwise multiple regression; x,
final number of predictor variables after elimination for insigniﬁcant variables by backward stepwise regression; R,
muitiple correlation coefficient; R2, multiple coefficient of determination; R*adj, multiple coefficient of determination
adjusted for loss of degrees of freedom; r,correlation coefficient; r2, coefficient of determination; RE, reduction of error
statistic; CE, coefficient of efficiency. :
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The reconstruction of August-September average air temperature for the period 1899 to
1994 was the longest proxy (95 years) yet developed for the Arctic using C. fetragona
~ chronologies (Flgure 3 .23). Howeyver, the record was shortened by the shortest predictor
chronology, the number of flower buds at the Lowland site (1899- 1996) The final
reconstruction was also necessanly shortened by lags and leads included in the reconstruction.
Additional predrctlve power was gained by lagging behmd or by leadmg ahead by one to two
years of the climate data.

In the August—September average air temperature reconstruction, there were strong
indications of high frequency variance, specifically rapldly alternatlng periods of warmthand
cold at Alexandra Fiord in the early twentieth century (Fi 1gure 3.24). The five highést and six of
the ten lowest single year temperature anomalies occurred'v'vithin the first 30 years of the
reconstructed temperature record (Table 3.12). Support for periods of colder conditions at
Alexandra Fiord in the early part of the century was found in the 10-year (1905-1914; 1919-
1928), 20-year (1903-1922) and 30-year (1905-1934) ’negative departure means (Table 3. 12;
Figure 3.24). Interspersed between the periods of coo'l_e'r conditions in the early twenti:eth' |
century were short warm spells. The brief warm perlods Were evident in the 10-year'(1916-
1925; 1929-1938) and 20-year (1916-1935) temperature anomahes (Table 3. 12 Flgure 3. 24).
The early twentieth century variability in summer air temperature was evident i in the 5-year non-v
overlapping means in Figure 3.25 a. The 5-year and -10-year non-overlapping means calculated
from the reconstructed August-September temperature departures were provided as an aid in |
recognition of directional tendencies in the data (GraSIBill-and Shiyatov 1989). Emerging from
- the early twentieth century variability,-a prolonged warm penod began in the 1920s and lasted
into the 1960s (Figure 3. 25) Six of the warmest, reconstructed years occurred during this
period (1929, 1943, 1954, 1958, 1959 1960), as well as the warmest 30-year mean (1943 1972)
20-year mean (1947-1996) and 10-year mean (1958 -1967 and 1946-1955) (Table 3.12; Figure
3.24; Flgure 3.25b). Influential inter-annual vanablhty durmg the 19305 included colder -
summer temperatures in 1935 and 1939, as well as a low 10-year mean from 1931-1940 ,(Table o
3.12). The impact of this variability was evident in the 5-year and 10-year non-ov'erlapping

means (Figure 3.25).

At the decadal scale, the warm period lasted until the early 1960s after which summers -

were colder (Figure 3.25). Colder summer temperatures in the 1960s and 1970s were supported
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Figure 3.24. The reconstruction of August-September a\)erage air temperature departurés for
Alexandra Fiord, Ellesmere Island relative to the 1961-1990 mean from Eureka, HA.W.S. on
western Ellesmere Island. : '
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Table 3.12. Largest temperature anomalies and trends for individual years, and for extreme mean values
from among all 10-year, 20-year and 30-year non-overlapping periods. The temperatures are shown as
anomalies with respect to the 1961-1990 mean calculated from the Eureka H.A.W.S. data set.

individual Summers

Lowest -Highest

Year Anomaly (°C) ~ " “Year . - ‘Anomaly (°C).
1905 -3.80 Sy 180200 310
1906 347 i 19297 .1 205
1915 -2.89 1899. . 2.80
1979 -2.31 Cev 19127 7 72,26
1935 -2.10 1923 v 229
1939 -1.96 1954 204
1914 -1.91 | 1958 191
1908 -1.82 . 1959 ) 1.91
1986 -1.75 1960 . 1.91
1927 : -1.67 1943 . 179
10-year Mean Periods
Lowest . Highest
Years Anomaly (°C) Years  Anomaly (°C)
1905-1914 -1.06 1958-1967 0.98
1975-1984 -0.40 - 1946-1955 0.68
1931-1940 -0.18 - 1985-1994 0.46
1919-1928 0.12 1915—1925’ 0.39
- - 1929-1938 0.38
20 year Mean Periods
Lowest Highest
Years Anomaly (°C) Years Anomaly (°C)
1903-1922 054 . 1947-1966 0.73
1968-1987 -0.17 1916-1935 0:14
30-year Mean Periods
Lowaest . Highest
Years Anomaly (°C) Years Anomaly (°C)
1905-1934 - -0.28 1943-1972 0.58
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Fi§ure 3.25. (a.) 5-year and (b.) 10-year non-overiapping means calculated from the

reconstructed August-September average air temperature departures.
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by the 10-year and 20-year means for the periods 1975-1984 and 1968-1987, respectively, as
well as the single cold summer of 1979 (Table 3.12; Figure 3.24). Beginning in the 1980s,
summer temperatures began to increase again at Alexandra Fiord (Figure 3.25 a). The mean of
the 10-yeaf departure from 1985-1994 signaled this increase. “The period of warm temperatures
was further supported by recent instrumental data from the CoaStal and Meadow automated
weather stations at Alexandra Fiord and Eureka, H.A.W.S. (Table 3.12; Figure 3.25). Of note,

- the reconstruction of August-September summer air temperatures for the most recent warm
period did detect the single year temperature anomaly for 1986, the coldest summer on record at
Alexandra Fiord. While the brevity of the climate reconstruction using C. tetragona precluded
discussion of lower frequency variability, the proxy record did exhibit mterestmg high
frequency variability over the last century, comparable with mstrumental data and other proxy

data sources.

3.4. Discussion
3.4.1. Critique of Methodology
3.4.1.1. Building Cassiope tetragona Chronologies

In this study, the longest reconstruction (1899- 1994) of summer temperature for the
Arctic using Cassiope tetragona as a proxy 1nd1cator was achleved through the use of traditional
dendrochronological techniques. The results of this study prov1ded further support for the
measurement of internode length pattems to de11m1t annual growth increments in C. tetragona.
The growth and reproductive chronologies developed for th__e Lowland, Bench and Dome sites
wefe the longest for the Alexandra Fiord site and the Arctic as a whole. The chronologies in
this study ranged from 30 to 82 years longer than the chronologies developed by Johnstone and
Henry (1997) at Alexandra Fiord. The Lowland, Bench and Dome chronologxes were 40 to
almost 100 years longer than those constructed in studies by Callaghan et al. (1989) and
* Havstrom et al. (1995) in which the patterns of leaf-lengths were used to date annual growth.
However, when compared to the lengths of tree-ring chronologies at or near the North American

boreal forest-tundra ecotone, the C. tetragona chronologies were much shorter (e.g., Cropper

158




and Fritts 1981; Cropper 1982; Edwards and Dunwiddie 1985; Jacoby et al. 1985; Jacoby and
D’ Arrigo 1989; D’ Arrigo and Jacoby 1993; Szeicz and MacDonald 1995; 1996).

The expansion of glacial ice, ice crusts and persistent snowbeds at Alexandra Fiord
during the Little Ice Age, may have limited the lifespan of the C. tetragona plants at the site. In
particular, it is hypothesized that the length of the chronologies at the highest site (Dome) were
shortened significantly due to the recent glaciation of the site. Air photos from 1959 revealed
Twin Glacier’s western arm had retreated approximately 1.0 km south of the Dome sampling
site. For the-period 1959-1981, Bergsma et al. (1984) determined a glacial front retreat rate of
4.0 m/yr using air photo intérpretation. Using the establiéhment dates of Salz’x arctica, Jones
and Henry (2003) determined glacial retreat to be 6.9 m/yr for the same period. Increased rates
of glacial retreat, between 7.6 to 11.2 m/yr, were recorded by Jones and Hénry (2003) for the
period 1986-1995. The delay between glacial retreat from the Dome and the establishment of C.
tetragona plants may be attributed to colder conditions associated with the proximity of the
glacial lobe and the elevation of the Domé, as well as the generally harsher environmental
conditions of the site. Young, acidic soils, limited in developmeﬂt, as well as drier soil moisture
conditions distinguish this upland site from the lowland of Alexandra Fiord (Batten and
Svoboda 1994; Muc et al. 1994; Nams and Freedman 1987b).

3.4.1.2. Measurement and Cross-Dating

Overall, the measurement of the internode lengths, the counting of leaves and the -
identification and counting of in-place or missing buds and flower peduncles was accomplished
without difficulty. Some questions remained as to the accuracy of some internode
measurements due to unavoidable bends and curves in the stéms. Another measurement
problem included the use of branching stems to construct ‘chronologies. While every effort was
made to select stems which did not branch, often branching stems had to be included in the
chronology building process in order to extend the chronologies sufficiently backward in time.
The primary difficulty lay in measuring the distances between the internodes accurately as they
transitioned from the main to the auxiliary stem. When the accuracy of the measurements was

in doubt, measurement was terminated. Finally, due to the time-consuming nature of the

Y
measurement process, the stems were only re-measured when problems were detected (Fritts .
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1976). Despite these difﬁcultiés,'it was easy to distinguish leaf scars along the entire length of
most stems. When there was doubt as to whether scars were actually leaf scars or adventitious

roots which had broken off, measurement was discontinued.

Cross-dating of C. tetragona stems proved to be time-consuming and tediously difficult
when compafed with the process of cross-dating tree-rings from many tree species. Skeleton-
plotting was relied upon heavily to cross-date all stems and later, to verify the results of
COFECHA. In this study, multiple stems with green leaves and leaf buds at their tips were
found to have stopped growing one to two years prior to sampling. Johnstone (1995) also
encountered this problem in her study. Thus when cross-dating sﬁpposedly “live” stems, it
could not be assumed that the last annual increment measured cofresponded to the last growing
season. Johnstone and Henry (1997) also mentioned the possibility of dormancy m C. tetragona.
stem growth. In this study, no periods of arrested growth were detected through skeleton
plottihg in any mid-stem measurements. Whether these déting problems are characteristic of
other populations of C. fetragona in the Arctic remains a»question. However, it does emphasize
the importance of ‘ cross-dating when developing chronoiogies for retrospective analysis‘ as
opposed to the common mistake of just “counting rings.”" A further problem which plagued the -
cross-dating process was the abundance of short stems of 30 years or less. It was necessary to
include some of these short stems because, only the short stems cross-dated with the live plant

chronologies in many cases.

In addition to using the SkeletOn-plot technique to cross-date C. fefragona stems, the
software program COFECHA was ﬁSéd to vérify‘ih‘e visual cross-dating and to detect errors'
(Holmes et al. 1986). COFECHA was des1gned to detect, stand and regional scale variability
that is common to many samples mﬂuenced by 81m11ar broad-scale climate factors. However,
its use in this study was hmlted by the thh levels of within- and among-plant variation in the

_ stems. The dates of stems which were ﬂagged as erroneous by the software program were
. checked carefully using skeleton plots, but the majority was found to be relatéd to intra-plant
noise rather than inaccurate dating. In the end, the skeleton-plot technique was the ﬁnzil

determinant in cross-dating all stems.
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3.4.2. Chronology Variability

High levels of intra-plant variability, or within-plant noise (1-7,, ), were evident in the

Alexandra Fiord chronologies. In dendfochronology, it is inferred that when high amounts of
annual growth variability coincide across all stems, plants and groups at the stand to landscape
scale, a large-scale factor such as chmate has vaned annually and influenced growth in the same |
way within the plant and across all plants and groups (Fritts 1976). On the other hand, if there
are large differences in stem and plant chronologles SO. that the chronology summed for all
plants and groups has low vanance, as 1n tlus study, then it is inferred that multiple factors have
limited growth and thus, have d1m1mshed the eﬁ'ect of chmate (Frltts 1976). Johnstone and
Henry (1997) also found hlgh levels of 1ntra-plant vanablhty when constructing C. tfefragona
chronologies. The high amounts of within-plant variability detected in this study may be the
product of the plant architecture and the associated microenvironmental conditions, as well as
within-plant resource partitioning (Havstrom et al. 1993; Johnstone and Henry 1997; Chapter
2). Resource partitioning among stems within the individual plant may influence the constancy
of annual growth and reproduction and thus, modify the plant’s response to regional climate
conditions. Inter-plant variability may be the prodﬁct of community dynamics, such as
competition or differences in the micro-environment. Cassiope tetragona could conceivably
compete at a low level for light, water, nutrients and space in a closed-vegetation communities

~ like the Lowland and Bench sites; however, this may be less likely at the Dome site. -

The lack of quantitative evidence concerning the mechanisms for intra- and mter—plant
vanablhty in C tetragona presents a problem when selecting samphng sites. Careful site
selection seeks to enhance the signal of'a selected growth-limiting factor, such as climate, and to
reduce local endogenous and community éxogenous disturbance factors (Fritts 1976; Cook and
Briffa 1990; Pilcher et al. 1990). HoWever, with little empirical evidence of the influence of
community dynamics on the growth and reproduction of C. fetragona at Alexandra F ierd, itis-

impossible to assess their impact.

The selection of flexible cubic splines to standardize the growth and reproductive
chronologies at the three sampling sites may have also increased the level of variability present-

within the chronqlogies. By utilizing the signal-to-noise—ratio (SNR) criterion to select a cubic
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spline filter, more of the low frequency 31gnal may have been removed than intended.
Traditionally, it is the low frequency signal that is of interest in dendrochmatologlcal studles
(Cook and Briffa 1990). Thus, by using the SNR, the strength of the observed high-frequency
signal may have been emphasized. '

3.4.3. Chronology Characteristics

The mean and standard deviation values for annual growth and production of leaves -
reported for the Lowland, Bench and Domes sites are similar to those reported for other high

' arctic populations including ones at Alexandra Fiord (Nams 1982; Havstrom et al. 1995;
Johnstone and Henry 1997) and two on Svalbard, Norway (Callaghan ez al. 1989; Havstrom et
al. 1993) (Table 3.13). However, growth measurements in one high arctic C. tetragona
populatlon on Svalbard (Callaghan ef al. 1989) and in four subarctic populations near Abisko,
Swedish Lapland were slightly larger than those reported in this study (Callaghan et al. 1989;
Havstrom et al. 1993; Molau 2901). Tl‘_;e larg_er meaq values for C. tetragona growth reported
for the Swedish Lapland populations are due t(.)“th‘e‘ more“éeutherly latitudinal position of these
study sites. Moreover the mean values reported in this study support the hypothesis that C.
tetragona stem elongation and leaf production decrease with latitude (Havstrém et al. 1993), as
well as with elevation. Havstrom et al. (1993) suggested high latitude populations of C.
tetragona planfs invest resources into strengthening and protecting fewer leaves on a shorter

stem to prevent desiccation damage.

In this .study, the mean number of flower peduncles produced annually was smaller than
the mean values reported by Havstrdm et al (1995) and Johnstone and Henry (1997) for ‘
Alexandra Fiord (Table 3.13). Interestingly, the mean number of flower peduncles produced
around the sixteenth and seventeenth centuries reported by Havstrom ef al. (1995) is similar to
the mean values reported in this study. Reduced mean flower production in this study was
likely influenced in the early part of the chronologies by the rapidly changing climate in the
Canadian High Arctic following the Little Ice Age. It is hypothesized that potentially variable
environmental conditions at Alexandra Fiord in the early twentieth century may have

suppressed flower bud development and flower production in mature plants and delayed it in
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Table 3.13. Comparativé data on the mean growth (annual growth increments (AGI), annual production of

leaves) and reproduction (annual production of flower buds and flower peduncles) of Cassiope tetragona from
retrospective analysis and temperature enhancement studies (control plots only) in the Arctic. Buds =

flower buds. Peds = flower peduncles. LIA = Little lce Age. SD = standard deviation of the mean. SE =
standard error of the mean. nd = no data available. '

Meant
Study Site and Date SDISE AGI Leaves Buds Peduncies
Rayback, Chapter 3 Lowland mean 476 10.16 0.42 0.35
Alexandra Fiord 1879-1996 SD 2.06 2.86 0.65 0.6
Ellesmere Island, Canada
Bench mean 3.95 8.78 0.48 0.25
1884-1996 SD 1.45 2.26 0.66 0.51
Dome mean 3.73 9.82 0.65 0.41
1922-1996 SD 1.7 3.04 0.85 0.68
Johnstone & Henry 1997 Lowland mean 478 10.4 nd 19
Alexandra Fiord 1957-1992 sh 1.32 25 nd 0.96
Ellesmere Island, Canada
Havstrom et al. 1995 Glacier Foreland mean nd 11.37 nd 13
Alexandra Fiord 1965-1991 SD nd 2.93 nd nd
Ellesmere Island, Canada
Glacier, LIA mean nd 9.72 nd 0.68
~1425 and 1665 SD nd 2.28 nd nd
Nams 1982* Central Plain mean 3.40 nd 1.8~ nd
Alexandra Fiord 1981 SE 0.10 nd 0.50 nd
Ellesmere Island, Canada
Callaghan et al. 1989 Svalbard-winter mean nd 10.25 nd nd
Adventdalen, Svalbard 1967-1986 SE nd 0.084 nd nd
Adventdalen, Svalbard Svalbard- summer mean nd 12.62 nd nd
1967-1986 SE nd 0.196 nd nd
Mt. Slattatjadkka, Sweden Swedish Lapland mean nd 12.23 - nd nd
. 1967-1986 SE nd 0.18 nd nd
Havstrom et al. 1993* tree-line heath mean 8.29 19.48 nd nd
Absiko, Sweden 1985-1991 SE 0.22 0.39 nd nd
Abisko, Sweden summit fellfield mean 6.25 13.29 nd nd
1985-1991 SE 0.25 0.36 nd nd
Ny-Alesund, Svalbard Beach ridge heath mean 5.21 10.78 nd nd
1985-1991 SE 0.22 0.35 nd nd
Molau 2001* {TEX control mean 9.12 nd nd nd
Latnjajaura, Sweden 1993-1997 SE 0.32 - nd nd nd

s

* Mean values are from control plots in temperature enhancement experiments.

** Mean number of flower buds per shoot on tagged shoots (Nams 1982).



juvenile ones. The mean annual flower bud production values reported in this study are the first

observations of this variable recorded for a period of greater than one year (Nams 1982).

Statistics commonly used in dendrochronology such as mean sensitivity, standard
deviation and first-order autocorrelation are used to gauge the sensitivity of chronologies to the
climatic signal (Fritts 1976; Cook and Briffa 1990). The two growth variables across the three
sites exhibited low mean sensitivity. Cassiope tetragona exhibits a rather conservative
vegetative growth response to short-term variations in growing season climate. The
conservative growth response was present in the standardized chronologies for the Lowland,
Bench and Dome sites which exhibited low levels of high frequency variability throughout most
of the twentieth century. The plant’s low sensitivity to inter-annual climate variability may
serve to stabilize the annual vegetative productivity of this species (Serensen 1941; Shaver and
Kummerow 1992). In addition, the two growth variables across the three sites exhibited low
first-order autocorrelation values. Low autocorrelation values may indicate that the growth
variables of C. fetragona are relatively uninfluenced by low-frequency climatic trends. The
accumulated effect of past climate over several years does not appear to influence C. tetragona
growth. Howevér, the use of the flexible cubic splines in standardization process of the growth
chronologies may have removed more of the low-frequency climatic fluctuations than intended.
Furthermore, the short lengths of the C. tetragona chronologies compared with those of tree-

ring chronologies preclude the observation of low frequency climatic trends.

The mean sensitivity and first-order autocorrelation values for growth were very similar
to those in Johnstone and Henry (1997), the only other study to report these statistics for C.
tetragona. The mean sensitivify values in this study were not unlike those reported for the
radial growth of North American boreal tree species in northern Alaska and Canada (e.g., Kay
" 1978; Cropper and Fritts 1981; Cropper 1982; 1984; Edwards and Dunwiddie 1985; Szeicz and
MacDonald 1995; 1996; Tardif et al. 2002). The first-order autocorrelation values reported in
this study for growth variables are Jower than those reported for northern tree-ring chronologies
(e.g., Kay 1978; Cropper and Fritts 1981; Cropper 1982; 1984; Edwards and Dunwiddie 1985;
Szeicz and MacDonald 1995; 1996). However, it should be noted that the generating processes
of annual tree growﬂl and annual C. tetragona growth are not identical.
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In direct contrast to the growth variables, the mean sensitivity values for the
reproductive variables were high across all three sites. Visual inspection of the standardized
chronologies for the Lowland, Bench and Dome sites showed high frequency variability
throughout the twentieth century. Data supporting the reproductive sensitivity of C. tetragona
to inter-annual climate conditions were presented in Chapter 2 and in other studies (Nams and
Freedman 1987b; Johnstone and Henry 1997). When the mean sensitivity values for the
Lowland site were compared with those reported in Johnstone and Henry (1997), the values
were almost identical. However, the mean sensitivity‘values were higher at the Bench and
Dome sites. The Bench and Dome sites are 150 m and 500 m, respectively, higher in elevation
than the Lowland site and, most likely experience harsher cliﬂiatic conditions during the
growing season. The C. tefragona plants at these two sites may be more sensitive to any
amelioration in growing season conditions. The first-order autocorrelation values for
reproduction variables were low across the three sites. In general, high mean sensitivity and low
first-order autocorrelation values are indicative of high inter-annual variability and sensitivity to
. yearly climate conditions (Fritts and Shatz 1975; Case and MacDonald 1995). Thus, data from
this study supports a growing body of evidence that reproductive development in plants at high
arctic sites may be more sensitive to the thermal environment than vegetative growth (Arft et al.
1999; Chapter 2). Furthermore, evidence from simulated environmental change studies on
evergreen and semi-evergreen shrubs supports the idea that growing season temperatures are
critical in high arctic tundra ecosystems for successful reproduction (Welker et al. 1993;
Wookey et al. 1993; 1995; Johnstone 1995; Molau 1997; 2001).

The general linear models showed significant differences in the annual stem elongation
and production of flower buds across the three sites and among years at Alexandra Fiord.
However, the models which tested for differences in the annual growth increment variable and
the annual production of flower buds among sites violated assumptions of normality and
nonconstancy of the error variance (flower buds only). An increase in elevation (30 m, 150 m,
500 m a.s.l. ) across the three sites, with the associated changes in air temperature, moisture
regime, soil development, snowpack depth, length of growing season, and recent glacial history
most likely contributed to the apparent differences in these two variables at the Lowland, Bench
and Dome sites. Significant among year variation may be linked to annual conditions at the
Dome site. It is hypothesized that annual fluctuations in microclimate and associated

environmental factors may have had a greater impact on C. fetragona plants at the Dome site
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than at the other two sites. Environmental conditions at the Dome site are unique given the
recent retreat of Twin Glacier. Year-to-year differences were also apparent for the annual
production of leaves. These results appear to contradict the interpretation of the mean
sensitivity values discussed previously. However, unlike the data used to calculate the mean
sensitivity values, the data inv the general linear models were not standardized. In addition,
while the two growth variables displayed an overall lower level of annual variability than the
reproductive variables, the changes in growth variability may have been greater and more
anomalous than the changes in reproductive variability. Overall, variability was high for both

reproductive variables, but was similarly high for all years.

Although there was not full agreement across the three sites, the correlations among the
growth and reproductive variables within each population were generally positive. Consistent
with observations from other studies, both C. fetragona growth and reproduction benefit from
favorable growing season conditions during the same year (Johnstone and Henry 1997; Chapter
2). While growth in C. fetragona has been shown to respond conservatively to ameliorated
conditions (Chapter 2), improved environmental conditions may lead to additional production of
photosynthates which could go towards current year reproductive development. In addition,
there may be enough photosynthates and nutrient reserves stored up from the previous favorable
growing season to benefit the early development and growth of buds during the current summer.
Thus, several consecutively warm summers might create a positive lag effect, benefiting both
the current year and next year’s reproduction. Positive correlations were also found between
previous year’s production of flower buds (year C-1) and current year (year C) flower peduncle
production. Favorable growing season conditions in the previous summer often result in. the
high production of flower buds on C tetragona stems (Nams 1982; J ohnstone 1995). If
favorable growing conditions continue the followmg summer as well, the larger number of buds
will develop into more flowers and increase the chance of reproductive success. No evidence
was found of a trade-off between growth and reproduction as suggested by Johnstone and Henry
(1997).

Correlations of C. fetragona growth and reproduction between populations revealed two
significant coefficients. The positive and significant correlations between the Lowland and
Bench chronologies for annual stem elongation and for the annual production of leaves
suggested that growth among years fluctuated in a similar manner across both populations.
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However, few similarities existed between the two growth variables at the Dome and Lowland
sites, and the Dome and Bench sites. These associations between populations suggested that
year-to-year environmental conditions influencing plant growth at the Lowland and Bench were
similar, while those at the Dome were not. The high elevation of the Dome site (500 m. as.1.),
in addition to the colder temperatures, shorter growing season, exposure to high v;zinds, émd
recently glaciated substrate are all factors which differentiate this site from the other two. The
absence of positive and significant correlations between the reproductive variables also
suggested that the three populations responded individually to local community dynamics and
environmental conditions. Evidence from other studies showed C. fetragona reproduction is
sensitive to warmer temperatures (Nams 1982; Johnstone and Henry 1997, Chapter 2). In
addition, the lack of positive correlations may also reflect the high degree of intra- aﬁd inter-

plant variability in each population.

3.4.4. Response of Cassiope tetragona to Climate Variables
3.4.4.1. Response Functions and Coastal Station Climate Data, 1980-1996

~ In general, the response function coefﬁc.ients rélating C. tetragona growth and
reproduction at the Lowland, Bench and Dome sites to average air temperature and monthly
thawing degree days measured at the Coastal station were not significantly different from zero.
However, the vegetative variables from the three sites were positively related to June, Jﬁly and
August climate variables. The importance of summer growing season temperatures for C.
tetragona, particularly in the first four to six weeks of summer, has been observed in other
studies (Nams and Freedman 1987b; Callaghan et al. 1989; Shaver and Kummerow 1992;
Havstom et al. 1993; Johnstone and Henry 1997). The generally positive response of C.
tetragona growth to summer monthly temperatures was observed in the ITEX control plots as
well (Chapter 2). Overall, the growth variables at the Lowland site tended to respond earlier
and with greater magnitude to June and July temperature and thawing degree days, while the
Bench and the Dome sites responded to July and August climate variables. The response of the
plants at the Lowland site was not unexpected as the Lowland is, generally, warmer earlier and
- for the duration of the growing season (Labine 1994). The negative association of the Dome
plants to monthly thawing degree days in June was alsp not unexpected as the daily temperature
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of the site does not rise above 0 °C until late June or early July, a profound reduction in the

growing season length when compared to the Lowland site.

The reproductive response of C. tetragona at the three sites to climate variables was
more variable: At the Lowland site, the reproductive variables tended to respond in the same
manner as reported fdr the ITEX control plants in Chapter 2; flower bud production was
positively related to temperature in July and August, and flower production to temperatures
during the entire growing season. The reproductive response of the Lowland plants was also
similar to observations réported by Havstrom et al. (1995) and Johnstone and Henry (1997).
However, tﬁe relationship between the reproductive variables to climate variables at the Bench
and Dome sites were much more variable. Given the slightly cooler and shorter growing
seasons at these two hjgher elevation sites, the predominance of negative associations with ‘
monthly climate during the growing season may be the response of highly stressed plants wifh
few reserves from either the previous or current year to meet the expensive demands of

reproduction. -

The variance explained by a combination of climate alone, by previous growth (or
reproduction) alone, and by climate and previous growth (or reproduction) together across all
three sites for both growth and reproductive variables ranged from moderate to high levels. The
lower amounts of variance explained by some variables may have been due to factors other than
climate, or a combination of factors with climate which were more limiting to grbwth and
reproductioh in some years. The non-climat_ic factors may have included branch structure and

" resource partitioning, as well as plént community dynamics at each site as previously discussed.

3.4.4.2. Response Functions and Eureka Climate Data, 1948-1996

In general, the growth variables at the Lowland, Bench and Dome sites were positively
related to average air temperature during the late spring and summer months at Alexandra Fiord.
The Lowland growth variablés responded positively and significantly to June and July avérage
air temperature. -Similar observations on the relationship between C. tetragona growth and June
and July air temperatures were made by Callaghan et al. (1989), Havstrdm et al. (1995) and
Johnstone and Henry (1997), as well as in Chapter 2. The positive influence of early growing
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season temperatures on the grewth of C. tetragona and other arctic plants is well acknowledged
in the literature (Shaver and Kummerow 1992).- In general, growth variables at the Bench and
Dome sites were positively associated with August and September average air temperatures.

- Warmer temperatures at the end of the growing season may facilitate winter hardening in these
plants. Johnstone and Henry (1997) also noted a positive association between C. tetragona
growth and September temperatures.

The response of the reproductive parameters of C. tetragona at the three sites to climate
~ variables was more variable. At the Lowland, Bench and Dome sites, the reproductive variables
were strongly influenced by early summer average air temperatures. By late June to mid-July,
flower buds are visible on C. fetragona plant stems (Nams 1982; Johnstone 1995). Warming
temperatures also initiate the elongation of the flower peduncles and formation of the flowers
early in the growing season. Usually flower peduncles are visible, but the corolla remains
undeveloped by early July (Johnstone 1995). -;.Support for the direct and indirect positive effects
of early summer temperature onC. ;étragehd 'i‘epro'ductiOn has been reported in other studies
.(Nams and Freedman 1987b; 'Cailieghan et“a'l.‘ 1989, thnstepe and Henry 1997; Chapter 2).
Late summer tempefature in August and Septeﬁiber also benefited reproduction in C. tetragona
at the three sites. As flower buds continue to deyelop thm_ughout the end of the growing season,
eontinued warmth in the months of August and early SeptehMr may allow further development
of flower buds prior to over-wintering (Nams end Freedman 1987; Johnstone 1995). Cassiope

tetragona pre-forms flower buds at least one year prior to actual flowering (Serensen 1941).

A high amount of variance was explained by both the monthly climate variables and the
_ two years of prior growth (or reproduction) at the Lowland and Bench sites. Prior growth (or
reproduction) of one to two years may supply the necessary accumulated surplus of nutrients
and photosynthates needed early in, and throughout the growing season, particularly in less than .
optimum years. However, when examining the lower amount ef varianee explained by climate
alone, it is hypothesized that there may be other factors inﬂuencing growth, including within-
f)lant and community dynamics. The ameunt of variance explained by the monthly climate
variables and two years of previous?reproduction'af the Lowland and Bench sites was also
'moderately high. Hov;fever, the amount of variance explained by climate alone is smaller. The

extent to which climate influences reproduction in C. fetragona plants varies depending on
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. growing season length and temperatures. Similar resolts have been reported in previous studies
(Nams and Freedman 1987b; Johnstone and Henry 1997).

. While the amount of variance explained using Coastal station data may be dampened by
~ the influence of intta- and inter-plant variability, the relationship between Eureka climate )
‘variables and the Alexandra Fiord chronologies may be more difficult to interpret. The distance
from Alexandra Fiord to the Eureka HA.W.S. 1s approx1mately 250 km, The difference in
monthly conditions at Eureka and Alexandra FlOl‘d may be great enough to weaken the lmk
between the growth and reproductlve mdlces and chmate The problem of distance between a
sampling site and a climate station is one that many paleocllmatologlsts must face when
' designing studies and conducting satnplmg in remote northern locations. It should also be noted
that while some of the total monthly prec1p1tatlon coefﬁc1ents were significant using the Eureka
data, precipitation is a local phenomenon and is most likely not comparable between sites. The
influence of the Saw-Tooth Mountains and the Prince of Wales Icecap on syﬁoptic systems
which originate over the Arctic Ocean and deposit precipitation at Alexandra Fiord is most
likely considerable. In addition, autumn-spring precipitation comes from systems that originate
off of northern Baffin Bay (Maxwell 1982). However, no long-term precipitation measurements
have been made at Alexandra Fiord for comparison with Eurekat; thus, the assumption of
difference is hypothetical. Given these caveats, the positive and biologically logical
associations between the LoWland and Bench growth and reproductioh chronologies and the
monthly average air temperature, as well as the high amount of variance explained'by climate
and previous growth (or reproductlon) supported development of transfer functions to
reconstruct past climate.

3.4.5. Reconstruction of Summer Temperature l
3.4.5.1. Transfer Functions and Coastal Station ClimateData, 1980-1995

The two best models for reconstructing climate at Alexandra Fiord, Ellesmere Island
estimated average summer air temperature. The closely linked relationship between C.
teﬂagona growth and reproduction with summer growing season temperatures has already been

- shown in this study and in others (Nams and Freedman 1987b; Callaghan e al. 1989; Havstrém
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et al. 1993; 1995; Johnstone and Henry 1997; Chapter 2). The first model explored in this study
reconstructed July-August average air temperature. The model explained 78% of the variance
and closely followed inter-annual variation for the period 1980-1995. In particular, the |
estimated model captured the coldest summer on record (1986) at Alexandra Fiord as well as the
warmest summer (1982) for the period 1980-1995. The July-August temperature model reveals |
the strong association of the Alexandra Fiord chronologies with climate, affirmation of C.
tetragona’s sensitivity to local environmental conditions. The selected variables, annual stem
elongation and production of leaves and flowers, were positively correlated with temperature in
July and August. Previous observations showed substantial growth and reproduction in C.
tetragona occur during these months (Nams and F reedman 1987b; Havstrom et al. 1993;
Johnstone 1995). It is interesting to note the inclusion of both vegetative growth variables from
the Lowland and Bench sites in the model despite their low mean sensitivity values. Perhaps the
vegetative variables, both for the current year and lagged by one year, contain a greater climate
signal in combination than when examined singly. Similar combinations of predictor variables
have been used successfully in transfer functlons by Havstrom et al. (1995) and Johnstone and
Henry (1997) to predict J uly thawing degree days and mean July temperature, respectively. |
| Unfortunately in thllS study, the limited length of the climate record at Alexandra Fiord prevents |
calibration and veriﬁcatioﬁ of the July-August temperature model at this time. However, the
potential success of this model warrants further investigation when more climate data becomes
available at Alexandra Fiord.

3.4.5.2. Transfer Functions and Eureka Climate Data, 1948-1994

3.4.52.1. Reconstruction of Auéﬁ'\sf;sep(eﬁber Temiiemigfe
The 95-year long reconstructlon (1899-1994) of mter-annual August-September average
air temperature is the longest proxy yet constructed for the high arctic using C. tetragona. The
August-September full model explained 51% of the variance, a value which is within range of
other dendroclimatological models based on tree-rings from sites in northern North America
(e.g., Jacoby et al. 1985; 1988; Jacoby and D’Arﬁgo 1989; D’Arﬁgo and Jacoby 1993; Szeicz :
and MacDonald 1993; 1995). The moderately high level of variance explained in this model
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supports the use of instrumental data from Eureka H.A.W.S. to reconstruct summer temperature

at Alexandra Fiord, and suggests that similar climate patterns influenced both locations.

3.4.5.2.2. Limitations of Climate Reconstruction

Prior to the interpretation of the August-September average temperature model, it is-
important to examine the limitations of the reconstruction. The August-September temperature
model does remain somewhat ambiguous as only half of the dependent temperature response
was retrieved (R?adj = 0.51), and the verification periods were short. However, the amount of
variance explained is comparable to tree-ring proxies, as mentioned previously. In addition, the
brevity of climatic records and the paucity of climate stations across the Canadian High Arctic is
a challenge any study in the Canadian Nbrth faces when attempting to calibrate proxy climate.
Due to the use of flexible standardization splines in this study, long-term fluctuations in climate
cannot be reproduced (Briffa e al. 1988). However, as the reconstruction is less than one -
hundred years long, it would be difficult to impossible to discern longer-term fluctuations on the
order of centuries or longer. Finally, while it waé assumed the variability in the early part of the
reconstruction was partially related to natural climate fluctuations, thére remains the possibility
that the uncommon variance or noise increased with decreasing sample size (Fritts 1_976; Cook
and Briffa 1990). In dendrochronology, the mean chronology variance is compdsed of both the
signal and residual noise. By averaging multiple series, the uncommon variance or noise will
cancel in direct proportion to the number of series averaged, but the common variance remains
unaffected (Cook and Briffa 1990). The difficulties associated with decreasing sampie size in
the early part of a reconstruction are well understood and acknowledged in dendrochronology
(Fritts 1976; Cook and Briffa 1990). Acknowledging the above limitations of the mddel, it was
felt that the directional tendencies and variability within the reconstruction for the twentieth
century were useful and directly comparable to other proxy data from northern North America.

3.4.5.2.3. Interpretation of and Supporting Evidence for the Temperature Reconstrucﬁon

The reconstruction of summer temperature during the first 20 years of the twentieth
century reveals high frequency, oséillating temperature patterns at Alexandra Fiord. The
m
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variability is not surprising given that, at the turn of the twentieth century, the Canadian lligh |
Arctic was rapidly emerging from a general temperature deterioration which had begun roughly
around 4500-4200 yr BP and lasted until the mid-1800s (Hardy and Bradley 1997). Multlproxy
evidence from North America supports the hypothesis that the most recent neoglamal episode,
referred to as the Little Ice Age’ (cat. ~1550-1850 in Arctic Canada) (Moss 1951; Porter and
Denton 1967; Grove 1988) was one of the coldest, if not the coldest period during the entire
Holocene (Bradley 1990; Hardy and Bradley 1997; Overpeck et al. 1997). Evidence in the form
of ice core melt records taken from the Agassiz Ice Cap, Ellesmere Island reveals the coldest
summers of the Holocene occurred only 150 years BP (Koerner and Flsher 1990). In addition,
observations at multiple sites across Arctic Canada indicate the maximum late Holocene glacial
advance occurred within the last few hundred years (Christie 1957; Dowdeswell 1984). During
this time, the terminal positions of many glaciers moved to thelr most advanced positions ever
occupied during the Holocene (Bradley 1990). It should be noted however, that the termmal
position of a glacier is often determined by local climatic and topographic conditions, and thus,
it may not be linearly related to climate (Oerlemens 1989; Bratiley and Jones 1993). In
addition, Smith ef al. (2001) noted the virtual absence of thick léke varves_belovt" the year 1867
from cores taken at Lake Tuborg, Ellesmere Island. The absence of warm summer temperatures
resulted in low levels of summer melting of the Agassiz Ice Cap and, thus, low runoff and
sediment flux into marginal lakes (Hardy et al. 1996; Smith et al. 2001) In further support of
extremely cold temperatures during the Little Ice Age, radio-carbon dates on organic matter
recently exposed by retreating glacier termini at Alexandra Fiord and Sverdmo Pass, Ellesmere
Island provided evidence that the plants were buried by snow and ice as recently as 400+140
and 150+50 years BP, respect1vely (Blake 1981 Bergsma et al. 1984). It is hypothemzed that
during the early nineteenth century in particular, frequent and large sulfur-producmg volcanic
eruptions may have precipitated the dramatlc drop in‘ “arctic temperature by reducing incoming
solar radiation (Zlelmskl et al. 1994; Z1elmsk1 1995) High sulfate loading of the atmosphere
from volcanic eruptions entrains positive ocean feedbacks which may prolong and exacerbate
periods of arctic cooling (Overpeck et al. 1997). Related evidence from lake varve sediment
records from Ellesmere Island also suggests an increase in major rainfall events accompanied by

colder temperatures following major volcanic eruptions (Lamoureux et al. 2001).

Beginning in the mid-nineteenth century, proxy data and instrumental records from the
North American Arctic indicate a dramatic and nearly ubiquitous transition from anomalously
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cold conditions to the warmer conditions of the twentieth ceutury, marking the end of the Little
Ice Age in the polar north (e.g., Koerner 1977; Jacoby and D’ Arrigo 1989; Koerner and Fisher
1990; D’ Arrigo and Jacoby 1993; Szeicz and MacDonald 1995; Overpeck et al. 1997). Tree-
ring proxies developed from sites at or near tree-line in northern Ndrth America show a gradual
warming trend from the mid to late 1800s to the present (D’ Arrigo and Jacoby 1993; Szeciz and
MacDonald 1995). The rapid increase in arctic temperature from the mid-nineteenth to the early
twentieth century is thought to be the result of the readjustment of external drivers as volcanic
forcing weakened and solar irradiance increased (Overpeck ef al. 1997). In association with
reduced volcanic aerosols, lake varve sediment records from Ellesmere Island 'indicate ratnfall
frequency was at its lowest duriug the early 1900s (Lamoureux ef al. 2001). The influence of
increasing greenhouse gases such as CO2 and CHa is belieued to have only moderately affected
temperature change in the Arctic at the turn of the century (Overpeck et al. 1997).

When considering the early part of this study s reconstructlon within the larger context
of transitioning arctic climate at the begmmng of the twentleth century, high frequency
variability is not anomalous or. unexpected Ttis hypothesrzed that the first 20 years of the
Alexandra Fiord reconstruction were strongly mﬂuenced by a rapidly warming, but most likely
unstable climatic regime that was emergmg from the coldest period of the Holocene. The
unstable climatic conditions may account partly for the frequency of temperature oscillations in
the early portion of the climate reconstruction. In addition, the close proximity of Twin Glacier
at Alexandra Fiord may also have i_nﬂuenced, directly and indirectly, the annual growth and
reproduction response of the plants. It is possible that during some summers in the early part of
the reconStruction, the already stressful growing season conditions were exacerbated by the
proximity of the | glacier and its associated microclimate conditions. Experimental evidence
supports the strong influence of inter-annual lclimate conditions on the growth and reproduction
of C. tetragona (e.g., Nams 1982; Callaghan et al. 1989; Havstrom et al. 1993; Johnstone 1995;
"~ Molau 1997; Chapter 2).

.Further examination of the reconstruction reveals a general directional increase in
summer temperature beginning approxunately in the 1920s and continuing into the early 19605

(Figure 3.26a). Analysis of multlproxy data from numerous Canadian Arctic sites shows that

summer temperatures since 1925 within the context of the Late Holocene were exceptionally
high (Bradley 1990; Hardy and Bradley 1997). Evidence from ice core melt records from
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Figure 3.26: Comparison of standardized proxy temperature records for the North American Arctic from 1900 to
1995. (a.) C. fetragona -based reconstruction of August-September average air temperature for

Alexandra Fiord; (b.) lake varve sediment-based i'econstrut;tion of surface air temperature for Lake

C2, Ellesmere Island (Lamoureux & Bradley 1996); (c.) percent melt layers from ice cores taken

from the Devon Istand Ice Cap (Koemer 1977; Koemer & Fisher 1980); (d.) tree-ring based

reconstruction of June-July temperature for northwestern Canada (Szeicz & MacDonald 1995). All series

are presented as 5-year averages. ‘
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nearby Agassiz Ice Cap, Ellesmere Island, as well as the Devon Island and Axel Heiberg Island
Ice Caps indicates that the warmest summers in the last 1000 years occurred in the last 100
years, reaching their maximums during the periods of the mid-1920s-1930s and the 1950s-1960s
(Figure 3.26¢) (Koerner 1977; Fisher and Koerner 1983; Koerner and Fisher 1990). The
percentage of melt features in an ice core section is an indicator of summer temperatures (Smith
et al. 2003). Lake varve sediment records from Lake C2 (Lamoureux and Bradley 1996) and
Lake Tuborg (Smith et al, 2003), Ellesmere Island also support warmer mid-century
temperatures in the Canadian Arctic (Figure 3.26b). It is hypothesized that, since 1920,
anomalously high solar radiation and lower volcanic aerosol loading, along with exponentially
increasing atmospheric trace gases, have influenced the warming trend across the Arctic .
(Bradley and Jones 1992; Lean et al. 1995; Robock and Free 1995; Overpeck et al. 1997; Mann
et al. 1998; Free and Robock 1999; Lean and Rind 1999). The August-September average air
temperature model provides further evidence from a new high arctic site supporting a summer

temperature increase during the middle of the century in Arctic Canada.

This reconstruction also shows a decrease in summer temperatures beginning m the early
1960s and lasting throughout the 149’»705 (Figure 3.26a). The cooling trend is evident in the melt
records from the Agassiz Ice Cap ice cores, as well as in the sedimentary record from Lake C2
and Lake Tuborg, Ellesmere Island (Lamoureuk and Bradley 1996; Smith et al. 2003). Varve
thickness in the Lake Tuborg proxy decreased sharply after 1962 to levels Similar to those
recorded in the late nineteenth and early twentieth centuries (Smith et al. 2003). These three
proxies, as well as instrumental élimate data show a marked decline in temperature after 1962-
1963. A combination of factors méy have influenced the mid-century cooling in the high arctic.
The change in climate after 1962 may be attributable to chénges in atmospheric circulation at
high northern latimdeé (Bradley and England 1978; Kahl ef al. 1993). During the summer of
1963, the lowering of summer freezing levels in the atmosphere waé linked to the presence of
anomalously warm ocean temperatures in the central northern Pacific Ocean, which in turn,
altered pressure patterns in the Northern Hemisphere and resulted in the onset of this new
climatic fegime (Bradley 1973; Dronia 1974; Smith et al. 2003). The decline in temperature '.
may also have been influenced by an increase in arctic tropospheric aerosols caused by
increased volcanism after 1950 (Bradley and Miller 1972; Kulka et al. 1977; Jones et al. 1982;
Overpeck et al. 1997). Lake varve sediment records from Nicolay Lake, Cornwall Island show

a marked increase in rainfall after 1962, coinciding with thisfknown period of cooler summers,




as well as with the 1963 eruption of Mount Agung (Lamoureux ef al. 2000). In addition, the
leveling off of solar irradiance in the mid-twentieth century may also have influenced climate in
the Arctic (Lean et a{. 1995; Mann et al. 1998). In the Northern Hemisphere, the cooling trend
from 1940 to 1970 is also apparent (Jones and Briffa 1992).

The recent temperature increase detected in arctic instrumental records since the early
1980s (Jones et al. 1982) is also present in the reconstruction (Figure 3.26a). The decade of the
1990s and the summer of 1998 were the warmest on record for the Canadian High Arctic
(Meteorologlcal Service of Canada 2002) Ev1dence from sub-arctic North American tree-rmg
records showed that trees began to recover from the mld-century cooling by the early 1980s as
well (D’ Arrigo and Jacoby 1993) In another dendroclimatological study near tree-line in
northwestern Canada (Yukon and Northwest Territories), the tree-ring proxy indicated a steady
increase in temperature throughout the last 150 years, culminating in the 1980s with the
~ warmest temperatures for the entire record (1638-1988) (Flgure 3.26d) (Szelcz and MacDonald
1995). Itis postulated that the most recent temperature increase in the Arctic may be duetoa
combination of anthropogenic (increased greenhouse gases, sulfate aerosols, decreased
stratospheric ozone) and natural (variation in solar irradiance and volcarric aerosols) forcing
factors, as well as climate feedback mechanisms (Bradley and Jones 1993; Mann et al. 1998;
Lean and Rind 1999; Moritz et al. 2002). It is also believed that the current increase in arctic
temperature is linked with the Arctic Oscillation. ’ ' ' '

3.4.5.2.4. Arctic Oscillation

The Arctic Oscillation (Thompson and Wallace 1998; 2000; Thompson et al. 2000) has
been described as the “master switch” for climate over hlgh northern latitudes (Kerr 1999). A
natural annular mode of climate in the Northern Hemisphere, the Arctic Oscillation (AO)
exhibits a synchronous seesaw pattern in which atmospheric pressures in the polar regionand
the middle latitudes rise and fall, and in turh_, the pressure differences cause winds to oscillate in
strength (Thompson and Wallace 1998; 2000). The NOrth Atlantic Oscillation (NAO) (Hurell
1995) is viewed as a highly correlated, regional manifestation or signature of the Arctic
Oscillation (Thompson and Wallace 1998; Kerr 1999; Baldwin and Dunkerton 2001, Overland

and Adams 2001) In the negative phase, the AO s characterized by hlgher than normal
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atmospheric pressure over the Arctic (north of 20° N) and lower than normal atmospheric
pressure around 55° N. During a negativé phase, the counterclockwise spinning of the air mass
above the polar regions decelerates and is easily disturbed, resulting in the spillage of cold air
into the middle latitudes. When the AO is in its positive phase, lower than normal atmosphenc |
pressure predominates over the polar region, while higher than normal atmospheric pressure
predommates around 55° N. During the positive phase, the counterclockwme spinning of the air
mass above the Arctic accelerates, contalmng the cold-arctic air within the polar region. When
the AO changes phases the change begms m the stratosphere and progresses downward to the
years, the stratosphere has cooled causmg the counterclockmse circulation around the North

Pole to strengthen, particularly during the winter (Ihompson and Wallace 1998).

The strengthening of the polar vortex over the past three decades may be behind the
dramatic Arctic and Northern Hemisphere warming trend in the late twentieth century. Many of

‘the recent changes in arctic climate and environmental variables, including changes in surface

air temperature (SAT) and sea level pressure (SLP), have been related to the strong positive
phase of the AO during the last 30 years (Walsh et al. 1996; Thompson and Wallace 1998;

‘ ' Dickson 1999; Jones et al. 1999; Shindell et al. 1999; Hartmann et al. 2000; Morison ef al.

2000; Polyakov and Johnson 2000; Serreze et al. 2000; Overland and Adams 2001; Moritz et al.
2002). In association with the increase in the AO index, the amplitude of the interdecadal
oscillations has increased during the late twentieth century as well (compared with 1900-1970)
(Thompson et al. 2000). Arctic SAT for the period 1979-1997 have increased during the winter
and spring (Rigor et al. 2000). In fact, the AO index explained over half of the wintertime
temperature increase observed over the eastern Arctic Ocean, and less than half of the
temperature lncrease over the western Arctic Ocean (Rigor ef al. 2000; Thompson et al. 2000).
Notably, both warming and cooling have characterized the vwestern Arctic in the past several
decades (Rigor etal. 2000). In comparison to the period prior to the 1980s, atmospheric sea
level pressure (SLP) has decreased, while the cyclonic vorticity of winds has increased in the
late 1980s and early 1990s, (Walsh ef al. 1996; Polyakov and Johnson 2000). These changes
are believed to be linked to the greater number of open breaks in the Arctic Ocean ice, as well as
decreased sea-ice thickness in the central Arctic in the 1990s (Rothrock ef al. 1999). -
Furthermore, springtime polar ozone losses in the 19903 have been related to the high AO index
(Hartmann et al. 2000).
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Possible connections between surface warming due to anthropogenic and natural climate
change and atmospheric circulation, as manifested in the recent positive trend .in the AO, have
recently been suggested (Slonosky and Yiou 2001). There is support for the hypothesis that the
recent positive trend in the AO is a consequence of anthropogenic radiative forcing (Fyfe ef al.
1999; Shindell et al. 1999; Hoerling et al. 2001). Increased anthropogenic greenhouse gases
and decreased stratospheric ozone are thought to cool the lower stratosphere at high latitudes
and, thus, have the potential to increase the AO index (IPCC 2001). Evidence from historical
instrumental data, as discussed above, and paleoclimatic reconstructions support the hypothesis
* that external forcing and internal dynamics have contributed to the recently observed temporal
and spatial variations of arctic climate (Moritz et al. 2002) Paleoclimatie reconstructions have
‘shown that the twentieth century was anomalously warm in the Arctic relative to the previous
- three centuries, and temperature increases have been greater in the Arctic than at lower latitudes
(Overpeck et al. 1997; Mann et al. 1998; 1999). However, no paleochmatlc work on the AO
has been pubhshed so recent trends and variability of the AO relatlve to pre-industrial climate
are amblguous (Moritz et al. 2002)

Q
, Lastly, climate models (e.g., General Circulation Models) have been used to determine

Iwhether trends associated with mternal modes of vanablhty are anthropogemcally forced, or
temporary and coincidental to the trend in increasing greenhouse gases (Shindell et al. 1999).
* Results of recent models demonstrated that sea-level pressure trends can be simulated by
, r'ealisﬁc increases in greenhouse gas concentrations (Shindell etal. 199§). The models also
- suggested that, although temperature increases are a result of naturally occurring modes of

| atmospheric variability, they may be ahthropogenie'ally induced and could contimie to increase
(Shindell et al. 1999). _Additiohglr ;e§eareh -4using inélﬁ;mental data, paleoclimatic reconstruction
ahd'modeling will clarify the importéhc‘e of the driving factors including, anthropogenic

greenhouse gas concentrations, radiative forcing and free variability (Moritz et al. 2002).

3.4.5.2.5. Supporting Arctic Paleoclimatic Data

Finally, in support of the results of this reconstruction, instrumental climate data from
the Canadian Arctic, and data from other proxy studies of the past and present Arctic geosphere,
biosphere, and cryosphere indicate that climate is changing. In the North American Arctic,
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changes in permafrost conditions over the past 500 years have been detected through borehole
temperature studies (e.g., Lachenbruch and Marshall 1986; Jessop et al. 1991; Beltrami and
TaYlo_r 1995; Majoriwicz and Skinner 1997; Pollack et al. 1998; Osterkamp and Romanovsky
1999; Huang ét al. 2000). For example, multi-decadal increases in permafrost temperature have
been observed in northern and central Alaska (Lachenbruch and Mérshall 1986; Osterkamp and
Romanovsky 1999), in northwestern Canada (Majoriwicz and Skinner 1997), and in central-
eastern Canada (Jessop et al. 1991) over the past century. The geothermal data from borehole |
measurements offered an independent confirmation of multiproxy studies which have
highlighted the unusual warming of the twentieth century (Pollack ez al. 1998). Limnological
evidence from Canadian arctic lakes also indicate dramatic changes in taxonomic
- diversification, increased diatom biomass and recent diatom recolonization over the last 150 to
200 years (Douglas et al. 1994; Overpeck ef al. 1997). Studies of sediments from shallow lakes
and ponds on eastern (Douglas et al. 1994), western (W olfe and Perren 2001), and northern
(Douglas et al. 1996) Ellesmere Island, northern Devon Island (Gajewski et al. 1997) and
southern Baffin Island (Wolfe 1991; Wolfe and Perren 2001; Wolfe 2003) revealed strong shifts
in diatom communities over the past 200 years with the establishment of diatoﬁl populations
that previously were too light limited by perennial ice to survive (Overpeck et al. 1997). The
changes in diatom communities are believed to be much greater than during any other time
period of climatic variability during the Holocene, suggesting the rate and amplitude of recent
warming is unprecedented for the Holocene (Overpeck et al. 1997; Wolfe and Perren 2001).
F inalIy, the widespread retreat of low-lying glaciers, ice caps and the disappéarance of
permanent snowbeds throughout Arctic Canada during the last century provided further
evidence of recent climate change. Just prior to the twentieth century, melting of polar ice caps
was negligible. However, during the twentieth century, melting increased to a rate exceeded |
only twice in the last 4000 years (Bradley 2000). Long-ferm records show glaciers in the
Canadian Arctic have experienced an overall negative mass balance for the last ca. 30 years
(Bradley and Serreze 1987; Koerner and Lundgaard 1995; Cogley ef al. 1996; Dowdeswell et
al. 1997; Adams et al. 1998; Braun et al. 2001). The results of these proxy studies support the
increase in arctic temperature during the twentieth century. Thus, the conclusion of this study,
in comparison with, and in support of, other proxy records and instrumental climate data
suggests that the rate of temperature change and the level of natural climatic variability at high
latitudes during the last 100-150 years are unique and unprecedented for at least 400 years and
possibiy for several rﬁillennia (Koerner and Ei‘shg; 1990; Overpeck et al. 1997; Bradley 2000).
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3.4. 6. Principal Findings

The results from this study provide strong ev1dence that past arctic temperatures for the
twentieth century can be reconstructed using C. tetragona as a proxy indicator. Two models of
average summer air temperature were successfully developed using modified '
dendroclimatological techniques. In the first model, July-August average air temperature was
reconstructed for Alexandra Fiord for the period 1980-1996 based on the chronologies from the
Lowland and Bench sites. The model was calibrated using transfer function analysis and |
climate data from the Coastal station (1980-1996) at Alexandra Fiord. The model explained
78% of the dependent climatic variance. However, due to the short overlap oeﬁod between the
chronologies and climate data set, the model could not be cross-calibrated or verified.

In the second model, the longest reconstx"uction (1899-1994) of summer temperature for
~ the Arctic was achieved after calibrating transfer functions using instrumental data' from the
High Arctic Weather Sfation at'Eureka (79° 59’N, 85° 59°W). The 95-year long reconstruction
of August-September average air temperature for Alexandra Fiord explained 51% of the
dependent climatic variance. The feconstruction revealed high inter-annual variability during

" the first 20 years of the modei. The variability may be due to increasing uncommon variance
(noise) with decreasing sample size, to unstable local and regional climatic conditions, or both.
From the 1920s to the 1960s, a directional increase in temperature was evident in the model.
However, for the period of the 1960s to the 19705 éverage air temperature decreased before
increasing again in the 1980s. and the 1990s.’ The August-September average air temperature
reconstruction supports and i is supported by proxy ev1dence (e.g., ice core melt records, lake
varve sediments, tree-rmgs) from other North Amencan Arctic sites, as well as research on

' anthropogemc and natural forcmg mechamsms dnvmg climate change.
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4. The reconstruction of past climate for central Ellesmere Island, Canada

4.1. Introduction
4.1.1. Proxy Climate Data and Ellesmere Island, Canada

To understand current and future arctic climate change, it is important to understand how
and why climate has varied in the past (Bradley and Jones 1993). Paleoclimatic research and the
resulting proxies provide the needed perspective in order to understand climate system variability
and its links to forcing factors and feedbacks (Bradley 2000; Briffa 2000). Long proxy records

extend the time period available for analysis and can be used to evaluate how climate during the

_ recent past compares to prior centuries (D’ Arrigo e al. 1999).

Previous studies have established the key role that high northern latitudes play in the
global temperature regime (Kelly ef al. 1982; Jones and Kelly 1983; Lachenbruch and Marshall
1986; Walsh and Chapman 1990; D’ Arrigo and Jacoby 1993). Thus, a thorough understanding
of temperature fluctuations in the north is important to understanding larger-scale climatic trends
(Kelly et al. 1982; Jones and Kelly 1983). However, a better understanding of climatic
variability over space and time in the Canadian High Arctic cannot be gained by only examining
instrumental data (Hardy and Bradley 1997). While the meteorological data in the Canadian
Arctic is of high quality, the records are brief (1940s-present). The length of the instrumental
record limits most investigations of climatic variability over time spans equal to or longer than
the meteorological record (Hardy and Bradley 1997). In addition, High Arctic Weather Stations
(H.A.W.S.) are few and widely scattered across Nunavut and the Northwest Territories. On
Ellesmere Island, there are two H.A.-W.S: one at Eureka (79° S9°N, 85° 59’ W) and the other at
Alert (82° 30°N, 62° 20°'W). Both stations are at or near sea level (Eureka, 10 m a.s.1; Alert, 62
m a.s.l.). Given that the topography of Ellesmere Island is characterized by high mountain
ranges, large ice sheets, glaciers and fiords, the climate conditions of the H.A.-W.S. are not
representative of all sites on the island. Thus, it is only through longer proxy climate records that
we can extend the rather myopic perspective provided by instrumental data (Bradley 2000),
particularly for Arctic Canada.
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The number and type of available proxy climate data éets from Elleésmere Island, Canada

'is higher and more varied than for most arctic locations. A sample list of the proxy climate data

available from Ellesmere Island includes: ice core melt records (Hattersley-Smith 1963; Fisher
and Koerner 1983; Koerner and Fisher 1989; 1990; Fisher and Koerner 1994), fresh water
diatoms (Smol 1983; 1988; Wolfe 1991; Douglas ef al. 1994; 1996; Ludlam et al. 1996;
Gajewski et al. 1997, Wolfe and Perren 2001; Wolfe 2003), laminated lake sediments (Blake
1981a; 1987a; Retelle 1986; Hardy ef al. 1996; Lamoureux and Bradley 1996; Lasca 1997,
Overpeck et al. 1997; Braun et al. 2000, Lainoureux et al. 2002; Smith et al. 2003) and pollen
data Clwﬁrinen 1985, Bourgeois 1986). At present, only ice cores and laminated lake sediments
provide long-duration and high resolution proxy records for the Canadian High Arctic.
However, a recently developed proxy technique using the circumpolar, evergreen dwarf shrub,
Cassiope tetragona, may be used to reconstruct past climate on an annual basis and for multiple
locations throughout the Canadian Arctic. Detailed information on C. tetragona and the
technique for reconstructing past climate is presented in Chapters 2 and 3. Retrospective
analysis of C. tetragona will be used in this study to reconstruct climate for central Ellesmere
Island.

4.1.2. Reconstructing Climate on Ellesmere Island Using Cassiope tetragona

Previous studies have shown a strong link between growing season temperature and the
growth and reproduction of C. tefragona in arctic tundra ecosystems (Callaghan ez al. 1989;
Havstrom et al. 1993; 1995; Johnstone and Henry 1997; Chapters 2 and 3). Using modified
dendroclimatological techniques (Fritts 1976), past summer growing season climate can be
reconstructed using C. fetragona growth and reproduction chronologies. In Chapter 3, past
August-September average air temperature was reconstructed for the period 1899-1994 for
Alexandra Fiord, Ellesmere Island from three site chronologies located albng an elevation
gradient. Using the Alexandra Fiord reconstruction as a starting point, the accuracy of climatic
reconstruction can only be expected to improve with the inclusion of a greater number of sites
(Fritts 1976). In general, by using a greater number of sites which cover a wider geographic
area, more information can be extracted from the data on past climate (Frltts 1976). In this
study, two sites, Alexandra Fiord and Hot Weather Creek, are mcluded mthe ..clim.ate

reconstruction for central Ellesmere Island. If C. tetragona clirohdlogiéé frpmj Ho't Weather
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Creek can be generated for 100 years or lorlger and combined with those from Alexandra Fiord
to reconstruct past summer climate, a better understanding. of the temporal variability of climate
on Ellesmere Island over the last century will be achieved. In addition, if this study s
reconstruction can be compared with other climate proxies from multiple locations on Ellesmere
Island, a spatio-temporal understandlng of climate variability will be gained. The study of

. recent climate change in the Canadian Arctic, since the end of the Little Ice Age to the present, is
of great interest when one considers that the rate of temperature change in these ma.rgmal

envrronments is unprecedented for at least several millennia (Bradley 2000).

Additionally, a recent study (Aanes et al. 2002) investigated the short—term response (12
years) of C. tetragona growth and reproduction to changes in the Arctic Oscillation (AO), a
recently described spatial pattern of sea-level pressure centered over the Arctic (Thompson and
Wallace 1998; 2001). Aaneset al. (2002) reported that high values in the AO index were related |
to reduced C. fetragona plant growth on Svalbard. In this study, chronologies from the Lowland
site at Alexandra Fiord and the Hot Weather Creek site on the Fosheim Peninsula are related to
the summer Arctic Oscillation (AOS) index. The goal is to determine if a similar long-term (50
years) response is detected in the two C. fetragona populations on Ellesmere Island. -

' 4.1.3. Research Objectives

The research objectives for this study are: (1) to develop two growth and two .
reproductive chronologies for Hot Weather Creek, Ellesmere Island; (2) to reconstruct summer

“climatic conditions for central Ellesmere Island using chronologies from Hot Weather Creek and
* Alexandra Fiord; (3) to examme the hrgh- and medrum—frequency variability in the climate
reconstruction; (4) to compare and contrast this study’s summer climate reconstruction with that
of Alexandra Fiord given in Chapter 3; (5) to relate the results of this study to other single and
multl-proxy studies from Ellesmere Island and northern North America; and (6) to investigate
the relationship between the growth and reproductlon chronologies from Hot Weather Creek and

Alexandra Fiord with the summer Arctic Oscillation index.
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4.2. Methods
4.2.1. Species Characteristics

Cassiope tetragona (L.) D. Don is an evergreen dwarf shrub with a circumpolar
distribution (Hultén 1971). A complete description of the species characteristics and the arctic

tundra ecosystems in which it is found is given in Chapter 2.

4.2.2. Study Area

Field work was conducted in the Hot Weather Creek basin, Ellesmere Island, Canada
(79° 58’ N, 84° 28°W) in August of 1998 (Figure 4.1). Hot Weather Creek is located on the
Fosheim Peninsula on the central western coast of Ellesmere Island. The Fosheim Peninsula,
one of the largest lowlands in the hlgh a_rctiq,_ is syqounded by Greely and Cafion Fiords to the
north and northeast and Eureka Sound to fhé west and south. The Saw-Tooth Mountains, rising
to greater than 500 m a.s.1., form the eas"tern‘bo'undai‘y of the Peninsula. The study area is 16 km
from any major water body or mountain range.. lThe silty soils in the Hot Weather Creek lowland
are relatively uniform and weakly alkaline to néﬁltjralu(Edlund et al. 1989; Woo et al. 1990). The
broad, rolling lowland is dissected by netwbrks of high-éehtre, frost-fissure polygons which are
within fields of densely packed hummocks 10-50 cm high (Edlund et al. 1989; Woo et al. 1990;
Young et al. 1997). Small local tributaries funnel spring meltwater into Hot Weather Creek
which forms a 15 km long tributary of the Slidre River (Edlund et al. 1989). The hydrological
budget of Hot Weather Creek is dominated by late spring and early summer snowmelt and later

in the summer, by ground ice melt (Edlund et al. 1989).

There are approximately 130 vascular plant species on the Fosheim Peninsula and 144
found on northern and central Ellesmere Island (Bruggemann and Calder 1953; Brassard and
Beschel 1968; Brassard and Longton 1970). Hot Weather Creek, like much of the Fosheim
Peninsula, supports relatively dense, vegetated tundra communities. On average, vascular plant
cover is greater than 50%, but does decrease upslope (Woo et al. 1990). The well-vegetated

lowland is dominated by a prostrate Salix arctica Pall.- Dryas integrifolia M. Vahl. shrub

community on the moderately to well drained, neutral to moderately alkaline, stable, silty soils of
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Figure 4.1. Map showing the ,loca'ti.d‘_h, of Hot Weather Creek on the Fosheim
Peninsula, Ellesmere Island, Nunuvut, Canada. .

186




the plain (Edlund et al. 1989; Edlund and Alt 1989). Where rare acidie soils (pH < 6.8) are
present, tundra communities are dominated by S. arctica and C. tetragona. Cassiope tetragona
is found locally on weakly alkaline deposits, particularly at the bottom of steep slopes and
associated with late-lying snowbeds (Edlund et al. 1989; Woo et al. ‘ 1990).

4.2.3. Climate Conditions

Both Hot Weather Creck and Alexandra Fiord lie within the Northern climate region
(Maxwell 1981). Specifically, Hot Weather Creek is located within the sub-region of Nansen
Sound and Adjacent Lowlands (Maxwell 1981) along with the Eureka High Arctic Weather
. Station (H.A.W.S.). The interior lowlands of the region are protected by the surrounding |
mountains of Ellesmere and Axel Heiberg Island from cyclonic activity along the Baffin Bay
storm track and from the western Parry Channel (Maxwell 1981). The mountain ranges block
the import of cold, moist air and associated low-level clouds from the central Arctic Ocean
(Edlund and Alt 1989; Young ef al. 1997). The predommance of clear condmons and
subsequent higher radiation input warms the air and ground resultmg iri mean July temperatures
of > 5°C (Young et al. 1997). The reglon experiences the greatest mean annual temperature
range in the Queen Elizabeth Islands (up to 43°C at Eureka H. A Ww.S) (Maxwell 1981). In
addition, the rainshadow effect results in the region receiving the least mean annual precipitation
in Canada, approximately 64 mm at the Eureka H.A.W.S. (Maxwell 1981; Meteorological
Service of Canada 2002).

4.2.4. Study Site

In August 1998, C. tetragona plants were collected at the Hot Weather Creek site from
tundra plant communities on north- and south-facing slopes (Figure 4.2). The slopes are
characterized by hummocky topography and late-lying snowbeds. Intensive studies of the local
topography, soils, hydrology, climate and vegetation of Hot Weather Creek (Edlund et al. 1989;
Woo et al. 1990; Young et al. 1997) indicate the north-facing slope receives the greatest amount
of snowfall in winter and rainfall in summer. In the summer, rainfall is associated with the
prevalence of southerly winds at Hot Weather Creek (Woo ef al. 1990). In addition, the local
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Figure 4.2. High Arctic mesic tundra near the Hot Weather Creek sampling site,
Ellesmere Island, Canada.




topography causes a drop in wind speed encouraging local rainfall and snowfall deposition and
redistribution on the north-facing slopes (Young and Lewkowicz 1990) The prolonged early
summer snowmelt on northwest slopes is due to the greater Snow. accumulatlon when compared
'to that of other locations at Hot Weather Creek (Young et al 1997) The s01ls of the sampled
community ranged from predominantly silty (lower slopes) to sﬂty—sand (mlddle and upper
slopes) (Woo et al. 1990). The south-facmg slopes recelved the second largest amount of rain
and snowfall and the highest energy receipt (Woo et al. 1990; Yout_)g e“t,‘ ql 1997)

Similar to the plant populations satrlpled at Alexandra Fiord, the growth and reproduction
of C. tetragona plants from Hot Weather Creek respond te the abiotic and biotic factors of the
site and region. In this study, the response of the Hot Weather Creek C. tetragona to climate

measured at the Eureka H.A.W.S. was examined.

4.2.5. Climate Measurements at Eui'eka, Ellesmere Island

In this study,'the instrumental records from Eureka H.A.W.S. (1948-1997) were used to
investigate the climate-C. fetragona growtti and reproduction relationship, and to reconstruct
past climate for central Ellesmere Island. Eureka H.A.W.S. is located 25 km west of Hot
Weather Creek. A full descriptiqn of the Eureka, H A.W.S. (79° 59°N, 85° 59° W) instrumental
data set was provided in Chapter 3. |

Pearson’s product moment correlation coefﬁcients were calculated between Eureka
H.AWS. average air temperature and total monthly precipitation for individual summer months
(June-September) and for combinations of summer months (e.g., June-August) for the period
1948-1996. In addition, Pearson’s product moment correlation coefficients were calculated
between Eureka HA.W.S. average air temperature and the summer Arctic Oscillation (AOS)
index, and between Eureka H.A.W.S. total monthly precipitation and the AOS. As described
previously in the Discussion section of Chapter 3, the Arctic Oscillation (AO) is a natural mode
of Northern Hemisphere circulation (Thompson and Wallace 1998; 2001). The AO is
characterized by the seesawing of average sea level pressure above the i)olar and the mid-latitude
regions of the Northern Hemisphere (Thompson and Wallace 1998). Although the AO has been
evaluated and modeled dﬁring the winter months (January-March) (Shindell et al. 1999;
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Hartmann et al. 2000), recent research has indicated the existence of similar atmospheric
pressure reductions during the summer months (Serreze et al. 1997; 20'0_0). In this study, the
AOS index was calculated based on data from the NCEP/N CAR Reanalysis Project
(http://tao.atmos.washington.edu/data/ao). The AOS index values were calculated for each year
(1948-1996) by averaging the monthly indices for June, July, August and September.

- An automated weather station was installed at Hot Weather Creek by the Atmospheric
Environmental Service (now Meteorological Service of Canada), Environment Canada in 1988
to monitor air, surface and ground temperatures, solar radiation, wind speed and direction and
relative humidity (Headley 1990; Alt et al. 1992; Labine et al. 1994; Young et al. 1997). Year-
round instrumental data from Hot Weather Creek is available from 1988 to 1996. The data set
ends in 1996 because of destructive chewing of power cables by arctic foxes (Alopex lagopus).
However, the station was revived in 1999. The data set from this auto-station was not used in

this study due to its short duration (9 years).

4.2.6 Plant Sampling and Measurement

In August 1998, 11 C. tetragona plants were collected by GHR Hé;lry and M. Svoboda
at the Hot Weather Creek site (~90 m. a.s.1.). Plants were collected from visually homogenous
communities where C. fefragona was dominant. Other species present in the sampled
community included S. arctica, D. integrifolia, Kobresia myosuroides (Vill.) Fiori & Paol. and
Pedicularis capitata Adams. Sampled plants were taken from both the tops and sides of the
hummocks and from the hollows. Hum:ﬂocks were approximately 30-50 cm in diameter and 20-
30 cm high. The plants were selected for the Iongest stems possible with the goal of developing
chronologies for the site from which to reconstruct past climate. After harvesting, the individual
plants were placed in paper bags, packed in boxes for transport to the laboratory at University of
British Columbia, air dried for a week in the lab and then stored in paper bags. The

- measurement protocol followed in this study was outlined in Chapter 3.
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4.2.7. Retrospective Growth and Reproduction Analysis

For the C. tetragona population sampled at Hot Weather Creek, two variables of growth
(annual stem elongation and leaf production) and two variables of reproduction (annual
production of flower buds and flower peduncles) were measured and recorded. A full

description of the retrospective growth and reproduction analysis was giVen in Chapters 2 and 3.

4.2.7.1. Cross-dating: Skeleton Plots and COFECHA

Following standard dendrochronological methods, each stem was cross-dated by hand
using skeleton plots of annual growth increments (Fritts 1976; Stokes and Smiley 1968). The
software program, COFECHA available in the Dendrochronologlcal Program Library (DPL),
was used to verify further the visual cross-dating and to detect mlssed measurements and cross-
dating errors in the measured series (Holmes ef al. 1986 Grlssmo-Mayer 2002). Two to nine
stems per plant were cross-dated and eleven plants were used tg c_re,atg the Hot Weather Creek

site chronology. The cross-dating protocol followéd in this study was p'ro‘vid_e“d,. in Chapter 3.

4.2.7.2. Standardization

In this study, standard chronologies of growth and reproduction for the Hot Weather
Creek site were constructed from a subset of all C. tetragona plant stems measured. For
individual stems to be included in the master site chronologies, each time series needed to be, (1)
visually and statistically cross-dated to insure proper placement in time, (2) at least 20 years in
length, and (3) positively inter-correlated with the master series (Daniels 2000).

The chronologies were standardized using traditional dendrochronological methods as
outlined in Chapter 3 (Fritts 1976; Cook et al. 1990). Using the signal-to-noise-ratio (SNR)
criterion, flexible cubic splines on the order of 60 years were selected fof the chronologies of
annual stem elongation, annual production of leaves and flower peduncles. A cubsic spline of 40
years was selected for the chronology of annual flower bud production. The biweight robust

mean was used to average together the standardized series to calculate the master chronology
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(mean value function) for each of the growth and reproductive variables. An explanatlon of this
statistic and its formula was given in Chapter 3. Finally, the standard chronologles were selected
_for further analysis in order to retain what remained of the low frequency mgnal This study
followed the same reasoning as described i in Chapter 3 for selectmg a low-pass d1g1tal filter and
for using standard chronologies in further analysis.

4.2.8. Descriptive Statistics

Descriptive statistics were calculated for the Hot Weather Creek growth and reproduction
chronologies as described in Fritts (1976). The mean, standard deviation, mean sensitivity and
first-order autocorrelation were calculated for each standardized chronology. An explanation of

these statistics and their formulas was given in Chaptef 3.

4.2.9. Mean Correlation Analysis

Mean correlation analysis was carried out using the éoﬁwére program, ARSTAN
(available in the DPL) (Cook 1985; Cook and Holmes 1986). Based upon an optimum common

interval, the software program computed the amount of variability between-plants, ,, , and

within-plants, 1-7,, . This analysis is an alternative approach to a traditional analysis of variance

(anfa and Jones 1990). Further explanation of mean correlation analy51s, its purpose and the -
statistical formulas are found in Chapter 2.

4.2.10. Correlation Analysis

Simple correlation coefficients were calculated to understand the relationship among the
growth and reproductive chronologies for the current (year C) and previous year (year C-1)
within the Hot Weather Creek site. In éddition, correiation coeflicients were calculated to
examine the relationship of the growth and reproductive chronologies across sites by comparing
Hot Weather Creek to the three sites (Lowland Bench, Dome) at Alexandra Fiord. Not all
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chronologies at the Hot Weather Creek and Alexandra Fiord sites were normally distﬁbuted, thus

the nonparametric Spearman’s rank coefficient, s was used (Conover 1971).

4.2.11. Response Function Analysis

The relationship between climate variables measured at Eureka H A.W.S. and C.
tetragona growth and reproduction chronologies from the Hot Weather Creek site were
examined using correlation and response function analysis. - A complete description of the

correlation and response function analysis was given in Chapter 3. -

Climate data from Eureka H.A.W.S,, including average monthly air temperature and total
monthly precipitation, were used to calculate simple correlation coefﬁcients and response
function coefficients for the corhmon overlap period of 1948-1997. A description of the climatic
measurements, including monthly average air temperature and total monthly precipitation, from
Eureka H.A.W.S. was given in Chapter 3. Correlation and response function coefficients were
calculated using the software program PRECONK (Fritts 1996) for the time period of May of the
previous year (year C-1) to September of the current year (year C). Two years of previous
growth (or reproduction) were includéd in the response function models to account for lag
effects. Through the use of response function analysis, a mohth, a series of months, a season, or
a longer period of time may be identified, an& later.used to reconstruct climate through transfer
function analysis. | .

In addition to the correlation analysis carried out in PRECONK, Pearson’s product
moment correlation coefficients were calculated between Eureka H.A.W.S. average air
temperature and total monthly precipitation and the growth and reproduction chronologies from
Hot Weather Creek and the Lowland site at Alexandra Fiord. These correlations involved
Eureka H.A.W.S. climate variables that had beén averaged over periods of several s.um‘mer‘
months (e.g., June-August). The growth énd reproductive variables from these two sites were
also correlated with the AOS index. Correlations between the climate variables and the AOS
index with the growth and reproductive variables from the Bench and Dome snes at Alexandra

Fiord were also investigated, but will not be dlscussed ‘
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4.2.12. Transfer Function Analysis

To calibrate transfer function models, stepwise multiple linear regression analysis was

~ used to predict climate from the Hot Weather Creek and Alexandra Fiord growth. and
reproduction chronologies. In Chapter 3 a full descrlptlon of transfer function analys1s was
provided. The period of common overlap among the Eureka H. A W S. cllmate and the
chronology data sets was 1948-1996. The stepwise multiple hnear regressmn analyses were
performed using the MGLM procedure in SYSTAT (v. 5.0, 1990-1992). The set of potential

_ predictor variables included growth and reproductive variables from the Hot Weather Creek site
and from the Lowland and Bench sites at Alexandra Fiord at yearst,t+1,t+2,andt— 1.

- Positive and negative lags were included in the analyses to capture vpetsistence effects in the
growth-reproduction-climate relationship (Fritts 1976; Briffa et al. 1986; Jacoby and D’ Arrigo
1989). In order to develop a parsimonious model, non-significant candidate predictor variables
| were eliminated by the stepwise procedure (o = 0.05) (SYSTAT v. 5.0 1990-1992).

Initial models predicting summer temperature for central Ellesmere Island were
calibrated for single.months' of the growing season (June, July, August, September), for
combinations of summer months (e.g., July-August) and for twelve-month periods (e.g., June-
May) for the full period of overlap (1948-1996) between the Eureka H.A.W.S. climate data and
the Hot Weather Creek and Alexandra Fiord chronologies. Following _selectiog of the full
model, investigation of the residuals was carried out using visual examination of residual plots,
the modified Levene’s test and the correlation test for normality (Neter ef al. 1996). Next, cross-
calibration and verification were carried out to test the genei'al form of the full model before it
was used in climate reconstruction. In order to verify the selected model, the full model was’
d1v1ded into two parts following the data-splitting method of Fritts (1976) The data set was split

-into an “early” period ( 1948-1978) and a “late” period (1965-1996) and transfer functions were
calibrated for each period using stepwise regressien on the same predictor variables as the full -
model (Case and MacDonald 1995). The calibration models developed for the early (1948-1978)

- and late periods (1965-1996) were then verified over lhe late (1979-1996) and early (1948-1964)

verification periods. Statistics including Pearson’ s‘ product-moment correlation coefficient (r),
reduction of error (RE), coefficient of efficiency (CE) and the first difference sign test were
calculated for both verification periods (Fritts 1976; Briffa 1998). An explanation of the

formulas for the verification statistics were given in Chapter 3. Once the selected model was
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successfully calibrated and verification statistics and tests of parametric assumptions were

carried out, the full model was considered time stable and was used to reconstruct climate for the

‘period prior to instrumental data on central Elleémere Island.

4.3. Results
4.3.1. Chronology Characteristics foi‘ Hot Weather Creek

Between 49 and 56 stems representing 11 plants were used to create two growth and two
reproductive chronologies for the Hot Weather Creek site (Table 4.1). The annual growth
increment and annual production of leaves chronologies covered a 53 year time period from
1945-1997 and were the longest chronolpgieé for the site. Because the plants were collected in
early August, there still existed the possibility of vegetative growth and formation of
reproductive structures by the plants in the late summer, thus measu_rémenté foxj 1998 were not

.
w .

included in the chronologies.

Examination of the 7;, values for the growth and réproduc’ti_pn chronologies at the Hot

Weather Creek site revealed a weak common signal in the chronologies (Table 42). As

expected, the within-plant noise, 1 - 7,, , was high for both growth and reproductive chronologies.

Investigation of the mean sensitivity and standard deviation values at Hot Weather Creek
revealed the values for vegetative growth were much lower than those for reproduction (Table
4.3). Mean sensitivity was particularly high for the chronology for annual production of flower
buds. The first-order autocorrelation values were extremely low across all vegetative growth and
reproduction chronologies. In general, high mean sensitivity and standard deviation values and
low first-order autocorrelation values are an indication that the chronology is sehsitive to yearly

climate conditions (Fritts and Shatz 1975), such as the reproductive variables in this study.

. " The signal-to-noise ratios (SNR) for the Hot Weather Creek chronologies were low, an
indication of the high amount of noise present in the chronologies (Cook and Briffa 1990).
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Table 4.1. Annual plant performance (non-standardized data) of Cassiope tetragona
from Hot Weather Creek, Ellesmere Island, Canada. AGI = Annual Growth Increment;
Leaf = annual production of leaves; Bud = annual production of flower buds; Peduncle =
annual production of flower peduncles.

AGI* Leaf® Bud® Peduncle®
Chronology Length 1945-1997‘ 1945-1997 1949-1997  1952-1997
# of Years: 53 53 49 - 46
Sample size (plants) 11 11 : 1" 1
# of Stems Measured 56 54 . 51 49
# of Stems per Plant 2t09 2t09 ‘ 2t09 2t09
Mean . " 6.05 11.94 036 = 026
‘ Standard Deviation 3.12 2.03 063 - 0.53
Maximum 25.99 32.00 4.00 3.00
Minimum | 1.26 6.00 0.00 0.00
Median 5.49 12.00 0.00 0.00

AGI" = annual growth increment estimates are measured in mm per year.
Leaf = annual leaf production estimates are for four leaf rows on a stem.
Bud® and Ped?® = estimates for annual prodqqtion of ﬂower’qus and peduncles are for 2 of 4 leaf rows on a stem.




Table 4.2. Mean correlation results from the Hot Weather Creek sampling site. The mean correlation technique
(Briffa and Jones 1990) indicates the climate signal strength present in the growth and reproductive
chronologies (see Chapter 2). Chronologies cover a common time interval selected by the software program
ARSTAN to maximize the number of stems included in the calculations. The common intervals are shorter than
those reported in Table 4.1. AGI = Annual Growth Increment; Leaf = annual production of leaves; Bud =

annual production of flower buds; Peduncle = annual production of flower peduncles.

AGI Leaf . Bud _ Peduncle

Common Interval ~ 1967-1987 195971;;57“ 19741987 19731997
# of Plants 11 T '
# of Stems 25 6 24 .. 20
0.07 0.04 o0z ooz
1-7, 0.90 0.92 0.98 0.92

Y

is the between-plant signal. It is similar to the fractional variance component for between plants.

1-r,,

» is the within-plant noise. It is similar to the fractional variance component for within plants.

Table 4.3. Growth and reproductive standard chronology statistics (from standardized data) for Cassiope
tetragona from the Hot Weather Creek site. AGI = Annual Growth Increment; Leaf = annual production of leaves;
Bud = annual production of flower buds; Peduncle = annual production of flower peduncles.

AGI' Leaf® Bud® Ped?®
Chronology Length 1945-1997 1945-1997 1949-1997  1952-1997
n 53 53 49 - 46
Mean ’ 0.98 0.98 042 039
Standard Deviation 0.11 0.07 0.62 1.34
Mean Sensitivity 0.12 008 1.12 0.45
1st-order -0.02 -0.01 0.07 0.05
Autocorrelation ) '
Signal to Noise Ratio 0.63 - 041 0.20 0.12

AGI" = annual growth increment estimates are measured in mm per year.
Leaf = annual leaf production estimates are for four leaf rows on a stem. ‘
Bud?® and Ped® = estimates for annual production of flower buds and peduncles are for 2 of 4 leaf rows on a stem.




However, as was the case in Chapter 3, the SNR values were the largest for each master

chronology constructed when compared with other standardization methods attempted.

Standard chronologies (mean value functions) were constructed for each of the growth
and reproductive variables for the Hot Weather Creek site (Figure 4.3 a - h). A minimum sample
depth of three stems was maintained for each chronology. ‘The chronologies for annual stem
elongation and production of leaves showed moderate variability throughout their entire lengths.
The chronology for annual production of flower buds showed higher inter-annual variability
throughout the entire chronology. In contrast, the chronology for annual production of flower
peduncles exhibited low variability, punctuated by infrequent excursions away from the mean.
Definitive statements regarding any long-term trends in the mean value functions are impossible
given the standardization methods used and the lengths of the chronologies.

4.3.2. Correlation Analysis

At the Hot Weather Creek site, correlations betWeen the current year (year C) and
previous year (year C-1) chronologies for annual stem elongation with current year (year C) and
previous year (year C-1) chronologies for annual production of leaves and flower buds were
positive and significantly different from zero (P<0.01) (Table 4.4). The correlations between

current year (year C) and previous year (year C-1) chronologies for annual production of leaves

- with the current year (year C) and previous year (year C-1) chronologies for annual production

of flower buds were also positive and significantly different from zero (P<0.01).

Investigation of the correlations between the Hot Weather Creek and Alexandra Fiord
vegetative growth and reproduction chronologies revealed no significant coefficients (Table 4.5).
The correlation coefficients for growth and reproduction were not significantly different from
zero (P>0.05). |

Correlations between Eureka H.A.W.S. average air temperature and total monthly
precipitation were negative and significantly differ.ent‘ from zéljo' for the months of July (P<0.05)
and August (P<0.01), and for the periods June-August (P<0.05), and July-August (P<0.01)

(Table 4.6). Correlation coefficients were negative aﬁd’significahtly different frdin’zero for the

198



Annual Growth Increment Standard Chronology

N

-V

NN\

V"""V

| 9661
| €661

| 0661

| 2861

[ 6261

[ 261

[ 9961
[ €961
moomv
L /G61
mvmmr
1661
| 8v61

Sv61

xepu| |9V

. 1861

[ 8261

| 6961

| ¥861

Year .

Annual Growth Increment Sample Depth

£

[ 9661
| €661
| /861

¥861

1861

i
———r T
o
[
o o
- -

swelg
juejd jo JaqunN

| 0661

Year

Number of Leaves Standard Chronology

(2]

N/

N

N~

7

-~

V<

N

~

<

\

[ 9661

661
ey
1861

¥861

1661

SEEN S S s s ns S s S s s A S B Bt M N S S B RN S N B St A B R S S R SO B B
[20] ©
O
3 3
P44 -~

Gv61

N~ ®
- o

o <

[ o]

xopu|
SaAea1 JO JaquinN

~N o
c

Year

Number of Leaves Sample Depth

o

/vamr
| G961
Qoooo0oo
4321

swoels
jue|d JO JaquinN

[oNe]
o0

Year

ot
c
@
E
e
S
£
g
e
o
©
3
c
£
®
o
e
£
a
@
°
2
=
£
]
*
-~
o
A
°
c
®
(724
2
o
K]
o
| =
e
£
o
?
N
B
@
o
c
8
w
-
&
)
<
g
S
2
i

2]
o
>
©
Q2
k]
c
8
3]
S
B
=4
a
™
3
N -
c
]
| -
o
£
o
Q
°
2
a
£
©
[/
—~
o
A
°
c
]
[72)
2
o
o
<]
c
S
£
O
B
N
B
]
°
o
8
[
-
J
g
o
c
©
=
o
<

0
£
2
®
A
o
e
]
2
E
=]
£
£
5
E
£
=
o
c
o
]
Q
]
£
@
2
w
v
]
g
O
s
£
®
2
Ll
<]
b
ey
L
0
Q

()
°
o
c
e
£
3]

measured was three.
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Table 4.4. Spearman's rank correlation coefficients showing relations between values of the

current year (year C) and previous year (year C-1) of two growth and two reproductive
chronologies from Hot Weather Creek. AGI = Annual Growth Increment, Leaf = annual production
of leaves; Bud = annual production of flower buds; Peduncle = annual production of flower
peduncles. n = 46 for correlations between current year (year C) variables. n = 45 when

previous year (year C-1) variables are included in the correlation.

Annual Growth Number of Number of Number of
increment Leaves Flower Buds Flower Peduncles
year C year C-1 year c year C-1 year C year C-1 year C year C-1

AGl (year C) 100

Leaf (year C) 0.76 ** 1.00

Bud (year C) 052" 039 ™ 1.00

Peduncle (year C) -0.02 -0.16 -0.09 . 1.00

AGI (year C-1) 0.08 1.00 0.07 -0.07 0.08

Leaf (year C-1) 0.23 0.75 ™ 0.11 1.00 0.03 0.04

Bud (year C-1) -0.02 0.48 *™ 0.00 0.40 ™ -0.16 1.00 0.05

Peduncle (year C-1) -0.05 —0.'03 -0.06 -0.19 0.03 -0.19 0.31 1.00

*=P<0.05 *=P<0.01.




Table 4.5. Inter-site comparisons of the growth and reproductive chronologies from Hot
Weather Creek and Alexandra Fiord (Lowland, Bench, Dome sites) using Spearman's rank
correlation. None of the correlations were significantly different from zero (* = P < 0.05) .

AGI = Annual Growth Increment; Leaf = annual production of leaves; Bud = annual production
of flower buds; Ped = annual production of flower peduncles. ‘

Alexandra Fiord

Lowland AGI - Bench AGI __Dome AGI

Hot Weather Creek AGI l 009 015y 024
n=53 o j’ N . T ST v,;h ’“ -

;‘Lov“vflahd"Lea"f‘:i Bench Leaf Dome Leaf

Hot Weather Creek Leaf ‘ 0.25 -0.14 0.15
n=>53 C N

Lowland Bud BenchBud Dome Bud

Hot Weather Creek Bud 016 004 . -0.27
n=49 : - o

Lowland Ped BenchPed Dome Ped

Hot Weather Creek Ped -0.05 013 0.09
n=46 s
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Table 4.6. Pearson's correlation coefficients showing the relationship between Eureka H.A.W. S. average
air temperature (T) and total precipitation (P) for individuat summer months, and combinations of summer
months for the period, 1948-1996. n = 49. :

Temperature & Precipitation r

June T&P. -0.131
Juy T&P -0.347 *
August T & P . -0.423 *
September T & P 0.187
June-July T&P ' _ -0.219
June-August T & P -0.281 *
June-September T & P } , -0.026
July-August T & P v.-0.410 b
July-September T & P -0.028

August-September T & P 0.107

*P<0.05, *P<0.01. S
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AOS index and July (P<0.01), June-July (P<0.05), June-August (P<0 05), and July-August
(P<0.05) average air temperature (Table 4.7). In addmon, correlatlon coefﬁcwnts were posm\?e :
and significantly dlfferent from zero for the AOS 1ndex and July (P<0 05), August (P<0.05),
June-July (P<0.01), June-August (P<0.01), June-September (P<0.01), July-August (P<0.01), and
July-September (P<0.05) total monthly precipitation (Tablé 4. 7) o

4.3.3. Response Functions
4.3.3.1. Response of Hot Weather Creek Cassiope tetragona'to Eurcka H.A.W.S. Climate

To understand the relationships among the Hot Weather Creek growth and reproduction
chronologies and the climate variables recorded at Eureka H.A.W.S., including average monthly -
air temperature and totai monthly precipitation, response function analysis was used. While a
cause-and-effect relationship cannot be determined by response function analysis, the technique

“provides useful information on which aspects of the climate-growth or climate-reproduction
relationship are important. Both the sign and magnitude of the response function coefficients are

clues to understanding the plant-climate relationship.

The response function model relating annual stem elongation and number of leaves to
average air temperature and total monthly precipitation showed no significant coefficients
(except for number of leaves and previous May precipitation) (Figure 4.4). The response
function coefficients for growth were not significantly different from zero (P>0.05). However,
the two growth 'chronologies were positively related to average air terriperature in the current
- May and September. In addition, annual stem elongation was positively related to previous July, '
Augﬁst and September average air temperature, while the annual production of leaves was
positively related to previous June, July, Aﬁgust and September average air temperature. The
amount of variance explained by the two climatic parameters and previous growth was moderate,
only 46-49%.

The chronology for annual production of flower buds was negatively associated with
previous September total monthly precipitation and positively associated with current February

average air temperature. Both coefficients were significantly different from zero (P<0.05)

Y
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Table 4.7. Pearson's correlation coefficients showing the relationship between Eureka HA.W.S.
average air temperature (T) and total precipitation (P) with the summer Arctic Oscillation index
(AOS) for the period 1948-1996. n = 49,

- AOS
June T -0.159
July T -0.386 **
August T -0.187
September T -0.009
June~July T 0.287 *
June-August T -0.310 *
June-September T -0.197
July-August T -0.360 *
July-September T -0.189
August-September T -0.087
June P 0.272
July P 0.344 ¥
August P ‘ 0.288 *
September P -0.056
June-Jjuly P - 0420
June-AugustP - 0474 -
June-September P o 0416*’ L e §
July-August P N 0.411:_ "l o s ) P
July-September P 0383+ o
August-September P 0.205

*P<0.05, **P<0.01.
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Figure 4.4. Response function coefficients relating Hot Weather Creek growth and reproduction chronologies
to average monthly air temperature and total precipitation from the Eureka H.A.W.S. from 1948-1997.

The time period covered begins in the previous May (pM) and continues to the current September (S).

L1 and L2 are the one and two year lag effects, denoted by gray bars on the far right of the graphs.

In the upper right hand corner of each graph three percentage of variance explained are given; amount of
variance explained by climate alone (top), by previous growth or reproduction alone (middie), and by climate
and previous growth or reproduction together (bottom). Temperature = white bars. Precipitation = black bars.
Annual growth increment and number of leaves, n = 50; number of flower buds, n = 49; number of flower
peduncles, n=46. *P <0.05.

206




(Figure 4.4). The flower bud chronology was also positively related to current June and
September and previous August and September average air temperature, but the coefficients
were not significantly different from zero. The flower peduncle chronology and previous August
average air temperature and total monthly precipitation were positive and significantly different
from zero (P<0.05). In addition, the flower peduncle chronology and average air temperature in
the current May, June, July and August, as well as the previous May, June, July and September
were positive, but not significantly different from zero (P>0.05). The amount of explained
variance by the two climatic variables and previous reproduction was moderately high (56-58%).
Using the results from the response function analysis of the Hot Weather Creek chronologies as a
. guide, transfer function models to reconstruct past climate for central Ellesmere Island were |

developed.

4.3.3.2. Correlation Analysis of Hot Weather Creek and Lowland Cassiope tetragona
Chronologies with the Summer Arctic Oscillation Index and Eureka H.A.W.S. Climate

Correlation analysis was used to understand the relatlonshlps among the Hot Weather
Creek and Lowland growth and reproduction chronologles thh the AOS mdex as well as, the
Eureka H.A.W.S. climate variables. At the Lowland site, annual stern’ elongatlon and productlon
of leaves were positively correlated with June (P<0.05), June-July (P<0.05), June-August
(P<0.05), and June-September (P<0.05) average air temperature and the coefficients were
significantly different from zero (Table 4.8; Appendix III). The correlation between annual
production of leaves and July (P<0.05) average air temperature was also positive and
significantly different from zero. Correlations between the Lowland growth variables and total
monthly precipitation were not significantly different from zero (P>0.05), but the correlation
coefficients were consistently negative (Table 4.8; Appendix III). Correlations between
Lowland annual production of flower buds and flower peduncles with July (P<0.05) and June-
July (P<0.05) total monthly precipitation, respectively, were negative. The coefficients were
significantly different from zero (P<0.05).

At the Hot Weather Creek site, correlations between the two growth variables and
average air temperature were not significantly different from zero (P>0.05), but all correlations
were positive (Table 4.9; Appendix IV). In general, the correlations between the two growth
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Table 4.8. Pearson's cémélation coefficients showing the relationship between Eureka H.A.W.S.
average air temperature (T) and total precipitation (P) and Lowland, Alexandra Fiord growth and reproduction
chronologies for the period, 1948-1996. n = 49. AGI = annual growth increment, Leaf = number of leaves, Buds =
number of flower buds, and Peduncles = number of flower peduncles. ' )
Lowland Lowland . Lowland . Lowland
AGI "~ Leaf - Buds  Peduncles
June T | 0355 - 0340% 0025 -j-‘ 0472
July T 0.263 % - _o.,g'gé‘v."; 0141 ; ;5»_5;0‘223
August T 0.080 A .5.6;4 ;0.10.1. ) . -0.110
' September T 0.228 0206 7 0073 0.274
June-July T 0.374 0.377 * 0.044 0.223
June-August T 0.335 0314 * -0.006 0.133
Ju‘lieSeptemberT 0322 * 0.298 * 0033 0.220
July-August T 0.212 0.191 0.013 0.055
July-September T . '0.265 0.238 . 0.056 0.215
August-September T 0.220 0178 0017 o477
June P . ' -0.035 » © . -0.083 1 0.116 -0.258
July P o 0116 -0.149 ' 0329 * -0.193
August P 0.089 0048 0167 0088
September P -0.066° o 0.071 - - 0.071 0.123
June-July P . | 0.177 -0.169 0225 . -0.294 .
June-August P - _ . 0135 . 0147. 0080 | 0.167
June-September P -0.147 -0.11 0. -0.030_ -0.111
July-August P | -0.133 -0.128 0109 -0.083
July-September P —6.1{5 ’ ' -0.090 -0.072 -6.030
August-September P 0106 . -0.002 0472 0119
*P<0.05, **P<0.01.
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Table 4.9. Pearson's correlation coefficients showing the relationship between Eureka HAW.S. average

air temperature (T) and total precipitation (P) and Hot Weather Creek (HWC) growth and reproduction
chronologies for the period, 1948-1996. n = 49. AGI = annual growth increment, Leaf = number of leaves, Buds =
number of flower buds, and Peduncles = number of flower peduncles.

HWC HWC HWC _  HWC

AGI . Leaf Buds Peduncles

June T ' 0.049 0.044 0.233 0.184
July T - o.zie 0.122 0183 0.109
August T o 0.010 0.007 0.097 0.037
September T 0156 0.262 0.302 * 0.110
. June-July T 0131 © 0086 0.250 0.182
June-August T 0.110 0.073 0.243 0.162
June-September T 0.146 0.175 0.301 * 0.156
July-August T 0135  0.077 0.177 ~ 0.090
July-September T ‘ 0174 0.217 0.295 * 0.121
August-September T 0.132 .0.216 0.288 * 0.105
June P | -0.268 0.235 -0.087 0.015
July P | -0.251 0.228 -0.234 -0.038
August P -0.037 0477 0105 -0.070
September P 0,008 -0.137 0.015 0.042
June-July P -0.348 * 0.312 -0.244 -0.026
June-August P -0.267 -0.115 -0.234 -0.060
June-September P _ -0.249 0.154 -0.210 -0.041
July-August P -0.188 -0.036 0.211 -0.070
July-September P . 0474 -0.084 0.195 -0.048
August-September P -0.034 0.072 . 0077 0035

*P<0.05, "*P<0.01.




variables and total monthly precipitation were negative, but they were not significantly different
from zero (P>0.05). However, the correlation between annual stem elongation and June-July
total monthly precipitation was negative (P<0.05) and significantly different from zero.
Correlations between annual production of flower buds with September (P<0.05), June-
September (P<0.05), July-September (P<0.05) and August;September (P<0.05) average air
temperature were positive and significantly different from zero. Correlations between the two
climate variables and annual production of flower peduncles were not significantly different
from zero (P>0.05).

Lastly, correlations coefficients between the AOS index and Lowland arinual stem
elongation were negative and significantly different from zero (P<0.05) (Table 4.10). The
correlation between Hot Weather Creek annual stem elongation and AOS index was also
negative, but not significantly different from zero (P>0.05). Similarly, the correlations between
Lowland and Hot Weather Creek annual production of leaves and AOS index were negative, but
not significantly different from zero (P>0.05). Correlations between Lowland and Hot Weather

Creek reproduction variables and the AOS index were also not’éigrﬁﬁqantly different from zero

(P>0.05). ~ L

4.3.4. Transfer Functions
4.3.4.1. Reconstruction of Summer Temperature for Central Ellesmere Island

Standard chronologies from Hot Weather Creek and the Lowland and Bench sites at
Alexandra Fiord were used to reconstruct summer temperature for central Ellesmere Island.
Following examination of the response function coefficients from Hot Weather Creek and
~ Alexandra Fiord, and consideration of the results from Chapter 3 and previous research on the
relationship of C. tetragona growth and reproduction to summer climate conditions (Callaghan et
al. 1989; Havstrdm et al. 1993; 1995; Johnstone and Henry 1997), it was decided to reconstruct
average summer air temperature. For reasons similar to those outlined in Chapter 3,
reconstruction of past precipitation was not considered in this study. In addition, it was decided
not to pursue reconstruction of climate using onIy the Hot Weather Creek chronologies. Initial

investigations using stepwise multiple linear regression analysis on the Hot Weather Creek
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Table 4.10. Pearson's correlation cosfficients relating Lowland and Hot Weather Creek (HWC) growth
and reproduction chronologies to the summer Arctic Osciliation index (AOS) for the period 1948-1996.
AGI = annual growth increment, Leaf = number of leaves, Buds = number of flower buds, Peduncles =
number of flower peduncles. n = 49.

Lowland Lowiand ‘ Lowland Lowland

AGI Leaf Buds Peduncles
AOS © 0320 * -0.250 0.015 . -0.067

HWC HWC HWC ~ HWC

AGI Leaf Buds Peduncles

~AOS -0.186 -0.131 _ 0.024 -0.165
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chronologies revealed that only a _smell amount ef the climatic variance was explained (R%adj <
0.30, adjusted for loss of degrees of freedom). '

Using stepwise multiple linear regression analysis to mvestlgate smgle summer months
(May, June, July, August, September), combinations of summer months (e g, July-August) and
twelve-month periods (e.g., June-May), the time period of August—September was’ selected as the
best potential transfer-function model based on the coefficient of determination, adjusted for loss
of degrees of freedom (R?adj) (Figure 4.5). Although many of the respedse fuhcitibn coefficients
for summer months were not significantly related to growth and reproddction variables from the
Hot Weather Creek and Alexandra Fiord sites, the inclusion of these variables in the final
transfer function model was thought to be biologically important. Furthermore, previous work in
climate reconstruction using C. tetragona supported’ this decisi_oh (Havstrﬁmvet al. 1995; .
Johnstone and Henry 1997). |

A dendroclimatological reconstruction of August-September average air temperature was
accomplished using the transfer function techniques recommended by Fritts (1976) (Table 4.11).
The full model covered the time period of 1948- 1996 and explaihed 66% of the climatic variance
(R2adj, adjusted for loss of degrees of freedom) Parametric assumptlons regardmg normality,
independence and homogenelty of variance were not vmlated for the full model. In Table 4. 12,
the crpss-cahbratlon results showed the models accounted for 23% (early model) and 63% (late
model) of the variance (R*adj, adjusted for loss of degrees of freedom) in the temperature record.
The pos1t1ve CE (0 140; 0.070) and RE (0.150; 0. 140) values 1n addition to the significant
Pearson’s product-moment correlation coefficients (r=0. 680 r=0. 420) indicated that there
was evidence of meaningful climatic information in the August-September air temperature
reconstruction (Fritts 1976; Fritts e al. 1979). The sign tests for the early and late verification .
periods were not significant. Examination of the residuals for each calibration period showed
that they'met all assumptions of parametric statistics. The sub-period transfer function estimates
of August-8eptember average air temperature passed three odt of the four verification tests and
thus, were considered time stable. Therefore, the model calculated over the full period (1948- »
1996) was also considered time stable and ceilld be used to reconstruct average air temperature
for the time period prior to instrumental data collection. V .
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Figure 4.5. Graph of the adjusted coefficients of determination x 100 produced from Cassiope
tetragona growth and reproduction chronologies from the Hot Weather Creek and Alexandra Fiord
sites, Ellesmere Island. The potential models are based upon different combinations of average
monthly summer air temperature from 1948-1996. The R* adj was greatest for August-September
average air temperature (66%). n=49. M =May, J = June, Ju = July, A = August, S =
September.
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Table 4.11. Climate transfer function for August-September average air temperature
for central Ellesmere Island based on Cassiope tetragona growth and reproduction
chronologies from Hot Weather Creek and the Lowland and Bench sites at Alexandra
Fiord, Ellesmere Island. Transfer function was developed for time period, 1948-1996.
n=49.

Estimated
Predictor Regression  Standard Adjusted
Variables Coefficients Error p-value Multiple R Muitiple R*  Multiple R
Constant -48.306 7.287 0.000 0.866 0.750 0.660
LowAGl 4.307 3.128 0.178
LowAGI3 -16.423 6.739 0.020
LowlEA3 43.926 10.396 0.000
LowBUD2 -1.342 0.373 0.001
BenAG! 8.866 2.238 0.000
BenAGl1 4771 2.116 0.031
BenBUD2 1.055 0.302 0.001
BenBUD3 -1.179 0.300 0.000
HWCAGI1 2.984 1.569 0.066
HWCLEA 4,692 2.362 0.055
HWCLEA3 -6.138 2219 0.009
HWCBUD 0.612 0.252 0.021

Low = Lowland site; Ben = Bench site; HWC = Hot Weather Creek site. AGI = Annual Growth Increment
for year C; AGI1 = Annual Growth increment for year C+1; AGI3 = Annual Growth Increment for year C-1;
LEA = number of leaves for year C; LEA3 = number of leaves for year C-1; BUD = number of flower

buds for year C; BUD2 = number of flower buds for year C+2; BUD3 = number of flower buds for

year C-1.
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Table 4.12. Calibration and verification statistics for predicting August-September average air
temperature from Cassiope tetragona growth and reproduction chronologies from the Hot Weather

Creek and Lowland and Bench sites at Alexandra Fiord, Ellesmere Island.

Calibration ‘

Model Period n S X , X - R R? R*adj
Early 1948-1978 31 T 44 3_ 0.556 0.309 0.232
Late 1965-1994 30 44 5 0.829 0.687 0.626
Full 1948-1994 47 ’ 44 12 0.866 0.750 0.660

Verification Sign Test

Model Period n r r RE CE (hit/miss)
Late 1979-1994 16 0.680** 0.460 0.150 0.140 12/5 ns
Early 1948-1964 17 0.420* 0.180 0.140 0.070 10/5 ns

Note: n = sample size; X, the initial number of candidate predictor variables in stepwise muttiple regression analysis;
x, the final number of predictor variables after efimination of insignificant variables by stepwise regression analysis;
R, multiple correlation coefficient, R2, multiple coefficient of determination; R*adj, multiple coefficient of determination
adjusted for loss of degrees of freedom; r, correlation coefficient, r%, coefficient of determination; RE, reduction of

error statistic; CE, coefficient of efficiency.

*= P < 0.05; ** = P< 0.01; ns = not significant.
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The model of reconstructed August-September average air temperature for central
Ellesmere Island for the period 1949-1994 tended to follow most of the extreme peaks and
troughs of the observed data (Figure 4.6). There appeared to be a tendency for the model to
underestimate slightly the observed data in the first half of the common overlap period. In the

second half of the common overlap period, the model tended to overestimate the observed data.

'Unfortunately, as the length of the August-September average air temperature reconstruction
- (1949-1994) was only as long as the Eureka H A 'W. S instrumental data set (1948-1994), climate

for the period prior to meteorological observations on Ellesmere Island could not be
reconstructed. The August-September average air temperature model was shortened by the
length of the shortest predictor chronology (Hot Weather Creek, number of flower buds, 1949-
1997) and by lags and leads included in the reconstruction. Despite the shorter length of the
model for August-September average air temperature for central Ellesmere Island, the
reconstruction covered a period of 45 years and the amount of explained climatic variance was
high (R?adj = 0.66).

While conclusions concerning low frequency variance would be tenuous given the length
of the reconstruction and the type of standardization used, there appeared to be high frequency
variance throughout the length of the reconstruction as shown in the departures from the 1961-
1990 mean (Figure 4.7). A period of warmth characterized the first third of the reconstruction,
from approximately 1951-1960 (Figures 4.7 and 4.8 a). The 5-year and 10-year non-overlapping
means calculated from the reconstructed August-September temperature departures showed the
directional tendencies of the reconstruction (Figure 4.8) (Graybill and Shiyatov 1989). The
warmest 5-year (1954-1958) and 10-year (1951-1960) positive temperature departure means
occurred during this time period. In addition, the first three single warmest summer positive
temperature departures occurred during this period (Table 4.13). From approximately 1961-
1980, the departures became more negative indicating cooler temperatures (Figures 4.7 and 4.8
a). The cooling spell was evident in the 5-year (1976-1980; 1971-1975; 1961-1965) and 10-year
(1971-1980; 1961- 1970) means, as well as in the departures for the summers of 1969, 1976 and
1979 (Table 4.13). The cold period was punctuated by the coldest individual summer
temperature departure (1961), as well as the negative departures during the summers of 1964,
1975 1976 and 1979 (Table 4.13). Finally, from the early 19805 into the early 19905 the trend
returned to warmer conditions, but the temperatures were shghtly less pronounced than those

from the early portion of the reconstruction (Figures 4.7 and 4.8 a). In Table .4.,13, five of the
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Figure 4.6. Observed and estimated average August-September air temperature for central Ellesmere Island,
Canada from 1949-1994.
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Figure 4.7. The reconstruction of August-September average air temperature departures for central Ellesmere
Island relative to the 1961-1980 mean from Eureka HA.W.S. on western Ellesmere Island.
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Figure 4.8: (a) 5-year and (b) 10-year non-overlapping means calculated from the estimated
August-September average air temperature departures for central Ellesmere Island from the
Eureka H.AW.S. mean (1961-1990). :




\ ‘ - ’ Table 4.13. Largest temperature anomalies and trends for individual years, and for extreme mean
| values from among all 5-year and 10-year non-overlapping periods. The temperatures are shown as
.anomalies with respect to the 1961-1990 Eureka H.A.W.S. mean.

Individual Summers
Lowest : Highest
Year Anomaly (°C) ' Year Anonialy {°C)
1961 -2.11, ' 1954 277
1979 -2.02 1960 267 -
1986 -1.78 1958 2.57
1980 -1.21 1966 231
1976 -1.17 ) 1988 1.91
1975 -0.95 1983 1.91
1984 -0.90 . 1955 1.73
1956 -0.69 1990 1.73
1964 -0.65 1985 . 1.32 .
1992 -0.65 1994 1.28
5-year Mean Periods '
Lowest ' ____Highest
Years Anomaly ("C) Years Anomaly (°C)
1976-1980 -3.35 1954-1958 142
1971-1975 297 1987-1991 -1.69
1961-1965 -2.90 1962-1966 -2.02
1983-1987 -2.65 _ 1981-1985- . -2.03
10-year Mean Periods .
Lowest , Highest
Years Anomaly (°C) Years Anomaly (°C)
1971-1980 -3.16 1951-1960 -1.63
1961-1970 -2.62 1981-1990

-2.08




~ warmest individual summers fell within this recent period (1983, 1985, 1988, 1990, 1994), as
well as the 5-year (1987-1991; 1981-1985) and 10-year (1981-1990) positive temperature
departures. Interestingly, some of the coldest individual summers occurred during the 1980s and
© 1990s, including the summers of 1980, 1984, 1986 and 1992. As in the reconstruction of
summer temperature for Alexandra Fiord (Chapter 3)l, the reconstruction of August-September
air temperature in this study captured the cold summer of 1986. While the length of the transfer
function model precluded any reconstruction of summer temperature prior to 1948 for central
Ellesmere Island, the model showed interesting high frequency variability and compared well
with the Alexandra Fiord reconstruction (Chapter 3), instrumental data from Eureka HA.-W.S.,
and other proxy data from the High Arctic.

4.4. Discussion
4.4.1. Critique of Methodology
4.4.1.1. Building Cassiope tetragona Chronologies f&jr Hof Weather Créek"

In this study, growth chronologies (annual growth increment and prodixction of leaves) of
52 years and reproductive chronologies (annual production of flower buds and flower peduncles)
of 40 and 45v years, respectively, were developed for Hot Weather Creek, Ellesmere Island. The
four C. tetfdgona chronologies were the first proxy data set developed for this site. In addition,
the Hot Weather Creek chronologies were the second longest set of C tetragona growth and
reproduction time series developed after those from the three sites at Alexandra Fiord (Chapter
3).

When first examined, the C. tetragona stems harvested from the Hot Weather Creek site
were promisingly long. However, the annual stem elongation of the plants at Hot Weather Creek
was greater than that of the plants at Alexandra Fiord, a mean of 6.05 mm/yr at Hot Weather
Creek compared to a mean of 4.76 mm/yr at the Lowland site, Alexandra Fiord. It is
hypothesized that the community at Hot Weather Creek from which the plants were collected
was neither extremely temperature nor inoish:re-stressed during the growing season to the same

extent that C. fefragona plants might be at other locations. Hot Weather Creek is characterized
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by anomalously high summer temperatures (~ 5.4° C) for a latitude of almost 80° N (Edlund et
al. 1989).- In addition, the Hot Weather Creek sampling site was located in a late-lying snowbed
which would have supplied the C. fetragona plants with supplemental moisture longer into the
growing season. However, as discussed later, moisture-stress may limit C. fetragona growth and
reproduction later in the growing season due to the higher temperatures and associated
evapotranspiration at the site. Finally, the snowbed would also have protected the underlying
plants and their vegetative buds from late spring freezing temperatures:

A second problem which prevented the generation of longer chronologies involved the
shedding of the outer bark from the C. tetragona stems. The bark often retains the imprint of the
Jeaf scars. However, when the bark falls off the stem through drying and old age, it becomes
difficult to measure the inter-node distances accurately. The problem of flaking bark may
necessitate that stems be measured as soon as possible after harvesting to avoid this difficulty

and to reconstruct the longest chronologies possible for each site.

Measurement and cross-dating of the C. tetragona plants from Ho{ Weather Creek was
carried out and similar problems addressed as descrlbed in Chapter 3 regardmg accuracy of
annual dating, length of chronologies and the use of the dendrochronologlcal software program,
COFECHA. The skeleton-plotting technique was relied upon in thls study as the final

determinant for cross-dating stems to create master chronologies.

4.4.2. Chronology Variability

High intra-plant variability characterized the Hot Weather Creek chronologies (also see
the Alexandra Fiord chronologies in Chapter 3). When a chronology summed for all plants and
groups exhibits low variance, it may be inferred that climate was not the primary factor limiting
annual growth (Fritts 1976). The higher levels of intra-plant variability present in the Hot
Weather Creek chronologies may be the result of within-plant resource partitioning, plant
structure and microenvironmental conditions (Havstrom et al. 1993; J ohx;stone and Henry 1997:
Chapters 2 and 3). Although not directly investigated in this study, inter-plant variability may be
influenced by the vegetation community dynamics such as competition or variable micro-

environments (Chapter 2).
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Finally,b the.use of flexible cubic splines to stanriardiie the growth and reproduction
chronologies at the Hot Weather Creek site may have increased the level of intra-plant variability |
detected within the chronologies. The s1gna]-to-n01se—rat10 (SNR) cntenon selects a digital filter
which emphasizes the observed higher-frequency s1gnal as opposed to the lower frequency signal
often associated with climate (Cook and Briffa 1990) ST

4.4.3. Chronology Characteristics

For the Hot Weather Creek site, the mean values for annual stem elongation and leaf

- production were larger than those recorded for the Lowland, Bench and Dome sites at Alexandra
. Fiord (Table 4.14). In addition, the Hot Weather Creek mean annual growth increment values

were larger than those reported for other populations studied at Alexandra Fiord (Nams 1982;
Johnstone and Hehry 1997). However, mean values for annual production of leaves at the Hot
Weather Creek site were similar to those reported for Alexandra Fiord by Johnstone and Henry
(1997) and Havstrom er al. (1993). The slightly larger stem elongation values for the Hot
Weather Creek site compared to the values from the Alexandra Fiord chronologies may have
been partially due to warmer summer growing season temperatures at Hot Weather Creek, as

well as the longer time period covered by the Lowland, Bench and Dome sites at Alexandra

“Fiord. The three site chronologies, in particular the Lowland and Bench chronologies, covered a

time period (late nineteenth to early twentieth century) when the region was emerging from thev
Little Ice Age and may have experienced volatile growing season conditions (Chapter 3).

Observations of C. tetragbna mean annual stem growth and leaf production at Hot
Weather Creek were similar to those reported for three sites on Svalbard, Norway, as well as two
sites in Swedish Lapland (Table 4.14) (Callaghen et al. 1989; Havstrom et al. 1993). The values
may be attributable to the similar temperature regimes of the Hot Weather Creek and
Scandinavian sites. The three sites on Svalbard, Norway and the site at Hot Weather Creek are
located at 78° N and 79° N respectively. While warm growing season condltlons at Hot
Weather Creek are a result of the surrounding mountains blocking cyclomc act1v1ty and the
import of cold-air from the Arctic Ocean, climate on Svalbard is ameliorated by the

predorninating influence of the Gulf Stream current. However, the similar values recorded at the
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Table 4.14. Comparative data on the mean gréwth (annual growth increments (AGI), annual production of

leaves) and reproduction (annual production of flower buds and flower peduncles) of Cassiope tetragona from
retrospective analysis and temperature enhancement studies (control plots only) in the Arctic. Buds =
flower buds. Peds = flower peduncles. SD = standard deviation of the mean. SE = standard error of the mean.

nd = no data available.

Meant
Study Site and Date SD/SE AGl Leaves Buds Peduncles
Raybaék, Chapter 4 Hot Weather Creek ' mean 6.05 11.94 0.36 0.26
Hot Weather Creek 1945-1998 8D . 312 2.03 0.63 - 0.53
Ellesmere Isiand S - .
Rayback, Chapter 3 " Lowland "mean = 4.76 10.16 0.42 0.35
Alexandra Fiord 1879-1996 '8D 2.06 2.86 0.65 0.60
Ellesmere Island, Canada
Bench mean 3.95 8.78 0.48 0.25
1884-1996 sD 1.45 2.26 0.66 0.51
Dome mean 373 9.82 0.65 0.41
1922-1996 sD 1.71 3.04 0.85 0.68
Johnstone & Henry 1997 Lowland mean 478 10.40 nd 1.90
Alexandra Fiord 1957-1992 sD 1.32 2.50 nd 0.96
Ellesmere Island, Canada
Nams 1982* Central Plain mean 3.40 nd 1.8 nd
Alexandra Fiord 1981 SE 0.10 nd 0.50 nd
Ellesmere Island, Canada
Havstrom et al. 1995 Glacier Foreland mean nd 11.37 nd 1.30
Alexandra Fiord 1965-1991 SD nd 293 nd nd
Ellesmere Island, Canada
Callaghan et al. 1989 Swedish Lapland mean nd 12.23 nd nd
Mt. Slattatjdkka, Sweden 1967-1986 SE nd 0.18 nd nd
Adventdalen, Svalbard Svalbard-winter mean nd 10.25 nd nd
1967-1986 SE nd 0.08 nd nd
Adventdalen, Svalbard Svalbard- summer mean "nd 12.62 nd nd
1967-1986 SE nd 0.20 nd nd
Havstrém et al. 1993* Summit Fellfield mean 6.25 13.29 nd nd
Abisko, Sweden 1985-1991 SE 0.25 0.36 nd nd
Ny-Alesund, Svalbard Beach Ridge Heath mean 5.21 10.78 nd nd
1985-1991 SE 0.22 0.35 nd nd

* Mean values are from control plots in temperature enhancement experiments.

** Mean number of flower buds per shoot on tagged shoots (Nams 1982).
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- high arctic Hot Weather Creek site and the sub-arctic Swedish Lapland sites were the most
interesting. The growth values from the high arctic and sub-arctic sites s'ugg'est that climate
conditions are similar, despite the'ten degree difference in latrtude Usmg a simple linear
regression model, Havstrém et al. (1995) showed that the number of leaves produced per yearby
C. tetragona at sites on Ellesmere Island, Devon Island, Svalbard and 1n Swedrsh Lapland was a
function of average July temperature Data from this study supports the model developed by
Havstrém et al. (1995)

The mean annual production of flower peduncles at Hot Weather Creek was similar to
values reported for the Lowland, Bench and Dome sites at Alexandra Fiord (Table 4.14), but
much smaller than the means reported by Johnstone and Henry (1997) for a lowland community
and by Havstrom et al. (1995) for a glacial foreland population at Alexandra Fiord. The mean
annual flower bud production value reported in this study was slightly smaller than those
reported for the Lowland, Bench and Dome sites at Alexandra Fiord.

7 At the Hot Weather Creek site, the mean sensitivity, standard deviation and ﬁrst-order- '
autocorrelation values were low for the chronologies for annual stem elongation and annual
production of leaves. Cassiope tetragona’s growth response to short-term variation in growing
- season conditions is conservative, potentially serving to stabilize the species on a year-to-year

 basis to ensure regular vegetative growth and a consistent and adequate source of photosynthates

(Serensen 1941; Shaver and Kummerow 1992; Chapter 3). The standardized growth

chronologies showed very. low levels of inter-annual variability throughout their lengths. The

low autocorrelation values indicated the vegetative growth of the plants from the Hot Weather

Creek site was not strongly influenced by lower frequency climatic patterns.

In contrast, the mean sensitivity and standard deviation values were higher for the
reproductive variables at Hot Weather Creek, but the first-order autocorrelation values were
similar to those of the vegetative growth variables. High mean sensitivity and low first-order
autocorrelation values are indicative of the species’ reproductive sensitivity to yearly climate
conditions. High frequency variability was also evident in the standardized reproductive
chronologies, particularly the chronology for annual production of flower buds. These results

support previous research which reported the positive reproductive response of C. tetragona to
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‘ experimentally enhanced and favorable ambient conditions (Nams 1982; Johnstone and Henry
1997; Chapters 2 and 3).

Similar mean sensitivity and first-order autocorrelation values were recorded for the
Lowland, Bench and Dome sites at Alexandra Fiord (Chapter 3), as well as for a study done by
Johnstone and Henry (1997). In addition, the mean sensitivity values for the growth
chronologies were similar to those reported in tree-ringstudies carried out at Low Arctic sites,
but the first-order autocorrelation values reported in this study are much lower (e.g., Kay 1978;
Cropper and Fritts 1981; Cropper 1982; 1984; Edwards and Dunwiddie 1985; Szeicz and
MacDonald 1995; 1996). However, is should be noted that the annual growth processes of trees
and C. fetragona are not identical. These resuits provide further support for the hypothesis that
reproductive development in high arcﬁc plants, particularly evergreen and semi-evergreen
shrubs, may be more sensitive to and dependent on the thermal conditions of the surrounding
environment than is vegetative growth (Arft et al. 1999).

Examination of the correlation coefficients between the growth and reproductive
variables from the Hot Weather Creek site revealed significant positive relationships between the
two growth chronologies and the chronology for annual production of flower buds (P<0.01).
However, the chronology for annual production of flower peduncles was neither significantly,
nor positively, correlated with the chronologies for vegetative growth or flower bud production
(P>0.05). Vegetative growth and flower bud production at Hot Weather Creek responded
synchronously to the prevailing environmental conditions during the same year. Despite the
rather conservative growth response of C. fetragona, favorable environmental conditions may
result in increased growth and the production of photosynthates, which in turn would benefit the
current year production and growth of flower buds. The costly investment in the formation of
flower buds would be realized the following growing season with the formation of flowers and
seeds. If the following growing season is favorable (e.g., warmth, long duration), then the
possibility for reproductive success increases for C. fetragona. While there were no significant
correlations between chronologies from Hot Weather Creek to support this hypothesis (P>0.05),
there was support from the Lowland site which showed positive correlations between annual
production of flower buds (year C-1) and annual production of flower bedunples (year C)
(Chapter 2). There was also no evidence of a trade-9ff between Veéetétive érowth and
reproduction as was reported in an earlier study (Johhstone and Henry 1997); o

s
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Investigation of between-population correlations ﬁ‘om the Hot Weather Creek and
Alexandra Fiord sites revealed no coefficients significantly different from zero (P>0.05).
However, the results of the between-population correlation analysis were not unlike those
reported for Alexandra Fiord in Chapter 3. Itis hypothe51zed that 1nd1v1dual C. tetragona
- populations respond to local micro-environmental conditions and assoc1ated commumty
dynamics, as well as climate. As well, intra-plant vanablhty may obscure or dampen a
population signal, as discussed in Chapters 2 and 3. Despite these. dlfﬁcultles the chronologlcs

from Hot Weather Creek did show promise for use as blo-mdlcators of past chmate

4.4.4. Response of Cassiope tetragona to the Summer Arctic Oscillation Index and Eureka
H.A.W.S. Climate

4.4.4.1. Response of Hot Weather Creek and Lowland Chronologies to the Summer Arctic

Oscillation Index

The Arctic Oscillation (AO), a large-scale mode of atmospheric circulation in the
Northern Hemisphere (Thompson and Wallace 1998), and its associated regional climate
variables, appear to have influenced the growth and reproduction of C. tetragona at the Lowland -
.and Hot Weather Creek sites. Correlation analysis indicated that, in general, the Lowland and -
Hot Weather Creek chronologies for growth and reproduction were posiﬁvely correlated with
average air temperature and negatively correlated with total monthly precipitation. In addition,
correlation analysis revealed that the same Lowland and Hot Weather Creek chronologies were
negatively associated with the éummer Arctic Oscillation (AOS) index for the period 1948-1996.
However,‘ only the corr'elétion between the AOS index and the Lowland chronology for annual
“stem elongation was significantly different from zero (P<0.05). Furthermore, correlation
analysis showed that high AOS index values were negatively associated with average air
temperature and positively related with total precipitation during the growing season (June-
September). High AOS index values appear to be associated with a small decrease in C. |
tetragona growth and reproduction from 1948-1996 (Figure 4.9). Thus, when the AOS index is
in the positive phase (high index values), cooler and wetter conditions may predominate in the
Arctic during the growing season (Aanes et al. 2002), which in tumn, may lead to reduced growth

in C. tetragona.
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Figure 4.9. (a.) Comparison of the Lowland annual growth increment (AGI) and (b.) number of
leaves (Leaf) chronologies with the summer Arctic Oscillation (AOS) index for the period 1948-1996.
The solid (AGI and Leaf) and dashed (AOS) black lines show linear trends in the chronologies

and the AOS index. n=49.
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When the AO is in the positive phase, low pressure is centered over the Arctic
(Thompson and Wallace 1998). In the winter months, lower than average pressure is associated
with an increase in winter temperatures and in. the amount of precipitation (Thompson ef al.
2000). However, during the summer months, low sea-level pressure is potentially associated
with increased cyclonic activity and cloudier and wetter conditions (Serreze ef al. 1997; Aanes et
al. 2002). In fact, since 1948 at Eureka H.A.W.S., total June and September rainfall has '
increased (Meteorological Service of Canada, National Archive and Data Management Division,
Environment Canada 2002). High AOS index values appear to be associated with unfavorable
growing season conditions for C. tetragona on Ellesmere Island. In a study done at
Broggerhalveya on Svalbard, Aanes et al. (2002) reported similar results for C. tetragona. In
furthef support of these findings, thé positive influence of mean daily global radiation influx on
C. tetragona growth was reported by Molau (1997) for a site in Swedish Lapland. Other studies
have also shown that C. fetragona responded strongly to summer climate variables, including
thawing degree days and growing season average monthly air temperature (Callaghan et al.

1989; Havstrém ef al. 1993; 1995; Johnstone 1995; Johnstone a:id Henry 1997; Chapter 2).
While further investigation is needed, there appears to be a link between ,th%' growth and
reproductive response of C. tetragona to local andgegional-s'cﬂe_,(_:'lir_xiat‘e,v&hjch in turn, is linked
to long-term changes in atmospheric modes of ciréi}latiqn like the AO (Hurrell 1 995; Aanes et al.
2002). . IR

4.4.4.2. Response of Hot Weather Creek Chronologies to Eureka H.A.W.S. Climate

Overall, response function coefficients relating C. tetragona growth to climate variables
derived from the Eureka H.A.W.S. data were not significantly different from zero (P>0.05). The
conservative response of the growth variables to inter-annual climate variability was expected, as
discussed in Chapter 3. However, the associations between the growth chronologies and current
May and September average air temperatures were positive, although not significant (P>0.05).

In the early growing season, global solar radiation and increasing temperatures melt snowpack
exposing C. fefragona plants to temperatures high enough to initiate photosynthesis (Chapin
1983; Shaver and Kunimerow 1992). Observational studies at Hot Weather Creek report that
snowmelt begins in mid to late May and is completed by early to mid-June (Woo et al. 1990;

228



Young et al. 1997). Evergreen species like C. tetragona have the ability to resume
photosynthesis and apical growth within days of sndwmelt (Molau 1997).

The negative relationship between vegetative growth and current yea.r I une July and
August average air temperature at Hot Weather Creek remains somewhat ofa mystery
However, similar results were reported for the Alexandra Fl()_{fj ITEX fcont;rol plants in Chapter 2.
In other studies, vegetative growth was positively associated with 'average air temperature during
most summer months (Nams and Freedman 1987b; Callaghan er al. 1989; Johnstone and Henry
1997; Chapter 3). The impact of moisture-stress may be the possible cause as the Hot Weather
Creek region receives the least mean annual precipitation in Canada (Maxwell 1981).
Furthermore, despite the lingering supply of snowmelt water from snowbeds where the C.
tetragona plémts are found on the Fosheim Peninsula, the anomalously warm temperatures of the
site may increase growing season evapotranspiration, resulting in a moisture deficit within the
plant. An alternative hypothesis for the negative correlations may be linked to within-plant

resource depletion after a period of early summer increased production (Arft et al. 1999).

The average air temperatures for the previous summer months were also positively
associated with vegetative growth at Hot Weather Creek. The positive relationship supports the
hypothesis that favorable conditions in the previous summer do influence annual stem elongation
and leaif production in the current year through accumulated photosynthates and the productiorjl
of larger photosynthetic leaf area. Based on the sign and magnitude of the response function
coefficients for the prior sﬁmmer months, the argument can be made to include them as potential

predictor variables in the transfer function models. -

In general, the response function goefﬁciehts relating the reproductive indices of annual
flower bud and flower peduncle production to Eureka H.A.W.S. climate variables were not
significantly different from zero (P>0.05). Annual flower bud production was positively related
to 6urrent June and September average air temperature, while flower peduncle prodliction was
positively related to temperatures during the entire growing season (except September) (P>0.05).
Although C. tetragona flower buds are not usually visible on the plant stems until late June to '
mid-July (Nams 1982; Johnstone 1995), flower bud development typically takes place during the
first four to six weeks of the growing season in the High Arctic (Shaver and Kummerow 1992).

Warm June air temperature influences the availability of moisture and nutrients to the C.
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tetragona plants in the rapidly thawing soil, potentially initiating new reproductive growth and
increasing the odds that more fully developed flower buds will survive the winter. Like other
arctic evergreen species such as, Dryas octopetala, Cassiope tetragona pre-forms flower buds at
least one year prior to actual flowering. Flower peduncle production is also positively influenced
by warm early growing season temperatures, facilitating earlier elongation of the peduncles and
flower formation. The positive effect of early summer growing season temperatures on C.
tetragona has been reported in other studies (Nams and Freedman 1987b; Callaghan et al. 1989;
Johnstone and Henry 1997; Chapers 2 and 3).

In the late growing season (August, September), flower buds continue to develop beyond
the point in time when vegetative growth haé slowed 6r stopped (Nams and Freedman 1987b;
Johnstone 1995). A prolonged summer growing season in the current year enables flower buds
to develop more fully before overwintering (Nams 1982) and increases the chance of flower
formation and successful seed production the following summer. Similarly, a warm, extended
growing seasdn allows for the full deveiopment of C. tetragoha flowers, with the possibility of
successful fruit formation and dehiscence at the end of the summer. Flower bud indices were
positively associated with prior August and September average air temperature as well.
However, the response function coefficients were not significantly different from zero (P>0.05).
In addition, a warm late summer growing season in the previous year may facilitate winter
hardening within the plant. Finally, flower peduncle indices were positively related, but not
signiﬁéantly, to prior May, June, July and September average air temperature. The benefit of
previous year summer growing season temperatures for flower peduncle production in the
current year, is in fact, the result of the positive effect of warm summer temperatures on the
number of flower buds produced in the year prior. It is hypothesized that the length of the
growing season determines the number of flower buds pfoduced annually and hence, the

potential number of flowers in the following year (Nams 1982).

The variance explained by climate alone, and previous growth (or reproduction) alone,
for the four variables was low. When climate and previous growth (or reproduction) were
combined, the amount of variance explained was moderate. Examination of the two |
reprodﬁctive variables showed the combined amount of variance explained~ was slightly higher
than for the vegetative growth variables; an indication of the ISi:fbnger impact of climate on C.

tetragona reproduction. The important effect of climate on C. tetragondv'rép\rbdiiqtion has been
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highlighted in other studies (Nams and Freedman 1987b; Johnstone and Henry 1997; Chapters 2
and 3). The moderate amount of variance explained for the growth and reproduction variables
may be attributable to factors other than climate, or a combination of chmate with other biotic
and abiotic variables. As Hot Weather Creek is one of the warmest sﬁes in the Canadlan ngh
Arctic during the summer months, temperature may not be as strongly lmntmg a factor asitisin
other arctic locations. Non-climatic factors which may influence C. ‘tetragona plant growth and
reproduction include the impact of intra-plant architecture and'reé:ourcl,e pa;tiﬁoning, and inter-

plant and community dynamics (Chapters 2 and 3).

As in dendroclimatological reconstructions of past climate, a goal of this study was to .
utilize multiple site chronologies to reconstruct climate for central Ellesmere Island. The results
from the response function analyses of the Hot Weather Creek chronologies and of the Lowland
and Bench site chronologies from Alexandra Fiord were compared in order to determine an
optimal period of time and climate variable to reconstruct. Despite the low number of response
funcfion coefficients that were significantly different from zero for the Lowland and Bench sites
at Alexandra Fiord, the amount of variance explained by previous grdwth'and reproduction and
- Eureka H.A.W.S. climate variables was moderately high, indicating that climate does influence
. C. tetragona growth and reproduction af Alexandra Fiord. .Fe'w resbonse fuﬁction coefficients
were significant differént from zero (P>0.05) at Hot Weather Creek and the amount of variance
explained was moderate. However, given results from previous work (Havstrom et al. 1995;
Johnstone and Henry 1997) and the successful reconstruction of August-September average air
temperature for Alexandra Fiord (Chapter 3), it was decided to reconstruct average summer air
temperature for central Ellesmere Island using the chronologies from Hot Weather Creek, and
the Lowland and Bench s_ités at Alexandra Fiord. Total monihly precipitation was not
reconstructed given the potential problems with the Alexandra Fiord chronol'ogies such as
distance from Eureka H.A.W.S. and the influence of regional topography on synoptic systems
(Chapter 3).
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4.4.5. Reconstruction of Summer Temperature
4.4.5.1. Transfer Functions and Eurcka H.A.W.S. Climate Data

The strongest model selected to reconstruct climate for central Ellesmere Island, Canada

_estimated average summer air temperature. The close relationship between C. tetragona growth

~and rebrodUction and summer temperature is well documented (Nams and Freedman 1987b;

Callaghan ef al. 1989; Havstrém et al. 1993; 1995; Johnstone and Henry 1997; Chapters 2 and
3). The model selected for this study reconétructed August-September average air temperature
and explained 66% of the climatic variance (R?adj, adjusted for loss of degrees of freedom). The
selected predictor variables, annual growth increment, number of leaves and number of flower
buds, were derived from all three sites and, in general, the response function coefficients were
positively associated with average August and/or September air temperature. The percent
variance explained.by this model was greater than the model developed for Alexandra Fiord
(Chapter 3), and was similar to the amount of variance éx‘pléined by dendrdclimatoldgical
reconstructions of past climate in northern North America‘(e.g;', Jédob;y‘gtlal. '198;_5; 1988; Jacoby
and D’ Arrigo 1989; D’ Arrigo and Jacoby 1993; Szeicz“";énjd MacDonald 1993; 1995).
Unfortunately, due to the shorter length of the Hot Weatil'e;r'C-reékT thgqoldgiég included in the
final model as predictor variables, it was not possible to rcconsii‘ucf climate before 1948, the start
of the instrumental record. However, it was possible to cross-calibrate the full model and to
calculate the verification statistics needed to ensure the model was stable. The large amount of
variance explained by the full model warrants further sampling of C. tetragona plants in the Hot
Weather Creek region in order to extend the climate reconstruction beyond the starting date of
the instrumental data at Eureka H.A.W.S. '

4.4.5.2. Limitations of Climate Reconstruction
It is important to understand the limitations of the August-September temperature model

before using it to reconstruct past climate in the Canadian Arctic. While the full model did
explain 66% (R?adj) of the variance, a full third of the dependent temperature variance remained

'I unexplained. Thus, definitive statements about climate change on Ellesmere Island based only

on this reconstruction must be made with caution. However, when the reconstruction was
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investigated in conjunction with other proxy climate data from the Canadian Arctic, its results
were supported and interpretation of the proxy data was more tenable. Interpretation of the
model was further limited by the use of flexible cubic splines to standardize the Hot Weather
Crgek, and the Lowland and the Bench chronologies. While this method of standardization does
preclude reconstruction of longer-tenn climatic trends (Briffa er al. 1988), the length of the full
model was too short (1948-1994, 47 years) to discern lower frequency climatic variation.
Finally, while some of the reconstructed temperature variability in the early portion of the
chronologies could be attribhfed to natural climatic fluctuations, there remains the possibility that

the uncommon variance or noise increased with decreasing sample size (Fritts 1976; Cook and

Briffa 1990). The mean chronology variance is composed of both the signal and residual noise.

By averaging multiple series, the uncommon variance (noise) will cancel in direct proportion to

the number of series averaged, but the common variance remains unaffected (Cook and Briffa

- 1990). The prOBlems associated with decreasing sample size with time in proxy climate

reconstruction are well ackn()wledged in dendrochronology (Fritts 1976; Cook and Briffa 1990).'
Hence, given the limitations of August-September temperature model, the reconstruction was
noteworthy for: (1) the high amount of variance explained, (2) the fact that the model was the
first temperature reconstruction using multiple C. tétragoha site chroriblbgiés and 3)its general
agreement with the Alexandra Fiord model (Chapter 3) and other proxy chmate data sets from
Ellesmere Island and northern North America.

4.4.5.3. Interpretation of and Supporting Evidence for the Temperature Reconstruction

Examination of the ﬁrst third of the August-September average air temperature
reconstruction revealed a predominantly warm period over central Ellesmere Island from 1949-
1960 (Figures 4.10 a). It is hypothesized that the period of warmth in the reconstruction was the
tail end of a general warming trend in the Canadian Arctic which began in the 1920s and ended
in the early 1960s. The reconstruction of August-September average air temperature for
Alexandra Fiord (Chapter 3) (Figure 4.10 b) supported this assertion as did other pfoxy data sets
(Koerner 1977; Fisher and Koerner 1983; Bradley 1990; Koerner and Fisher 1990; Lamoureux
and Bradley 1996; Braun ef al. 2000). Ice core melt records from Agassiz Ice Cap, Ellesmere
Island and the Devon Island Ice Cap provide evidence that the warmest summers in the last 1000

years occurred during the period 1925-1960 (Koerner 1977; Fisher and Koerner 1983; Koerner
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Figure 4.10. Comparison of standardized proxy temperature records from Ellesmere Island,
Canada from 1900 to 1995. (a.) C. tetragona -based reconstruction of August-September average
air temperature for central Ellesmere Island, and (b.) for Alexandra Fiord; (c.) lake varve sediment- '
based reconstruction of surface air temperature for Lake C2, and (d.) Lake C3, Ellesmere island
(Lamoreux and Bradiey 1996; Lasca 1997). All series are presented as five-year averages.
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and Fisher 1990). In addition, lake varve sediment records from northern Ellesmere Island
support a period of increased warmth in the mid-twentieth century (Figure 4.10 ¢ and d)
(Lamoureux and Bradley 1996; Lasca 1997). It is hypothesized that the temperature increase
from 1920-1960 in the Canadian Arctic was the result of natural (higher solar irradiance and
lower volcanic aerosols) and anthropogenic forcing factors (increasing trace gases) (Lean et al.
1995; Robock and Free 1995; Overpeck et al. 1997; Mann et al. 1998; Free and Robock 1999;
Lean and Rind 1999). '

Beginning in the early 1960s, central Ellesmere Island experienced a two decade cooling
period which lasted until the late 1970s-early 1980s. The August-September average air
temperature model for Alexandra Fiord r(Chapter 3) also supported a prolonged cooling trend in
the middle of the twentieth century in the Canadian Arctic (Figure 4.10 b). Both reconstructions
showed 1961, 1979 and 1980 were exceptionally cold summers, énd 1966 as a particularly warm |
summer during this period. The cooling trend was also apparent in the melt record from the
Agassiz Ice Cap ice cores and in lake varve sediment records from northern Ellesmere Island
(Figure 4.10 ¢ and d) (Koerner and Fisher 1990; Lamoureux and Bradley 1996; Lasca 1997). The
decrease in temperature during the 1960s and 1970s is thought to have been caused by an |
increase in arctic tropospheric aerosols caused by increased volcanism after 1950, as well as the
modulation of solar irradiance (Bradley and Miller 1972; Kulka et al. 1977; Jones et al. 1982;
Lean et al. 1995; Overpeck et al. 1997; Mann et al. 1998; Free and Robock 1999; Lean and Rind
1999).

The recent increase in growing season temperature in the Canadian Arctic was evident in
the reconstruction from approximately 1980s to the end of the proxy record. The temperature
increase was also apparent in the instrumental climate records for the Canadian High Arctic; the

.1990s were the warmest decade of the twentieth century in the Canadian Arctic (Meteorological
Service of Canada 2002). The central Ellesmere Island reconstruction was supported further by
the Alexandra Fiord reconstruction (Chapter 3) (Figure 4.10 b), including the exceptionally cold
summer of 1986, as well as the warmer summers of 1983, 1985, 1988, 1989, 1990 and 1994.
Dendrochronological reconstruction of low arctic climate in North America revealed tree-ring

~ widths began to increase with increasing temperaturéé by t‘he:e'ar'ly 1980s qﬁer' the mid-century

cooling (D’ Arrigo and Jacoby 1993). The warming trend of the 1980s g;ld 1990s is thought to be

the result of a combination of natural and anﬂuopogépic forcing faétors :'including, increased
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solar radiation, lower volcanic aerosol loading of the atmosphere and the dramatic increase in
_ greenhouse gases (Bradley and Jones 1993; Mann et al. 1998; Moritz et al. 2002).

Recent research 'suggests that the Arctic Oscillation (AO), a natural annual iriodé of

' Northern Hemisphere circulatibn, is directly linked with naturally aﬁd énthfopogenibally-caused
climate variability (Thompson and Wallace 1998; 2001). Aa detalled explanatlon of the AO was
given in the Discussion section of Chapter 3. Characterized by below. normal sea level pressure
above the polar region, strong sub-polar westerlies, and above normal surface air temperature,
the positive phase of the AO has been dominant for the past 20 to 30 years in the Arctic (Walsh
et al. 1996; Polyakov and Johnson 2000; Rigor et al. 2000; Thompson and Wallace 2001). For
the period 1988-1997, there was a gféat‘er number of high index days than low index days, and
sea level pressure has dropped 6-10. mb over the Arctic from 1968-1997 (Thompson and Wallace
2001). Itis postulafed that the recént positive phase of the AO is a consequence of
anthropogenic radiative forcing (T_li'onipson‘band Wallace 1998; Fyfe et al. 1999; Shindell et al.
1999; Hoerling et al. 2001). Incréasing anthropogenically-produced greenhouse gases along
with decreasing stratospheric ozone are thought to cool the lower stratosphere at high latitudes, .
resulting in an increase of the AO indéx (IPCC 2001). General Circulation Models, in which
stratospheric dynamics are resolved, showed that the trends in the AO index and associated sea
level pressure could be simulatéd under realistic increases in anthropogenically produced
greenhouse gases (Shindell et al. '1999). ‘A more thorough understandirig of the role of the AOin
arctic climate warming in the past 20 to 30 years is needed, as well as, a better understanding of
arctic climate variability throughout the twentieth century.

4. 4. 6. Principal Findings

In this study, the accuracy of the summer temperature reconstruction for the twentieth
century using C. fetragona as a proxy indicator was improved with the inclusion of chronologies
from two sites on central Ellesmere Island. August-September average air temperature was
reconstructed for central Ellesmere Island based upon chronologies from the Lowland and Bench
sites at Alexandra Fiord and from a site at Hot Weather Creek on the Fosheim Peninsula. While
the reconstruction was shorter (1949-1994) than the model presented in Chapter 3, the

reconstruction explained 66% of the dependent climatic vdﬂan¢¢. The August-September
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average air température reconstruction for central Ellesmere Island also showed the mid-century
warming trend, followed by the decline in summer temperatures ihroughout the 1960s and
1970s, and the increase in temperatures in the 1980s and 1990s. The temperature trends in the
August-September model are supported by proxy climate reconstructions from other sites on

Ellesmere Island and in northern North America, as well as evidence for anthropogenic and

natural forcing mechanisms.

Finally, correlation analysis revealed links between C. tetragona growth and

. reproduction, regional climate variables and the summer Arctic Oscillation index. It was shown

that high summer Arctic Oscillation index values were associated with unfavorable growing

" season conditions (e.g., cooler, wetter, cloudier), resulting in reduced growth and reproduction in

C. tetragona populations on central Ellesmere Island.
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5. Summary and Conclusions

5.1. Cassiope tetragona and Experimental Warming (
From data presented in this thesis, there is growing "evidéncei .ﬂ}af‘ the rebrgdhctive

development of C. fetragona at high arctic sites may be mor_é sensitive to ihe thermal
‘environment than is vegetative growth. The results from the repeated measures analyses of
variance (Chapter 2) showed that the two reproductive variables were significantly affected by
the warming treatment (1992-1998), but the two growth variables were not. Data from prior
studies on evergreen and semi-evergreen plants (Welker et al. 1993; Wookey et al. 1993; 1995;
Johnstone .1 995; Molau 1997; 2001) provide strong experimental evidence that growing season
temperatures are critical in high arctic tundra ecosystems for successful reproduction (Wookey
et bl . 1995)i -If differential investment in reproduction over vegetative growth during favorable
growing seasons is cosf-eﬂ'ective, there is the potential for increased colonization of open sites
andan expansion or shift in plant distribution (Molau 1993; Wookey et al. 1993; Johnstone

. 1995). Johnstone (1995) observed a higher germination rate of C. tefragona seeds from warmed
‘ _ plots at Alexandra Fiord in 1993; however, very few C. tefragona seedlings have been found |
under ambient conditions at Alexandra Fiord (Freedman et al. 1982; Johnstone 1995; personal
observation). Therefore, increased reproductive effort at Alexandra Fiord, an already closed-
cover community, may not result in rapid expansion of C. tetragona. The effect of experimental
warming on the growth and reproduction of C. fetragona may become more apparent 6ver
several more years. Ldngeréterm data may bettef reflect the evergreen shrub’s response to
increased témperatm'e‘ over many years, as well as indicating more clearly how changeé in this

species might affect ecosystem-level processes.

In this thesis, vegetative growth and reproductive chronologies were reconstructed
successfully for both the contrdl and open-top chamber trpatments at Alexandra Fiord, '
Ellesmere Island (Chapter 2). While the chronologies did cover the time period prior to the
warming experiment and the entire treatment period, they were not long enough to provide
evidence of longer-term temporal trends. | However, the chronologies did establish baseline
mean estimates of growth and reproduction prior to and after 1992, the yeér of ireatment
establishment. |
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High intra- and inter-plant variability in the C. fetragona growth and reproductive
chronologies was apparent through visual comparison of individual plants and correlation
analysis (Chapter 2). It is possible that intra- and inter-plant variability linked to resource
- partitioning and intra- and inter-species dynamics may have dampened the response of the plant
to larger-scale climate factors. However, investigation of the relationships between vegetative
growth and reproduction and ambient and artificially enhanced temperatures through correlation
analysis revealed that C. tetragona does respond to local climate conditions (Chapter 2). |
Vegetative | growth and reproduction were negatively correlated in the control plots and
positively correlated in the open-top chamber plots with winter temperatures. Thicker
snowpack in the open-top chambers during the winter months may have better insulafed the C.
tetragona plants from cold temperatures in addition to providing protection from physical and
physiological damage (Serenson 1941; Billings and Mooney 1968; Bliss 1988; Parsons ef al.
1994). These results are of particular interest as few studies have investigated the effects of

winter temperature on growth and reproduction of arctic plants.

In the early summer, growth and reproduction in the control plots responded positively
to increasing temperatures as snowpack melted, exposing C. fetragona plants to temperatures
high enough to begin photosynthesis and initiate the formation of flowers and buds (Chapin
1983; Shaver and Kummerow 1992; Molau 1997). Later in the growing season, moisture-stress
and/or within-plant resource depletion may have stressed plant growth in the control plots,
resulting in negative correlations with July temperatures. However, by September, growth and
reproduction variables were positiveiy correlated with temperature. While vegetative growth
has ceased by early fall, an extended growing season may facilitate winter hardening. In
addition, continued warmth throughout the months of August and September potentially enabled
the flower buds to develop more fully, increasing the odds of reproductive success the following

summer (Serensen 1941; Nams 1982).

In the open-top chamber plots‘, annual leaf production responded to summer temperature
similarly to that of the control plants. However, the relationship between annual stem

| elongation and summer temperature was 6pbosite of that in the control i)lots. ~A possible

forward shift in the t1mmg of shoot elongatiori due to increased temperatures may have shifted

the start of the growing season forward and resulted in earlier growth initiation in the treatment
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plants (Nams 1982; Johnstone 1995). Shoot elongation rates may have also accelerated earlier
in the summer (Johnstone 1995), placing a strain on the stored carbon and nutrient reserves of
the plant early in the growing season. By mid-summer, annual stem elongation was positively
correlated with July temperature, potentially indicating a mid-summer surplus of nutn’erits for
shoot growth in the open-top chambers. Increased soil temperatures w1thln the open-top
chambers may have facilitated an increase in soil carbon and nutrient pools by mcreasmg
decomposition, mineralization and nitrogen ﬁxatlon in soﬂ-dwelhng mlcrobes and algae
(Billings 1987; Oberbauer and Dawson 1992; Rolph 2003). While 1nterpretat10n of the
reproductive response to temperatures in the open-top chambers was difficult due to the small
sample size and tﬁe resulting low power of the statistical tests, annual flower and bud
production were positively correlated with temperature in May and July. In addition, repeated
measures analyses of variance showed that the reproductive variables were strongly affected by
the experimental warming treatment. The immediate response of the C. tetragona reproductive
variables to the warming experiment supports other study results (Nams and Freedman 1987b;
Johnstone 1995).

Finally, when examining the results of temperature enhancement experiments, in
general, it is important to note that uniform changes in single environmental factors across large
geographical regions are doubtful. There exists considerable spatial variability in recorded
temperature change in the circumarctic since the beginning of the twentieth century, with some
regions in the Arctic experiencing increasing temperatures while other regions are cooling
(Jones and Briffa 1992; Chapman and Walsh 1993; Hardy and Bradley 1997). Spatial
variability in temperature presumes some degree of spatial variability in the associated nutrient-
and hydrologlcal regimes and, consequently, in their combined effect on and the responses of
tundra ecosystems. As suggested by Press ef al. (1998), it is important to continue to pursue
compa:atlve, studies across arctic ecosystems and geographic locations to understand better the
similarities and differences among arctic plant species and communities. It is also imperative to
determine the applicobility of results from the sites with the iongest records (Chapin and Shaver

1985) to other locations in the circumpolar north.

Despite some of the difficulties inherent in the analysis of the warming experiment
(Chapter 2), examination of the results from the control and open-top chamber treatments
~ yielded some interesting results. Furthermore, the results compare well with those of previous
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work on C. tetragona (e.g., Bliss et al. 1977;\‘ Nams 1982; Callaghan et al. 1989; Havstrom e al.
- 1993;-1995; Johnétone 1995; Johnstone and Henry 1997; Molau 1997;2001). However,
smulated environmental change experiments cannot completely account for the complex
interactions between environmental factors (e.g., nutrient availability, soil moisture) that limit
the growth of tundra species (Chapm 1984; Henry et al. 1986; Maxwell 1992; Chapin et al.
1996; Henry and Molau 1997; Shaver et al. 1997; Robinson et al. 1998). Therefore, it should be
emphasized that while the results of this thesis are mterestmg and informative, they should be
interpreted vﬁth caution and viewed as a continuing irivestigation of C. tetragona’s response to

natural and experimental climate variation.

5.2. Cassiope tetragona and the Reconstruction of Past Climate

In the second part 'of this thesis (Chapters 3 and 4), the relationship of C. tetragona
growth and reproduction with past local and regional climate ‘éoﬁditions was used to reconstruct
climate for Alexandra Fiord and for central Ellesmere Island. In addition, the rélétionships
between C. tetragona growth and reproduction, the Arctlc Oscﬂlatlon mdex, and reglonal
climate variables were investigated. Through correlation analy51s it was shown that high
summer Arctic Oscillation (AOS) index values appear to be associated with unfavorable
growing season conditions (e.g., colder, wetter, cloudier), resulting in reduced growth and

reproduction in C. tetragona populations on Ellesmere Island.

In Chapters 3 and 4, three models of past average summer air temperature were:
successfully developed using modified dendroclimatologicé] methods. In the first model, July-
August average air temperature was reconstructed for Alexandra Fiord for the period 1980-1996
based on the chronologies from the Lowland and Bench sites (Chapter 3). The model explained
78% (R?adj, adjusted for loss of degrees of freedom) of the climatic variance. It was impossible

.to calibrate or to verify this model, however, due to the short overlap period between the
chronologies and the available climate data from the Coastal station at Alexandra Fiord. When
additional climate data become available from the Coastal station, this model should be
investigated further.
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_ In the second model, August-September éverage air temperature was reconstructed for
Alexandra Fiord using the climate data from Eureka H.A.W.S (Chapter 3). This time series was
the longest (1899-1994) reconstruction developed for the circumpolar north using C. fetragona
as a proxy climate indicator. The full model explained 51% (R?adj, adjusted for loss of degrees

of freedom) of the climatic variance.

~ In the third model, August-September average air temperature was reconstructed for
central Ellesmere Island, based upon chronologies from the Lowland and Bench sites at
Alexandra Fiord and from a site at Hot Weather Creek on the Fosheim Peninsula (Chapter 4).
While the reconstruction for central Ellesmere Island was shorter (1949-1994), the model
explaihed 66% (R?adj, adjusted for loss of degrees of freedom) of the climatic variance. This
model was within range of dendroclimatological reconstructions from northern North America
(e.g., jacoby and Cook 1981; Jacoby et al. 1985; 1988; Jacoby and D’ Arrigo 1989; D’ Arrigo
and Jacoby 1993; Szeicz and MacDonald 1995; 1996), and the first to incorporate C., tetragona
chronologies from multiple sites. The reconstruction was necessarily shortened by the inclusion
of the Hot Weather Creek chronologies énd, thus, average air temperature prior to the start of
the instrumental record at Eureka H.A.W.S. (1948~)..cannot be desqribepl at-this time. Further
careful sampling at the Hot Weather Creek site may result in a‘l'or)ger climaie reconstruction for

central Ellesmere Island.

Examination of the August-September air temperature reconstruction for Alexandra
Fiord (Chapter 3) revealed a period of high mter—annual variability during the first 20 years of
the model. The variability may be due to increasing uncommon variance (noise) with
decreasing sémple size; to unstable local and regional climatic conditions, or both. Before any
" firm cOnélusions can be reached regarding the apparent swings in temperature, the number of
samples covering the late nineteenth and early twentieth centuries must increase for the |
Alexandra Fiord site, or reconstructions from other sites covering the same time period are
needed. Beginning in the 1920s, a directional increase in temperature was evident in the
reconstruction, and the warming trend contihued into the early 1960s. The August-September
average air temperature reconstruction for central Ellesmere Island also supported the mid-
century warming trend (Chapter 4). Both models exhibited a decline in summer temperatures
throughout the 1960s and 1970s, as well as, the recent increase in temperatures beginning in the

1980s and continuing into the 1990s. Lastly, this study’s reconstructions of average air
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temperature suppoﬁed and were supportéd by, evidence pfesented in other proxy climate
studies from Arctic Canada, mcludmg ice core melt records (e.g., Flsher and Koerner 1983;
Koerner and Fisher 1990), tree-rmgs (e.g., Jacoby and D’ Arrlgo 1989 D’ Amgo and Jacoby
1993; Szeicz and MacDonald 1995) and lake varve sedunent records (e. g Lamoureux and
Bradley 1996; Braun e al. 2000; Smith ef al. 2003) In addition, the models followed the
meteorological data from Eurcka H. A.W.S. leasonably well for the period 1948-1994, in '
particular, capturing anomalously warm and cold summers. Rés‘éai;ch 6ﬁ éﬁthropogenic and
natural forcing mechanisms (e.g., solar imidiance, volcanic aerosols, Arctic Oscillation,
greenhouse gases) and their links to past climate substantiate the conclusions of this study and
other multiproxy interpretations (e.g., Bradley and Jones 1993; Overpeck et al. 1997; Mann et
al. 1998; 1999). | |

The results reported in this thesis provided strong evidence that past arctic temperature
can be reconstructed using C. fefragona as a proxy indicator. The chronologies from Alexandra
Fiord, in particular, offered encouragement that longer records may be reconstructed for the
High Arctic and for sites further south. While it is realized the C. tetragona time seriés are
much shorter than other arctic proxies (e.g., ice core melt records, tree-rings, lake varve
sediments), several points support their use, including: (1) C. tetragbna proxies provide new
data from previously unsanipled terrestrial sites, (2) C. fetragona proxies may be reconstmctéd
for multiple sites throughout the Arctic and, thus, are less geogfaphically restricted than, for
example, tree-ring proxies, (3) the length of the potential predictor chronologies (e.g., Lowland
site, AGI' chronology) can exceed the instrumental record by 70 years (more than doubling the
length of the Eureka H.A.W.S. record), (4) the actual length of the reconstructed time series
(e.g., August-September average air temperature for Alexandra Fiord) has already exceed the
instrumental record by 50 years, and, (5) the length of the reconstructed time series covers a
wide range of climatic variability during the early nineteenth and twentiétﬁ centuries. An
increase in the length of the reconstructed time series would not necessarily cover a wider range
of climatic variability. In addition, the reconstructions of August-September average air
temperature for Aleﬁandra Fiord and for central Ellesmere Island are useful and cdmparable
contributions to the growing multiproxy data set fof Ellesmere Island specifically, and for Arctic
Canada as a whole. Most importantly, the time series’ resolution and duration supply new

information on the variability of summer temperature during the last century in the Canadian
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High Arctic — a century which has witnessed a rate and magnitude of temperature change

unprecedented for at least four hundred years.

5.3. Cassiope tetragona and Future Research

The successful reconstruction of past climate for Alexandra Fiord and central Ellesmere
Island using C. fetragona as a proxy climate indicator has created multiple new research
possibilities. In this thesis, chronologies were developed for only two siteé, Alexandra Fiord
and Hot Weather Creek, Ellesmere Island. Cassiope tetragona plant collections; sampled in the
summers of 1998 and 1999, exist for an additional fourteen sites across the Canadian Arctic.
The majority of the plant collections were sampled during the Swedish Royal Academy of
Sciences Tundra Northwest 1999 scientific expedition. The sampling sites are located between
62° and 80° N and 66° and 139° W. In addition, C. fetragona plants were collected at multiple
sites across Siberia during the Swedish Royal Academy of Sciences’ Tundra Ecology 1994
scientific expedition, and there is the possibility that new collections will be made in Beringia in
2005 during a third expedition. Further Canadian samples will be collected on planned cruises
of the new Canadian research icebreaker in 2005 a_nd 2006. Together, these sampling sites will
facilitate the reconstruction of climate during the late nineteenth, twentieth and twenty-first
~ centuries across large latitudinal and longitudinal gradients in the circumpolar north.
| Comparison of the C. tetragona-based reconstructions of circumarctic climate with other
climaté proxies (e.g., ice-core melt records, tree-rings, lake varve sediments) will provide a
mére complete picture of climate variability in the north. A greater effort should be made to
investigate the possibility of using retrospective analysis techniques on other arctic shrub
species (e.g. Salix spp.) to generate proxy climate data. Multiproxy data networks sampled from
a wide geographic area afford the best possibility for understanding the spatial and temporal
details of climate change (Mann et 'dl. 1998).

In addition to temperature reconstruction, other environmental signals may be
reconstructed using C. fetragona as a proxy indicator. While reconstruction of past precipitation
was not explored in this thesis, when plant collections'afe made in élo;e prox'inﬁty to arctic
climate stations, the possibility for the reconstruction of precipitétib_n should be investigated. In
addition, the influence of other large-scale, henﬁsphé"ric:‘ events, such as volcanic eruptions, on

244 ‘_!



.C. tetragona growth and reproduction might also be explored. Other proxies such as lake varve

sediments (Lamoureux e? al. 200l) and tree-rings (e.g., Filion ef al. 1986; Yamaguchi et al.
1993; Szeicz 1996) have registered the indirect effects of volcanic eruptions. The circumarctic

~ C. tetragona collections, discussed previously, may also be uséd to esiablish'thc presence and

strength of the Arctic Oscillation (AO) signal, and to reconstruct the AO index ona regronal-
scale and for larger areas, such as Arctic Canada. While the AO is modeled and deplcted asa
primarily winter phenomenon, recent studies of atmospheric pressure reduct1ons revealed a less
vigorous, but still apparent AO pattern in summer months (Serreze et al. 1997, 2000). During
the summer, the AQ is important to and its effect has been recorded within the annual growth
and reprodllction of C. tetragona (Aanes ef al. 2001; Chapter 4). The AO has also been shown

to synchronize the timing of flowering across species and in multiple plant populations over

~ large areas (Post 2003). Circumpolar collections of C. tetragona reproductive chronologies

could be used to study population linkages with large-scale climate, like the AO (Post 2003).
Furthermore, the circumarctic collections of C. tetragona may be used to reconstruct the long-
term, annually-resolved patterns of oxjgen and carbon isotopes (8180, 8D, 613C). In turn,
these patterns can be used to investigate changes in -precipitation regimes and modes of

atmospheric circulation (e.g., AO) in the polar north:

The warming experiment results presented in this thesis also generated many
unanswered questions and potential new research directions. Long-term, experimerltal studies
must continue at arctic sites iri order to assess the growth and reproductive responses of slow-
growing, long-lived, conservative, evergreen shrubs, like C. fetragona, to ambient and
artificially enhanced temperature. Longer pre-treatment chronologies would provide a better '
base-line estimate of C. fetragona’s response to ambient conditions, and longer treatment
chronologies would clarify the stability and longevity of the evergreen shrub’s response to
increased temperature over the long-term. Retrospective analysis of C. tetragona plants
sampled from the open-top chambers and control plots at the multiple ITEX sites could supply
interesting comparative information on both the past climatic history of the sites, as well as, the
growth and reproductive responses of C. fetragona to enhanced temperatures. In addition,
retrospective analysis in association with new experiments which manipulate nutrients, water
supply, and UV-B, for example, may help to elucidate the plant’s response to long-term

environmental changes associated with current global climate change
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A better underétanding of C. tetragona plant autecology would also be helpful in
understanding the processes which control the annual response of C. tétragona growth and
reproduction to predominant climate signals. Growth and physiological studies of individual C.
tetragona plants and populations subjected to experimental treatments could clarify these

. processes. Isotope analysis, in conjunction with retrospective analysis, could be used to

investigate the past ecohydrology (8180, 3D, 813C), gas exchange (813C), mineral nutrition

" (615N) in C. tetragona plants under experiméntal and ambient conditions (Welker et al. 1995).

In addition, studies of C. fetragona plant populations located along latitudinal, longitudinal
and/or elevational gradients may elucidate geographic differences in populations’ response to

changing environmental conditions in association with changing climate.

Finalyly,‘ the éompatibility of different C. tetragona chronology construction methods
should be revisited. The methods used in this thesis and by Johnstone and Henry (1997), and
the methods_u_séd by Callaghan et al. (1989) and Havstrdm et al. (1995) should be carefully
investigated _i«md.‘compared to see which growth and reprociuéﬁvg variables are the most efficient
for use in climate reconstruction. The two methods have never been compared directly. |
However, éfoss-déting and standardization of .chronoioéi“es should be standard practice in all
future C. tétrizgona-based climate reconstructions. Intensive, detailed work on the annual
growth increments of individual plant stems may provide clues to past climate events during
individual summer growing seasons. For example, Johnstone (1995) described a decrease in
internode length following a summer snowstorm at Alexandra Fiord, and Molau (personal
communicatidn; 2003) noted brown, dried flowers on all, but the south sides of the C.
tetrdgona—dominated tussocks during the 1999 growing season at Cape Hooper, Baffin Island.
Interestingly, Molau found ripening fruits on the south side of the tussocks. He hypothesized
that 4 snow storm with northerly winds impacted plant reproduction during peak flowering in
late June or early July of 1999. Clearly, future retrospective analysis work on C. tetragona
plants from sites across the circumpolar north holds great promise and offers many new research

opportunities.
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7. Appendices ~

Appendix 1. Summary of two-factor repeated measures analysis of variance to test for year and treatment effect
on average biweekly surface temperatures during the months of May to September at the Cassiope ITEX site.

Appendix Table 1.1. Effects of treatment and year on average'biWeekly May surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1993-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects. n=6

* P<0.05, ** P<0.01, ™™ P<0.001, ns = not significant.

A. Weeks 1-2 _ . :

1993-1998 Source of Variation Yodf ] SS MS F Probabitity
Treatments i S 1 0.093 0.093 0.148 0.712 ns
Error 7 4.405 0.629
Year 5 55.398 11.080 24.602 0.000 **
Year x Treatment 5 14.358 2.872 6.376 0.000 ***
Error 35 15.763 0.45
Total 53 90.017

B. Weeks 2-3

1993-1998 Source of Variation df SS MS F Probability
Treatments 1 6.861 6.861 3.428 0.101 ns
Error 8 16.012 2.001
Year 5 166.063 33.213 17.601 0.000 ***
Year x Treatment 5 59.467 11.893 6.303 0.000 ***
Error 40 75.479 1.887
Total 59 323.882

Appendix Table 1.2. Effects of treatment and year on biweekly average June surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1993-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects. n=6

* P<0.05, ** P<0.01, *** P<0.001, ns = not significant.

A. Weeks 1-2

1993-1998 Source of Variation df SS MS F Probability
Treatments 1 0.817 0.871 0.118 0.742 ns
Error 7 51.862 7.409
Year . 5 465.040° 93.008 39.051 0.000
Year x Treatment 5 86.118 17.224 7.232 0.000 ***
Error 35 83.36 2.382
Total 53 687.197

B. Weeks 34 : :

1993-1998 Source of Variation df SS MS F Probabitity
Treatments 1 0.714 0.714 0.062 0.813 ns
Error 5 . 57.525 11.505
Year 5 236.665 47.333 8.669 0.000
Year x Treatment 5 9.227 1.845 0.338 0.885 ns
Error 25 136.5 5.46
Total 41 440.631
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Appendix Table 1.3. Effects of treatment and yéar on average biweekly July surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1993-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects. n=6

* P<0.05, ** P<0.01, ** P<0.001, ns = not significant.

A. Weeks 1-2 -

1993-1998 Source of Variation df S8 MS F Probability
Treatments 1 10.049 10.049 2.247 0.185 ns
Error . 6 26.837 4473
Year 5 33.849 6.770 1.618 0.185 ns
Year x Treatment 5 6.701 1.340 0.320 0.897 ns
Error ‘ 30 125.491 4.183
Total 47 202.927

B. Weeks 34

1993-1998 . Source of Variation df SS MS F Probability

. Treatments 1 11.630 11.630 3.383 0.125 ns

Error 5 17.188 3.438
Year . - » 5 90.906 18.181 5.142 0.002 **
Year x Treatment 5 8.819 1.764 0.499 0.774 ns
Error 25 88.389 3536
Total 41 216.932

Appendix Table 1.4. Effects of treatment and year on biweekly average August surface temperature measured in 7
open-top chambers and 7 control plots at the Cassiope ITEX site from 1992-1998. Effects were analyzed using a
two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects. n=7

* P<0.05, ** P<0.01, *** P<0.001, ns = not significant. :

‘ A. Weeks 1-2

1992-1998 Source of Variation df SS MS F Probability
Treatments ‘ 1 1.020 1.020 0.270 0.639 ns
Error .3 11.349 3.783 '
Year 6 29.547 4,924 2957 - 0.034 *
Year x Treatment 6 2.578 0.430 . 0.258 0.949 ns
Error 18 29.974 1.665
Total ' 34 74.468

B. Weeks 34 . _ .

1992-1998 ' Source of Variation df SS MS F Probability
Treatments 1 5.346 5.346 5.862 0.052 ns
Error 6 5.472 0912
Year S ' 6 ' 64.895 10.816 .36.918 0.000 **
Year x Treatment 6 0.867 0.144 - 0493 0.809 ns
Error . 36 10.547 .. - 0.293

Total 55 87.127




Appendix Table 1.5. Effects of treatment and year on biweekly average September surface temperature measured
in 7 open-top chambers and 7 control plots at the Cassiope ITEX site from 1992-1998. Effects were analyzed using
a two-factor repeated measures analysis of variance. Year and treatment were considered fixed effects. n=7

* P<0.05, ** P<0.01, *** P<0.001, ns = not significant. '

A. Weeks 1-2 - - :

1992-1998 Source of Variation df §8 MS F Probability
Treatments o1 . 7.814 7.814 6.126 0.069 ns
Eror 4 ‘ 5.102 1.276
Year 6 Co 10.496 1.749 4.391 0.004 *
Year x Treatment <] 4610 0.768 1.929 0.117 ns
Error 24 9.561 0.398
Total 41 37.583

B. Weeks 34

1992-1998 Source of Variation df SS MS F Probability
Treatments 1 19.841 19.841 7.101 0.037 *
Error 6 16.765 2.794
Year 6 124.705 20.784 29.667 0.000 **
Year x Treatment - 6 7.621 1.270 1.813 0.124 ns
Error 36 25.221 0.701
Total 55 194,153
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Appendix 2. Pearson's cofrelation analysis relating Cassiope tetragona growth and reproduction chronologies to
average monthly air temperature and monthly thawing degree days (mtdd) from the Coastal station, Alexandra
Fiord from 1980-1996.
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Appendix Figure 2.1. Correlation coefficients relating growth and reproduction chronologies from the

Lowland site to average monthly air temperature from the Coastal station, Alexandra Fiord from 1980-1996.

The time period covered begins in the previous September (pS) and continues to the current August (A). Annual
growth increment, number of leaves, number of flower buds and flower peduncies, n = 16. *P<0.05.
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Appendix Figure 2.2. Correlation coefficients relating growth and reproduction chronologies from the Bench
site to average monthly air temperature from the Coastal station, Alexandra Fiord from 1980-1996. The time-
period covered begins in the previous September (pS) and continues to the current August (A). Annual
growth increment, number of leaves, number of flower buds and flower peduncles, n = 16. *P<0.05.
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Appendix Figure 2.3. Correlation coefficients relating growth and reproduction chronologies from the Dome
site to average monthly air temperature from the Coastal station, Alexandra Fiord from 1980-1996. The time
period covered begins in the previous September (pS) and continues to the current August (A). Annual
growth increment, number of leaves, number of flower buds and flower peduncles, n = 16. *P<0.05.
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Appendix Figure 2.4. Correlation coefficients relating growth and reproduction chronologies from the

Lowland site to monthly thawing degree days (mtdd) from the Coastal station, Alexandra Fiord from 1980-1996.
The time period covered begins in the previous September (pS) and continues to the current August (A). Annual
growth increment, number of leaves, number of flower buds and flower peduncles, n = 16. *P<0.05.
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Appendix Figure 2.5. Correlation coefficients relating growth and reproduction chronologies from the Bench
site to monthly thawing degree days (mtdd) from the Coastal station, Alexandra Fiord from 1980-1986. The time
period covered begins in the previous September (pS) and continues to the current August (A). Annual

growth increment, number of leaves, number of flower buds and flower peduncles, n = 16. "P<0.05.
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Appendix Figure 2.6. Correlation coefficients relating growth and reproduction chronologies from the Dome
site to monthly thawing degree days (mtdd) from the Coastal station, Alexandra Fiord from 1980-1996. The time
period covered begins in the previous September (pS) and continues to the current August (A). Annual

growth increment, number of leaves, number of flower buds and flower peduncles, n = 16. *P<0.05.
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Appendix 3. Pearson's correlation analysis relating Cassiope fetragona growth and reproduction chronologies to .
average monthly air temperature and total monthly precipitation from Eureka H.AW.S., Ellesmere Island from
1848-1996.
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Appendix Figure 3.1. Correlation coefficients relating growth Qnd nep}gduction chronologies from the Lowland
site to average monthly air temperature and total monthly precipitation from the Eureka HA.W.S. from 1948-1996. °
The time period covered begins in the previous May (pM) and continues to the current September (S).
Temperature = white bars; Precipitation = black bars. n=49. 'P<0 05.
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Appendix Figure 3.2. Correlation coefficients relating growth and reproduction chronologies from the Bench

site to average monthly air temperature and total monthly precipitation from the Eureka HA W.S. from 1948-1996.

The time period covered begins in the previous May (pM) and continues to the current September (S).
Temperatufe = white bars; Precipitation = black bars. n=49. *P<0.05.
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Appendix Figure 3.3. Correlation coefficients relating growth and reproduction chronologies from the Dome site
to average monthly air temperature and total monthly precipitation from the Eureka H.A.W.S. from 1948-1996.
The time period covered begins in the previous May (pM) and continues to the current September (S)
Temperature = white bars; Precipitation = black bars. n = 49. *P<0.05.
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Appendix 4. Pearson's correlation analysis relating Cassiope tetragona growth and reproduction chronologies from
Hot Weather Creek to average monthly air temperature and total monthly precipitation from Eureka HA.W.S., Ellesmere
Island from 1948-1997.
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Appendix Figure 4.1. Correlation coefficients relating Hot Weather Creek growth and reproduction chronologies to
average monthly air temperature and total monthly precipitation from the Eureka HAW.S. from 1948-1997. The time
period covered begins in the previous May (pM) and continues to the current September (S). Temperature = white
bars; Precipitation = black bars. n=50. *P<0.05.
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