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ABSTRACT

White spruce tree-ring width and 5180  in northwestern North America (NWNA) 

are evaluated as independent temperature-proxies, needed to improve knowledge of past 

climate. The paleoclimatic value of ring-width has been questioned due to a ‘divergence’ 

between ring-width and temperature at some NWNA sites. Conversely, 5I80-temperature 

signals can be complicated by atmospheric circulation variability. The main objectives of 

this thesis are to improve understandings of these complications and conduct quantitative 

paleoclimate reconstructions if warranted.

Ring-width series networks were developed in Old Crow Flats and the Mackenzie 

Delta, and existing series across NWNA were compiled, to study divergence. Divergence 

was widespread during the 20th century which implicates a large-scale forcing, potentially 

drought stress. But not all trees were affected suggesting local-scale ecological factors 

moderate a tree’s susceptibility to divergence. Growth patterns of affected and unaffected 

trees were coherent before the 20th century and reflect temperature fluctuations over most 

of the past millennium, suggesting divergence is unique to the 20th century. White spruce 

ring-widths contain valuable climate information but divergent signals must be accounted 

for. A Mackenzie Delta chronology was developed by excluding divergent signals and 

used to reconstruct June-July minimum temperatures since AD 1245. The reconstruction 

is verified by local climate and proxy-temperature data, and suggests the late-20th centuiy 

was the warmest period on record.

Temperature signals in a Mackenzie Delta tree-ring 5180  record were also tested 

using 20th century climate data, a period of significant atmospheric circulation variability.



The 8lsO-temperature response was time-stable during this period suggesting 5180  in this 

area is not strongly impacted by circulation, a finding supported by isotope-enabled GCM 

simulations. The 5,80  record was used to reconstruct April-July minimum temperatures 

since AD 1780, which found a relatively warm late-20,h century, providing independent 

verification for the ring-width-based reconstruction.

Lastly, this thesis makes one methodological contribution. The status quo method 

used in many laboratories to estimate the precision of tree-ring stable isotope ratios does 

not account for sample-processing uncertainties. A method was developed to address this 

issue, by exposing quality assurance standards to the same processing steps that sample 

tree-rings undergo, and demonstrated for the Mackenzie Delta 5180  data.
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Figure 3.8. (a) Northern Hemisphere (NH) temperature reconstructions by Jones et al. 
(1998), Briffa (2000), Esper et al. (2002), D’Arrigo et al. (2006), Wahl and Ammann 
(2007), Wilson et al. (2007) (grey lines); mean reconstruction (black line). The 
reconstructions were expressed as z-scores relative to the common period of overlap 
(1750-1980). (b) Comparison of the mean NH temperature reconstruction (thick black 
line; smoothed with 15-year cubic smoothing spline, Cook and Peters 1981) against the 
mean NWNA 1 (dotted)/NWNA 2 (grey line) chronologies. The mean NWNA 
chronologies are defined by a minimum of 2 site chronologies.

Figure 4.1. White spruce study sites in the Mackenzie Delta region are marked by white 
dotted circles; site numbers correspond to Table 4.1; water bodies are shaded grey; boreal 
treeline is delineated from the Circumpolar Arctic Vegetation Map (Walker et al., 2005). 
White spruce sites from other studies (inset map) are marked by grey dotted circles; site 
networks from the same study are bounded together.

Figure 4.2. Comparisons between each of the 29 site chronologies (black lines; 
calculated for all years defined > 6 trees) and regional mean chronologies (grey lines; the 
mean of all other trees from the remaining 28 sites). Upland sites are denoted by an **’; 
all other sites are delta plain sites. Inter-series correlations are in brackets; all correlations 
are significant at p < 0.001.

Figure 4.3. (a) The Mackenzie Delta Regional Chronology (AD 1245-2007; dark grey 
line); the MDRC is shown for years with an Expressed Population Signal (EPS) > 0.7; 
EPS > 0.85 is indicated; the 5-95 (light grey) and 25-75 (medium grey) percentile ranges 
for all tree indices are indicated; the number of trees defining the MDRC (black line), (b) 
Comparison of the MDRC (grey) and reconstructed mean June-July temperatures (black) 
by Szeicz and MacDonald (1995; see Appendix C, SI-Note 4.3). (c) Comparison of the
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MDRC (grey) and a composite of 6 hemispheric-scale temperature reconstructions 
(black; see Appendix C, SI-Note 4.4). (d) Comparison of first-differenced June-July 
temperatures (black) and the mean of all first-differenced tree indices (grey). Note that 
the time axes differ between plots (a), (b-c) and (d).

Figure 4.4. (a-c) Regional averages of Group 1 (blue), Group 2 (red), and Snag (black) 
ring-width indices; regional averages are shown for all years with an EPS > 0.7 (EPS > 
0.85 is indicated); the 5-95 (light grey) and 25-75 (medium grey) percentile ranges are 
given, (d) Comparison of the Group 1, Group 2, and Snag regional chronologies, (e) 
Interannual standard deviations (grey) of all ring-width indices; a 41-year cubic 
smoothing spline (green) is used to highlight the low-frequency trend, (f) Divergence- 
Free Regional Chronology.

Figure 4.5. Mackenzie Delta regional June-July minimum temperature reconstruction 
(dark grey; 2><SE interval light grey) versus: (a) instrumental (observed) June-July 
minimum temperatures; (b) Szeicz and MacDonald (1995) ring-width-based June-July 
mean temperature reconstruction; (c) Porter et al. (2009) tree-ring SI80  record, March- 
July minimum temperature proxy; (d) Porter and Pisaric (2011) OCF-Group-2 ring-width 
chronology, June minimum temperature proxy; (e) D’Arrigo et al. (2009) Coppermine 
River ring-width chronology, June-July temperature proxy; (f) 6-study composite 
hemispheric-scale reconstructed temperatures; (g) Kaufman et al. (2009) circum-Arctic 
temperature reconstruction, (h) The Mackenzie Delta regional June-July minimum 
temperature reconstruction from this study. Correlations represent the period of overlap 
between the Mackenzie Delta reconstruction and the comparison series; all correlations 
are significant at p <0.001. Refer to SI-Note 5 (Appendix C) for details on each 
comparison series, some of which are modified from their original published form. Note 
that time axes differ between plots (a), (b-d), and (e-h).

Figure 6.1. Map of study sites (triangles) and climate stations (solid dots) of interest. The 
shaded relief is based on the GTOPO30 digital elevation model (U.S. Geological Survey; 
http://wwwl .gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html) and differentiates 
between low (light grey) and high (dark grey) elevations.

Figure 6.2. Timber site 8lgO tree-ring data: individual series (grey); median of Porter et 
al. (2009) data (blue) and new data from this study (red); the master Timber chronology 
(black); interpolated S!80  values for the years 1972 and 1976 (black dots); inter
correlation between Porter et al. (2009) and new data during the period of overlap (1850- 
1870) is highly significant (p < 0.001). Expressed Population Signal (EPS) and sample 
depth (no. trees) are indicated; a 31-year cubic smoothing spline with a 50% frequency 
cut-off (Cook and Peters, 1981) is used to illustrate general EPS trends.
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Figure 6.3. A correlation analysis between NPI and simulated meteoric 5lsO (influence 
of temperature on 5lsO removed) for fall-winter (NDJF; top) and spring-summer (AMJJ; 
bottom) months. Results from Runs 1 (left) and 2 (right) are compared. Points 1, 2, and 3 
are Timber, PRCol, and Jellybean Lake, respectively.

Figure 6.4. A correlation analysis between NPI and precipitation amount for fall-winter 
(NDJF; top) and spring-summer (AMJJ; bottom) months. Results from Runs 1 (left) and 
2 (right) are compared. Points 1, 2, and 3 are Timber, PRCol, and Jellybean Lake, 
respectively. These correlation patterns were also assessed using the longer NCEP/NCAR 
Reanalysis (1948-2009; Kalnay et al., 1996) and ERA-40 Reanalysis (1958-2002; Uppala 
et al., 2005) datasets, and are provided in Appendix D (SI-Fig. 6.2).

Figure 6.5. (a) Comparison between observed (colour) and predicted (black) April-July 
minimum temperatures since AD 1871; the observed temperature data are a composite of 
local temperature (Appendix D, SI-Fig. 6.1) and 20CR (Appendix D, SI-Fig. 6.3) data; 
the shaded confidence interval represents two standard errors of the prediction (±
2.48°C). (b) Comparison of the 5lsO- temperature reconstruction (this study) and ring- 
width-inferred June-July temperatures for the Mackenzie Delta region (Porter et al.,
2012). All correlations are significant at p < 0.001.

SI-Figure 3.1. Standardized ring-width indices (grey lines) and mean site chronologies 
(black lines) for each site in Old Crow Flats based on signal-free standardisation (Melvin 
and Briffa, 2008) using data-adaptive ‘negative exponential’ or ‘negative-to-zero slope 
linear’ curve fits (Fritts et al., 1969). Sample depth (red lines) indicates the number of 
series defining the mean chronology. The mean chronologies were calculated with a 
robust bi-weight mean (Cook, 1985); more details on each chronology are provided in 
Table 3.1.

SI-Figure 3.2. A comparison of each mean site chronology produced using ‘signal-free’ 
(black lines) and non-signal-free (red lines) methods. Inter-series differences can be 
considered the result of ‘trend distortion’ (Melvin and Briffa, 2008). Due to differences 
in non-age-related growth (i.e., forced by climate, disturbance, etc.) between sites, trend 
distortion effects are more pronounced in some chronologies (e.g., JC1, OC9, OC54,
SCI, and TH1) than in others (e.g., DP26, OC50, OC52, TM1, and TM2).

SI-Figure 3.3. Magnified comparison of the mean Group 1 and Group 2 chronologies 
during (a) 1600-1800 and (b) 1800-2000. Smoothed chronologies were calculated using 
a 15-year cubic smoothing spline with a 50% frequency cut-off (Cook and Peters, 1981).

SI-Figure 3.4. Old Crow Flats sites: Group 1 (negative temperature response), Group 2 
(positive temperature response), and Mixed (mixed negative/positive temperature 
response).
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SI-Figure 4.1. An overhead view of a ‘white spruce/crowberry-lichen’ forest site (Pearce 
et al., 1988) which is representative of most of the delta plain sites sampled in this study. 
These sites are easy to spot from overhead due to their sparse canopies and abundance of 
reflective lichen.

SI-Figure 4.2. A representative view of ‘CDU2’. This site is characterised by an open- 
canopy, thick understory of mosses and lichens, and an irregular, rocky terrain. These 
site characteristics are also shared by ‘CDU’ and ‘CDU1’ (see Szeicz and MacDonald, 
1996, for photographs of CDU).

SI-Figure 4.3. Tree-averaged ring-width indices (light grey) and mean site chronologies 
(dark grey) for all 29 sites; the number of trees defining each year of the mean site 
chronologies is indicated (black).

SI-Figure 4.4. Climate stations included in the regional temperature and precipitation 
composites. Periods of station operation are indicated (n.b., data are not available for all 
years of operation). ‘Fort McPherson*’ represents two non-overlapping station records: 
‘Fort McPherson’ (1892-1977) and ‘Fort McPherson A’ (1981-2007). ‘Fort Good Hope*’ 
is a merged record representing ‘Fort Good Hope 2’ (1897-1966) and ‘Fort Good Hope 
A’ (1944-2007).

SI-Figure 4.5. Comparison of monthly minimum temperatures from Tuktoyaktuk,
Inuvik, Aklavik, Fort McPherson, Norman Wells, and Fort Good Hope (red lines); 
regional means (black lines), ‘rbar’ is the mean inter-series correlation (all are significant 
at p < 0.001). ‘trend’ is the slope of the regional mean from AD 1910-2007, a period 
defined by two or more stations in most cases. See SI-Note 4.2 for more details.

SI-Figure 4.6. Comparison of monthly mean temperatures from Tuktoyaktuk, Inuvik, 
Aklavik, Fort McPherson, Norman Wells, and Fort Good Hope (red lines); regional 
means (black lines), ‘rbar’ is the mean inter-series correlation (all are significant at p < 
0.001). ‘trend’ is the slope of the regional mean from AD 1910-2007, a period defined by 
two or more stations in most cases. See SI-Note 4.2 for more details.

SI-Figure 4.7. Comparison of monthly maximum temperatures from Tuktoyaktuk, 
Inuvik, Aklavik, Fort McPherson, Norman Wells, and Fort Good Hope (red lines); 
regional means (black lines), ‘rbar’ is the mean inter-series correlation (all are significant 
at p < 0.001). ‘trend’ is the slope of the regional mean from AD 1910-2007, a period 
defined by two or more stations in most cases. See SI-Note 4.2 for more details.

SI-Figure 4.8. Comparison of total monthly precipitation from Inuvik, Aklavik, and Fort 
McPherson (red lines); regional means (black line), ‘rbar’ is the mean inter-series
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correlation (*p < 0.05). ‘trend’ is the slope of the regional mean from AD 1932-2007, a 
period defined by two or more stations in most cases. See SI-Note 4.2 for more details.

SI-Figure 6.1. Comparison of monthly minimum temperatures from Tuktoyaktuk,
Inuvik, Aklavik, Fort McPherson, Norman Wells, and Fort Good Hope (red lines); 
regional means (black lines), ‘rbar’ is the mean inter-series correlation (all are significant 
at p < 0.001). ‘trend’ is the slope of the regional mean from AD 1910-2007, a period 
defined by two or more stations in most cases.

SI-Figure 6.2. A correlation analysis between NPI and precipitation amount for fall- 
winter (NDJF; top) and spring-summer (AMJJ; bottom) months. Both the NCEP/NCAR 
Reanalysis (Kalnay et al., 1996; left) and ERA-40 Reanalysis (Uppala et al., 2005; right) 
datasets were used. The correlation maps were plotted using the KNMI Climate Explorer 
(http://climexp.knmi.nl); correlations significant at p < 0.05 are in bold colour, non
significant correlations are in light colour. Points 1, 2, and 3 are Timber, PRCol, and 
Jellybean Lake, respectively.

SI-Figure 6.3. Comparison April-July minimum temperatures for the Mackenzie Delta 
region (red) and 20CR (20th Century V2 Reanalysis; Compo et al., 2011) April-July mean 
temperatures for the area 60-70°N, 130-140°W; the mean and variance of the 20CR data 
were adjusted to the local temperature data by linear scaling; the inter-correlation is 0.69
(p< 0.001).
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CHAPTER ONE

INTRODUCTION

1.1 RATIONALE FOR THE STUDY

Over the last hundred years of instrumental data (1912-2011) surface air/ocean 

temperatures have warmed by 1.37°C in the Arctic (64-90°N) in comparison to 0.73°C 

globally and 0.76°C for the Northern Hemisphere (Hansen et al., 2010; NASA-GISS, 

2012), highlighting the climatic sensitivity of high-latitude regions due to feedbacks that 

amplify global trends (Serreze et al., 2009; Bintanja et al., 2011). This recent warming 

has caused directional changes to many environmental variables that are central to cold- 

adapted biological systems and traditional life in the north (ACIA, 2005; Hinzman et al., 

2005; Smol et al., 2005), and the possibility these trajectories will continue well into the 

future has raised valid concerns over the ability of northern systems to cope with future 

changes (Anisimov et al., 2007). Moreover, continued Arctic changes are soon expected 

to have significant impacts on global energy balance and synoptic climate regimes due to 

changing Arctic Ocean and tundra albedo, reduced Atlantic deep-water formation/global 

thermohaline circulation due to a fresher Arctic Ocean, and the potential release of large 

carbon pools, as CO2 or CH4, currently frozen in boreal-tundra soil and marine sediments 

(Clark et al., 2002; Serreze et al., 2009; Shakhova et al., 2010; Mack et al., 2011; Schuur 

and Abbott, 2011). The timing and magnitude of these changes remain uncertain but have 

created the impetus for improved knowledge of the Arctic climate system and how it will 

evolve in the future. The general theme of advancing knowledge of Arctic climate frames 

this doctoral research.
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Knowledge of the Arctic climate system is derived mainly from observations of 

the past. Recent Arctic climate changes have been characterised by a sparse network of 

instrumental records, of which most are shorter than 100 years (Lawrimore et al., 2011). 

This network is suitable for characterising recent, broad-scale changes, but insufficient 

for evaluating the long-term, regional-scale context for these changes. Longer records are 

needed to evaluate the natural, pre-industrial range of climate variability and whether or 

not recent climate is anomalous with respect to natural variability. Such a perspective is 

key to assessing the role of natural versus anthropogenic forcings (Overpeck et al., 1997; 

Mann et al., 1998; Briffa, 2000), but at present a well-constrained assessment for high- 

latitude regions is hindered by the paucity and brevity of instrumental climate data. In the 

absence of these data, proxy-based datasets (e.g., tree-rings, ice-cores, etc.) appear to be 

well positioned to address these critical knowledge gaps.

Paleoclimatologists use a wide variety of proxy archives to study past climate, all 

having their own strengths and limitations (see Bradley, 1999; Jansen et al., 2007). The 

focus of this research is Arctic treeline tree-ring chronologies, one of the most important 

proxies for temperature reconstructions over the past millennium (Briffa, 2000; D’Arrigo 

et al., 2006). Key strengths of tree-ring chronologies are that they provide absolute dating 

control, they can be developed for most parts of the world wherever trees grow, several 

climatically-sensitive tree-ring variables can be measured (e.g., ring-width, density, and 

stable isotopes), and they are annually-resolved making them comparable to instmmental 

climate data (Hughes, 2011). Because trees from the same region tend to share a common 

growth pattern driven by regional climate, multiple tree-ring series across a region can be 

cross-dated, averaged into composite chronologies to enhance the shared signal, and used
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to reconstruct the climate variable that is most limiting to tree growth. Similarly, shared 

growth patterns allow tree-ring series from deadwood of unknown age to be cross-dated 

against living tree-ring series whose dates of ring formation are well known and used to 

extend climate reconstructions back in time by hundreds or, in some cases, thousands of 

years. In this way, tree-ring chronologies can be used to provide a long-term context for 

recent climate change (Briffa et al., 1992; Jones et al., 1998; Biintgen et al., 2005; Wilson 

et al., 2007).

Another important application of tree-ring-based climate reconstructions is to 

provide initialisation and validation datasets for General Circulation Models (GCMs) 

(Jansen et al., 2007). Such datasets have allowed climate modellers to evaluate the skill 

of GCMs over a wide range of prehistoric climate conditions (driven by known changes 

in solar, volcanic, other aerosol, and trace gas forcings; Crowley, 2000) that far exceed 

the range of climate variability observed during the relatively short instrumental era 

(Jones et al., 1998; Trenberth and Otto-Bliesner, 2006). Such experiments are crucial for 

examining the contribution of various forcings to climate and establishing confidence in 

future projections, many which are also well outside the range of instrumental period 

conditions (Meehl et al., 2007). At present, GCMs do not perform well in high-latitude 

regions (Christensen et al., 2007) and there is a major lack of long-term validation data 

for these regions needed to diagnose the source of discrepancies between modelled and 

observed climate (Serreze and Barry, 2005). Again, dendroclimatic records may be well 

positioned to provide these critical data.

Most tree-ring studies employ ring-width measurements due to the often strong 

sensitivity of this variable to climate and the fact it is relatively inexpensive to measure in
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comparison to other tree-ring variables (e.g., stable isotope ratios). The most climatically- 

sensitive ring-width chronologies are often found at the margins of a species’ ecological 

range where rates of growth and treeline position are strongly limited by climate (Fritts, 

1976). Tree-ring growth rates in marginal environments are more restricted compared to 

less marginal environments which increases tree longevity, making these environments 

ideal for the development of long, climatically-sensitive ring-width chronologies (Briffa, 

2000). Arctic treeline is one particular marginal environment where growing seasons are 

brief and cool, and warm-season temperatures are a primary limitation to growth (Jacoby 

and D’Arrigo, 1989; Briffa et al., 2002).

Major efforts to develop a circumpolar Eurasian-North American tree-ring-width 

network for climate reconstruction purposes began in the 1980s and ‘90s (Cropper and 

Fritts, 1981; Jacoby and Cook, 1981; Jacoby and D’Arrigo, 1989; Schweingruber and 

Briffa, 1996), and this work made possible many large-scale temperature reconstructions 

for the past millennium (e.g., Jones et al., 1998; Briffa, 2000; Esper et al., 2002; D’Arrigo 

et al., 2006; Wahl and Ammann, 2007; Wilson et al., 2007). The scientific merit of this 

network cannot be overstated as it has been and continues to be an important resource for 

paleoclimate studies (Jansen et al., 2007). However, many of the original chronologies in 

this network end 2-3 decades before present, and there is a pressing need for new, up-to- 

date chronologies from Arctic treeline. Further, there are spatial gaps in the network that 

must be filled, especially in parts of northwestern North America (NWNA), to provide a 

more detailed account of regional climate dynamics and to better represent these areas in 

large-scale climate reconstructions.
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For this research, new tree-ring records are developed for two areas of NWNA 

where little to no tree-ring research has been done before. These areas are Old Crow 

Flats, Yukon Territory, and the Mackenzie Delta, Northwest Territories. Standard 

dendroclimatology methods (Fritts, 1976; Speer, 2010) are used to develop new, multi

century white spruce (Picea glauca [Moench] Voss) ring-width chronologies for 23 sites 

in Old Crow Flats, and 19 sites in the Mackenzie Delta. Ten pre-existing chronologies 

from the Mackenzie Delta (Szeicz and MacDonald, 1996; Begin et al., 2000; Pisaric et 

al., 2007) are used to supplement the new chronologies. These networks are two of the 

densest regional-scale networks ever compiled in NWNA, and this approach provides the 

opportunity to better isolate regionally-coherent growth patterns linked to climate while 

attenuating site-specific noise (Hughes, 2011). These data are used to develop long tree- 

ring chronologies for the study regions and infer warm-season (June-July) temperatures 

over much of the past millennium.
1 Q

In addition to ring-width, tree-ring stable oxygen isotope ratios (5 O) from one 

Mackenzie Delta site are used to reconstruct spring-weighted (April-July) temperatures 

over the last two centuries. The added benefit to using 5180  is in its ability to reconstruct 

a slightly different seasonal window of temperature compared to ring-width (April-July 

vs. June-July), thus providing a broader perspective on past climate. Further, over long 

time-scales, both proxies provide mutual, independent verification which is particularly 

meaningful as the physical processes leading to preservation of temperature signals in 

both proxies are mutually-exclusive. Porter et al. (2009) were the first to investigate the 

potential of tree-ring 5180  in the Mackenzie Delta and found it is a good first-order-proxy 

for spring-summer minimum temperatures. This research builds upon Porter et al.’s study
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by extending their chronology back in time, conducting a revised temperature-8180  

analysis using a new regional climate record to validate the proposed temperature 

response, and reconstructing spring-summer weighted temperatures back to AD 1780.

For both proxies, much attention is given to the robustness of their temperature 

signals. Before a proxy-based climate reconstruction is carried out, the time-stability of 

the proxy-climate relation must be assessed over the modem instmmental period (Cook 

and Kairiukstis, 1990). If the relation is time-stable, this provides some confidence it may 

also have been time-stable in the past. And finally, if it is reasonable to assume the same 

proxy-climate relation applied in the past (i.e., assumption of uniformitarianism), linear 

regression techniques are then used to translate tree-ring data to inferred climate based on 

the modem proxy-climate relation. However, in NWNA there are potential complications 

for both ring-width and 5lsO with respect to the long-term stability of their temperature 

response, and these are a major focus of this research.

For ring-width, the boreal forest Divergence Problem (hereafter ‘divergence’; 

D’Arrigo et al., 2008) is a chief concern and is observed at sites bracketing the tree-ring 

networks examined here (Jacoby and D’Arrigo, 1995; D’Arrigo et al., 2004; Wilmking et 

al., 2004; Driscoll et al., 2005; Pisaric et al., 2007; Earles, 2008). Divergence can be 

described as an unstable temperature-growth response that has affected some ring-width 

chronologies in NWNA since around the mid-20th century. The cause(s) of divergence is 

not yet clear, partly due to a lack of tree-ring data needed to characterise the phenomenon 

and diagnose its cause(s) (D’Arrigo et al., 2008). As its cause(s) is not well understood, 

the likelihood it has or has not occurred in the past remains a key uncertainty with major 

implications for ring-width-based temperature reconstructions (Jansen et al., 2007).
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Based on a limited dataset, Cook et al. (2004) found that divergence is likely unique to 

the late-20th century and that the temperature-growth response of high-latitude forests 

was time-stable over the last 1100 years. However, further studies are needed to support 

this finding and improve understandings of divergence. This thesis contributes in both 

regards, providing novel insights into the origin of divergence and implications for tree- 

ring-based temperature reconstructions in NWNA.

For 5180 , variability in atmospheric circulation is a concern. At middle- to high- 

latitude sites, temperature shares a strong relation with the §180  of meteoric water due to 

its influence on condensation leading to preferential rainout of isotopically-heavy water

(Dansgaard, 1964; Rozanski et al., 1992), and this ‘temperature effect’ is the reason many

18tree-ring 5 O records worldwide are so strongly associated with temperature (Barbour et 

al., 2001; Rebetez et al., 2003; Porter et al., 2009; Seftigen et al., 2011). For some areas, 

however, the stability of the meteoric 8180-temperature relation is sensitive to variability 

in atmospheric circulation (Sodemann et al., 2008b; Birks and Edwards, 2009; Field et 

al., 2010; Sturm et al., 2010), which may complicate the interpretation of tree-ring 8lsO 

as a first-order temperature proxy. Of importance to the Mackenzie Delta is the Aleutian 

Low (AL) which determines atmospheric circulation patterns over NWNA (Bums, 1973; 

Wahl et al., 1987; Mock et al., 1998; Dyke, 2000; Serreze and Barry, 2005). However, it 

is not known how sensitive the Mackenzie Delta tree-ring 5180-temperature response is 

to AL variability. This doctoral research provides new insights that address this 

uncertainty.

Finally, this thesis makes one methodological contribution to the field of stable 

isotope dendrochronology (SID). As SID is still a relatively young field, improvements to
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analytical methods are ongoing (McCarroll and Loader, 2004; Robertson et al., 2008). 

There are several sources of analytical uncertainty that can influence stable isotope ratio 

(5) measurements, and the added variance due to this uncertainty can be significant with 

respect to inter-ring 8 variability. As such, it is common practice in virtually all SID 

studies to report the 2a precision estimate associated with 5 measurements. However, it is 

shown here that the status quo method used in isotope laboratories to estimate 8 precision 

does not reflect uncertainties associated with sample processing, where wholewood tree- 

rings are converted to a-cellulose or cellulose-intermediates using a chemical extraction 

procedure prior to isotope analysis (e.g., Leavitt and Danzer, 1993; Brendel et al., 2000). 

It is conceivable that uncertainties in sample processing, e.g., inadvertent and unrealised 

operator error, could lead to significant error in 8 measurements and, therefore, they must 

be accounted for in the precision estimate. The proposed method addresses this issue, and 

provides a system for assessing inter-batch reproducibility.

1.2 RESEARCH OBJECTIVES AND STATEMENTS OF ORIGINALITY

The key research objectives and original aspects of this research are as follows: 

Objective 1 -  Develop ring-width networks from white spruce forests in the Old Crow 

Flats and Mackenzie Delta regions, identify regionally-coherent growth patterns, and 

explore their climate response. There are several novelties to this objective. For one, this 

is the first study to examine white spruce growth in Old Crow Flats and the central and 

western portions of the Mackenzie Delta. Secondly, this research compiles two of the 

densest regional-scale tree-ring networks ever examined in NWNA allowing regionally-
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important patterns to be isolated, which has not been possible in many previous NWNA 

studies based on individual site chronologies.

Objective 2 -  Determine the presence, severity, spatiotemporal extent, and likely cause(s) 

of divergence in NWNA. Divergence has been poorly understood for nearly two decades, 

partly due to a lack of current tree-ring datasets. To date, only a small number of studies 

recognising divergence have been conducted across NWNA, mostly from interior Alaska 

(Jacoby and D’Arrigo, 1995; Lloyd and Fastie, 2002; D’Arrigo et al., 2004; Wilmking et 

al., 2004; Driscoll et al., 2005; Wilmking and Juday, 2005; Pisaric et al., 2007). This 

thesis makes a substantial data contribution in two areas of NWNA that were previously 

understudied. This greatly expanded dataset provides an opportunity to characterise the 

spatiotemporal extent of divergence in the two regions, identify ubiquities at the NWNA- 

scale, and yield novel insights on the cause(s) of divergence and implications for ring- 

width-based climate reconstructions in NWNA.

Objective 3 -  Reconstruct past warm-season temperatures from ring-width chronologies. 

This objective is achievable only if it can be demonstrated that the proxy-climate relation 

is time-stable, and this will be determined in Objective 2. The long-term, high-resolution 

climate histories of the study areas are not well known, and this is a limitation to current 

understandings of regional climate dynamics in NWNA. Completing this objective would 

provide these critical data which are lacking.
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Objective 4 -  Propose a method for estimating the precision of tree-ring 8 measurements 

that accounts for uncertainties associated with sample processing. The status quo method 

currently used by many stable isotope laboratories worldwide does not account for 

processing uncertainties, and there are no published recommendations on how these 

uncertainties can be accounted for. Completing this objective represents the first attempt 

to resolve this issue, and is expected to yield a method that all stable isotope laboratories 

specialising in tree-ring analysis could readily adopt.

Objective 5 -  Evaluate the stability of the Mackenzie Delta tree-ring 5180-temperature 

relation over periods of variable AL strength. Several lines of inquiry are followed. First, 

the tree-ring 5180-temperature relation is evaluated using local temperature records from 

AD 1892-2003, a period that experienced a large range of AL variability (Trenberth and 

Hurrell, 1994) that is thought to be representative of the range of AL variability since AD 

1600 (D’Arrigo et al., 2005). If the temperature-5180  relation is robust over this period, it 

would imply that the 5180  record is insensitive to circulation effects. Secondly, Porter et 

al.’s (2009) tree-ring 5,80  record (AD 1850-2003) will be extended back to AD 1780 to 

look for signs of a putative AL regime shift thought to have occurred at ca. AD 1840 

according to two 5180  records from southwestern Yukon (Fisher et al., 2004; Anderson et 

al., 2005). A marked S180  depletion was found in both records, which cannot be 

explained by a classic temperature effect since temperatures in the region have likely 

increased since AD 1840 (Szeicz and MacDonald, 1995; Davi et al., 2003; D’Arrigo et 

al., 2006; Viau et al., 2012), and so the depletion was interpreted as evidence of a major 

AL regime shift. If consistent evidence is found in the Mackenzie Delta tree-ring 8lsO
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record, it would imply that it may not be a simple first-order temperature proxy. Lastly, 

the expected response of meteoric 5!80  in the study region to changes in AL strength is 

assessed using the NASA-GISS ModelE isotope-enabled general circulation model 

(Schmidt et al., 2005, 2006). All lines of inquiry will provide new insights on the 

robustness of Mackenzie Delta tree-ring 6lsO as a first-order temperature proxy.

Objective 6 -  Reconstruct spring-summer temperatures from the tree-ring 5180  record if 

the temperature-6lsO relation is robust. Satisfying this objective would provide a long

term context for evaluating recent climate change in the study region. Furthermore, it 

would be the first tree-ring based reconstruction in NWNA that is equally weighted by 

spring and summer temperatures. This seasonal window is unique compared to what most 

high-latitude ring-width-based temperature reconstructions are sensitive to (Jones et al., 

2009) and, therefore, a spring-summer weighted temperature reconstruction will provide 

a broader understanding of past climate.

1.3 DISSERTATION STRUCTURE

The dissertation is organised into a series of four primary research manuscripts 

(Chapters 3-6), all of which concern the analysis of tree-rings in paleoclimatic research. 

Chapter 2 provides a broad literature review in support of the four primary manuscripts. 

Chapter 3 addresses Objectives 1 and 2, and focuses mainly on Old Crow Flats. Chapter 

4 focuses on the Mackenzie Delta region, but builds on insight gained in Chapter 3 and 

addresses Objectives 1-3. Chapter 5 addresses Objective 4, and uses the extended tree- 

ring 5180  data to demonstrate the proposed method. Chapter 6 addresses Objectives 5 and
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6. Finally, Chapter 7 provides a summary of the novel aspects of this research and future 

considerations.
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CHAPTER TWO

LITERATURE REVIEW

2.1 OVERVIEW

The primary focus of this research is the use of tree-ring width and 5lsO from 

white spruce forests near Arctic treeline as temperature proxies. High-latitude ring-width 

chronologies have long been used to reconstruct warm-season temperatures (Briffa et al., 

1988, 1992; Jacoby and D’Arrigo, 1989; Overpeck et al., 1997; D’Arrigo et al., 2006). In 

contrast, tree-ring 5180  has not been widely used for temperature reconstruction purposes, 

but its paleoclimatic ‘potential’ is well established (Gray and Thompson, 1976; Libby et 

al., 1976; Burk and Stuiver, 1981; Barbour et al., 2001; Porter et al., 2009). This chapter 

reviews literature supporting the use of tree-ring width and 5lsO as temperature proxies in 

high-latitude regions.

Developing a dendroclimatic reconstruction involves many steps that must be 

carried out with the utmost care to avoid non-climatic biases. The generic steps involve 

site selection, sample collection, cross-dating, tree-ring variable measurement (e.g., ring- 

width or §!80), detrending age-related growth trends, integrating individual series into a 

master chronology, identifying the optimal climate response, testing the robustness of the 

climate response, and calibrating a regression model to translate the chronology into a 

climate reconstruction (Fritts, 1976; Cook and Kairiukstis, 1990). Of particular interest to 

this thesis is the robustness of temperature signals in tree-ring width and 5180  as they are 

affected by divergence and atmospheric circulation variability, respectively. These two 

factors are reviewed here.
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2.2 TEMPERATURE SIGNALS IN HIGH-LATITUDE TREE GROWTH

2.2.1 Empirical evidence and physical basis for the temperature-growth relation

According to Schulman (1944), Douglass (1919) was one of the first to explore 

high-latitude tree-ring growth patterns in Europe. Douglass began his work in northern 

Scandinavia in 1912-1913, and shortly thereafter Fennoscandian scientists became more 

involved, albeit to address botanical-related questions. Most of this research focussed on 

Scots pine (Pinus sylvestris L.), the dominant species of the region. By the 1940s, many 

ring-width chronologies across the region had been developed and it was known that the 

interannual growth patterns of these northern trees were mostly sensitive to June-July 

temperatures (Schulman, 1944). According to Briffa et al. (1988), tree-ring research in 

Fennoscandia gained momentum in the 1950s and ‘60s, and as more chronologies from 

the region amassed it also became clear that temperature-growth sensitivity was strongest 

at treeline (altitudinal and latitudinal) while trees further from treeline were less sensitive. 

Geographical patterns of the temperature-growth response over the instrumental period 

remained the focus of dendroclimatic studies in northwestern Europe for several decades 

before focus turned toward the development of multi-centennial chronologies for climate 

reconstruction purposes (Fig. 2.1; Briffa et al., 1988, 1990). In more recent years, multi- 

millennial-length chronologies in this region have been developed using sub-fossil wood 

recovered from peat and lake sediments, and used to infer summer temperatures over the 

last 7400 years (Grudd et al., 2002; Linderholm and Gunnarson, 2005).

According to Gostev et al. (1996), dendroclimatic research in the former Soviet 

Union was slower to develop, but some work in the 1970s and ‘80s concerning Dahurian 

larch (Larix gmelini) helped to demonstrate that ring-width chronologies across the taiga
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Figure 2.1. Adapted from Briffa et al. (1990). Comparison between April-August mean 
instrumental temperatures (red; AD 1876-1975) and reconstructed temperatures based on 
a ring-width chronology from northern Fennoscandia. Instrumental temperatures were 
smoothed with a 10-year low-pass filter. Unsmoothed temperatures explain 26% of 
annual ring-width variability.
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treeline were highly sensitive to summer temperature (Fig. 2.2). Dendroclimatic research 

in northern Russia remains sparse today, but some multi-century- and millennial-length 

chronologies have been developed for this area and used to reconstruct past temperatures 

(Graybill and Shiyatov, 1992; Earle et al., 1994; Briffa, 2000; Jacoby et al., 2000).

High-latitude tree-ring research in North America began later than in Europe. In 

Alaska, Giddings (1938, 1954) was the first to study the growth patterns of white spruce, 

a dominant species across the North American boreal treeline (Hare and Ritchie, 1972). 

Giddings’ research in Alaska spanned nearly two decades, although focussed mostly on 

the archaeological utility of tree-ring dating. However, he discovered early on that trees 

nearest to treeline were most sensitive to June-July temperatures (Giddings, 1943), as was 

found in Europe (Schulman, 1944). Oswalt (1949, 1960) carried on Giddings’ work and 

helped to amass an extensive Alaskan chronology network that would later prove useful 

in showing the paleoclimatic value of white spruce in NWNA (Cropper and Fritts, 1981). 

Dendroclimatic research in Alaska and northern Canada gained momentum in the 1980s 

(Garfinkel and Brubaker, 1980; Cropper and Fritts, 1981; Jacoby and Cook, 1981; Jacoby 

and Ulan, 1982; Jacoby et al., 1982, 1985), and by then it was apparent that high-latitude 

white spruce growth was a valuable metric for reconstructing past summer temperatures. 

The longest temperature reconstructions are from NWNA, and are mostly restricted to the 

last millennium (Begin et al., 2000; Esper et al., 2002; D’Arrigo et al., 2006).

Consistent evidence for the temperature-sensitivity of high-latitude tree growth is 

demonstrated by biogeographical studies linking the northern position of the boreal/taiga 

treeline to summer isotherms or other climatic boundaries. According to Bryson (1966), 

one of the first attempts to link the North American boreal treeline position and summer
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Figure 2.2. Adapted from Earle et al. (1994). Comparison between summer (June- 
August) average daily maximum temperatures for the instrumental period (AD 1940- 
1989) and a tree-ring width chronology for the Upper Kolyma Region, Northeastern 
Russia. The inter-series correlation for the entire period is 0.699.
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temperatures was by Hare (1950, 1951), although Hare described his own results as ‘hit- 

and-miss affairs with no rational basis’. Fifteen years on, using an improved high-latitude 

meteorological network augmented by the Distant Early Warning Line, Bryson (1966) 

conducted a much more thorough analysis and observed a clear correspondence between 

the boreal treeline and the summertime position of the Arctic front, implying that the cool 

Arctic air to the north was a limitation to boreal treeline advance. Although it is important 

to note that position of treeline may be somewhat responsible for the climatic boundaries 

due to its impact on the surface energy balance (Bryson, 1966; Foley et al., 1994). Krebs 

and Barry (1970), inspired by Bryson, conducted a similar analysis for the Eurasian taiga 

treeline and they too found a clear correspondence between the taiga treeline position and 

summertime Arctic front. Roughly three decades later, with an even more improved high- 

latitude meteorological network, MacDonald et al. (2000a) found that the North 

American treeline is well constrained by the 10-12.5°C mean July isotherms. Lastly, 

circum-Arctic palynological and macrofossil datasets provide good evidence that 

boreal/taiga treeline has been closely linked to summer warmth since the Last Glacial 

Maximum (Ritchie and Hare, 1971; Ritchie, 1977; Anderson and Brubaker, 1994;

Cwynar and Spear, 1995; MacDonald et al., 2000b; Pisaric et al., 2000; Kaufman, 2004).

The positive association between high-latitude tree growth and temperature is 

thought to be a complex integration of many biophysical and environmental processes. 

For example, warmer temperatures may cause earlier snowmelt and ground-thaw, leading 

to a longer period for cambial activity and xylogenesis (Gregory and Wilson, 1968; Fritts, 

1976; Tranquillini, 1979; Vaganov et al., 1999; Rossi et al., 2008). During late-summer, 

as cell expansion slows and trees prepare for winter (paced by the photoperiod -  Rossi et
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al., 2006), photosynthesis may persist longer during warmer years, even after cambial 

shut down, leading to a greater surplus of stored carbohydrates to augment growth during 

the following year (Mooney and Billings, 1960; Kozlowski, 1992); such is thought to be 

the physical basis for the high autocorrelation often observed in high-latitude ring-width 

series (Fritts, 1976; Cropper and Fritts, 1981). Conversely, cool years may reduce growth 

season length, primary growth and carbohydrate storage, and it is conceivable that frost 

events are more frequent in cold periods which could inhibit bud maturation and damage 

other tissues/organs important to productivity (Jacoby and D’Arrigo, 1989). Other causal 

mechanisms might include the influence of temperature on soil nutrient cycling (Jacoby 

and D’Arrigo, 1989) or on the carbon allocation ratio (Komer, 1998). Some proportion of 

the temperature-growth association could be the result of increased sunlight augmenting 

photosynthetic rate, as summer daytime temperatures correlate with cloud conditions and 

sunlight penetration, or perhaps the direct influence of temperature on photosynthetic rate 

(Kozlowski and Pallardy, 1997).

There are likely many other growth-limiting processes at the ecosystem- to 

cellular-scale that are directly or indirectly limited by temperature. However, due to the 

co-variability between temperature and many biophysical/environmental variables in 

natural systems, it is neither practical nor realistic to identify a single cause for the strong 

temperature-growth response. Rather, the idea that temperature integrates many primary 

growth-limiting factors is the conceptual basis for interpreting tree-ring growth records as 

proxies for past temperature.
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2.2.2 Implications of temperature-growth divergence

Since the 1990s, high-latitude tree-ring chronologies have been one of the most 

important sources of annually-resolved temperature proxy data for the past millennium 

(Bradley and Jones, 1993; Overpeck et al., 1997; Mann et al., 1998; Esper et al., 2002; 

Jansen et al., 2007; Jones et al., 2009). However, the ability to use high-latitude tree-ring 

chronologies as a robust temperature proxy has been questioned in more recent years due 

to the poorly-understood divergence between temperature and tree growth (ring-width 

and -density) at some, not all, boreal sites.

D’Arrigo et al. (2008, pg. 290) describe divergence as “the tendency for tree 

growth at some previously temperature-limited northern sites to demonstrate a weakening 

in the mean temperature response in recent decades, with the divergence being expressed 

as a loss in climatic sensitivity and/or a divergence in trend”. In most examples, 

divergence emerges in the middle- to late-20th century. A commonly cited example is 

from a white spruce elevational treeline site in central Yukon, Twisted Tree Heartrot Hill, 

where the mean ring-width chronology closely tracked summer temperatures for the first 

two thirds of the 20th century, but responded negatively to warming during the last third 

(since AD 1965), also the warmest part of the 20th century (Fig. 2.3). This basic form of 

divergence is found at several other high-latitude and -elevation treeline sites in NWNA 

(Jacoby and D’Arrigo, 1995; Wilmking et al., 2004; Driscoll et al., 2005; Wilmking and 

Juday, 2005; Pisaric et al., 2007; Earles, 2008; Andreu-Hayles et al., 2011; Porter and 

Pisaric, 2011) and Eurasia (Briffa et al., 1998b, 2004; Jacoby et al., 2000; Biintgen et al., 

2006). Similar divergence is found at mid-latitude sites (Fig. 2.4; Briffa et al., 1998a, 

2004), although many of these sites may not be expected to have a stable temperature-
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Figure 2.3. Adapted from D’Arrigo et al. (2004). Comparison between actual (solid line) 
and predicted (dashed line) ring-width for white spruce trees at the ‘Twisted Tree- 
Heartrot Hill’ site in central Yukon Territory. Modelled ring-width is based on April- 
August temperatures (first-order autocorrelation built in). The comparison demonstrates 
that actual growth at this site has systematically under-estimated temperatures (modelled 
growth) since ca. AD 1965.
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Figure 2.4. Adapted from Briffa et al. (1998). (top) Map of temperature-sensitive ring- 
density chronologies (dots) from the Northern Hemisphere, (bottom) Comparison 
between hemispheric averaged instrumental temperatures and tree-ring (width and 
density) inferred April-September temperatures. Inferred temperatures are based on a 
composite of chronologies shown in the map. All series were smoothed with a 20-year 
cubic smoothing spline to illustrate the common trends. As in Fig. 2.3, this comparison 
demonstrates a decoupling between temperature and tree-rings since ca. AD 1965.
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growth relation as not all are from temperature-limited treeline boundaries (D’Arrigo et 

al., 2008).

Considering only the most temperature-limited high-latitude and -elevation sites, 

it has been demonstrated that southern and northern temperature-sensitive chronologies 

from the Northern Hemisphere infer the same pattern of temperature variability over the 

last 1100 years, except during the late 20th century when northern chronologies diverge 

(Cook et al., 2004). This evidence suggests that divergence is a northern phenomenon and 

restricted to the late-20th century. Unfortunately, this idea cannot be verified directly 

using instrumental temperature records since instrumental records are largely restricted to 

the last century (Lawrimore et al., 2011). But the long-term coherence of the northern and 

southern chronologies separated by hundreds to thousands of kilometres shows that they 

responded to the same climate variable over the last millennium, and temperature may be 

the only variable so coherent over such distances and timescales (Jones et al., 2009).

Thus, it appears likely that divergence is restricted to the 20th century. If this is true, it 

would follow that the pre-divergence portion of affected chronologies may represent a 

robust temperature response and, thus, could be used to reconstruct past temperatures 

(Jacoby et al., 2000; D’Arrigo et al., 2006).

Because northern tree-ring chronologies are a major source of climate proxy data 

for the past millennium (Jansen et al., 2007), a physical understanding of divergence is 

needed to further evaluate the reliability of these chronologies to infer past climate. As it 

is for most understandings of natural phenomena, the process by which divergence occurs 

might only be fully understood after its form has been adequately characterized across 

space and time. Currently, there are many spatiotemporal gaps in the high-latitude tree-
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ring network, especially in NWNA, that preclude knowledge of divergence (D’Arrigo et 

al., 2008). Updating of existing chronologies and development of new chronologies in 

areas where tree-ring research has been largely absent is needed to better characterise the 

phenomenon in NWNA (D’Arrigo et al., 2008). This thesis contributes in this regard by 

developing 23 new chronologies in Old Crow Flats and 19 chronologies in the Mackenzie 

Delta, and revisiting existing chronologies from these and neighbouring regions to better 

understand the spatiotemporal extent of divergence.

The observation that divergence is widespread and restricted to the 20th century 

suggests it was caused by a large-scale forcing unique to the 20th century. One possible 

cause is enhanced UV-B radiation (Briffa et al., 2004). Clorofluorocarbons released into 

the environment during the mid- to late-20th century have reduced stratospheric ozone 

over the Arctic, which has allowed more UV-B radiation to reach ground level. Increased 

UV-B radiation is detrimental to photosynthetic plant tissues in trees and has potentially 

reduced growth, especially in high-latitude regions where ozone loss has been significant. 

Another sunlight-related hypothesis is ‘global dimming’ (D’Arrigo et al. 2008). Aerosols 

of all particle sizes have increased in the troposphere in recent decades due to industrial 

activity, which effectively blocks some visible light from reaching the ground. A reduced 

supply of photosynthetically active radiation could account for reduced tree growth, but 

global dimming is not specific to higher-latitudes and does not explain why northern trees 

are more susceptible to divergence than southern trees.

Another possible reason for divergence is snow cover changes (Vaganov et al., 

1999). Winter snowfall has increased in some parts of Siberia over the 20th century, and 

this has led to a delayed snow-free season and initial cambial activity. Vaganov et al.
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(1999) argue that there is a period of ‘maximal growth sensitivity to temperature’, and 

that the delayed start of the growing season means that less of the period of active growth 

occurs during the period of maximal temperature-growth sensitivity. While this appears 

to be a valid reason for reduced growth in some parts of Siberia, it does not hold for most 

Arctic regions which has experienced reduced snowfall, increased rain, warmer 

temperatures, and earlier/longer growing seasons (ACIA, 2005; Serreze and Barry, 2005).

The relatively warm late-20th century has also been blamed for divergence. It has 

been suggested that late-20th century temperatures have crossed an optimal temperature 

threshold, where further warmth has negatively impacted primary productivity (D’Arrigo 

et al., 2004; Wilmking et al., 2004). The concept of optimal temperature thresholds has 

been known for some time from experimental studies on plants, where productivity is 

often expressed as an inverse parabola function of temperature (Kozlowski and Pallardy, 

1997). Therefore, for a lower range of temperatures, temperature should have a positive 

impact on productivity, but after a point (varies by species) temperatures have a negative 

impact on growth. D’Arrigo et al. (2004) and Wilmking et al. (2004) estimate this point 

to be 11-12°C for July-August mean temperatures for white spruce in central Yukon and 

interior Alaska, respectively.

The most commonly proposed reason for divergence, or negative temperature- 

growth relations in general, is moisture stress (Jacoby and D’Arrigo, 1995; Barber et al., 

2000; Lloyd and Fastie, 2002; Wilmking and Juday, 2005; McGuire et al., 2010). Based 

on a circumpolar (>55°N) network of ring-width chronologies, Lloyd and Bunn (2007) 

found that negative temperature-growth responses are more common at warm, dry sites 

where moisture is more limited, and positive temperature-growth responses are common
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at cool, wet sites. Across interior Alaska, divergence is increasingly more common to the 

east, corresponding with a negative precipitation gradient (Wilmking and Juday, 2005); 

i.e., stands with less precipitation are more likely to exhibit divergence. Similarly, stands 

with a high tree density have less water per capita and are more susceptible to divergence 

than lower-density stands (Wilmking and Juday, 2005). Given the evaporative demands 

of a warmer climate, it is also likely that late-20!h century wanning (ACIA, 2005; Serreze 

and Barry, 2005) has exacerbated moisture stress in northern regions (Barber et al., 2000, 

2004). Circum-Arctic temperatures reconstructed from ice- and lake-core proxies suggest 

that the 20th century has been the warmest period in more than two millennia (Kaufman et 

al., 2009), implying that 20th century evaporative demands may be unprecedented, which 

may explain why divergence is restricted to the 20th century.

Lastly, it is also possible that some cases of divergence have been artificially 

detected. Esper and Frank (2009) identified methodological ‘pitfalls’ that could account 

for divergence. One potential pitfall is the ‘standardisation’ process used to remove age- 

related trends from raw tree-ring series. Traditionally, standardisation involves fitting raw 

series with expected growth curves (as a function of age) and removing these curves to 

yield an index that can be related to climate. ‘Data-adaptive’ curves are often used (Fritts 

et al., 1969; Cook, 1985), usually negative exponential or negative to zero sloping lines, 

determined by the Ieast-squares solution. However, data-adaptive fits do not differentiate 

between very low-frequency climate and age trends and, therefore, some low-frequency 

climate signals are unavoidably lost during standardisation. The lowest frequency signals 

that can be resolved by traditional data-adaptive methods is 1/n years (n = series length), 

and for a mean site chronology the frequency is related to the mean series length (Cook et
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al., 1995). Because temperature records are not detrended while tree-ring data are, there 

is some potential for a misfit between temperature and tree-ring series.

One possible solution to the loss of low-frequency signals in tree-ring series is 

Regional Curve Standardisation (RCS; Briffa et al., 1992; Esper et al., 2003). The RCS 

method assumes all trees have the same underlying age trend masked by climate and 

environmental signals, and noise at a variety of frequencies due to geographic, genetic, or 

ecological dispositions. If the age-related trend is known, it can be removed from each 

tree to produce standardised series that are averaged into a mean chronology to elucidate 

the climate signal. RCS attempts to characterise the common age trend by estimating the 

mean growth curve of all trees aligned by cambial age, known as the ‘regional curve’. 

Several criteria should be met to properly define the regional curve: pith offset data are 

available for samples which did not contain the first year of growth; a large number of 

trees are included; sample trees began growing under a wide range of climatic conditions, 

from several hundreds of years ago to present; and trees from these various time/climate 

intervals are equally represented in the regional curve. In theory, RCS should facilitate 

the preservation of low-frequency climate signals. However, many published datasets do 

not satisfy the RCS criteria, which is perhaps one reason RCS has not been widely used 

in the literature compared to more traditional data-adaptive methods. RCS is not used in 

this thesis as the datasets of interest do not conform well to the RCS criteria. Use of RCS 

without meeting these criteria can lead to a flawed regional curve, which could distort the 

mean chronology and lead to inaccurate climate-growth analysis results.

Another drawback to traditional data-adaptive curve fits is the potential for ‘trend 

distortion’ in the modem portion of mean chronologies. Ideally, the estimated age-related
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curve should reflect growth that would occur under an unvarying climate. However, since 

data-adaptive curves are unable to separate very low-frequency age and climate signals, 

the estimated age trend will be distorted by the climate signal (termed ‘trend distortion’) 

and removal of the curve fits will result in distorted standardised series with some loss of 

the climate signal. Trend distortion is most severe at the series ends since data-adaptive 

curves are so heavily weighted towards the series ends. In the case of mean chronologies 

where the modem ends of many living tree-ring series terminate on the same year and are 

averaged, trend distortion will be especially significant (Melvin and Briffa, 2008). Such a 

distortion in the modem portion of mean chronologies could account for a misfit between 

tree-ring and climate data.

Trend distortion has been addressed by Melvin and Briffa (2008) who developed 

a method known as Signal-Free Standardisation (SFS). SFS is an iterative procedure that 

attempts to isolate and remove the common climate signal shared by a group of tree-ring 

series, resulting in signal-free measurements that are used to more accurately define the 

age-related growth trend of each series. The main steps are as follows: (1) each raw series 

is detrended using standard data-adaptive curves and a mean chronology is calculated; the 

mean chronology is then considered the best estimate of the common climate signal; (2) 

each raw series is divided by the mean chronology to produce ‘signal-free’ measurements 

(i.e., common climate signal removed); (3) data-adaptive curves are fitted to the signal- 

free measurements to better estimate the true age-related trend, and the detrending curves 

are applied to the raw series to produce standardised indices; and (4) the indices are used 

to calculate a revised mean chronology which is considered the new best estimate of the 

common climate signal (Melvin and Briffa, 2008). This procedure is repeated from Step
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(2) until one of the following conditions are met: the number of iterations is equal to 1 + 

number of trees/20; or, if smoothly-varying detrending curves are used (e.g., spline fit; 

Cook and Peters, 1981), the difference in mean value between consecutive iterations of 

the mean chronology (high-pass filtered) is less than 0.0005 (Melvin and Briffa, 2008). 

SFS is used in this thesis to guard against trend distortion. It is important to note that the 

lowest climate signal frequencies that can be recovered using SFS are limited to 1/n and, 

thus, there is still some potential for offsets between temperature and tree growth indices 

at lower frequencies.

Other methodological pitfalls may include the use of tree-ring chronologies that 

are not strongly limited by temperature (e.g., trees from non-marginal environments) or 

ones that are prone to natural disturbance events such as insect outbreaks or fire, which 

might lead to growth suppressions or releases in the surviving trees that are unrelated to 

climate. All of the sites examined in this thesis are near Arctic treeline where temperature 

is generally considered a major growth limiting factor. Spruce bud worm (Choristoneura 

spp.) or bark beetle (Dendroctonus spp.) outbreaks are destructive to Picea forests in 

more southern parts of the boreal forest (McCullough et al., 1998), but are not known to 

occur in Old Crow Flats and the Mackenzie Delta regions due to the harsh winters. Fire is 

common throughout the boreal forest (Johnson, 1992). Low intensity fires tend to occur 

in sparse canopy Pinus forests and generally do not cause stand mortality, and may result 

in growth suppressions or releases in the surviving trees (Lageard et al., 2000). However, 

high intensity crown fires (Johnson, 1992) are more common in northern Picea forests 

due to the dense crown foliage and are generally stand-replacing events (i.e., no surviving 

trees). As such, Picea tree-ring chronologies are typically free of fire-related suppressions
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and releases since they do not survive the fire. Wild fire is common in NWNA (Johnstone 

et al., 2010), but many sites in the study region have not burned for centuries (Szeicz and 

MacDonald, 1996; Begin et al., 2000; Pisaric et al., 2007), as is evident by the presence 

of the many multi-centennial-length tree-ring chronologies presented herein.

2.3 TEMPERATURE SIGNALS IN HIGH-LATITUDE TREE-RING d180

2.3.1 Empirical evidence and physical basis for the tempera ture-6180  relation

Tree-ring 8lsO research has a much younger history compared to traditional ring- 

width-based dendroclimatic research. Libby and Pandolfi (1974) were the first to measure 

tree-ring 5,80 , from German oak trees (Quercus spp.), and demonstrate its potential as a 

temperature proxy. However, their discovery of the temperature signal in tree-ring 5180  

was not serendipitous, but rather was inspired by earlier paleotemperature studies of S180  

in Greenland ice (Dansgaard et al., 1969), and understandings of 5lsO in the hydrologic 

cycle that had emerged over the prior two decades. By the 1950s and ‘60s, major efforts 

were underway to characterise and better understand the global spatiotemporal variability 

of stable water isotopes in natural waters. Notable findings from these efforts were that 

sea water 5!80  is largely uniform (Epstein and Mayeda, 1953; Craig and Gordon, 1965), 

evaporated water 5180  is depleted relative to sea water, and precipitated (meteoric) water 

5180  is correlated with air temperature over much of the planet (Dansgaard, 1953, 1954, 

1964).

The mechanism for the meteoric 6180-temperature relation can be conceptualised 

starting with a moist air parcel evaporated from the ocean. If evaporation proceeds slowly 

such that the moist air reaches its saturation point (i.e., evaporation rate = condensation 

rate) before it is swept inland, the vapour will be in isotopic equilibrium with the surface
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water. At equilibrium, vapour 5lsO will be depleted by 9%o relative to the surface water 

due to vapour pressure differences between H2160  and H2180  (i.e., H2160  being 9% more 

volatile than H2I80; Dansgaard, 1964). Subsequently, atmospheric circulation guides the 

moist air to higher elevations and latitudes where lower temperatures cause the vapour to 

condense which leads to preferential rainout of H2'80  due to its lower vapour pressure.

Because temperature plays a central role in water isotope distillation, meteoric 

5180  tends to co-vary seasonally and annually with mean air temperatures, especially at 

mid- to high-latitude sites (Fig. 2.5 and 2.6) (Dansgaard, 1964; Rozanski et al., 1993). 

However, at tropical sites, evaporation-condensation kinetics are complex and result in a 

negative correlation between precipitation amount and 5180, the so-called ‘amount effect’ 

(Dansgaard, 1964). The 8180-temperature relation at higher-latitude sites has been well- 

known and exploited by paleoclimatologists for decades, perhaps the best examples being 

the use of the Greenland and Antarctica ice-core 5180  records to infer temperatures over 

the last several hundred millennia (Dansgaard et al., 1969; Johnsen et al., 2001; Augustin 

et al., 2004). The paleoclimate value of these ice-core records cannot be overstated (Jones 

et al., 2009), but they are spatially limited to Greenland, Antarctica, and some high-alpine 

areas. For more continental areas where ice-cores are not available, tree-ring 5,80  could 

be used to reconstruct past temperatures at much finer spatiotemporal scales.

The basic model of 8180  in tree-rings (518Otr) is 5l8Otr = 518Os+ /-A 18Oe + £wc 

(Dongmann et al., 1974; DeNiro and Epstein, 1981; Sternberg et al., 1986; Farquhar and 

Lloyd, 1993; Saurer et al., 1997a; Roden et al., 2000; Barbour et al., 2005), where 518Osis 

the 8180  of soil water, A18Oe is the evaporative enrichment of leaf water above 518Os due 

to transpiring leaves, ewc (ca. +27%o) is a biochemical fractionation constant that accounts
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for isotopic exchange between carbonyl oxygen of cellulose precursors (e.g., sucrose) and 

cellular water, and/is the bulk ‘dampening factor’ representing processes that nullify the 

A18Oe signal in 518Otr (e.g., mixing of leaf water with unaltered trunk water in cells where 

cellulose formation occurs and re-equilibration by £wc). In systems where 518Os variability 

greatly exceeds A18Oe variability or where dampening factors are substantial (i.e .,/«  1), 

518Otr will largely reflect S18Os variability; this scenario is often observed for natural sites 

(Edwards and Fritz, 1986; Robertson et al., 2001; Saurer et al., 2012). If, in such systems, 

818Os is strongly related to meteoric 5180  (i.e., negligible groundwater) and meteoric 5180  

is strongly associated with temperature, 518Otr may be a suitable temperature proxy.

Since Libby and Pandolfi’s (1974) founding study, many tree-ring S180  studies 

have demonstrated strong associations with seasonally-averaged temperatures for a wide 

variety of species at mid- to high-latitude sites (Gray and Thompson, 1976; Libby et al., 

1976; Burk and Stuiver, 1981; Saurer et al., 1997b; Barbour et al., 2001; Rebetez et al., 

2003; Treydte et al., 2007; Porter et al., 2009; Sefitigen et al., 2011), reflecting the use of 

518Os that has been isotopically-labelled by air temperature as described above. However, 

despite the numerous examples of the ‘potential’ to use tree-ring 5180  as a temperature 

proxy, there are few examples worldwide where tree-ring 8180  has been explicitly used to 

reconstruct temperatures. Rather, almost all tree-rings 5180  studies to date have focussed 

on exploring climate-growth relations over the instrumental period, which was a point of 

criticism by Gagen et al. (2011) who advocated for tree-ring isotope case studies to move 

beyond demonstrations of ‘potential’ and focus on developing longer chronologies for 

paleoenvironmental reconstruction purposes.
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One of the few known tree-ring 5180-based temperature reconstructions is for a 

high-Arctic site on Ellesmere Island, Beaver Pond, where several chronologies (20-250 

years in length) from extinct fossil larch trees (Larix spp.) from the early-Pliocene (ca. 4- 

5 Ma) were used to provide valuable insights on interannual temperature variability and 

mean climate of that period (Ballantyne et al., 2006, 2010; Csank et al., 2011). The only 

known ‘modem’ tree-ring Si80-based temperature reconstructions was by Edwards et al. 

(2008) who developed a multi-species (Picea engelmannii; Pinus albicaulis), millennial- 

length 5180  chronology for the eastern Rocky Mountains; however, they did not use their 

S,80  chronology as a first-order temperature proxy, but rather it was used in combination 

with a paired 513C chronology in an attempt to resolve the separate effects of temperature 

and relative humidity in both records (Edwards et al., 2000). Surprisingly, tree-ring 5lsO 

records have not yet been used as a first-order temperature proxy for the late-Holocene, 

even though current knowledge of meteoric and tree-ring 5,80  suggest this is possible.

2.3.2 Implications of atmospheric circulation variability

Given the strong relation between temperature and tree-ring 8lsO at many middle- 

to high-latitude sites, it would be ideal if the relation could be assumed time-stable and 

used to reconstmct past temperatures over the breadth of timescales covered by tree-ring 

records. Unfortunately, this assumption is not always valid. Studies of 5I80  in meteoric 

water (Fricke and O’Neil, 1999; Moran et al., 2007; Birks and Edwards, 2009; Liu et al., 

2011), proxy archives (Edwards et al., 1996, 2008; Hammarlund et al., 2002; Fisher et al., 

2004; Feng et al., 2007) and numerical modelling experiments (Field et al., 2010; Sturm 

et al., 2010) clearly show that atmospheric circulation moderates the slope and intercept
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of the 5180-temperature relation, which can complicate the use of 5lsO as a simple first- 

order temperature proxy (Jouzel et al., 1997).

As discussed, the 5180  of meteoric water is determined by a distillation process 

that is strongly controlled by temperature. Assuming the same moisture source and flow 

path, meteoric Sl80  for a given site should maintain a constant relation with temperature 

(Dansgaard, 1964). Changes in circulation, however, can impact the moisture source and 

trajectory, which can impact the initial 8180  of the moist air and extent to which isotopic 

equilibriums are achieved through the entire distillation process, and, ultimately, this adds

1Snon-temperature-related noise to meteoric 8 O (Sodemann et al., 2008a, 2008b; Sturm et 

al., 2010). A second complication is the potential for changes in precipitation seasonality. 

In high-latitude regions, tree-ring 8lsO is labelled by a mixture of isotopically-depleted 

snowmelt and relatively enriched summer rain, and will be seasonally-biased towards the 

months that contributed most water to the soil (Sturm et al., 2010). If circulation alters the 

proportion of isotopically-depleted/enriched snow/rain for a given site, the seasonal bias 

of the tree-ring S180  temperature signal may also change. This effect has been noted at 

some sites in continental Siberia where a steady rise in winter snows relative to annual 

precipitation led to a decline in tree-ring 8lsO over the 20th century, despite a rise in air 

temperature (Saurer et al., 2002). Variability in atmospheric circulation has been blamed 

for instabilities in the tree-ring S180-temperature response at several sites in Scandinavia 

(Seftigen et al., 2011), China (Liu et al., 2009), and Italy (Reynolds-Henne et al., 2007), 

although the ultimate cause(s), i.e., source/trajectory or precipitation seasonality, was not 

investigated.
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Depending on how variable circulation patterns are over time, and how sensitive 

the meteoric 5 lsO-temperature relation at a given site is to circulation, the tree-ring 8180- 

temperature signal may or may not vary substantially due to circulation changes. At sites 

where meteoric §180  is strongly influenced by circulation, tree-ring 5I80  may be a poor 

temperature proxy, but could potentially be used as a circulation proxy. Where circulation 

and temperature signals are equally strong, a simple paleoclimate interpretation may not 

be possible. But where circulation effects are weak compared to temperature effects, a 

temperature reconstruction may be possible.

The main source of meteoric water for the Mackenzie Delta and much of NWNA 

is the North Pacific (Bums, 1973; Wahl et al., 1987; Dyke, 2000), and the trajectory of 

this moisture is strongly influenced by the strength of the semi-permanent Aleutian Low 

(AL) pressure cell over the north Pacific (Trenberth and Hurrell, 1994; Serreze and 

Barry, 2005). For example, when the AL is in a deeper state, advected air tends to follow 

a more meridional trajectory which draws warm, moist southern air northward into 

NWNA, but also leads to enhanced rain shadowing towards the interior (Mock et al., 

1998; L’Heureux et al., 2004; Rodionov et al., 2005). Conversely, a weak AL leads to 

more zonal air flow. Given the influence of AL on NWNA air flow trajectories, AL 

variability could impact meteoric S180  in the Mackenzie Delta and the robustness of tree- 

ring 5180-temperature signals, although a direct assessment of this potential effect is not 

possible due to the near absence of meteoric 5180  data from NWNA (Bowen and 

Revenaugh, 2003; IAEA/WHO, 2006). However, some proxy-based evidence appears to 

suggest that AL-5180  effects may be significant in parts of NWNA.
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The Mt. Logan Prospector Russell Col (PRCol) ice-core S180  and Jellybean Lake 

lake-core calcite 5180  records in S.W. Yukon, proxies for meteoric 5I80 , both exhibit an 

abrupt depletion at ca. AD 1840 unlike any other since AD 800 (Fig. 2.7; Fisher et al., 

2004; Anderson et al., 2005). This depletion is not consistent with a classical temperature 

effect since most biological temperature proxies from the area suggest that post-AD 1840 

temperatures have been relatively warm (Davi et al., 2003; D’Arrigo et al., 2006; Viau et 

al., 2012). Instead, Fisher et al. (2004) interpreted the post-1840 depletion as a shift from 

zonal- to meridional-type circulation, consistent with an intensified AL. However, the 

occurrence of a major regime shift at this time is putative at best as it is not corroborated 

by other lake-core Sl80  records from interior Yukon (Anderson et al., 2007, 2011) or the 

Eclipse ice-core 82H record which is ca. 40 km N.W. from PRCol. Also, a well-verified 

North Pacific Index (a measure of AL strength) reconstruction by D’Arrigo et al. (2005), 

based on an extensive ring-width chronology network from coastal NWNA, indicates that 

AL variability was comparable between the pre- and post-AD 1840 eras and that a major 

regime shift likely did not occur at AD 1840 (Fig. 2.8). The physical basis for the tree- 

ring-NPI relation, presumably, manifests through the influence of AL on coastal climate, 

which in turn influences tree growth.

Given these disparate results, it is pre-mature to accept or refute the occurrence of 

the putative AD 1840 event, qualify it as a large-scale regime shift, or draw conclusions 

about the sensitivity of meteoric 5I80  in these areas to circulation. Additional proxy 5180  

records from NWNA are needed to address these uncertainties. This doctoral research 

looks for evidence of the AD 1840 event in the Mackenzie Delta by extending Porter et 

al.’s (2009) tree-ring S180  record from AD 1850 back to 1780. Furthermore, the stability
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Figure 2.7. Comparison of the Mt. Logan PRCol ice-core 5I80  (red) and Jellybean Lake 
calcite dl80  (black) records; time-series data provided by D. Fisher (Geological Survey of 
Canada) and L. Anderson (U.S. Geological Survey). Both records exhibit an anomalous 
shift at AD 1840 that is thought to reflect a shift in the strength of the Aleutian Low.
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of the tree-ring temperature-5 lgO response over the period AD 1892-2003, a period that 

experienced a wide range of AL variability (D’Arrigo et al., 2005), is assessed and used 

as indirect evidence for the importance of circulation effects in the Mackenzie Delta.

In the absence of direct or proxy meteoric 5,80  records, numerical models could provide 

some insight into the ‘expected’ sensitivity of meteoric 5180  to circulation for a given 

area (Jouzel et al., 1997; Sodemann et al., 2008a, 2008b; Field et al., 2010; Sturm et al., 

2010). A relatively coarse scale (4° x 5° horizontal resolution) analysis for NWNA was 

carried out by Field et al. (2010) using the isotope-enabled general circulation model 

NASA-GISS ModelE (Schmidt et al., 2005, 2006). Field et al. found that variability in 

circulation likely has a significant impact on NWNA meteoric 5180  for winter months, 

but not on a mean annual basis. Further, they found that a shift from zonal to meridional 

circulation would likely cause an increase in meteoric 5180 , not a decrease as suggested 

by Fisher et al. (2004). Field et al. (2010) did not specifically evaluate circulation effects 

in the Mackenzie Delta region, but their results appear to show that Mackenzie Delta 

meteoric 5180  would be affected during winter months. However, Field et al. (2010) did 

not examine the spring-summer season, which is the seasonal bias of the Mackenzie 

Delta tree-ring 6180  record. To better understand the potential impacts of circulation on 

the Mackenzie Delta tree-ring S180  record and potential to use this record as a first-order 

temperature proxy, this doctoral research also employs the ModelE to characterise the 

expected response of spring-summer meteoric 5lsO to AL variability.
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CHAPTER THREE

TEMPERATURE-GROWTH DIVERGENCE IN WHITE SPRUCE FORESTS OF 

OLD CROW FLATS, YUKON TERRITORY, AND ADJACENT REGIONS OF 

NORTHWESTERN NORTH AMERICA1

3.1 INTRODUCTION

In high-latitude regions, dendroclimatic studies often report a positive relationship 

between summer temperatures and tree-ring width (e.g., Briffa et al., 1990; Szeicz and 

MacDonald, 1995; Gostev et al., 1996; D’Arrigo et al., 2006; Frank et al., 2007; Wilson 

et al., 2007; Youngblut and Luckman, 2008). This observed relation is intuitive for trees 

living at the cold northern margins of the boreal forest where tree growth is largely 

thought to be temperature-dependent; however, this is not always the case. In 

northwestern North America (NWNA), in particular, many white spruce (Picea glauca 

[Moench] Voss) stands are inversely correlated with previous-year summer temperature 

(e.g., Barber et al., 2000; Lloyd and Fastie, 2002; Wilmking et al., 2004; Pisaric et al., 

2007; McGuire et al., 2010). At some of these sites, inverse relations may have persisted 

over the entire 20th century (Lloyd and Bunn, 2007), but at others they appear to be a 

recent phenomenon (Jacoby and D’Arrigo, 1995; D’Arrigo et al., 2004). Similar 

temperature response shifts are also found at high-latitude Eurasian sites (Briffa et al., 

1998b; Jacoby et al., 2000). Collectively, these instances of transient temperature-growth

1 A modified version of this chapter has been published in the journal Global Change 
Biology -  Porter, T, & Pisaric, M, 2011: Temperature-growth divergence in white spruce 
forests of Old Crow Flats, Yukon Territory, and adjacent regions of northwestern North 
America. Global Change Biology, 17: 3418-3430.

42



responses are referred to as the Divergence Problem (hereafter 'divergence'; D’Arrigo et 

al., 2008).

In a paleoclimatology context, divergence complicates the use of affected tree- 

ring chronologies as temperature proxies since reconstructions depend on time-stable 

proxy-climate relations. However, because high-latitude tree-ring networks are an 

important data source for centennial- to millennial-length temperature reconstructions 

(Jansen et al., 2007), it is important to improve understandings of divergence and the 

extent to which past climate-growth relations can be considered time-stable.

Divergence is often observed as a low-frequency departure between summer 

temperature and ring-width occurring after the mid- to late-20th century (D’Arrigo et al., 

2008), coinciding with the warmest period the Arctic has experienced in the last two 

millennia (Kaufman et al., 2009). Although the cause(s) of divergence are largely 

unknown, it has been suggested that the relatively warm late-20th century may be driving 

this non-linear behaviour by temperature-induced drought stress (Jacoby and D’Arrigo, 

1995; Barber et al., 2000; Lloyd and Bunn, 2007; McGuire et al., 2010) or optimal 

biological temperature thresholds being surpassed (D’Arrigo et al., 2004; Wilmking et 

al., 2004). Other possible explanations for divergence include late-20lh-century changes 

in snow cover (Vaganov et al., 1999), UV-B radiation (Briffa et al., 2004), and global 

dimming (D’Arrigo et al., 2008). However, current understandings of divergence are 

based on a small number of study sites, limiting one’s ability to draw conclusions about 

its causes and the likelihood that past temperature-growth relations were also impacted.

Here, a new network of site-averaged ring-width chronologies from 23 white 

spruce sites in Old Crow Flats, Yukon Territory, Canada, is used to satisfy three
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objectives: (1) expand the high-latitude tree-ring network into a region where this 

research has been absent; (2) examine the response of this network to temperature; and 

(3) determine if trees in this region were impacted by divergence. Further, comparisons 

are drawn between these results and a larger-scale network of white spruce sites across 

NWNA. Old Crow Flats hosts the northernmost extent of boreal treeline in Yukon 

Territory and is adjacent to interior Alaska, central Yukon, and the Mackenzie Delta, 

areas where divergence has been identified (D’Arrigo et al., 2004; Wilmking et al., 2004; 

Pisaric et al., 2007). The study site network is unique in NWNA due to its high density. 

This characteristic makes it possible to better identify regionally-significant growth 

patterns that are closely linked to regional-scale factors such as climate than any 

individual site chronology (Hughes, 2011).

3.2 MATERIALS AND METHODS

3.2.1 Study region

The Old Crow Flats region (Fig. 3.1) is a low-lying basin complex bounded by 

mountain ranges in Alaska and Yukon Territory. The region’s surficial geology is 

primarily defined by a thick glaciolacustrine clay unit deposited by Glacial Lake Old 

Crow when it occupied the area from ca. 24,000-12,000 years BP (Hughes, 1972;

Morlan, 1980; Thorson and Dixon, 1983; Dyke et al., 2002). Much of the region is poorly 

drained and covered by a vast mosaic of shallow lakes and peatlands (Ovenden and 

Brassard, 1989; Labrecque et al., 2009). Meandering channels incise the surficial clay 

and provide some drainage (Lauriol et al., 2002). Channel floodplains are well drained
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Figure 3.1. (a) White spruce sites sampled in Old Crow Flats (site codes indicated, see 
Table 3.1). Major lakes and channels are shaded grey, (b) Climate stations at Fairbanks 
(FAI), Fort Yukon (FTY), Inuvik (INU), Aklavik (AKL), and Fort McPherson (FTM). (c) 
Large-scale context of Old Crow Flats. Boreal treeline was delineated in (b) and (c) from 
the Circumpolar Arctic Vegetation Map dataset (Walker et al. 2005). The shaded relief in 
panels (b) and (c) is based on the GTOPO30 digital elevation model (U.S. Geological 
Survey; http://wwwl .gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html) and 
differentiates between low (light grey) and high (dark grey) elevations.
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and covered by thick organic layers underlain by fine-to-coarse fluvial deposits (Hughes 

and Rampton, 1971). White spruce forests in the region are generally found on 

floodplains while black spruce (Picea mariana [Mill.] BSP) forests tend to occupy poorly 

drained areas amongst the lakes.

Old Crow Flats is in the continuous permafrost zone (Heginbottom et al., 1995). 

Climate is highly seasonal (Fig. 3.2) with dry, stable Arctic air dominating during winter, 

and relatively warm, moist air from the North Pacific and Beaufort Sea during summer 

(Dyke, 2000). Mean annual, winter (Dec-Feb), and summer (Jun-Aug) temperatures at 

Old Crow are -9.0°C, -28.6°C, and 12.6°C, respectively

(http://www.climate.weatheroffice.gc.ca). Minimum (maximum) temperatures are below 

freezing for all months except June-August (May-September) (Fig. 3.2). Despite its 

abundance of lakes, annual precipitation at Old Crow Flats is low compared to other 

northern regions with only parts of the Canadian Arctic Archipelago and northern 

Greenland receiving less precipitation per annum (Serreze and Barry, 2005). Old Crow 

receives ca. 265 mm of precipitation annually, ca. 38 mm during winter, and ca. 119 mm 

in summer (Fig. 3.2).

3.2.2 Tree-ring data

Twenty-three white spruce stands were sampled in 2007 and 2008 (Fig. 3.1a); all 

sites are situated within 150 km of latitudinal treeline. General sampling locations were 

preselected so that sites would be distributed across the region. In the field, mature sites 

were preferentially sampled to maximize the length of resultant tree-ring chronologies. 

Mature sites were identified based on tree morphology and abundance of deadwood. All
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Figure 3.2. Monthly normals (1971-2000) for minimum, mean, and maximum 
temperatures (lines), and total precipitation (bars) at Old Crow, Yukon Territory 
(http://www.climate.weatheroffice.ec.gc.ca).
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sites shared a similar open canopy structure such that light could easily penetrate to 

ground level, and a comparable assemblage of shrubs, mosses, grasses, and lichens. All 

sites except TM2 and SCI are situated on channel floodplains. TM2 is situated on a hill 

known locally as Timber Hill and faces south-west; SCI is a relatively high-elevation site 

(ca. 647 m a.s.l. compared to ca. 267 m a.s.l. on average for the other sites; Table 3.1) in 

the Old Crow Range and faces north-east. The remaining sites have no particular aspect.

On average, 33 trees were sampled per site, most of which (ca. 80%) were living. 

Increment cores were collected from living trees, and cookies were collected from dead 

trees. Standard techniques were used to collect and prepare tree-ring samples for ring- 

width measurement (Speer, 2010). Rings were visually cross-dated and measured using a 

Velmex tree-ring system (precise to 0.001 mm). Two radii per tree were measured in all 

but a few cases. Cross-dating accuracy was verified using the program COFECHA 

(Holmes, 1983). Age-related trends were removed using standard data-adaptive negative 

exponential or negative to zero slope linear curve fits (Fritts et al., 1969). A ‘signal-free- 

enabled’ version of the program ARSTAN (courtesy of Ed Cook, Lamont-Doherty Earth 

Observatory Tree-Ring Laboratory) was used to calculate standard tree-ring indices 

according to the ‘signal-free standardisation’ approach described by Melvin and Briffa 

(2008). Mean site chronologies were calculated using the robust bi-weight mean (Cook, 

1985). Signal-free standardisation was used instead of traditional standardisation because 

it is ideally suited to avoid ‘trend-distortion,’ an effect that can distort the common 

climate signal in tree-ring series, especially toward the modem end of mean site 

chronologies (Melvin and Briffa, 2008). For some of the sites, trend distortion would be a 

valid concern if signal-free methods were not used (Appendix B, SI-Figs. 3.1 and 3.2).
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Table 3.1. White spruce sites sampled in Old Crow Flats and corresponding tree-ring

Site
code

Lat.
(°N)

Long.
(°W)

Elev.
(m)

No.
series/
trees

First
year

Last
year

Mean series 
length (yrs)

DP21 67.53 139.93 251 67/35 1657 2007 199.7
DP23 67.50 139.96 249 46/24 1711 2007 216.1
DP24 67.51 139.96 249 42/22 1735 2006 208.7
DP25 67.52 139.99 251 43/22 1759 2006 163.7
DP26 67.52 140.02 243 36/20 1728 2006 200.5
DP27 67.50 140.06 243 57/29 1608 2007 150.0
DP30 67.48 140.33 244 71/36 1552 2007 247.2
DP31 67.48 140.26 245 80/41 1617 2007 240.6
JC1 67.95 139.14 286 73/37 1744 2007 157.0
OC2 67.59 139.75 258 67/35 1691 2007 149.7
OC9a 67.70 139.81 267 54/27 1618 1846 183.8
OC9b 67.70 139.81 267 50/26 1874 2007 109.2
OCIO 67.72 139.82 259 61/32 1719 2006 111.7
OC50 68.13 139.93 282 45/25 1668 2007 184.8
OC51 68.07 139.78 272 84/43 1680 2007 186.6
OC52 68.05 139.59 269 59/31 1749 2007 158.9
OC53 67.86 139.79 265 82/44 1648 2007 189.3
OC54 68.22 140.09 292 42/21 1615 2007 140.3
PC17 67.55 139.41 251 94/49 1803 2006 159.2
PC 18 67.53 139.32 251 60/33 1686 2006 203.4
SCI 67.76 140.52 647 56/29 1537 2007 214.4
TH1 68.33 140.75 339 97/50 1650 2007 225.4
TM1 68.34 139.72 315 94/48 1631 2007 223.6
TM2 68.17 139.78 305 77/41 1522 2007 217.4

N.B. -  OC9a and OC9b belong to the same site, but do not overlap because of a stand 
replacing fire that occurred just prior to circa A.D. 1850; OC9a represents a population of 
trees that died before or during the fire and OC9b represents the post-bum population.
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3.2.3 Temperature-growth analysis

The Old Crow climate record is relatively short (1951-2007) and incomplete. To 

support a longer comparison with the tree-ring data, a regional composite temperature 

record was developed from stations in Fairbanks and Fort Yukon in Alaska, and Inuvik, 

Aklavik, and Fort McPherson from the Mackenzie Delta region of Northwest Territories 

(Fig. 3.1b). These records compare well with the Old Crow record in terms of trend and 

interannual variability, and can be used to estimate regional temperatures for Old Crow 

Flats. Alaskan data were provided by the Alaska Climate Research Center (M. Shulski, 

2008, pers. comm.) and Canadian data were obtained from Environment Canada 

(www.climate.weatheroffice.ec.gc.ca). The records were averaged by region for interior 

Alaska and the Mackenzie Delta (following normalization), and the regional means were 

then scaled to the Old Crow record and averaged to create a monthly minimum, mean, 

and maximum temperature record for the larger region centered on Old Crow Flats. The 

regional composite spans 1930-2007 (pre-1930 data were not used due to limited spatial 

coverage). For the average month, regional minimum, mean, and maximum temperatures 

are well correlated with minimum, mean, and maximum temperatures recorded at Old 

Crow (r = 0.88, 0.91, and 0.88, respectively; p < 0.001).

Growth-year and previous-year May-August temperatures (1930-2007) were 

compared to each of the 23 site chronologies to determine their dominant response to 

temperature. Pearson’s Product-Moment Correlation Coefficients (r-values) were used to 

quantify these relations. Sites that shared a common temperature response were averaged 

into mean regional chronologies to enhance the common signal and then examined for 

signs of divergence as observed in neighbouring regions.

50

http://www.climate.weatheroffice.ec.gc.ca


3.3 RESULTS

3.3.1 Temperature-growth relations in Old Crow Flats

Correlations between the 23 mean site chronologies and the regional temperature 

record reveal two primary, and distinctly opposite responses to summer temperature 

(Table 3.2). In general, all sites are best correlated with June or July temperatures, but 

roughly half correlate negatively and the other half correlate positively with June or July 

temperatures (Table 3.2). The negatively correlated sites are most strongly correlated 

with previous year maximum July temperatures, while the positively correlated sites 

exhibit their strongest correlations with minimum June temperatures of the growth year. 

Sites with the negative/positive temperature response are hereafter referred to as ‘Group 

l ’/ ’Group 2’ sites (Table 3.2). Only one site, DP21, had a ‘mixed’ temperature relation, 

albeit weak, and could not be differentiated as either Group 1 or Group 2 (Table 3.2). 

Since the primary focus of this study is regionally-significant growth responses to 

temperature, the Group 1 and Group 2 chronologies, which are of greater regional 

importance, are examined further.

3.3.2 Group 1/Group 2 regional growth patterns

The distinction between Group 1 and Group 2 sites is clear in terms of correlation 

with summer temperature (Table 3.2). In terms of growth index, there are many notable 

differences and similarities (Fig. 3.3a, b) which are emphasized by comparing the mean 

Group 1 and Group 2 chronologies (Fig. 3.3c; calculated for all years defined by 2 or 

more site chronologies). Mean Group 1 and Group 2 chronologies are highly coherent
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Table 3.2. Correlations between the 23 Old Crow Flats site chronologies and previous- 
year June/July maximum temperatures (left) and growth-year June/July minimum 
temperatures (right) (see Appendix B, Si-Table 3,1 for May-August correlations); only 
correlations significant at p < 0.05 (two-tailed) are presented; sites are classed as Group

Previous year 
max. temperatures

Growth year 
min. temperatures

June July June July
Mixed
DP21 -0.29 0.31

Group 1
DP27 -0.45 -0.58 -0.28 -0.41
DP30 -0.28 -0.43 - -

OC9 -0.50 -0.54 -0.42 -0.41
OCIO -0.24 -0.48 - -

OC50 -0.42 -0.40 - -

OC52 -0.41 -0.57 - -0.25
OC53 -0.25 -0.48 - -

OC54 -0.41 -0.58 -0.31 -0.35
PC18 -0.35 -0.54 - -0.23
TM1 - -0.41 - -

TM2 -0.41 -0.62 - -

Group 2
DP23 - - 0.41 -

DP24 0.35 - 0.54 0.43
DP25 0.35 0.24 0.54 0.48
DP26 0.33 - 0.52 0.38
DP31 - - 0.48 0.27
JC1 - - 0.39 -

OC2 - - 0.44 0.26
OC51 0.24 - 0.57 0.45
PC17 0.38 0.25 0.54 0.41
SCI 0.34 - 0.53 0.43
TH1 0.24 - 0.58 0.42

Regional
means

Group 1 
Group 2

-0.42
0.28

-0.61
0.57

-0.24
0.40
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Figure 3.3. (a/b) Group 1 /Group 2 site chronologies (grey lines); all site chronologies are 
defined by > 4 series (> 2 trees). The mean Group 1/Group 2 chronologies (black lines) 
were calculated using a robust bi-weight mean for all years defined by 2 or more site 
chronologies. Sample depth curves are indicated above each plot, (c) A comparison of the 
mean Group 1 (1555-2007) and Group 2 (1620-2007) chronologies. The running 51-year 
correlation (above plot) indicates coherence between the chronologies (dashed line is p < 
0.05 level), (d) High-pass filtered (40-year cubic smoothing spline, 50% frequency cut
off; Cook and Peters 1981) comparison of the mean Group 1 and Group 2 chronologies; 
the high-pass series were smoothed with a 3-year cubic-smoothing spline for ease of 
comparison.
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over the period 1620-1800, as demonstrated by a strong running correlation coefficient 

(Fig. 3.3c; see also Appendix B, SI-Fig. 3.3a for a magnified comparison).

Both groups began the 19th century at their lowest index values on record and 

maintained similar growth levels until ca. 1850 before following an upward trend into the 

20th century (Fig. 3.3c). However, Group 1 began its upward trend slightly before Group 

2 (as early as ca. 1825/1875 for Group 1/Group 2) causing a systematic offset between 

them until the mid-20th century (Fig. 3.3c; see Appendix B, SI-Fig. 3.3b for a magnified 

comparison). The significance of these differences was tested using a running 2-sample t- 

test (see Appendix B, SI-Note 3.1). Significant (p < 0.05) differences between the Group 

1 and Group 2 chronologies are found during 63% of years from 1866-1948. However, 

despite these growth differences, their respective linear trends were indistinguishable 

over the period 1866-1948 (+0.043/+0.042 index values per decade for Group 1/Group 2) 

leading to a strong, stable running correlation (Fig. 3.3c; mean r = 0.82).

Important differences emerge after the 1930s. Group 1 reaches its highest growth 

values on record in the 1930s (Appendix B, SI-Fig. 3.3; 1926-1935 mean index = 1.2) 

and then declines towards low values in the 1980s. Conversely, Group 2 maintains a 

positive trend throughout the 20th century and reaches record high growth values at 

present (Appendix B, SI-Fig. 3.3; 1998-2007 mean index = 2.0). Effectively, this 

opposing behaviour equates to a ‘growth-trend divergence’ that is evident in the running 

correlation which drops below the p < 0.05 significance level in 1953, reaching its lowest 

point (r = -0.02) in 1966 (Fig. 3.3c). Group 1 growth trends become positive after the 

1980s contributing to a small rise in correlation with Group 2. By 1972, correlations 

become significant again, but remain low relative to pre-1930 correlations (Fig. 3.3c).
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While the Group 1 and Group 2 chronologies are very different in the ‘low- 

frequency’ domain since the 1930s, the two groups are coherent at higher-frequencies 

over all periods. To demonstrate this, high-pass filtered mean Group 1 and Group 2 

chronologies (40-year cubic smoothing spline; see Cook and Peters, 1981) were 

compared. The comparison shows that both groups exhibited the same high-frequency 

growth variations over the last 400 years, even after the post-1930s growth trend 

divergence described above (Fig. 3.3d).

3.3.3 Group 1/Group 2 vs. temperature

As with their constituent site chronologies, the mean Group 1 and Group 2 

chronologies are most strongly correlated with previous-year July maximum and growth- 

year June minimum temperatures, respectively (Table 3.2). A visual comparison of the 

mean group chronologies versus their most closely associated temperature index shows 

no apparent signs of temperature-growth divergence during recent decades of the 20th 

century (Fig. 3.4), as observed in other parts of NWNA. From the 1930s to 1980s, Group 

1 growth declined as July maximum temperatures increased, but rebounded from the 

1980s to present as July temperatures cooled slightly (Fig. 3.4). Contrary to July 

maximum temperatures, June minimum temperatures have increased steadily since the 

1930s, a trend that is matched by the Group 2 growth response (Fig. 3.4).

3.3.4 Larger-scale significance of Group 1/Group 2

To determine if the contrasting Group 1 and Group 2 growth patterns are a local 

phenomenon or reflective of larger-scale growth patterns, long white spruce ring-width
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Figure 3.4. Comparisons between mean Group 1/Group 2 (black lines) and previous-year 
July maximum/growth-year June minimum temperatures (grey lines); correlations are 
significant at p < 0.001.
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series from adjacent parts of NWNA (Fig. 3.5) were obtained from the International Tree 

Ring Databank (ITRDB; http://www.ncdc.noaa.gov/paleo/treering.html) and other 

sources (Table 3.3), and compared to the mean Group 1 and Group 2 chronologies. Only 

chronologies spanning 1700-1975 were considered in order to assess long-term growth 

coherence. Also, a number of spatial criteria were considered to determine which sites 

were used. To avoid sites with a strong maritime climate (e.g., Gulf of Alaska coastline; 

see L’Heureux et al., 2004; Serreze and Barry, 2005), only sites above 65°N were used. 

The longitudinal range of sites extends eastward from the west coast of Alaska to 115°W. 

This spatial range coincides with sites near boreal treeline where tree growth is expected 

to be temperature-limited. The ITRDB has 26 chronologies matching the spatiotemporal 

criteria (Fig. 3.5; Table 3.3). Further, 2 ‘sub-population’ chronologies developed from 

hundreds of white spruce trees at several sites in the Mackenzie Delta (Pisaric et al.,

2007; Fig. 3.5; Table 3.3) were used. All 28 ‘NWNA chronologies’ were processed using 

signal-free standardisation as outlined in the Methods section.

The NWNA chronologies were considered comparable to Group 1 and Group 2 if 

they met the following criteria: (1) correlates positively and significantly (p < 0.01) with 

both Group 1 and Group 2 from 1850-1930; and (2) correlates positively and 

significantly with only one of Group 1 or Group 2 from 1930-present. Based on these 

criteria, 14 NWNA chronologies are not similar to Group 1 or Group 2 (Table 3.3; sites 

02-03, 05-13,15, 18, & 25), 11 of which (sites 02-03, & 05-13) are clustered in a small 

area (ca. 8 km radius) on the Seward Peninsula, Alaska. Of the remaining 14 NWNA 

chronologies, 7 are similar to Group 1: sites 14, 17, 19-21, & 23-24 (Table 3.4); 

hereafter, these chronologies, including the mean Group 1 chronology, are referred to as
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Figure 3.5. Locations of all NWNA site chronologies compared to the mean Group 
1 /Group 2 chronologies (site numbers indicated, refer to Table 3.3). The shaded relief is 
based on the GTOPO30 global digital elevation model (U.S. Geological Survey; 
http://wwwl.gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html) and differentiates 
between low (light grey) and high (dark grey) elevations.
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Table 3.3. List of 300+ year white spruce ring-width chronologies from upper NWNA 
(65-70°N, 115-170°W) that were compared to the mean Group 1 (Gl)/Group 2 (G2) 
chronologies from Old Crow Flats. Correlations with G1/G2 were calculated for all years 
of overlapping data for the periods 1850-1930 and 1930-2003; only positive correlations 
significant at p < 0.01 (one-tailed) are provided. Site no. corresponds to the map of
NWNA sites (Fig. 3.5). Mean chronologies for each NWNA site were calculated from 
raw ring-width data using signal-free standardisation as outlined in the Methods section. 
All ring-width files were downloaded from the ITRDB unless stated otherwise.

Site
no. Site name, ITRDB code Temporal

coverage

Correlation with G1/G2
1850-1930 1930-2003
G1 G2 G1 G2

01 Almond Butter Lower, AK057 1607-2002 0.26 0.32 - 0.58
02 Almond Butter Upper, AK058 1406-2002 - - - -

03 Alpine View, AK059 1542-2002 - - - -

04 Burnt Over, AK060 1621-2002 0.27 0.29 - 0.46
05 Bye Rosanne, AK061 1575-2002 - - 0.47 -

06 Death Valley, AK062 1358-2002 - - - -

07 Echo Slope, AK063 1590-2002 - - - -

08 Frost Valley, AK064 1611-2002 - - 0.31 -

09 Gordon’s Cat, (AK065 1400-2002 - - - -

10 Hey Bear, AK066 1533-2002 - - - -

11 Hey Bear Upper, AK067 1383-2002 - - - -

12 Mt. Mole, AK068 1550-2002 - - - -

13 Windy Ridge, AK070 1556-2002 - - - -

14 “Four-Twelve with Revisit, AK031 1515-1990 0.55 0.51 0.63 -

15 bKobuk/Noatak, AK046 978-1992 - - 0.36 0.29
16 “Arrigetch, AK032 1585-1990 0.41 0.39 - 0.50
17 Sheenjek River and Flats, AK033 1296-1979 0.41 0.37 0.51 -

18 “Firth River, AK047 1676-2002 0.71 0.71 - -

19 Spruce Creek, CANA029 1570-1977 0.34 0.26 0.48 -

20 dRichardson Mountain, CANA121 1547-1992 0.64 0.65 0.59 -

21 “Twisted Tree Heartrot Hill, CANA157 1459-1999 0.65 0.66 0.69 -

22 eMDEC Positive Responders 1516-2003 0.77 0.82 - 0.86
23 eMDEC Negative Responders 1501-2003 0.72 0.73 0.82 -

24 fCampbell Dolomite Upland, CANA138 1060-1992 0.56 0.45 0.67 -

25 Mackenzie Mountains, CANA156 1509-1984 - - 0.69 -

26 Franklin Mountains, CANA154 1621-1984 0.39 0.34 - 0.45
27 dDiscovery Ridge, CANA117 1429-1991 0.35 0.26 - 0.63
28 “Coppermine River, CANA 153 1046-2003 0.53 0.59 - 0.29

Data contributors by site #: Church and Fritts (19); D’Arrigo, Mashig, Frank, Wilson, and 
Jacoby (01-13); Jacoby, D’Arrigo, and Buckley (14, 16-17, 21, 25-26, and 28); King and 
Graumlich (15); Pisaric (22-23); Szeicz and MacDonald (27); Szeicz, MacDonald, and 
Lundberg (20 and 24); Wilmking (18).
aUpdated versions of sites 14, 16, 21, and 28 (not yet available on ITRDB) were provided 
by R. D’Arrigo (pers. comm.).
bKobuk/Noatak is a regional (ca. 24,000 km2 area) composite developed from hundreds 
of trees in the Kobuk and Noatak River basins.
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cCross-dating verification using COFECHA indicated that two of the Firth River series 
(BRFR49 & 88) should be adjusted -1 year. The possibility these series were misaligned 
was confirmed by M. Wilmking (pers. comm., Sept. 2010). Adjusting these series 
increased their correlation with the BRFR49/88 master chronologies from 0.03/0.11 to 
0.40/0.41.
dAs per Szeicz and MacDonald (1995), only 200+/100+ year series for Discovery 
Ridge/Richardson Mountain were used.
eMDEC (Mackenzie Delta East Channel) represents several sites in the Mackenzie Delta 
whose individual series were pooled into ‘positive- or negative-responder’ chronologies 
(Pisaric et al. 2007). The Positive and Negative Responder chronologies used here are 
modified versions of the originals used by Pisaric et al. (2007); see Appendix B, SI-Note
3.2 for more details.
fA subset (11 trees) of samples collected by Szeicz, MacDonald, and Lundberg from 
Campbell Dolomite Upland was developed into a separate ‘Campbell Dolomite Upland 
B’ chronology by F. Schweingruber and is available on the ITRDB. Here only the 
Szeicz, MacDonald, and Lundberg version was used because of its much larger sample 
depth.
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‘NWNA 1 chronologies’ (Fig. 3.6a). The other 7 NWNA chronologies are similar to 

Group 2: sites 01, 04, 16, 22, & 26-28 (Table 3.4). These chronologies, plus the mean 

Group 2 chronology, are now referred to as ‘NWNA 2 chronologies’ (Fig. 3.6b).

A comparison of the mean NWNA 1 and NWNA 2 chronologies reveals the same 

general observation seen with the Old Crow Flats tree-ring data. NWNA 1 and NWNA 2 

had a coherent growth pattern from AD 1550 until the mid-20th century, after which the 

mean chronologies diverge from one another (Fig. 3.6c). This is reflected in the strong 

running correlation from 1550-1930 and the subsequent decline to non-significant values 

by 1957 (Fig. 3.6c). Unlike with Group 1 and Group 2, NWNA 1 and NWNA 2 have 

very little offset from 1866-1948 (Fig. 3.6c); only 10% of the years over this period are 

significantly different based on a running 2-sample t-test (Appendix B, SI-Note 3.1). A 

second important difference between the Old Crow Flats and the NWNA chronologies is 

that the timing of mid-20th-century divergence differs slightly. NWNA 1 sites do not peak 

until ca. 1950s, which is roughly 2 decades later than the Group 1 sites in Old Crow Flats. 

Lastly, as was found in Old Crow Flats, high-frequency growth patterns at the NWNA- 

scale were coherent over all periods (Fig. 3.6d) suggesting that growth trend divergence 

is exclusively a low-frequency phenomenon.

3.3.5 NWNA 1/ NWNA 2 vs. temperature

Given their similarity to Group 1/Group 2, it seems plausible that NWNA 

1/NWNA 2 may also represent negative/positive responses to 20th-century summer 

temperature. Indeed, this idea is supported by independent climate-growth analyses for
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Table 3.4. NWNA chronologies that meet the following two similarity criteria: (1) 
correlates positively and significantly (p <0.01) with both Group 1 and Group 2 from 
1850-1930; and (2) correlates positively and significantly with only one of Group 1 or 
Group 2 from 1930-present. Chronologies that meet these criteria and are most closely 
associated with Group 1/Group 2 during 1930-2003 are classed as NWNA 1/NWNA 2 
chronologies.

NWNA 1 chronologies
Campbell Dolomite Upland 
Four-Twelve with Revisit 
MDEC Negative Responders 
Richardson Mountain 
Sheenjek River and Flats 
Spruce Creek 

^^wistedTreeHeartroUM 
NWNA 2 chronologies 

Almond Butter Lower 
Arrigetch 
Burnt Over 
Coppermine River 
Discovery Ridge 
Franklin Mountains 
MDEC Positive Responders
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Figure 3.6. (a/b) NWNA 1/NWNA 2 site chronologies (Table 3.4; including the mean 
Group 1/Group 2 chronologies) (grey lines); all site chronologies are defined by a 
minimum of 4 series from at least two different trees. The mean NWNA 1/NWNA 2 
chronologies (black lines) were calculated using a robust bi-weight mean for all years 
defined by a minimum of two site chronologies. Sample depth curves are indicated above 
each plot, (c) A comparison of the mean NWNA 1 and NWNA 2 chronologies. The 
running 51-year correlation (above plot) indicates coherence between the chronologies 
(dashed line is p < 0.05 level), (d) High-pass filtered (40-year cubic smoothing spline, 
50% frequency cut-off; Cook and Peters 1981) comparison of the mean NWNA 1 and 
NWNA 2 chronologies; the high-pass series were smoothed with a 3-year cubic- 
smoothing spline for ease of comparison.
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several of the NWNA 1/NWNA 2 site chronologies (Szeicz and MacDonald, 1994, 1996; 

D’Arrigo et al., 2004; Pisaric et al., 2007; Visser et al., 2010). At broader scales, this is 

supported by correlations between the mean NWNA 1/NWNA 2 chronologies and a 

composite of gridded mean monthly temperatures for the greater NWNA region derived 

from the CRUTEM3v dataset (Brohan et al., 2006; see Appendix B, SI-Note 3.3 for 

details on the composite).

Overall, NWNA 1 sites were most strongly and negatively correlated with 

previous-year July temperatures over the last century (1900-2003), as with Group 1 in 

Old Crow Flats (Table 3.5). However, NWNA l ’s temperature-growth relation was not 

stable over the 20th century as demonstrated by a split-period analysis (Table 3.5).

NWNA 1 sites shared a significant positive relation with growth-year June/July average 

temperatures in the early-20th century (1900-1950), and a significant inverse relation with 

prior-year July temperatures in the late-20th century (1951-2003) (Table 3.5). This 

transition from a positive to negative temperature response is effectively illustrated with a 

plot of NWNA 1 versus June/July temperatures (Fig. 3.7). However, because of the 

gradual, low-frequency nature of the change, and of the temperature-growth relation 

itself, it is difficult to pinpoint the timing of temperature-growth divergence with any 

precision. Based on a visual inspection of the data, the early-1960s appear to be a 

reasonable approximation (Fig. 3.7). Conversely, NWNA 2 sites responded positively to 

growth-year June/July temperatures during both the early- and late-20th century (Table 

3.5; Fig. 3.7).
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Table 3.5. Correlations between the mean NWNA 1/NWNA 2 chronologies and regional 
mean monthly CRUTEM3v temperatures (Brohan et al. 2006; see Appendix B, SI-Note 
3.3); correlations for May-August of the prior and current growth years are provided for 
three periods: 1900-2003, 1900-1950, and 1951-2003; all correlations are significant at p 
< 0.05 (two-tailed); underlined coefficients are significant at p <0.01._______

NWNA1 NWNA2
1900-
2003

1900-
1950

1951-
2003

1900-
2003

1900-
1950

1951-
2003

Year May - - - 0.34 - -

t-1 Jun - - - 0.41 - 0.40
Jul -0.36 - -0.40 0.29 - -

Aug - - - 0.21 - -

Year May -0.20 - -0.30 0.20 - -

t Jun - 0.53 - 0.54 0.47 0.46
Jul - 0.39 - 0.54 0.41 0.36
Aug - 0.20 - 0.21 - -
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3.3.6 Long-term temperature-growth relations in NWNA

As both NWNA 1 and NWNA 2 had a positive temperature response before the 

mid-20th century, it seems likely that the NWNA 1 growth pattern represents an 

anomalous temperature response. Although, this idea lacks long-term verification from 

NWNA instrumental data which are largely restricted to the 20lh century. Alternatively, a 

simple comparison against the mean of 6 Northern Hemisphere (NH) temperature 

reconstructions since AD 1300 provides independent verification (Fig. 3.8a and 3.8b). 

NWNA 1 and NWNA 2 track NH temperatures well before the mid-20th century (Fig. 

3.8b) suggesting their pre-divergence growth was a positive function of temperature. It is 

important to note that some site chronologies that constitute the mean NWNA 

chronologies were also used in some of the NH reconstructions; however, the 

contribution of the shared chronologies to the overall variance of the NH reconstructions 

is negligible. In other words, virtually all of the coherence between NWNA 1/NWNA 2 

and NH temperatures is from independent data. Finally, as was the case with NWNA 1 

versus NWNA temperatures (Fig. 3.7), NWNA 1 failed to track NH temperatures since 

the mid-20th century (Fig. 3.8).

3.4 DISCUSSION

3.4.1 Implications and timing of growth trend divergence

Evidence of widespread growth trend divergence in NWNA is presented above. 

The Group 1 and Group 2 chronologies showed similar growth patterns prior to the 

1930s, but one of two contrasting patterns since then. This growth trend divergence 

(negative/positive trends) is the main distinction between Group 1 and Group 2 since the
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Figure 3.8. (a) Northern Hemisphere (NH) temperature reconstructions by Jones et al. 
(1998), Briffa (2000), Esper et al. (2002), D’Arrigo et al. (2006), Wahl and Ammann
(2007), Wilson et al. (2007) (grey lines); mean reconstruction (black line). The 
reconstructions were expressed as z-scores relative to the common period of overlap 
(1750-1980). (b) Comparison of the mean NH temperature reconstruction (thick black 
line; smoothed with 15-year cubic smoothing spline, Cook and Peters 1981) against the 
mean NWNA 1 (dotted)/NWNA 2 (grey line) chronologies. The mean NWNA 
chronologies are defined by a minimum of 2 site chronologies.
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1930s. At larger scales, this growth trend divergence was replicated using 14 white 

spruce chronologies across NWNA, although the timing of divergence was the 1950s.

The coherence of these chronologies before divergence implies that they were responding 

to a similar regional climatic factor; however, their contrasting behaviour since implies 

that one of the groups diverged from its former response to climate.

Due to the instrumental data limitations in Old Crow Flats it was not possible to 

directly assess the implied climate-growth response change for Group 1/Group 2 sites. 

Yet, the NWNA-scale analysis did reveal that NWNA 1 sites transitioned from a positive 

to negative temperature response in the mid-20th century, while NWNA 2 sites 

maintained a stable positive temperature response throughout the 20th century. A 

comparison against reconstructed Northern Hemisphere temperatures confirmed that all 

sites, including NWNA 1 sites, shared a positive temperature response prior to 20th- 

century divergence.

The more recent negative temperature response shared by NWNA 1 trees is 

contrary to expectations of trees in temperature limited environments, and appears to 

suggest that temperature is now negatively influencing growth. A possible explanation 

for this negative response could be temperature-induced drought stress, as suggested by 

others (Jacoby and D’Arrigo, 1995; Barber et al., 2000; Wilmking et al., 2004; McGuire 

et al., 2010), where recent climate warming may be causing a moisture shortage due to 

enhanced evapotranspiration, which then limits tree-ring growth. Another observation 

that deserves attention is the fact that the negative temperature-growth response is 

strongest in July of the previous growing season. The biological origin of this ‘previous 

year’ response may be manifest through a photosynthate carryover effect, whereby
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favourable growing conditions during the previous year translate into a surplus of 

photosynthates, which are then cached in roots and other tissues to augment growth 

during the following growing season (Mooney and Billings, 1960; Kozlowski, 1992). If 

the negative temperature-growth response is due to temperature-induced drought stress, 

warmer years could in fact reduce the carryover of photosynthates from one year to the 

next.

As reported elsewhere (Jacoby and D’Arrigo, 1995; Briffa et al., 1998b; Cook et 

al., 2004; D’Arrigo et al., 2004, 2008), the NWNA results largely support the idea that 

temperature-growth divergence is a mid-20th-century phenomenon. However, there does 

appear to be some variability in timing. For example, in Old Crow Flats, Group 1/Group 

2 sites began to trend in opposite directions as early as the 1930s. Briffa et al. (1998) and 

Pisaric et al. (2007) also found that some regions may have diverged in the 1930s.

On a more cautious note, there is some indication that Group 1 sites began to 

separate from Group 2 sites in terms of temperature sensitivity during the 19th century 

given their offset index values thereafter. At the NWNA-scale, this offset was less 

apparent, but it was evident. Similarly, sub-population (i.e., intra-site dynamics) studies 

in Alaska have also found evidence of growth pattern divergence during the 19th century 

(Wilmking et al., 2004). However, in Old Crow Flats, this offset may not represent a true 

temperature-growth divergence given that Group 1 and Group 2 have virtually identical 

linear trends over their period of offset. This parallel behaviour suggests Group 1 and 

Group 2 responded to climate in the same manner over this period, but that they had 

slight differences in terms of climatic sensitivity. Furthermore, the possibility it is a 

detrending artefact should not be discounted, due to the difficulty in separating age-

70



related trend from two very different externally-forced 20th-century growth patterns, one 

peaking in the 1930s and another with a strong late-century increase. Regardless of its 

nature, the offset does not imply a major change in temperature-growth response. By 

contrast, 20th-century growth trend divergence implies a temperature-growth response 

reversal for some sites.

3.4.2 Long-term stability of temperature-growth relations

Divergence has been the subject of on-going research for nearly two decades 

(D’Arrigo et al., 2008). From a paleoclimatology perspective, it is important to better 

understand the spatiotemporal extent of the phenomenon, its causes, and the likelihood it 

has impacted past growth. In turn, such insight would help determine the extent to which 

affected chronologies can be used to provide robust estimates of past temperature. 

Current understandings of divergence remain tenuous due to the limited number of 

datasets affected by divergence and the co-linearity of potential contributing 

environmental factors (D’Arrigo et al., 2008). However, a growing body of evidence 

suggests that divergence may be caused by the anomalously warm temperatures of the 

20th century (Jacoby and D’Arrigo, 1995; Barber et al., 2000; D’Arrigo et al., 2004; 

Wilmking et al., 2004; Pisaric et al., 2007) which likely have been unmatched in the last 

2000 years (Kaufman et al., 2009).

The idea that divergence is unique to the 20th century does have some empirical 

support. Based on their comparison of divergent northern site chronologies with a 

number of other temperature-sensitive hemispheric chronologies, Cook et al. (2004) 

concluded that 20th-century divergence is unique in the context of the last 1100 years.

71



Similarly, the comparison of the NWNA chronologies to reconstructed NH temperatures 

suggests that 20th-century divergence is unique in the context of the last 700 years, at 

least. In fact, the coherence between the NWNA 1/NWNA 2 chronologies and NH 

temperatures prior to divergence is remarkable considering the spatial-scale differences 

(i.e., NWNA vs. NH) and the well documented regional-heterogeneity of NH 

temperatures over past centuries (D’Arrigo et al., 2006; Mann et al., 2009). One notable 

exception occurs during the late 1400s when the NWNA chronologies indicate a cool 

period. This period corresponds with the well known Sporer minimum (Stuiver, 1961; 

Bard et al., 2000), one of the longest and most pronounced solar minima of the past 

millennium. It is possible that regional climate differences occurred during this period, 

which may explain the temporary departure between the NWNA chronologies and the 

hemispheric mean.

3.4.3 Large-scale drivers of divergence

The results support the notion that divergence in NWNA is unique to the 20th 

century suggesting that it was caused by a large-scale environmental or climatic change 

that is also unique to the 20th century. Several large-scale factors have been proposed 

including: temperature-induced drought stress (Jacoby and D’Arrigo, 1995; Barber et al., 

2000; Lloyd and Fastie, 2002; Wilmking and Juday, 2005; McGuire et al., 2010), 

biological temperature thresholds (D’Arrigo et al., 2004; Wilmking et al., 2004), snow 

cover changes (Vaganov et al., 1999), UV-B changes (Briffa et al., 2004), and global 

dimming (D’Arrigo et al., 2008). Depending on the region, divergence may have been 

caused by one, all, or a combination of these factors. However, negative temperature-
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growth relations in NWNA have been linked to regional moisture gradients (Wilmking 

and Juday, 2005; Lloyd and Bunn, 2007) implying that the divergence may be caused by 

moisture stress. NWNA is already limited in terms of its annual precipitation budget, and 

the strong 20th-century warming in this region (ACIA, 2005) has likely placed an even 

greater moisture limitation on these forests.

Another large-scale factor that may have contributed to divergence in NWNA but 

that has been absent in most published discussions of the phenomenon is Pacific-derived 

moisture. Directional warming was one of the most prominent climate system changes 

following the mid-19th century in high-latitude regions (Overpeck et al., 1997; Kaufman 

et al., 2009). However, in NWNA, this warming was accompanied by important moisture 

changes towards interior NWNA (Anderson et al., 2007, 2011) due to a major 

atmospheric circulation reorganisation linked to the strength of the Aleutian Low (Fisher 

et al., 2004; Anderson et al., 2005). This transition led to a relatively dry 20th century in 

many parts of interior NWNA compared to the last 1200 years (Fisher et al., 2004; 

Anderson et al., 2011). This reorganisation appears to have been widespread as it 

coincides with several other large climate system changes in the Pacific basin (Thompson 

et al., 1986; Mann et al., 2000; Hendy et al., 2002). Although it remains unclear which 

large-scale factor ultimately caused some sites to diverge, several moisture related factors 

may be involved including temperature-induced drought stress and reduced Pacific- 

derived moisture since the mid-19th century.
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3.4.4 The role of small-scale factors

Because divergence is found across such a large portion of NWNA, it is clear that 

it was caused by a large-scale forcing. However, not all sites were affected, some of 

which are found within a few kilometres of sites that were affected (e.g., DP30 vs. DP31, 

or DP23-26 vs. DP27; Appendix B, SI-Fig. 3.4). Therefore, it is also clear that site- 

specific factors determine how each site has been impacted by the putative large-scale 

forcing that caused divergence. Ecological factors may be particularly important. For 

example, Wilmking and Juday (2005) reported that sites with lower tree densities tended 

to have a greater proportion of trees that responded positively to temperature, presumably 

related to soil moisture competition.

Organic layer thickness may also be important. At a white spruce stand in the 

Mackenzie Delta, King (2009) found that trees with a positive temperature-growth 

response were linked to thicker surficial organic layers that maintain cooler active layers 

and limit direct evaporative moisture loss from the soil. Negative temperature responses 

were linked to a thinner organic layer and warmer active layer. A larger-scale study of 

black spruce in western Quebec, Canada, by Drobyshev et al. (2010) also supports the 

notion that surficial organic layer thickness may lead to contrasting climate-growth 

responses (see also Nilsson and Wardle, 2005, and Turetsky et al., 2010 on the 

importance of the organic layer in boreal ecosystem functioning). The contribution of 

such site-level (or intra-site) factors to divergence has not been examined in detail, but 

presents an exciting research opportunity to better understand the spatial complexity of 

tree growth responses in high-latitude boreal ecosystems.
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3.5 CONCLUDING REMARKS

Divergence has been an ongoing issue for dendroclimatologists working in high- 

latitude regions for the past 16 years. Because of the limited number of datasets affected 

by divergence, progress in characterizing and advancing current understandings of it has 

been slow. In this study, a sizeable contribution to the high-latitude tree-ring network was 

made, adding 23 new white spruce chronologies from Old Crow Flats, northern Yukon. 

Furthermore, comparisons between these sites and 14 other long white spruce 

chronologies from across NWNA were made, which shed new light on potential causes 

of divergence. The results suggest that white spruce temperature-growth divergence in 

NWNA largely began in the 1950s, and as early as the 1930s in Old Crow Flats. A long

term comparison of NWNA chronologies against reconstructed Northern Hemisphere 

temperatures provides good independent verification of the idea that these chronologies 

responded positively to temperature since AD 1300, and that divergence in NWNA is 

probably restricted to the 20th century.

The large spatial extent of sites that were impacted by divergence suggests a 

large-scale forcing was the cause. As divergence occurs during the warmest period of the 

last 2000 years (Kaufman et al., 2009) it is likely temperature-induced drought stress is 

involved. A strengthened Aleutian Low since the mid-19th century (Fisher et al., 2004; 

Anderson et al., 2005), which led to anomalously dry 20th-century conditions in interior 

NWNA (Anderson et al., 2011), may also be a contributing factor. However, considering 

the proximity of divergent and non-divergent sites in the network, it was speculated that 

site-specific factors (e.g., organic layer thickness; King, 2009; Drobyshev et al., 2010) 

have an overarching role in determining the susceptibility of trees to divergence.
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CHAPTER FOUR

A RECONSTRUCTION OF JUNE-JULY MINIMUM TEMPERATURES SINCE 

AD 1245 FROM WHITE SPRUCE TREE-RINGS IN THE MACKENZIE DELTA,

NORTHWESTERN CANADA

4.1 INTRODUCTION

The circumpolar north has experienced rapid climate warming in recent decades 

(ACIA, 2005), which has stimulated a broad range of ecosystem-level changes (Tape et 

al., 2006; Bunn et al., 2007; Turetsky et al., 2011). Climate change across the Arctic is 

being characterised based on a sparse network of instrumental climate records that are 

mostly shorter than 100 years in duration (Lawrimore et al., 2011). Although such a 

network is suitable for characterising recent, broad-scale climate changes, it is of limited 

value for evaluating regional variability and the long-term context for recent changes. 

Proxy records can be used to improve the spatiotemporal coverage of northern climate 

datasets (Jones et al., 2009). Tree-ring chronologies are ideal because they are annually- 

resolved and are, thus, comparable to instrumental climate records (Hughes, 2011). Of 

particular interest to this study is the development of millennial-length tree-ring-based 

climate reconstructions, which can be used to characterise natural climate variability and 

the sensitivity of climate to pre-industrial forcings, and test the performance of general 

circulation models over a wide range of climatic conditions (Jansen et al., 2007; Jones et 

al., 2009). However, millennial-length chronologies are not possible in all regions either 

because living trees are too short-lived or environmental conditions are unsuitable for the 

preservation of deadwood. Millennial-length chronologies have been developed for some
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parts of northern Eurasia, but are virtually absent in northern North America (Jansen et 

al., 2007). This study focuses on the Mackenzie Delta region, northwestern Canada, 

which hosts Canada’s northernmost boreal treeline extent and has proven potential for the 

development of multi-centennial to millennial-length, climatically-sensitive tree-ring 

chronologies (Szeicz and MacDonald, 1996; Begin et al., 2000; Pisaric et al., 2007).

A 29-site network of temperature-sensitive white spruce (Picea glauca [Moench] 

Voss) ring-width series, compiled from 10 existing and 19 new sites (Fig. 4.1), is used to 

develop a regional chronology and reconstruct June-July minimum temperatures back to 

AD 1245. Most trees in this network have an unstable temperature-growth response 

during the 20th century (Pisaric et al., 2007) which is largely consistent with the 

‘divergence problem’ discussed by D’Arrigo et al. (2008). D’Arrigo et al. (2008) define 

the divergence problem (hereafter ‘divergence’) as “the tendency for tree growth at some 

previously temperature-limited northern sites to demonstrate a weakening in mean 

temperature response in recent decades, with the divergence being expressed as a loss in 

climate sensitivity and/or a divergence in trend.” However, divergence in the Mackenzie 

Delta began in the early 20th century (Pisaric et al., 2007), which is much earlier than in 

most other regions, and methods to avoid this bias in the regional chronology are 

documented herein.

The regional chronology improves upon two long, independent site chronologies 

by Szeicz and MacDonald (1996) and Begin et al. (2000) as it represents a regional 

network of trees, which provided an opportunity to isolate regionally-coherent growth 

patterns linked to climate and attenuate site- and tree-specific noise (Hughes, 2011). The 

quality of the reconstruction is demonstrated based on standard calibration-verification
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Figure 4.1. White spruce study sites in the Mackenzie Delta region are marked by white 
dotted circles; site numbers correspond to Table 4.1; water bodies are shaded grey; boreal 
treeline is delineated from the Circumpolar Arctic Vegetation Map (Walker et al., 2005). 
White spruce sites from other studies (inset map) are marked by grey dotted circles; site 
networks from the same study are bounded together.
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tests (Cook and Kairiukstis, 1990) over the instrumental period, and long-term coherence 

with several independent temperature proxy records from neighbouring regions, and 

circum-Arctic- and hemispheric-scale networks. The dataset makes a substantial 

contribution to the high-latitude tree-ring network, often sampled for larger-scale 

temperature reconstructions (Esper et al., 2002; D’Arrigo et al., 2006), and provides a 

long, high-resolution context for evaluating the significance of recent climate warming in 

the Mackenzie Delta region.

4.2 BACKGROUND

Three notable ring-width studies on white spruce have been published from the 

Mackenzie Delta region: Szeicz and MacDonald (1996), Begin et al. (2000), and Pisaric 

et al. (2007). Szeicz and MacDonald (1996) and Begin et al. (2000) developed the longest 

chronologies back to AD 1060 and 1172, respectively. The Begin et al. (2000) 

chronology was developed from living trees and deadwood snags (i.e., resting on the 

surface) from an isolated stand in the Eskimo Lakes district, north of treeline (site 1 -  

Fig. 4.1). As is typical of trees living in cold, high-latitude regions, their chronology was 

positively correlated with summer temperatures and was used to reconstruct past 

temperatures. Conversely, Szeicz and MacDonald (1996) sampled trees from rocky 

outcrops at Campbell Dolomite Upland (CDU; site 3 -  Fig. 4.1) and found that their 

chronology was moisture-sensitive due to its inverse correlation with prior-summer 

temperatures and positive correlation with annual precipitation. More recently, the CDU 

chronology has been interpreted as a summer temperature proxy (Esper et al., 2002;

Frank et al., 2007; Porter and Pisaric, 2011). Comparisons with other temperature-
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sensitive proxies suggest the CDU chronology had responded positively to temperature 

prior to the 20th century, but shifted to a negative temperature response in the 20th century 

(Porter and Pisaric, 2011). Similarly, temperature-growth divergence is found at several 

other white spruce stands in northwestern North America (NWNA) (Jacoby and 

D’Arrigo, 1995; D’Arrigo et al., 2004; Wilmking et al., 2004; Pisaric et al., 2007; Porter 

and Pisaric, 2011).

Pisaric et al. (2007) were the first to examine the climatic response of individual 

trees at inner-delta sites (sites 6-13, Fig. 4.1). They too found that divergence was 

widespread, but that a subset of trees from several sites maintained a constant, positive 

temperature response over the full 20th century. They showed that the mean chronologies 

of divergent and divergence-free trees (termed ‘negative- and positive-responders’ by 

Pisaric et al., 2007) began to exhibit contrasting growth patterns as early as ca. AD 1900. 

Prior to the point of divergence, divergent and divergence-free trees shared a common 

growth pattern that was a positive function of temperature based on long comparisons 

with other temperature-sensitive proxies (Porter and Pisaric, 2011).

While many trees in NWNA, including the Mackenzie Delta, were susceptible to 

divergence, others were not (Begin et al., 2000; Wilmking et al., 2004; Pisaric et al., 

2007; Porter and Pisaric, 2011). The spatiotemporal coverage of NWNA tree-ring and 

climate records remain limitations to understanding the cause(s) of divergence and 

likelihood that it occurred in the past (D’Arrigo et al., 2008), with implications for tree- 

ring-based climate reconstructions (Jansen et al., 2007), but mounting evidence suggests 

that it is unique to the 20th century (Cook et al., 2004; Porter and Pisaric, 2011) and was 

likely caused by a large-scale climatic forcing. In NWNA, drought-stress is commonly
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blamed (Jacoby and D’Arrigo, 1995; Barber et al., 2000; McGuire et al., 2010) and proxy 

records do support the idea that the 20th century has been anomalously warm (D’Arrigo et 

al., 2006) and dry (Anderson et al., 2007, 2011) in the context of the last millennium. 

However, because not all trees were affected (Wilmking et al., 2004; Pisaric et al., 2007; 

Porter and Pisaric, 2011), local factors likely explain why some trees have been more 

susceptible to divergence than others (Porter and Pisaric, 2011). For example, if drought 

is the main driver, variability in stand density or surficial organic layer thickness 

(Wilmking et al., 2004; King, 2009; Drobyshev et al., 2010; Yarie and Van Cleve, 2010), 

which moderate soil hydroclimate, or regional precipitation gradients (Wilmking and 

Juday, 2005) could alleviate or exacerbate drought stress.

Regardless, if divergence is unique to the 20th century and has not affected all 

trees, it should be possible to develop robust temperature reconstructions in divergence- 

affected regions by careful selection of tree-ring data (Wilson et al., 2007). Here the 

aforementioned tree-ring data from the study region (Fig. 4.1) are re-examined to develop 

a divergence-free temperature reconstruction. This 29-site network is one of the densest 

ever examined in NWNA, and this provided the opportunity to combine tree-ring data 

from multiple sites to enhance regional growth patterns linked to climate and suppress 

tree- and site-specific noise.

4.3 METHODS

4.3.1 Study area

The physical environment of the Mackenzie Delta region is well documented in 

the literature (Mackay, 1963; Bum and Kokelj, 2009). Here a brief description is given of
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the delta plain and uplands where the study sites are found (Fig. 4.1). The Mackenzie 

Delta plain is an alluvial feature of Holocene origin comprised of Mackenzie and Peel 

River sediments (Mackay, 1963). White spruce forests dominate the delta plain and grow 

in well-drained alluvium typically underlain by permafrost (Smith, 1976; Nguyen et al., 

2009). Most of the delta plain sites studied here (sites 6-29, Fig. 4.1) approximate the 

open-canopy, white spruce/lichen-crowberry stand type described by Pearce et al. (1988) 

which have an abundance of mature living trees, deadwood, and a reflective lichen cover 

(e.g., Cladonia rangiferina; Caldina mitis; Appendix C, SI-Fig. 4.1). Over many years, 

development of ice-rich permafrost has elevated these well-drained alluvial surfaces 

above the regular level of spring flooding (Kokelj and Bum, 2005), which has helped 

prevent rot and preserve deadwood. The general absence of extensive wildfires in the 

delta also helps to preserve centuries-old trees and deadwood, making the area well suited 

for dendroclimatic research.

Five upland sites examined here (sites 1-5, Fig. 4.1), not located within the 

Mackenzie Delta, are broadly consistent with the delta plain sites in terms of canopy and 

understory structure, but they differ in terms of surficial geology. Three of these sites 

(CDU, CDU1, and CDU2) are found on Campbell Dolomite Upland (Appendix C, SI- 

Fig. 4.2), a dolomite, quartzite, and shale outcrop of Precambrian to Lower Devonian age 

(Norris, 1981). The outcrop was overridden by Laurentide ice at some time between 14 

and 21 14C ka BP (Dyke et al., 2002). Forested sites have only a shallow mineral soil 

layer, presumably from weathered parent material or glacial till. The other two upland 

sites (ESK andNLl) are isolated tundra stands on hummocky, rolling moraine deposits 

(Rampton, 1988).
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Regional climate is highly seasonal with temperature and precipitation peaking in 

mid-summer. Mean temperature normals (AD 1971-2000) at Inuvik for winter (DJF), 

spring (MAM), summer (JJA), and fall (SON) are -26.7, -11.9, 12.2, and -8.5°C, 

respectively; the same normals for total precipitation are 41.1, 38.5, 95.2, and 73.8 mm 

(http://climate.weatheroffice.gc.ca). Synoptic climate is influenced by Arctic high- 

pressure that dominates most of the year and summertime intrusions of warm-moist 

cyclonic systems from the Pacific as the cool, dry Arctic air retreats (Bums, 1973).

4.3.2 Tree-ring data

In the summers of 2007 and 2008, 19 white spruce stands (Table 4.1) were 

sampled using standard dendrochronology methods (Speer, 2010). General sampling 

areas were preselected so the sites would be evenly distributed across the region. Mature 

sites with abundant snags were targeted to maximize the length of tree-ring chronologies. 

On average, 45 trees were sampled per site, most of which (ca. > 80%) were living. A 

single bark-to-bark core passing through or near the pith was collected from living trees 

at waist height; ‘cookies’ were cut from snags. All samples were sanded to a smooth 

finish so that the rings could be visually cross-dated and measured using a Velmex tree- 

ring measuring system (0.001 mm precision). Two radii were measured for each tree in 

nearly all cases. The cross-dating accuracy was verified with the computer program 

COFECHA (Holmes, 1983).

These 19 sites are supplemented by 10 previously-developed sites (Table 4.1): the 

8 eastern delta sites by Pisaric et al. (2007); the Eskimo Lakes ‘ESK’ site by Begin et al. 

(2000); the Campbell Dolomite Upland ‘CDU’ site by Szeicz and MacDonald (1996).
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Table 4.1. White spruce sites in the Mackenzie Delta region; ‘Site no.’ indicates the

Site
no.

Site
code

Lat.
(°N)

Long.
(°W)

No.
trees

First
year

Last
year

Mean series 
length (yrs)

1 aESK 69.13 132.22 25 1172 1990 266
2 *NL1 68.59 133.68 49 1653 2006 202
3 bCDU 68.28 133.34 64 1060 1992 261
4 ♦CDU1 68.27 133.41 39 1158 2007 205
5 *CDU2 68.16 133.76 49 1118 2007 239
6 CTM 68.40 133.80 35 1529 2003 225
7 CDW 68.43 133.81 39 1483 2003 306
8 CBB 68.45 133.85 75 1501 2006 258
9 CMP 68.46 133.87 59 1545 2003 232
10 CM 68.47 133.85 29 1398 2003 234
11 CFT 68.52 133.86 44 1332 2003 244
12 CMS 68.51 134.00 42 1611 2003 262
13 CHL 68.58 134.10 27 1563 2003 340
14 *AC1 68.68 134.52 52 1579 2006 277
15 *AM1 68.61 134.38 39 1435 2007 254
16 ♦NC2 68.41 134.26 40 1687 2007 232
17 ♦KC2 68.27 134.16 42 1596 2007 259
18 ♦KC1 68.12 134.16 52 1445 2007 225
19 ♦ESI 68.14 134.77 51 1607 2007 272
20 *AK1 68.26 134.74 46 1631 2006 230
21 *AK2 68.28 134.79 13 1716 2006 235
22 ♦SCI 68.36 134.66 54 1603 2007 240
23 ♦NCI 68.43 134.58 46 1580 2007 229
24 ♦PCI 68.54 134.64 59 1499 2007 256
25 ♦JA2 68.52 135.07 45 1453 2007 241
26 ♦JA1 68.37 134.97 42 1587 2007 255
27 ♦PEI 68.15 135.16 37 1615 2007 257
28 ♦WC2 68.32 135.20 51 1474 2007 232
29 ♦WC1 68.45 135.52 41 1591 2006 260

Further information on each site: aBegin et al. (2000); Szeicz and MacDonald (1996); 
cPisaric et al. (2007); ♦this study.
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Raw data for the eastern delta sites were provided by M. Pisaric. The ESK data 

(Appendix C, SI-Note 4.1) were provided by C. Begin (Geological Survey of Canada). 

The CDU data (independent from ‘CDU1’ and ‘CDU2’) were obtained from two sources: 

the original Szeicz and MacDonald (1996) dataset was obtained from the International 

Tree-Ring Databank (file CANA138); an additional 11 trees sampled by Szeicz and 

MacDonald, but not published until Esper et al. (2002; see also Frank et al., 2007), were 

also included. These additional CDU series were provided by D. Frank (Swiss Federal 

Research Institute, WSL).

Age-related trends were removed from ring-width series using standard data- 

adaptive negative-exponential or linear negative-to-zero slope curves (Fritts et al., 1969) 

following the ‘signal-free standardisation’ approach described by Melvin and Briffa

(2008). Signal-free standardisation is an improvement on traditional detrending methods 

as it helps avoid distortion caused by climate signals embedded in raw series. Ideally, an 

expected growth curve should reflect the growth that would occur assuming an unvarying 

climate (i.e., the age-related growth trend). However, when data-adaptive curves are 

used, they are unavoidably distorted (referred to as ‘trend distortion’) by the climate 

signal and removing these curves from the raw series will, therefore, remove some of the 

original climate signal. Since data-adaptive curves (determined by the least squares 

solution) are most strongly influenced by series ends, trend distortion is also most severe 

at the series ends. In the case of mean chronologies where the modem ends of many 

standardised series terminate on the same year (i.e., living trees) and are averaged 

together, a large trend distortion may occur (Melvin and Briffa, 2008) and could lead to 

an artificial mismatch between tree-ring and climate series (Esper and Frank, 2009).
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Signal-free standardisation attempts to avoid trend distortion by first estimating and 

removing the common climate signal from each series, based on the iterative procedure 

outlined by Melvin and Briffa (2008), resulting in ‘signal-free measurements’ that can be 

used to better characterise age-related trends.

A signal-free-enabled version of the program ARSTAN (provided by E. Cook, 

Lamont-Doherty Earth Observatory) was used to calculate the standardised ring-width 

indices. Indices belonging to the same tree were averaged into mean ‘tree indices’ 

(Appendix C, SI-Fig. 4.3). Mean site chronologies were calculated using the robust bi

weight mean (Cook, 1985).

4.3.3 Climate data

To allow the longest possible comparisons between local climate and the tree-ring 

data, regional composites of monthly minimum, mean and maximum temperatures and 

total precipitation were developed from several nearby climate station datasets (Appendix 

C, SI-Fig. 4.4; refer to SI-Note 4.2 for details about the raw data and how the regional 

composite records were developed). The temperature composites span the period AD 

1892-2007, but are continuous only from AD 1910-2007 for most months (Appendix C, 

SI-Figs. 4.5-4.7). The precipitation composites span the period AD 1926-2007, and are 

continuous over the full period for most months (Appendix C, SI-Fig. 4.8). Temperatures 

in the Mackenzie Delta region exhibit a high degree of spatial coherence (Bum and 

Kokelj, 2009), as demonstrated by the relatively strong mean inter-station correlations 

(Appendix C, SI-Figs. 4.5-4.7). Conversely, total precipitation is more spatially 

heterogeneous in the study region (Bum and Kokelj, 2009), as demonstrated by the
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relatively weak mean inter-station correlations (Appendix C, SI-Fig. 4.8), suggesting the 

precipitation composites may be less representative of the study region compared to the 

temperature composites. Therefore, correlations between the tree-ring and precipitation 

data, or lack thereof, should be interpreted with some caution.

4.4 RESULTS AND DISCUSSION

4.4.1 Regional growth patterns and divergence

Tree-ring series from the network span the period AD 1060-2007 (Table 4.1). 

More than 70% of the sites yielded samples that extend into the 16th century, more than 

40% extend into the 15th century, and just over 20% extend into the 14th century or 

earlier. The oldest samples are from the upland sites ESK, CDU, CDU1, and CDU2, 

which extend into the 11th or 12th centuries. All sites share a large amount of common 

variability suggesting a regional growth-limiting factor such as climate. This is 

demonstrated by a comparison of each site chronology against a regional mean defined 

by the remaining trees from the network (Fig. 4.2). Each site is well correlated with its 

corresponding regional mean. The most strongly correlated sites (e.g., DW, BB, MP, M, 

FT, etc.) are delta plain sites. Nevertheless, the majority of upland sites (e.g., ESK, NL1, 

CDU, and CDU2) are also well correlated regionally. The unexplained variability with 

respect to regional growth likely reflects site-specific factors (e.g., micro-topography, 

organic layer thickness, stand density, flood susceptibility, drainage, etc.) that impact 

climate-growth sensitivity and response, highlighting the value of a network-based 

approach to dendroclimatic research (Hughes, 2011).

87



Year A.D.
1500 1700 1900 1500 1700 1900 1500 1700 1900 1500 1700 1900

2
S . ® - 59’ . , ' j k ]

*NL1 (0.61) ' ' ] 
i.i. u. JL,i

•*CDU (0.60) .
M i 1_l , X. ;

-*CDU1 (0.47)

1

0

2

i

0

■*CDU2 (0.72) - TM (0.69) DW (0.86) k BB (0.87) i

CO
CO0

2

1

•MP (0.85) . ;M(0.89) i MS (0.74)' ' ' j

c u

COc<1)
E
T3

2

1

0

AC1 (0 |0 )  ' ,  j AMI (0.82) NC2(0.56). ' ]

V
0-oc
£

2

1
0

KC2 (0.89) 1 KC1 (0.81) jl :ES1 (a72) j AK1 ( 0 . 7 | ^ ^

?
o>c
a:

2

1

0

AK2 (0.67) J l SCI (0.91) M NCI (0.81) : PCI (0.80) |

2

1
JA2 (0.86) u JA1 (0.89) 1 PEI (0.88) j . WC2 (0.70) i  ]

0

2

1
0

WC1 (0.73) ‘ ‘ J Regional ^

Figure 4.2. Comparisons between each of the 29 site chronologies (black lines; 
calculated for all years defined > 6 trees) and regional mean chronologies (grey lines; the 
mean of all other trees from the remaining 28 sites). Upland sites are denoted by an **’; 
all other sites are delta plain sites. Inter-series correlations are in brackets; all correlations 
are significant at p < 0.001.
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Figure 4.3. (a) The Mackenzie Delta Regional Chronology (AD 1245-2007; dark grey 
line); the MDRC is shown for years with an Expressed Population Signal (EPS) > 0.7; 
EPS > 0.85 is indicated; the 5-95 (light grey) and 25-75 (medium grey) percentile ranges 
for all tree indices are indicated; the number of trees defining the MDRC (black line), (b) 
Comparison of the MDRC (grey) and reconstructed mean June-July temperatures (black) 
by Szeicz and MacDonald (1995; see Appendix C, SI-Note 4.3). (c) Comparison of the 
MDRC (grey) and a composite of 6 hemispheric-scale temperature reconstructions 
(black; see Appendix C, SI-Note 4.4). (d) Comparison of first-differenced June-July 
temperatures (black) and the mean of all first-differenced tree indices (grey). Note that 
the time axes differ between plots (a), (b-c) and (d).
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All tree indices were averaged into a regional chronology (Fig. 4.3a; hereafter the 

Mackenzie Delta Regional Chronology, or ‘MDRC’) to isolate the common regional 

growth pattern and assess its climate response. The MDRC was calculated for the period 

AD 1245-2007 only. This period is characterised by an Expressed Population Signal 

(EPS; Wigley et al., 1984) above 0.7 (i.e., 70% signal, 30% noise), except during the 

years AD 1399 and 1405-1408 when EPS is 0.66-0.69. The EPS was estimated using a 

51-year inter-correlation window. EPS drops well below 0.5 prior to AD 1245 due to the 

low number of trees (<15 trees) available. The MDRC was not weighted by site, but it is 

important to note that a site-weighted MDRC is virtually identical (AD 1245-2007, r = 

0.97, p «  0.001).

The strong regional growth coherence indicates a regional forcing such as climate, 

but does not necessarily imply that the average tree’s response to this forcing has been 

time-stable (Pisaric et al., 2007). The MDRC strongly emulates the divergent growth 

pattern reported by Pisaric et al. (2007) in the Mackenzie Delta, and is similar to 

divergent growth patterns found at other white spruce sites across NWNA (Porter and 

Pisaric, 2011). Pisaric et al.’s (2007) analysis showed that divergence in the Mackenzie 

Delta occurs much earlier than in other parts of NWNA (divergence is often considered a 

late-20th century phenomenon; D’Arrigo et al., 2008), but that a minority of trees across 

the region were not susceptible to divergence. Pisaric et al. (2007) demonstrated that 

divergent and divergence-free trees had the same growth pattern before ca. AD 1900, 

suggesting that all trees responded to the same climate variable in the same way before 

the 20th century, but that divergent trees failed to track summer temperatures during the 

20th century, at least at lower-frequencies. Multi-centennial comparisons against
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reconstructed hemispheric-scale temperatures confirm that divergent and divergence-free 

trees had a positive temperature response prior to AD 1900, but that divergent trees have 

since diverged from this response (Porter and Pisaric, 2011).

Here this point is reiterated with a comparison of the MDRC against a well- 

verified ring-width-based June-July temperature reconstruction (AD 1638-1988) by 

Szeicz and MacDonald (1995) from a network of five high-elevation white spruce sites 

from the middle-Mackenzie Valley, and parts of central and northern Yukon (all within 

ca. 500 km of the Mackenzie Delta -  Fig. 4.1). This comparison (Fig. 4.3b) shows that 

the average Mackenzie Delta tree was coupled to reconstructed June-July temperatures 

from AD 1638 to the start of the 20th century, but then diverged from this response at ca. 

AD 1900, roughly a half century before divergence occurs in most other parts of NWNA 

(D’Arrigo et al., 2008; Porter and Pisaric, 2011). This same general result is found when 

the MDRC is compared with reconstructed Northern Hemisphere-scale temperatures 

(Fig. 4.3c), in spite of the large spatial-scale differences.

Another unique feature of divergence in the Mackenzie Delta is that it occurs in 

two phases. The first phase spans ca. AD 1900-1950 when tree growth overestimates 

summer temperatures, and the second phase follows when tree growth underestimates 

temperatures (Figs. 4.3b and 4.3c). The first phase is not common to most other cases of 

divergence in NWNA, but the second phase is (D’Arrigo et al., 2008; Porter and Pisaric, 

2011). The observation that a collection of sites across NWNA responded negatively to 

late-20th century temperatures, a period of exceptional warmth in the last two millennia 

(Kaufman et al., 2009), has led some to speculate that divergence may be a negative 

response to drought stress that has been exacerbated by late-20th century warming
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(Jacoby and D’Arrigo, 1995; Barber et al., 2000; McGuire et al., 2010; Porter and Pisaric, 

2011). However, the first phase of divergence in the Mackenzie Delta, a period of 

accelerated growth, is clearly a response to favourable not adverse conditions. Therefore, 

drought stress likely is not the cause of early-20th century divergence, but could be partly 

responsible for the depressed growth values in the late-20th century.

Since AD 1900, the MDRC followed a sinusoidal growth pattern that rises to 

record high values in the AD 1930s, declines to lower values in the AD 1980s, and rises 

to higher values to end the record (Fig. 4.3a). This low-frequency pattern is not consistent 

with reconstructed temperatures (Fig. 4.3b). A correlation analysis between the MDRC 

and instrumental monthly temperatures (AD 1892-2007) and total precipitation (AD 

1926-2007) finds no significant correlations (except a weak inverse correlation with 

December precipitation) (Table 4.2). However, a second correlation analysis based on 

first-differenced data (i.e., high-frequency variability only) demonstrates that the average 

tree had a significant, positive correlation with June and July temperatures during the 20th 

century (see ‘1st diff.’, Table 4.2). These correlations are strongest for minimum and 

mean temperatures, and slightly weaker for maximum temperatures. A time-series 

comparison of first-differenced June-July mean temperatures and ring-width for the 

period AD 1911-2007 (Fig. 4.3d) shows that the association has been stable over the 20th 

century (n.b., first-differenced June-July temperatures were not available prior to AD 

1911). This point is supported by similar inter-series correlations for the first (AD 1911- 

1959, r = 0.57, p < 0.01) and second (AD 1960-2007, r = 0.47, p < 0.01) halves of the 

comparison period. The overall correlation is r = 0.53 (p < 0.01), a level of agreement
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Table 4.2. Correlations between monthly climate variables and tree-ring width indices: MDRC (Fig. 3a); ‘1st diff.’ (mean of all 1st 
differenced tree indices; Fig. 3d); and ‘DFRC’ (Divergence Free Regional Chronology; Fig. 4f). Only correlations significant at p <

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Total MDRC -0.24
Precip. 1st diff. 

DFRC 0.22
-0.24 0.30

Min. MDRC
Temp. 1st diff. . -0.20 0.48 0.35

DFRC 0.30 0.32 0.24 0.29 0.22 0.25 0.56 0.43 0.23
Mean MDRC
Temp. 1st diff. 

DFRC 0.22
-0.20

0.23
0.49
0.51

0.35
0.23

Max. MDRC • •
Temp. 1st diff. 

DFRC .
0.43
0.41

0.33



which is typical of interannual temperature-growth relations for some Alaskan white 

spruce (e.g., Andreu-Hayles et al., 2011).

The results presented thus far show that divergence in the Mackenzie Delta is 

mostly restricted to the post-AD 1900 era and the low-frequency domain. However, as 

previously demonstrated by Pisaric et al. (2007), and as is shown next, not all trees in the 

study region were affected by divergence and this provides the opportunity to develop a 

robust regional chronology that can be used to reconstruct past temperatures.

4.4.2 Developing a divergence-free regional chronology

Large-scale (e.g., hemispheric) climate-proxy reconstructions are typically 

developed from extensive networks of site chronologies that are well correlated and have 

a time-stable relation with the target climate variable (Briffa et al., 2002; D’Arrigo et al.,

2006). In some high-latitude regions, tree-ring-based temperature reconstructions have 

been most successful when tree-ring records were screened for divergence (Wilson et al.,

2007). Here the same principles are applied to a local-scale network to develop a 

‘divergence-free’ chronology. However, rather than excluding divergent records 

altogether, only the divergent (i.e., post-AD 1900) portions of these records are excluded 

as the pre-divergence portions are not in question based on previous analyses and the 

discussion above.

Divergent versus divergence-free records can be separated based on their 

correlation with summer temperature, but as Esper and Frank (2009) suggest, this 

approach is circular and would surely lead to a mean chronology that is tuned to the 

temperature index chosen for the correlation analysis. Alternatively, growth-trend
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(positive vs. negative) could be used as a sorting criterion. At the NWNA-scale, Porter 

and Pisaric (2011) found that most divergent and divergence-free records have consistent 

growth trends over all periods except ca. AD 1950-1980. During the AD 1950-1980 

period, divergent records tend to have a negative growth trend while divergence-free 

trees have a positive trend. However, in areas such as Old Crow Flats (Porter and Pisaric, 

2011) and the Mackenzie Delta (Pisaric et al., 2007) the contrasting growth trend period 

begins slightly earlier, ca. AD 1930-1980.

All 1286 tree indices from the 29 sites were examined and sorted based on growth 

trend from AD 1930-1980. Trees with a negative trend were sorted as ‘Group 1’, and 

trees with a positive trend were sorted as ‘Group 2’. The Group 1 and Group 2 trees were 

then averaged into regional chronologies (Figs. 4.4a and 4.4b). The regional chronologies 

are only given for years with an EPS above 0.7, as was done for the MDRC. Deadwood 

ring-width indices that did not cover the AD 1930-1980 period were left unsorted and 

were averaged into a ‘Snag’ regional chronology (Fig. 4.4c). Of the sorted trees, most are 

Group 1 (Table 4.3). Three sites did not have any Group 2 trees (i.e., FT, AK1, and 

AK2). Of the 26 sites that had both responses, the majority of trees (82% at the average 

site) were Group 1. The dominance of Group 1 trees was observed at all sites except ESK 

and CDU1. Group 2 trees represent 20-30% of the population at some sites including 

NL1, CDU2, TM, MS, HL, AC1, NC2, KC1, and WC1. Regionally, there is no statistical 

difference between the mean series lengths of Group 1 and Group 2 trees (261 vs. 263 

years; lo = 76 vs. 79 years), suggesting that the contrasting growth responses are not a 

function of age. Rather, these growth differences are likely due to local-scale ecological 

factors (Porter and Pisaric, 2011).
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Table 4.3. The frequency, percentage, and mean and median age (years) of Group 1 and

Group 1 Group 2

Site freq.
trees

% of
trees

Mean
age

Median
age

freq.
trees

% of
trees

Mean
age

Median
age

ESK 2 15.4 329 329 11 84.6 274 263
NL1 31 81.6 207 227 7 18.4 214 238
CDU 24 85.7 272 238 4 14.3 290 265
CDU1 13 46.4 184 189 15 53.6 209 192
CDU2 24 80.0 231 225 6 20.0 278 267

TM 28 80.0 225 222 7 20.0 223 222
DW 23 95.8 333 359 1 4.2 406 406
BB 48 87.3 288 281 7 12.7 213 214
MP 19 95.0 276 255 1 5.0 340 340
M 15 93.8 263 241 1 6.3 183 183
FT 18 100.0 261 270 0 0.0 n/a n/a
MS 30 78.9 254 242 8 21.1 282 259
HL 18 66.7 336 358 9 33.3 348 367

AC1 30 81.1 307 327 7 18.9 308 288
AMI 27 96.4 266 253 1 3.6 258 258
NC2 17 68.0 254 258 8 32.0 259 258
KC2 23 85.2 282 258 4 14.8 247 254
KC1 24 66.7 234 224 12 33.3 242 254
ESI 39 92.9 273 298 3 7.1 328 332
AK1 37 100.0 249 245 0 0.0 n/a n/a
AK2 12 100.0 241 235 0 0.0 n/a n/a
SCI 38 90.5 251 242 4 9.5 222 214
NCI 24 92.3 261 250 2 7.7 284 284
PCI 48 98.0 258 245 1 2.0 211 211
JA2 30 85.7 243 251 5 14.3 258 255
JA1 23 92.0 276 266 2 8.0 289 289
PEI 23 95.8 289 303 1 4.2 233 233
WC2 37 94.9 233 234 2 5.1 318 318
WC1 24 77.4 259 266 7 22.6 304 297

Average
site* 25.8 81.7 263.2 261.6 5.2 18.3 269.9 267.6

*based on sites t lat have both response types (i.e., all sites except ft, akl, and ak2)
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A comparison of the regionally-averaged Group 1, Group 2, and Snag 

chronologies shows that all trees, regardless of grouping, share a common growth pattern 

from AD 1644 until 1900, the point of divergence (Fig. 4.4d). The mean inter-series 

correlation between the three chronologies during this period is 0.87 (p < 0.001). After 

AD 1900, Group 1 trees had a sharp upward trend to ca. AD 1930, then a decline to ca. 

AD 1980. As would be expected, the Snag chronology closely follows the Group 1 

chronology post-AD 1900 as it is an unsorted chronology and likely defined mostly by 

Group 1 trees which are most common regionally. Conversely, Group 2 trees had a 

consistently positive trend since AD 1900.

A running standard deviation of the ring-width indices for all trees (Fig. 4.4e) was 

calculated as further evidence that all trees, regardless of grouping, had similar growth 

patterns prior to AD 1900 but increasingly variable growth patterns ever since. The 

regional standard deviation was relatively stable during AD 1245-1900, with smoothed 

(41-year cubic smoothing spline with a 50% frequency cut-off; Cook and Peters, 1981) 

values ranging between 0.30 and 0.47 (mean = 0.37). Subsequently, the regional standard 

deviation increases sharply to a local maximum of ca. 0.66 in the AD 1930s, a period 

when the Group 1 and Group 2 regional chronologies exhibit considerable differences. 

During the mid-20th century, the regional standard deviation returns to pre-AD 1900 

levels, which is explained by the fact that Group 1 and Group 2 indices are similar during 

the mid-20th century as they cross each other trending in opposite directions. Finally, the 

regional standard deviation increases sharply to finish the record above 1.0, indicating 

that ring-width indices across the region are most variable during this period. Again, 

these differences are evident between the Group 1 and Group 2 regional chronologies.
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Based on the idea that divergence in NWNA is restricted to the 20th century 

(Porter and Pisaric, 2011), a Divergence-Free Regional Chronology (DFRC; Fig. 4.4f) 

was calculated from the robust bi-weight mean (Cook, 1985) of all ring-width indices 

before the point of divergence (AD 1900) and only Group 2 indices since AD 1900, 

thereby excluding divergent signals. The DFRC was calculated for the period AD 1245- 

2007, defined by an EPS of 0.7 or greater (except during the years AD 1399 and 1405- 

1408 when EPS is 0.66-0.69). EPS is greater than 0.85 following AD 1431. An EPS of 

0.85 is often recommended for dendroclimatic studies (Wigley et al., 1984), but is a 

subjective threshold. Here, the more liberal EPS > 0.7 threshold is used to facilitate a 

longer interpretation, but more caution should be used when interpreting the AD 1245- 

1431 portion of the DFRC.

4.4.3 Calibration, verification, and reconstruction

The DFRC was correlated with the monthly climate data to determine its most 

optimal climate response (Table 4.2). The strongest and most significant correlations 

were observed for June and July minimum and maximum temperatures, as was noted 

earlier for the first-differenced data. Comparatively, maximum June and July 

temperatures were not as well correlated. The finding that June and July minimum and 

mean temperatures are well correlated with tree growth at both high- and low-frequencies 

helps to provide some confidence that these relations are not spurious.

June-July (or June-August in some cases) is a common season of influence for 

temperature-sensitive chronologies from high-latitude and -elevational sites in North 

America and Eurasia (e.g., Szeicz and MacDonald, 1995; Gostev et al., 1996; Buntgen et
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al., 2005; Wilson et al., 2007; Youngblut and Luckman, 2008; D’Arrigo et al., 2009; 

Esper et al., 2010; Porter and Pisaric, 2011; Flower and Smith, 2012). However, few 

other studies have explored correlations with minimum (night time) and maximum (day 

time) temperature. Rather, most studies examine mean temperature correlations only. In 

this study, considerable differences between minimum, mean, and maximum temperature 

correlations are noted. The June correlation is similar between minimum (r = 0.56, p < 

0.01) and mean (r = 0.51 , P < 0  .01) temperatures, but the July correlation is much 

stronger for minimum (r = 0.43, p < 0.01) compared to mean (r = 0.23, p < 0.01) 

temperatures. Recent work by Wilson and Luckman (2003; see also Luckman and 

Wilson, 2005; Youngblut and Luckman, 2008) has demonstrated that maximum 

temperatures are more strongly associated with tree-growth in some cases in western 

Canada. Wilson and Luckman (2003) suggested that this may be due to the fact that most 

photosynthesis occurs in the day time and, presumably, day time temperatures are more 

likely to influence photosynthesis than night time temperatures. However, in this study, 

the DFRC is more closely associated with minimum June-July temperatures (r = 0.60, p < 

0.01) than mean or maximum June-July temperatures (r = 0.46 and 0.31, respectively, p < 

0.01). As for Wilson and Luckman’s (2003) hypothesis, it is not possible to refute their 

logic as it applies to their sites, but it is unfair to assume night time temperatures do not 

influence photosynthesis in other cases. For example, early-June night time temperatures 

in the Mackenzie Delta region can approach the freezing point and, thus, can have a 

significant influence on biological activity.

Based on the correlation analysis, June-July minimum temperature is the optimal 

climate index for the DFRC. The potential to reconstruct June-July minimum
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temperatures from the DFRC was evaluated using a standard split-period calibration- 

verification procedure commonly employed in dendroclimatic research (Cook and 

Kairiukstis, 1990). Two 53-year calibration periods were defined: AD 1893-1954 (Split 

1) and 1955-2007 (Split 2). The Split 1 calibration period spans 62 calendar years, but 

contains only 53 years of June-July minimum temperature measurements due to the 

discontinuities in the early portion of the regional temperature record (Appendix C, SI- 

Fig. 4.5). Also, 3 of the 53 years (AD 1893, 1900, and 1908) in Split 1 contain 

measurements for June but not July, and 2 of the 53 years (AD 1895 and 1896) contain 

measurements for July but not June. In order to calculate June-July averages for these 

years, the missing June or July measurements were estimated from the arithmetic mean of 

the 4 closest years of June or July measurements.

For each calibration period, the DFRC and the June-July minimum temperature 

records were compared and the following statistics were calculated to evaluate the 

relation: Pearson’s Product Moment Correlation Coefficient (R), coefficient of 

determination (R2), adjusted R2, standard error of the estimate (SE), Durbin-Watson 

(DW), and sign-test (Table 4.4). Calibration models were verified over all years excluded 

from the calibrations. The verification periods were: AD 1955-2007 (Split 1) and 1893- 

1954 (Split 2). For each verification period, the following statistics were calculated to 

evaluate the stability of the calibration relation: Pearson’s R, Reduction of Error (RE), 

and Coefficient of Efficiency (CE) (Table 4.4).

Modelled temperatures explain between 18 and 23% (adj-R2) of observed 

temperatures for Splits 1 and 2, and 35% for the full period model (Table 4.4). Values in 

this range are typical of high-latitude ring-width networks which express temperature
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Table 4.4. Split-period calibration/verification and full-period (AD 1893-2007) 
calibration statistics for linear regression models of June-July minimum temperatures as a 
function of the DFRC.

Split 1 Split 2 Full period
Calibration

Period 1893-1954 1955-2007 1893-2007
N 53 53 106
Slope 3.27 1.69 2.07
Intercept 2.17 4.06 3.46
R 0.44 0.49 0.60
R2 0.20 0.24 0.36
Adj-R2 0.18 0.23 0.35
SE 0.81 0.88 0.86
DW 1.78 1.84 1.86
Sign (+/-) 34/18* 32/21 65/40*

Verification
Period 1955-2007 1893-1954 n/a
N 53 53 n/a
R 0.49 0.44 n/a
RE 0.39 0.57 n/a
CE -0.15 0.08 n/a

N.B., Temperature data for June (1895 and 1896) and July (1893, 1900, and 1908) were 
not available. To allow the calculation of June-July averages for these years, the missing 
data points were estimated by the mean of the four closest years of data. The 
calibration/verification period 1893-1954 (62 years) contains only 53 years of valid data 
points, and 9 years of missing data. All correlations are significant at p < 0.001 (one
tailed); sign-test result significant at p < 0.05.
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signals best at lower frequencies (Cook et al., 2004; D’Arrigo et al., 2006). As expected, 

the explained variance of the full period model increases with smoothing (e.g., adj-R2 = 

0.66 for the period AD 1910-2007 if a 9-year smoothing spline is used). For Splits 1 and 

2, and the full period model, the DW statistic is always close to a value of 2.0 indicating 

low autocorrelation in model residuals, and the SE has a narrow range from 0.81-0.88 

suggesting the magnitude of unexplained variance is stationary. The Split 1 and full 

period calibration models pass a sign-test at the 95% confidence level, but Split 2 does 

not. Despite the weaker Split 2 sign-test result, the overall sign-test results are 

encouraging given the lower-frequency nature of the temperature signals in high-latitude 

ring-width series, and suggest that some inter-annual temperature variability is recorded 

in the tree-rings. This is also evident from the comparison of first-differenced ring-width 

and June-July temperatures (Fig. 4.3d).

The verification statistics indicate that the calibration relations are robust and 

time-stable (Table 4.4). The most informative statistics are the RE and CE which are 

always above zero, except for the CE of Split 1. By definition, any model with an RE or 

CE above zero demonstrates some skill and is predictively-superior to a model defined by 

the observed mean climatology of the calibration (for RE) and verification (for CE) 

periods. Based on the RE results alone, both calibration models are skilful.

The DFRC passes most of the standard calibration-verification tests, which 

suggests it can be used as a proxy for June-July minimum temperatures. The full-period 

model (Table 4.4; Fig. 4.5a) was used to reconstruct June-July minimum temperatures 

since AD 1245 (Fig. 4.5h). The 2o confidence interval for the reconstruction is 1.72°C (2

103



1900 1920 1940 1960 1980 2000 predicted

£  4

O0
tf)
CD3
2
8.
E0
E
3
E
c
E
>>3
-31<D
C
3

" 3

B
0Q
a)

* Nc02*o0

(a) Instrumental

r = 0.60

(b) Szeicz & MacDonald (1995) - RW -based temp, recon.

r = 0.68

(c) Porter e t al. (2009) - Tree-ring 5180  chron

r = 0.45

(d) Porter and Pisaric (2011) - OCF-Group 2 RW chron.

r = 0.83

4 O

2 £o
0

r
CO

d
-2 £

23
22 ae

21 1
F

20 (A>
19 o

CO

18 *tO

X
2 0

T3
C

-C
1 *D

i
CD

0 C
cc

1600 1700 1800
YearA.D.

1900 2000

O

3
13

Coppermine River RW chron.(e) D Amgo e t al. (2009)

r = 0.44

(f) 6-study com posite hem ispheric-scale temp, recon

r = 0.54

(g) Kaufman e t al. (2009) Circum-Arctic temp, recon.

(h) Mackenzie Delta June-July temp, recon. - this study

1300 1400 1500 1600 1700
YearA.D.

1800 1900 2000
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x SE), which does not account for changes in sample depth or model parameter 

uncertainties. As such, 1.72°C probably underestimates the true 2o confidence interval.

From AD 1910-2007, reconstructed and observed June-July minimum 

temperatures (Fig. 4.5a) had positive warming trends of 0.2°C/decade or a total change of 

1.96°C. Comparatively, mean June-July temperatures for this region increased by only 

1.46°C, which is more than double the global trend of ca 0.70°C for the same period 

(HadCRUT3 land and sea surface temperatures; Brohan et al., 2006). The Mackenzie 

Dfclta and other regions of NWNA have experienced some of the most rapid warming 

trends in recent decades (ACIA, 2005), which can be explained in part by major 

reductions of summer sea ice in the Beaufort and Chukchi Seas (Serreze et al., 2009).

Over longer time-scales, the reconstruction indicates that the most recent decade 

(AD 2000-2009) was the warmest decade on record since AD 1245, and ca. 1.4°C 

warmer than any other decade prior to the mid-20th century (Table 4.5). Six of the top ten 

warmest decades are in the 20th and 21st centuries. The other four warmest decades are 

the 1520s, 1530s, 1540s, and 1770s. Consistent with the IPCC’s Fourth Assessment 

Report, the reconstruction also shows that the most recent 50-year period has been the 

warmest 50-year period in the last 500 years (Jansen et al., 2007), and since AD 1245. 

These results confirm the study region is currently experiencing a warm period that is 

unparalleled in eight centuries.

Four of the ten coldest decades in the reconstruction span AD 1810-1849 (Table 

4.5), corresponding to the Dalton solar minimum (Bard et al., 2000), a cool period 

expressed in several temperature-sensitive tree-ring chronologies in NWNA (Luckman 

and Wilson, 2005; D’Arrigo et al., 2006; Porter and Pisaric, 2011). Four of the other six
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Table 4.S. Rankings of the ten warmest and ten coolest reconstructed decade-averaged 
minimum temperatures since AD 1245._______________________

Warm Decades °C Cool decades °C
2000-2009 *7.4 1810-1819 4.9
1990-1999 6.9 1280-1289 4.9
1980-1989 6.4 1820-1829 5.0
1970-1979 6.2 1270-1279 5.0
1960-1969 6.0 1830-1839 5.0
1520-1529 6.0 1290-1299 5.0
1540-1549 6.0 1840-1849 5.0
1950-1959 6.0 1260-1269 5.1
1770-1779 5.9 1700-1709 5.1
1530-1539 5.9 1340-1349 5.1

*Based on AD 2000-2007 reconstructed and AD 2008-2009 observed temperatures.
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coldest decades span the period AD 1260-1299, corresponding with the onset of the 

Wolfe solar minimum, but not its peak (Bard et al., 2000). The other two coldest decades 

are the 1340s and 1700s, corresponding with the Wolfe and Maunder minima, 

respectively (Bard et al., 2000). As found elsewhere, the results suggest that solar output 

has been an important driver of summer temperatures prior to the 20th century, while the 

more recent warming is congruent with anthropogenic forcing (IPCC, 2007) and Arctic 

amplification (Serreze et al., 2009).

4.4.4 Long-term, regional-scale validation

The reconstruction is validated at the regional-scale by several independent 

temperature-proxy records (Fig. 4.1). The Szeicz and MacDonald (1995) June-July 

temperature reconstruction (AD 1638-1988) is well correlated (r = 0.68, p < 0.001) with 

the reconstruction and generally shares the same low-frequency trends (Fig. 4.5b). This 

strong coherence is mutually corroborative (Jones et al., 2009) and demonstrates that both 

tree-ring networks responded to the same regional climatic factor; in the Lower 

Mackenzie Valley and adjacent parts of NWNA, temperature is likely the only climate 

variable so coherent across such distances (Bum and Zhang, 2009; Porter and Pisaric, 

2011).

A tree-ring 8lsO record (AD 1850-2003) developed by Porter et al. (2009) from 

the Mackenzie Delta also correlates well (r = 0.45, p < 0.001) with the reconstruction 

(Fig. 4.5c). Porter et al. (2009) found that the 5180  record was a first-order proxy for 

March-July minimum temperatures due to the temperature-dependence of 5180  in 

meteoric water. Despite the seasonal differences in the temperature signals of the 5180
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record and DFRC (March-July vs. June-July), the 5lsO record is strongly correlated with

18the reconstruction. This result is especially meaningful because the 5 O-temperature 

signal originates from a completely different process compared to the DFRC temperature 

signal. For example, the 8,80-temperature signal is due to the use of meteoric water that 

has been isotopically labelled by atmospheric temperatures, i.e., a passive 5180- 

temperature signal. Conversely, the ring-width temperature signal likely results from a 

combination of many biological processes and phenological constraints that are directly 

and indirectly influenced by temperature. Both records show cool conditions during the 

mid-1800s followed by a general rise to peak warmth in recent decades. Differences 

between the two records occur mainly at decadal-frequencies, which can be explained by 

the fact that spring temperatures are more energetic at decadal frequencies than summer 

temperatures in NWNA (Hartmann and Wendler, 2005).

The OCF-Group 2 ring-width chronology (AD 1620-2007) is a composite of 11 

white spruce site chronologies from Old Crow Flats in northern Yukon (Fig. 4.1) which 

do not show any signs of divergence (Porter and Pisaric, 2011). The OCF-Group 2 

chronology is strongly correlated (r = 0.83, p < 0.001) with the Mackenzie Delta 

reconstruction (Fig. 4.5d). This strong association is related to the early-summer 

temperature sensitivity of both tree-ring networks, and the fact that temperatures are 

highly inter-correlated between the two regions (Porter and Pisaric, 2011). This long-term 

coherence demonstrates that both regions shared similar temperature histories over the 

last four centuries.

Finally, the Coppermine River ring-width chronology (AD 1046-2003) by 

D’Arrigo et al. (2009) from a stand of white spruce in western Nunavut (Fig. 4.1) is also
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well correlated (r = 0.44, p < 0.001) with the reconstruction (Fig. 4.5e). The temperature- 

dependence of this chronology was affirmed in several studies (D’Arrigo et al., 2009; 

Visser et al., 2010; Porter and Pisaric, 2011). Since AD 1245, the Coppermine 

chronology has tracked the low-frequency trends expressed in the reconstruction, with 

coherence being especially strong since AD 1600 (r = 0.57, p < 0.01). Reduced coherence 

before AD 1600 may reflect a combination of factors such as lower sample depth for both 

records, differences in regional-representativeness (i.e., the DFRC reconstruction 

represents a 29 site network, while the Coppermine chronology represents only a single 

site and may contain more site-specific growth signals unrelated to climate), and regional 

temperature differences.

4.4.5 Long-term, hemispheric- and circumpolar-scale validation

The reconstruction is also well matched by temperature reconstructions at much 

larger spatial scales. A composite of six hemispheric-scale temperature reconstructions 

(Appendix C, SI-Note 4.4), largely tree-ring-based and representative of the Northern 

Hemisphere, was compared to the Mackenzie Delta reconstruction (Fig. 4.5f). The inter

series coherence is strongest at lower-frequencies, as would be expected (Jones et al., 

2009), and the overall correlation (r = 0.54, p < 0.001) is encouraging given the 

differences in spatial-scale, and spatial-heterogeneity of temperatures over the past 

millennium (D’Arrigo et al., 2006; Mann et al., 2009). Further, the hemispheric records 

were produced mainly from tree-ring data detrended by regional-curve standardisation, in 

comparison to the DFRC which was produced by signal-free standardisation. Despite the 

spatial and data-processing differences, these records are well matched over the last 8
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centuries suggesting that they are responding to the same climatic variable, i.e., warm- 

season temperature. One notable difference is a relatively warm early-20th century 

expressed in the hemispheric-scale composite. This early-20,h century warmth (centered 

on ca. AD 1940) is a common feature of instrumental temperature records for the 

Northern Hemisphere as a whole (Brohan et al., 2006), however, it was not well 

expressed in NWNA (Porter and Pisaric, 2011) or the Mackenzie Delta region (Fig. 4.5a). 

Rather, the Mackenzie Delta experienced a more subdued wanning trend during the 

early-20th century followed by accelerated warming in recent decades as is shown in the 

reconstruction (Fig. 4.5h).

Lastly, the Mackenzie Delta reconstruction agrees well with a multi-proxy 

composite reconstruction of temperatures based on a circum-Arctic network of sites (Fig. 

4.5g) by Kaufman et al. (2009). The composite was calculated based on Kaufman et al.’s 

ice- and lake-core proxy records only (Appendix C, SI-Note 4.5). Although its temporal 

resolution is relatively coarse (10-year) compared to the Mackenzie Delta reconstruction, 

both records generally share the same low-frequency trends. Following AD 1245, both 

records transition from warm to cool conditions by the late-13th century, followed by a 

general warming to the ca. AD 1500s, although the circum-Arctic composite has a brief 

cooling at ca. AD 1525. Subsequently, both records exhibit a long-term cooling trend 

leading into the early-19th century, followed by a strong warming to present. This 

qualitative agreement suggests that the broader circum-Arctic region and the Mackenzie 

Delta have shared similar temperature histories over the last eight centuries with a very 

strong warming trend in recent decades that is exceptional in this long-term context.
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4.5 CONCLUDING REMARKS

A new ring-width chronology, DFRC, is presented for the Mackenzie Delta 

region and used to reconstruct warm-season temperatures since AD 1245. The DFRC is 

unique compared to most temperature-sensitive tree-ring chronologies in NWNA because 

it was developed from a network of sites that largely exhibited divergent temperature- 

growth responses during the 20th century. Divergence in NWNA is a widespread 

phenomenon (D’Arrigo et al., 2008), but one that appears to be restricted to the 20th 

century (Cook et al., 2004) and has not affected all trees (Porter and Pisaric, 2011). In the 

Mackenzie Delta region, affected tree-ring records begin to diverge from their normal 

positive temperature response at ca. AD 1900. From AD 1930-1980, divergent and 

divergence-free records differentiate strongly in terms of growth trend with divergent 

records exhibiting a strong negative trend while divergence-free records exhibit a positive 

growth trend. This growth trend distinction is observed in other parts of NWNA (Porter 

and Pisaric, 2011) and was used here as a criterion to identify and exclude divergent 

records (post-AD 1900) from the DFRC. The reconstruction shows several cool intervals 

corresponding with the Wolfe, Maunder, and Dalton solar minima. These cool periods 

are interrupted by warm periods that are consistent with early-20th century warmth, but 

the late-20th century is by far the warmest period on record. The reconstruction reflects a 

rapidly warming Arctic in recent decades, in accordance with other long temperature- 

proxies, and supports the notion that late-20th century warming is anomalous in the 

context of the last eight centuries (ACIA, 2005; Jansen et al., 2007; Kaufman et al.,

2009).
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The DFRC is not well defined prior to AD 1245 (<15 trees, EPS < 0.7) which is a 

limitation to extending the reconstruction further back in time. However, there is a need 

for annual-resolution temperature-proxy reconstructions spanning the full millennium 

(Jansen et al., 2007; Jones et al., 2009) and it may be possible to satisfy this goal in the 

Mackenzie Delta region. Millennial-length records are necessary to improve existing 

knowledge of the putative Medieval Climate Anomaly, which is not yet well constrained 

at global- and hemispheric-scales (D’Arrigo et al., 2006; Mann et al., 2009). With this 

objective in mind, future dendroclimatic investigations in the Mackenzie Delta region 

should focus on the development of long sub-fossil chronologies that are potentially 

found in the many shallow lakes that mark this region, as has already been well 

demonstrated for parts of northern Europe (e.g., Grudd et al., 2002; Linderholm and 

Gunnarson, 2005).

112



CHAPTER FIVE

ON ESTIMATING THE PRECISION OF STABLE ISOTOPE RATIOS IN

PROCESSED TREE-RINGS2

5.1 INTRODUCTION

Stable isotope ratios (5) in tree-rings are a valuable resource for 

dendrochronologists addressing both climatic (e.g., Treydte et al., 2006; Porter et al., 

2009) and ecophysiological (e.g., Feng, 1999; Waterhouse et al., 2004) questions. Since 

stable isotope dendrochronology was first demonstrated (Craig, 1954), standard methods 

have been adopted and improved over the years (McCarroll and Loader, 2004), and 

continue to be refined even today (e.g., Laumer et al., 2009; Gagen et al., 2011). The 

focus of this study is on the reproducibility or precision of tree-ring 6 values and, 

specifically, how it is estimated for samples processed from whole wood to various end 

products such as cellulose-nitrate, a-cellulose, or cellulose intermediates; the term 

‘processed tree-rings’ is used to refer to such samples. This discussion applies mainly to 

stable isotopes that vary between whole wood and processed tree-rings due to isotopic 

biases of various wood compounds (i.e., 5UC), or exchange of loosely-bound H/O atoms 

with ambient H20  or adhesion of ambient H20  (i.e., 52H/5180). A standard method is 

proposed for estimating the 8 precision of processed tree-rings that accounts for

2 A modified version of this chapter has been published in the journal Dendrochronologia 
-  Porter, T, & Middlestead, M, 2012: On estimating the precision of stable isotope ratios 
in processed tree-rings. Dendrochronologia, 30: 239-242.
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analytical uncertainties associated with sample processing. At present, many tree-ring 

isotope studies do not control for such uncertainties, or report that they do.

5.2 BACKGROUND

Stable isotope ratio measurements are subject to analytical uncertainties 

associated with the mass spectrometer, combustion or pyrolysis system, and sample 

amount and purity (Werner and Brand, 2001). These uncertainties lead to variability in 

measured 5 values of samples which can be significant compared to variability between 

tree-rings and, thus, it is standard practice to report the 2cr (2 standard error) precision. 

Ceteris paribus, 8 precisions of ca. ±2.5%o, ±0.1 %o, and ±0.3%o are typical for 

continuous-flow analysis of wood 52H, S13C, and Sl80 , respectively (McCarroll and 

Loader, 2004). Typically, 5 precision is estimated from a long-term, running standard 

deviation of 8 values measured for a Quality Assurance (QA) standard analysed along 

with each batch of samples introduced to the mass spectrometer; 8 values for samples and 

the QA standard are calibrated against 2 or more internal reference standards that are also 

analysed along with each batch of samples, and whose 8 values with respect to an 

internationally-accepted reference scale (e.g., VSMOW or VPDB) are well known. 

Ideally, the samples, QA standard, and reference standards are all of the same matrix 

(e.g., a-cellulose; Boettger et al., 2007; Brand et al., 2009).

For routine 8 analysis of processed tree-rings, bulk quantities of the reference 

standards and QA standard are typically purchased commercially or developed in-house 

from whole wood using the same processing method applied to samples, consistent with
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the Identical Treatment or ‘IT’ principle (Werner and Brand, 2001). However, in the case 

of the QA standard, the use of such ‘ready-made’ QA standards is not advised as they do 

not reflect uncertainties associated with sample processing that can impact upon the 

purity and 8 of samples, mainly operator-related errors. Operator errors are inadvertent 

and unrealised, for if they were realised the compromised samples should not be 

analysed. These errors may include, but are not limited to, contamination from airborne 

particulates, processing irregularities (e.g., reactions were not always carried out to 

completion due to insufficient/variable solution strengths, heating, and reaction times; 

inadequate rinsing of chemical residues; etc.), and insufficient desiccation prior to 

52H/5!80  analysis. Such errors are likely rare for an experienced operator. However, 

many tree-ring 5 projects are carried out by senior undergraduate and graduate students, 

some of whom are learning these methods for the first time and may have limited 

laboratory experience. Operator error may occur more often in such cases, and the 

proposed method provides a system to monitor inter-batch reproducibility and identify 

potentially compromised results.

5.3 PROPOSED METHOD

To estimate the 6 precision of processed tree-rings, the IT principle must be 

respected by exposing the QA standard to the same chemical processing steps that sample 

tree-rings undergo. Ideally, a bulk reserve (e.g., enough for several years of analysis) of 

homogeneous whole wood particles, of roughly the same consistency as a sample, should 

be prepared by milling a piece of wood into smaller particles and used as the QA 

standard. Alternatively, bulk quantities of wood flour or shavings can be purchased
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commercially. Aliquots of the QA standard, consistent in mass to a typical sample, 

should be processed along with each batch of samples so that the QA standard is exposed 

to the same potential errors a sample is exposed to, which would be reflected in its 5 

value and the overall precision estimate.

To ensure that 8 variability in the processed QA standard is not influenced by 

sampling error, it is critical that all aliquots are isotopically representative of the bulk 

reserve from which they were sampled. For large or small aliquots, a representative 

aliquot can be assured if the QA standard is a homogeneous mixture of fine-grained 

particles, e.g., approaching the consistency of fine sand. However, fine-grained particles 

are only appropriate for cellulose extraction methods that process samples individually in 

test tubes (e.g., Brendel et al., 2000). For ‘batch-processing’ methods that require samples 

to be cut into coarse-granules or slivers (e.g., Leavitt and Danzer, 1993; Loader et al., 

1997), a coarse-grained QA standard should be used. Granular particles are ideal to 

facilitate a well-mixed bulk reserve. To avoid homogeneity issues with a coarse-grained 

QA standard, larger aliquots should be taken since individual granules may have a wide 

range of 5 values; experimentation may be needed to determine the appropriate aliquot 

size.

During processing, all reasonable efforts should be exercised to ensure that 

samples and QA standards are treated equally (i.e., all reactions carried out to 

completion; samples and QA standards are rotated in the heating block or bath; etc.) to 

avoid potential systematic differences in the purity and 5 of samples and QA standards. 

Once processing is complete, samples and QA standards should be sub-sampled for 8 

analysis. Sub-sampling is required to ensure the amount of sample, or QA standard,
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introduced to the mass spectrometer system is constant as variability in sample amount 

can contribute variability to measured 5 values. Fine-grained samples and QA standards 

can be readily sub-sampled as they are homogeneous, while coarse-grained materials 

must first be homogenised by mechanical milling or ultrasonic breaking (Laumer et al.,

2009).

Precision can be estimated by characterising the 2o range of a given series of 5 

values for the QA standard, although the number of QA data points included in the 

estimate will vary from one laboratory to the next based on internal protocols and, of 

course, the purpose of the estimate. In any case, there is no universal number of QA data 

points that must be used, as 5 precision is a statistical estimate that accounts for sample 

size, but Bessel’s correction (degrees of freedom = n-1) should be used to err on the side 

of caution, especially with small sample sizes. If the purpose of the estimate is to quantify 

long-term 5 reproducibility for a given laboratory, then the estimate would likely contain 

hundreds to thousands of QA data points that span several years of routine analysis. 

However, if the purpose is to quantify 8 reproducibility associated with a given project 

(e.g., tree-ring series), then it is more appropriate to use only QA data points from that 

project. Regardless, 5 precision reporting should be unambiguous by stating whether or 

not the QA standard was processed along with samples, if the estimate is project-specific 

or a long-term average for the laboratory that conducted the analysis, and how many QA 

data points were used.

Lastly, it should be noted that the proposed method provides an opportunity to 

monitor inter-batch 5 reproducibility and identify batches that have potentially been 

compromised during sample processing, which may be of considerable value in cases
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where inexperienced operators are involved. For example, if the 5 value for a QA 

standard falls outside the acceptable range of 8 values (as per internal laboratory 

protocols; e.g., 99% confidence interval), then the batch that the QA standard belonged to 

should be scrutinised. If upon a second analysis the QA standard 5 value is still found to 

be an outlier, the entire batch should be reprocessed or excluded. The final course of 

action, however, should be dictated by internal laboratory protocols.

5.4 PILOT STUDY

The proposed method was used in a recent tree-ring 8lsO project carried out at the

18G.G. Hatch Stable Isotope Lab. The objective was to measure the 8 O of 210 tree-rings 

from white spruce (Picea glauca [Moench] Voss) trees sampled at ‘Timber’ site (Porter 

et al., 2009) near boreal treeline in the Mackenzie Delta, northern Canada. For the QA 

standard, a homogeneous mixture of fine-grained wood particles, from a large diameter 

core collected from the study site, was used. The samples and the QA standard were 

homogenised using a Retsch-Brinkmann MM200 Mixer Mill. The 210 samples plus 14 

QA standard aliquots (ca. 70 mg) were processed in batches of 16 over 14 days. Each 

batch was processed from whole wood to a-cellulose in a single day using the rapid 

extraction method outlined by Brendel et al. (2000), but modified to include an alkaline 

hydrolysis step as suggested by Gaudinski et al. (2005). After processing, the samples 

and QA standards were placed in a drying oven at 50°C overnight, and then stored in a 

vacuum-sealed desiccator with Drierite, a gypsum-based desiccant.
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Samples and QA standards were weighed (ca. 150-250 pg material) into silver 

capsules, returned to the desiccator for a minimum of 24 hours, and then loaded into a 

Costech zero-blank auto-sampler carousel. The auto-sampler was put under vacuum and 

purged with dry helium for 5 minutes before the 5180  analysis began. A Thermo- 

Finnigan TC-EA and DeltaXP IRMS were used for the analysis (system parameters: 

pyrolysis tube at 1400°C; 5A GC column at 90°C; 100 mL/min flow rate). Samples and 

QA standards were analysed in the order they were processed. Each QA 6I80  value 

reported here (Table 5.1) represents a single pyrolysis.

Sample and QA 5180  values were calibrated using 3 a-cellulose reference 

standards with 518Ovsmow values of 20.3, 27.5, and 32.8%o. Ideally, the SI80  range of the 

reference standards should bracket the 5180  values of the unknown samples; however, the 

QA standard (whose 5180  was unknown before the analysis) was found to be depleted by 

ca. 3%o compared to the most negative reference standard (i.e., 20.3%o). However, this is 

understandable since tree-rings in the Mackenzie Delta are labelled by some of the most 

isotopically-depleted precipitation in the Northern Hemisphere (Bowen and Revenaugh, 

2003), and there are few sources of natural wood cellulose as depleted, high-arctic shrubs 

being one exception (Welker et al., 2005). Nevertheless, the 3-point calibration curve was 

quite linear (r2 > 0.99) over the range 20.3-32.8%o, and extrapolation by ca. 3%o is 

reasonable.

The 14 QA standards had a 518Ovsmow range of 17.1-17.5%o, a mean of 17.3%o, 

and a 2a precision of 0.3%o (Table 5.1). As discussed above, a precision of 0.3%o is 

typical for continuous-flow analysis of tree-ring 5lsO, suggesting that the samples and 

QA standards were consistently processed to the same end product and probably did not
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Table 5.1. 5 18O v s m o w  values for the 14 QA standards. Each value represents a single 
pyrolysis. The analysis took place over several weeks from July 12 to August 30, 2010

QA std. 5180  ( % o ) Date
W01 17.5 Jul-12
W02 17.1 Jul-12
W03 17.4 Jul-14
W04 17.5 Aug-13
W05 17.5 Aug-16
W06 17.2 Aug-17
W07 17.4 Aug-18
W08 17.1 Aug-18
W09 17.3 Aug-24
W10 17.5 Aug-25
W ll 17.4 Aug-26
W12 17.2 Aug-27
W13 17.4 Aug-30
W14 17.2 Aug-30

Mean (W01-W14) = 17.3%o; 2a = 0.3%o
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accumulate much error in excess of what can be explained by uncertainties associated 

with the mass spectrometer, pyrolysis environment, and specifics of a-cellulose.

However, had caution not been used in treating all samples and QA standards the 

same, the 8 precision estimate could have been very different. To demonstrate this point, 

2 additional QA aliquots were prepared to a-cellulose and purposely not desiccated prior 

to analysis. As a-cellulose is a hygroscopic compound, it was expected that exposure to 

ambient humidity would contribute error to the S180  value. The 2 purposely- 

compromised QA standards were analysed on 2 separate days, both having a 5180  value 

of 18.2%o. This compromised 5lsO value is greater than +7a from the mean of the 

desiccated QA standards, thereby demonstrating how improper storage of samples, or 

even a leak in the desiccator, could lead to error in the 5180  of samples. If such an error 

did occur during routine analysis, and the QA standard was not processed using the 

proposed method, it might not be possible to identify the error post facto.

5.5 CONCLUDING REMARKS

There are many sources of uncertainty that could influence the 5 of processed 

tree-rings before samples are introduced to the mass spectrometer. To better characterize 

the 8 precision of processed samples, QA standards must be treated as if they are 

samples. In isotope laboratories that specialize in tree-ring analysis and offer the service 

of preparing tree-ring cellulose, their in-house protocols could be revised fairly easily. 

However, in cases where the tree-ring researcher is responsible for preparing their own 

samples before sending them to an isotope laboratory, the onus is on the researcher to
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provide the QA standards. In such cases, the isotope laboratory may recognize the merit 

of using the proposed method and waive the costs associated with analyzing additional 

QA standards. Again, the onus is on the researcher to inquire about such details.
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CHAPTER SIX

APRIL-JULY MINIMUM TEMPERATURES SINCE AD 1780 

RECONSTRUCTED FROM STABLE OXYGEN ISOTOPE RATIOS IN WHITE 

SPRUCE TREE-RINGS FROM THE MACKENZIE DELTA, NORTHWESTERN

CANADA

6.1 INTRODUCTION

Instrumental climate data for most regions globally is limited to the last hundred 

years, and the duration and spatial-density of these records decreases pole ward 

(Lawrimore et al., 2011). Improved spatiotemporal coverage is needed to better 

characterise natural climate variability, especially at higher latitudes, evaluate the 

sensitivity of climate to pre-industrial forcings, and provide initialisation and verification 

datasets for climate models needed to forecast regional impacts. In place of missing 

instrumental records, natural proxies can be used to fill gaps in the global climate 

network (Jones et al., 2009; Bradley, 2011).

Tree-ring chronologies are especially useful because they are annually-resolved 

and, thus, comparable to instrumental climate records. The most climatically-sensitive 

tree-ring growth (e.g., ring-width or -density) chronologies are found at the margins of a 

tree’s ecological range where climate is the primary limiting factor (Briffa et al., 2002). 

Arctic treeline is one such marginal environment where tree-ring growth chronologies are 

temperature-limited and have provided valuable insights on climate over the past 

millennium (Briffa et al., 1992; Esper et al., 2002; D’Arrigo et al., 2006; Wahl and 

Ammann, 2007). However, in more recent decades some white spruce stands in
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northwestern Canada and interior Alaska have exhibited non-linear temperature-growth 

responses (Jacoby and D’Arrigo, 1995; D’Arrigo et al., 2004; Wilmking et al., 2004; 

Pisaric et al., 2007; McGuire et al., 2010; Porter and Pisaric, 2011), known as the 

‘Divergence Problem’ (hereafter ‘divergence’; D’Arrigo et al., 2008). Divergence in tree- 

ring studies has raised concerns over the ability to use affected chronologies in 

reconstructions of past climate (Jansen et al., 2007).

In light of these concerns, Porter et al. (2009) explored the potential of tree-ring 

stable oxygen isotope ratios (5I80 ) as an alternative proxy in the Mackenzie Delta, a 

region where divergence is widespread (Pisaric et al., 2007). Porter et al. (2009) 

developed tree-ring S180  records (AD 1850-2003) from three white spruce trees at a site 

unofficially named ‘Timber’ (Fig. 6.1). Comparison with the nearest climate record at 

Inuvik showed that Timber §180  was significantly correlated with March-July minimum 

temperatures over the AD 1957-2003 period, suggesting a first-order link to temperature- 

dependent isotopic labelling of local precipitation (Dansgaard, 1964). However, this 

relation has yet to be rigorously assessed for climate reconstruction purposes. The main 

purpose of the present study is to evaluate the robustness of the Timber 5180-temperature 

signal as a basis for developing an extended temperature reconstruction.

One factor that could complicate temperature signals in tree-ring 5lsO, or any 

terrestrial 5lsO archive, is atmospheric circulation variability (Edwards et al., 1996, 2008; 

Birks and Edwards, 2009; Liu et al., 2011; Saurer et al., 2012). Changing circulation can 

alter the source region or rain-out history of atmospheric moisture, and the seasonality of 

precipitation, potentially affecting the stationarity of temperature signals in 5180  archives 

(Dansgaard, 1964; Jouzel, 1999; Sodemann et al., 2008b; Sturm et al., 2010). For the
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Figure 6.1. Map of study sites (triangles) and climate stations (solid dots) of interest. The 
shaded relief is based on the GTOPO30 digital elevation model (U.S. Geological Survey; 
http://wwwl.gsi.go.jp/geowww/globalmap-gsi/gtopo30/gtopo30.html) and differentiates 
between low (light grey) and high (dark grey) elevations.
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study region and greater northwestern North America (NWNA) in general, the semi

permanent Aleutian Low (AL) positioned over the North Pacific is the primary pressure 

center driving atmospheric circulation and moisture advection to the interior (Bums,

1973; Wahl et al., 1987; Dyke, 2000; Serreze and Barry, 2005).

Because AL variability could conceivably influence the Timber 5180-temperature 

relation, it is important to test the relation over a time period that experienced a wide 

range of circulation patterns before it is considered for reconstruction purposes. Here, the 

relation was evaluated using a newly compiled instrumental temperature record from six 

local stations that extends over the past century. Over the analysis period, AL strength 

has varied significantly at interannual and decadal frequencies, as quantified by the North 

Pacific Index (NPI; Trenberth and Hurrel, 1994), and it is important to note that this 

range of variability appears to be representative of its range over the last 400 years 

according to a well-verified NPI reconstruction by D’Arrigo et al. (2005). Therefore, the 

period of analysis seems appropriate for assessing the stability of the temperature-5180  

relation under a wide range of circulation patterns.

However, evidence from two independent 5180  records in southwestern Yukon 

(Fig. 6.1) (Mt. Logan PRCol ice-core [Fisher et al., 2004] and Jellybean Lake sediment- 

core [Anderson et al., 2005]) suggests an AL regime shift may have occurred at ca. AD 

1840 that is unprecedented since at least AD 800 when a similar event is thought to have 

occurred (Fisher et al., 2004). The AD 1840 event was represented by a marked decrease 

in both records in spite of a general warming since AD 1840 indicated by a number of 

biological proxies from the area (Szeicz and MacDonald, 1995; Davi et al., 2003; 

D’Arrigo et al., 2006; Viau et al., 2012) which should have caused an 8lsO increase in the
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PRCol and Jellybean records if they were dictated by a classical temperature effect. As 

such, the two records were thought to be circulation-sensitive, and it was speculated that 

the AD 1840 shift represented a transition from a zonal to meridional circulation regime 

consistent with an intensified AL (Fisher et al., 2004; Anderson et al., 2005). Results 

from simulations with an isotope-enabled general circulation model, however, suggested 

that enhanced meridional circulation would likely increase meteoric 5180  (Field et al.,

2010). Regardless, if a regime change did occur at AD 1840, it might have affected 5lsO 

archives across interior NWNA, and this would complicate the interpretation of 5180- 

temperature signals from these archives. To explore this possibility in the Mackenzie 

Delta, Porter et al.’s (2009) tree-ring 5180  record was extended to AD 1780 to look for 

anomalous variability at ca. AD 1840 as evidence of a regime shift.

Finally, model simulations were carried out using the NASA-GISS ModelE 

isotope-enabled general circulation model (Schmidt et al., 2005, 2006) as an additional 

line of inquiry to better understand the potential impact of circulation on meteoric and 

tree-ring 5180  in the study region. This modelling exercise provides novel insights that 

are pertinent to the selection of sites for paleoclimate-5180  studies in NWNA.

6.2 MATERIALS AND METHODS

6.2.1 Tree-ring 8,sO data

The mean climatology, site characteristics, and existing tree-ring 8lgO series for 

Timber site are described by Porter et al. (2009). New cores for this study were collected 

from white spruce trees in 2008 and 2009 using a Haglof increment borer (12 mm 

internal diameter). A single bark-to-bark core passing through or near the pith was
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collected from mature white spruce trees, providing 2 radii from each tree. Cores from 

three of the trees were selected for isotope analysis. The three cores were selected on the 

basis of tree longevity and ring-width. Tree longevity was a criterion to ensure the 5180  

series from each core would extend several decades prior to the putative AD 1840 event. 

Ring-width was a criterion to ensure a sufficient sample amount for analysis. Trees at 

Timber have narrow rings during the early-19th century which presented technical 

challenges for separating individual rings, and ensuring enough a-cellulose after 

processing. To overcome this challenge, cores with relatively wide rings during problem 

years were selected. This same criterion was used by Porter et al. (2009) due to the 

narrowness of late-20th century rings.

Tree-ring growth patterns of the sample cores were first visually cross-dated, 

measured using a Velmex tree-ring measuring system, and verified against the Timber 

master tree-ring chronology using the computer program COFECHA (Holmes, 1983). 

Sample rings were then separated under magnification using a scalpel. Duplicate rings 

from opposite radii of the same tree (i.e., representing the same year) were pooled. The 

sampled rings from each tree were analysed independently. Samples from two of the trees 

span the years AD 1790-1865 and samples from the third tree span AD 1780-1870. The 

samples were milled to fine wood particles, approximating the consistency of a fine sand, 

and processed to a-cellulose using Brendel et al.'s (2000) method but modified to include 

an alkaline hydrolysis step to ensure complete removal of non-a-cellulose compounds 

(Gaudinski et al., 2005; Boettger et al., 2007). In contrast, Porter et al.’s (2009) samples 

were processed using a Jayme-Wise-type a-cellulose extraction method described by 

Green (1963; see also Sternberg, 1989). The two methods differ in terms of the oxidants
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used to remove hemicelluloses. However, given the same wholewood, both methods 

produce chemically-identical a-cellulose when fine-particle samples are used (Gaudinski 

et al., 2005).

The S180  analysis for this study was completed at the G.G. Hatch Stable Isotope 

Laboratory, University of Ottawa. The system specifications and reference standards used 

are outlined by Porter and Middlestead (2012). In contrast, Porter et al. (2009) completed 

their analysis at the Environmental Isotope Laboratory, University of Waterloo. Because 

equipment and laboratory protocols used in the two studies are not identical, isotopic 

offsets between the two datasets can occur. A recent inter-laboratory comparison by 

Boettger et al. (2007) demonstrated this effect showing that 8lsO results from the same 

samples analysed at 9 different laboratories were systematically offset by as much as l%o, 

and this was attributed to differences in sample storage and low- vs. high-temperature 

pyrolysis. A possible analytical offset between the Porter et al. (2009) and new S180  

series was assessed by comparing their median chronologies over their common period of 

overlap (AD 1850-1870). A mean offset of 0.7%o was observed, likely due to inter

laboratory factors, and was corrected by adjusting the new series by +0.7%o. Adjusting 

the new series, however, is an arbitrary choice as it is difficult to say which dataset is 

more accurate with respect to the VSMOW (Vienna Standard Mean Ocean Water) scale.

To evaluate the 5180  precision of the samples, Quality Assurance (QA) standards 

were prepared according to the identical treatment method outlined by Porter and 

Middlestead (2012). Fourteen QA standards were processed along with 210 of the 243 

samples in equal batches (i.e., 1 QA standard + 15 samples per batch). The 5180  precision 

estimate based on these QA standards was ±0.3%o, which is typical for non-processing-
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related uncertainties alone (McCarroll and Loader, 2004). Given this result, it is likely 

that the samples were consistently processed to the same a-cellulose purity. In 

comparison, the 5180  precision for the Porter et al. (2009) data was ±0.4%o.

Tukey’s bi-weight robust mean is commonly used in dendrochronology research 

when merging independent tree-ring series into a mean chronology if sample size is 

greater than six, and the median function is used when sample size is less than or equal to 

six (Cook, 1985). Both measures of central tendency help to guard against outlier data 

points that can strongly affect the mean chronology when sample size is low. Here, 

sample size is always less than or equal to six, and so the median function is used to 

calculate the master Timber 5180  chronology.

The Expressed Population Signal statistic (Wigley et al., 1984) was used to 

estimate the signal-to-noise ratio of the 5180  series:

(1) EPS = (N  x rbar)/(l +  (N  -  1) x rbar)

where rbar is the mean inter-correlation between all tree-ring series over a given window 

length, and N is the number of series involved in the calculation. The EPS used here is 

calculated based on a 31 year window length. Because all Timber 8lsO series do not 

cover the same period, and some are not intemally-continuous (e.g., many null data 

points in the 1970s due to narrow rings; refer to Porter et al., 2009), the EPS calculation 

was given some flexibility to allow up to a third of the 31 years for each tree to contain 

null data points. In these cases, N is not a discrete number and was defined as the mean 

number of trees available over the 31 year period.
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6.2.2 Regional temperature record

A regional composite temperature record (AD 1892-2010) was used to assess the 

long-term temperature-dependence of the master Timber 5180  chronology. The 

composite record was developed using monthly temperature data from several local 

stations including Tuktoyaktuk (1970-2007), Inuvik (1957-2006), Aklavik (1926-2007), 

Fort McPherson (1892-1977), Fort Good Hope (1908-2007), and Normal Wells (1943- 

2010) (Fig. 6.1). Raw temperature data were obtained from Environment Canada 

(http://climate.weatheroffice.gc.ca). As mean temperatures between the stations are 

biased by their geographic position, the mean and variance of each record were adjusted 

to match the Inuvik record before calculating the regional means (Appendix D, SI-Fig.

6.1). The regional composite record is discontinuous from AD 1892-1909 for most 

months, and continuous from AD 1910-2010.

6.2.3 Calibration and verification

Correlation analysis was used to evaluate the relation between the Timber 5180  

master chronology and monthly minimum, mean, and maximum temperatures. Monthly 

temperatures that shared a strong relation with Timber 6lsO were averaged into an 

optimal seasonal index. The robustness of the optimal temperature-5180  relation was 

assessed using a standard split-period calibration/verification analysis (Cook and 

Kairiukstis, 1990). The calibration statistics included Pearson’s R, R2, adjusted-R2, 

Standard Error (SE), Durbin-Watson (DW), and a sign-test. The verification statistics 

included the Reduction of Error (RE) and Coefficient of Efficiency (CE).
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6.2.4 Isotope-enabled general circulation modelling

The expected response between meteoric 5,80  and NPI (calculated as the mean 

sea-level pressure for the area 30°N-65°N, 160°E-140°W; Trenberth and Hurrel, 1994) 

was assessed using two model runs from NASA-GISS ModelE (2° x 2.5° horizontal grid 

resolution, 40 vertical levels; Schmidt et al., 2005, 2006) at a higher spatial resolution 

than Field et al. (2010). Run 1 (AD 1969-2009) was based on a free-running atmosphere, 

and Run 2 (AD 1970-2009) had its horizontal winds prescribed towards NCEP/NCAR 

Reanalysis (Kalnay et al., 1996). Both runs were forced using the same monthly sea- 

surface temperature (SST) field (Rayner et al., 2003). Although not entirely independent 

due to the common SST field, analysis of two simulations provides some indication of 

whether the model results are realization-specific.

Spatial correlations between NPI and modelled meteoric 5180  were examined for 

fall-winter (Nov-Feb) and spring-summer (April-July) months. Seasonal 5180  means 

computed from monthly means were weighted by monthly precipitation amount. Since 

the AL has a strong and significant influence on regional temperatures across NWNA 

(Mock et al., 1998), the effects of temperature were first removed from the meteoric 8lsO 

field (linear temperature-6180  relation was quantified by linear regression for each grid 

point and subtracted) to isolate 5180  variability that may be related to changes in moisture 

source and trajectory. The residual 5180  field was then correlated against NPI, yielding, 

in effect, a partial-correlation analysis. Finally, the modelled precipitation-NPI relation 

was explored to determine the potential for changes in precipitation seasonality, which 

could influence the seasonal bias of bulk soil water 5lsO for a given site.
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6.3 RESULTS AND DISCUSSION

6.3.1 Timber 5,80  chronology

Over their common period of overlap (AD 1850-1870) the median 8180  records 

from this study and Porter et al. (2009) are well correlated, demonstrating a common 

environmental signal and supports combining all series into a master chronology (Fig.

6.2). The master chronology spans the period AD 1780-2003 and is defined by one to six 

trees depending on the year (overall mean is 2.9 trees/year). Although the average sample 

size is relatively low compared to most traditional dendrochronology studies, the EPS 

results indicate a relatively high signal-to-noise ratio. The mean EPS for the entire record 

is 0.84, which is just below the 0.85 threshold (i.e., 85% signal, 15% noise) 

recommended by Wigley et al. (1984) for dendroclimatic research. EPS values are at 

their lowest in the following 12 years: AD 1963-1971, 1978-1979, and 1982; during these 

years EPS varies from 0.66-0.75. These low values are due to reduced sample depth in 

the late-1970s and early-80s, caused by extremely narrow rings as discussed by Porter et 

al. (2009). However, for all other years (94% of years), EPS ranges from 0.75-0.92 with a 

mean EPS of 0.85 and supports the use of this chronology for paleoclimatic research.

6.3.2 The putative AD 1840 event

Based on the Timber §180  master chronology (Fig. 6.2), there is no evidence for 

the AD 1840 event in the Mackenzie Delta region. Overall, the Timber chronology 

exhibits a gradual rising trend from AD 1780 to the late-19th century. There are no abrupt 

shifts from enriched to depleted values at ca. AD 1840. One fluctuation in the Timber 

5180  record that is a departure from normal variability is the temporary dip in AD 1893;
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Figure 6.2. Timber site 5180  tree-ring data: individual series (grey); median of Porter et 
al. (2009) data (blue) and new data from this study (red); the master Timber chronology 
(black); interpolated 5I80  values for the years 1972 and 1976 (black dots); inter
correlation between Porter et al. (2009) and new data during the period of overlap (1850- 
1870) is highly significant (p < 0.001). Expressed Population Signal (EPS) and sample 
depth (no. trees) are indicated; a 31-year cubic smoothing spline with a 50% frequency 
cut-off (Cook and Peters, 1981) is used to illustrate general EPS trends.
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however, this has been related to an extremely cold spring recorded in the Fort 

McPherson record (Porter et al., 2009). Assuming that the Timber 8lsO chronology is an 

archive for meteoric 5180, these results appear to suggest that no large-scale regime shift 

occurred at AD 1840 or that Timber 5180  is insensitive to circulation regime changes.

At the Pacific-basin scale, the putative AD 1840 event corresponds well with 

important changes in the equatorial trade winds (Thompson et al., 1986; Hendy et al., 

2002) and ENSO-event duration (Mann et al., 2000), suggesting possible large-scale 

teleconnections. However, it is not well-replicated in NWNA. For example, the event is 

not found in the NPI reconstruction by D’Arrigo et al. (2005), or other lake-core 5180  

records from interior Yukon (Anderson et al., 2011). At more local scales, it is also 

missing from the Eclipse 52H ice-core record (Fisher et al., 2004), ca. 40 km from the 

PRCol site. Further, it is notable that ice accumulation shifts are found in the PRCol and 

Eclipse ice-cores during the mid-19th century, but in opposite directions under, 

presumably, the same circulation regime (Fisher et al., 2004). Given these disparate 

results, it may be that the AD 1840 event found in the PRCol and Jellybean Lake records 

was not caused by a large-scale regime shift, but perhaps it represents a more subtle 

change in atmospheric flow that was amplified by complex topography and the extreme 

elevation of the St. Elias Mountains. A relative increase in depleted winter snows should 

not be mled out either (Field et al., 2010).

Conversely, the absence of the AD 1840 event in Timber 5lsO record could also 

indicate that the Mackenzie Delta region is insensitive to AL variability. This possibility 

was evaluated using the ModelE simulations based on a correlation analysis of modelled 

NPI versus meteoric 5180  (with the effects of temperature removed) (Fig. 6.3), and
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modelled NPI versus precipitation amount (Fig. 6.4). The large-scale correlation patterns 

vary greatly between November-February (NDJF) and April-July (AMJJ), as would be 

expected since AL is a prominent feature mainly during the cold-season and starts to 

break down in April (Serreze and Barry, 2005), but some generalizations can be made. 

For Timber and adjacent areas, NPI-5180  correlations are mostly insignificant for Runs 1 

and 2 in both seasons, but especially in AMJJ (Fig. 6.3). In general, NPI-5180  

correlations are weak and insignificant for interior NWNA. A higher spatial density of 

significant, weak or moderate correlations occurs along the Pacific coast of NWNA and 

further inland to the northeast. Of particular interest, Run 2 NPI-5180  correlations are 

inverse and significant for PRCol suggesting that a deeper AL (i.e., enhanced meridional 

flow) would cause a positive shift in meteoric 5180, as suggested by Field et al. (2010).

For the Timber area, NPI-precipitation correlations are also rather weak and 

insignificant overall, but with a greater spatial-density of significant correlations during 

NDJF (Fig. 6.4; see also Appendix D, SI-Fig. 6.2). Regardless, Timber 5180  is more 

closely associated with AMJJ (Porter et al., 2009), a season when precipitation levels are 

increased in the region (Bum and Kokelj, 2009). Overall, AMJJ NPI-precipitation 

correlations are weak and insignificant in the Mackenzie Delta and interior NWNA. 

Considering the NPI-precipitation and NPI-5I80  correlation results in tandem, it seems 

unlikely that AL variability would strongly affect Timber 5lsO, implying that this record 

may be of considerable value as a first-order temperature proxy. Therefore, the absence 

of an AD 1840 shift in the Timber 5180  record should not be considered evidence that an 

AD 1840 event did not occur, as is suggested by the PRCol and Jellybean Lake records.
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Figure 6.3. A correlation analysis between NPI and simulated meteoric 8180  (influence 
of temperature on 5I80  removed) for fall-winter (NDJF; top) and spring-summer (AMJJ; 
bottom) months. Results from Runs 1 (left) and 2 (right) are compared. Points 1, 2, and 3 
are Timber, PRCol, and Jellybean Lake, respectively.
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Figure 6.4. A correlation analysis between NPI and precipitation amount for fall-winter 
(NDJF; top) and spring-summer (AMJJ; bottom) months. Results from Runs 1 (left) and 
2 (right) are compared. Points 1, 2, and 3 are Timber, PRCol, and Jellybean Lake, 
respectively. These correlation patterns were also assessed using the longer NCEP/NCAR 
Reanalysis (1948-2009; Kalnay et al., 1996) and ERA-40 Reanalysis (1958-2002; Uppala 
et al., 2005) datasets, and are provided in Appendix D (SI-Fig. 6.2).
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As for PRCol and Jellybean Lake, the NPI-precipitation correlations for Runs 1 

and 2 are also quite weak and insignificant during AMJJ (Fig. 6.4; see also Appendix D, 

SI-Fig. 6.2). However, the annual water budget for coastal southwestern Yukon is cold- 

season dominated (NCEP/NCAR Reanalysis data; Kalnay et al., 1996), and so NPI- 

precipitation associations during NDJF are likely much more important. The NDJF NPI- 

precipitation correlations are inverse and significant for PRCol (Runs 1 and 2) and 

Jellybean Lake (Run 1 only), implying that a deeper AL would lead to increased 

precipitation (n.b., strengthened NJDF correlation patterns are well replicated using the 

longer NCEP/NCAR and ERA-40 Reanalysis datasets -  Appendix D, SI-Fig. 6.2). 

Therefore, the AD 1840 shift from enriched to depleted S180  could represent a 

disproportional increase in winter precipitation, possibly due to enhanced meridional 

flow as suspected by Fisher et al. (2004). However, the net change in 6I80  archives for 

S.W. Yukon is more complex due to the opposing effects of moisture source/trajectory on 

isotope distillation (Fig. 6.3) and precipitation seasonality (Fig. 4; Appendix D, SI-Fig.

6.2), which cancel to some extent. A more sophisticated analysis is needed to determine 

which factor is likely to dominate; however, that is beyond the scope of this study.

6.3.3 Timber 8180-temperature reconstruction

Monthly (prior-year September to growth-year August) correlations between the 

master Timber 6!80  chronology and the regional temperature record were assessed over 

the period AD 1892-2003. Consistent with Porter et al. (2009), Timber 5,sO is closely 

associated with spring-summer minimum temperatures (Table 6.1), but one minor 

difference is that April-July is shown here to be the optimal seasonal index, whereas
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Porter et al. (2009) found it was March-July based on their analysis using the shorter 

Inuvik temperature record (i.e., AD 1957-2003).

The robustness of the April-July minimum temperature-8180  relation was 

evaluated using a split-period calibration/verification analysis (Table 6.2). The calibration 

periods were 1893-1953 (Split 1) and 1954-2003 (Split 2); verification periods are the 

opposites of the calibration periods. The results demonstrate that the association between 

Timber 8lsO and April-July minimum temperatures is robust. For Splits 1 and 2, Timber 

5180  accounts for 35% and 16% of temperature variability, respectively. The weaker 

Split 2 adjusted-R2 is likely due to the fact that the master chronology is not as well 

defined during the 1970s and 1980s due to lower sample depth. For Splits 1 and 2, the 

Durbin-Watson statistic is close to a value of 2.0, indicating very little autocorrelation in 

the residuals. The standard error is slightly less for Split 1 (1.05°C) than Split 2 (1.36°C), 

indicating slightly more error in the residuals during the latter period, as would be 

expected given the sample depth differences.

Results for the sign-test, a high-frequency test, are mixed. For the Split 1 

calibration, the sign-test result is highly significant suggesting that the sign of interannual 

Timber 5180  changes largely matches changes in April-July minimum temperature. 

However, Split 2 does not pass the sign-test. Again, this likely relates to the low number 

of samples defining the master chronology during the 1970s and ‘80s. Despite this 

shortfall, it is encouraging that Timber 5180  is associated with temperatures as strongly as 

it is considering the many potential sources of non-temperature-related noise, e.g., white 

noise from analytical uncertainties (Werner and Brand, 2001; Porter and Middlestead, 

2012), minor evaporative-enrichment effects (Roden et al., 2000), residual soil water
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Table 6.1. Monthly and seasonal correlations between regional-composite minimum
temperatures and the Timber mean d180  chronology (AD 1891-2003). Correlations

r-value
Year Sept 0.05
t-1 Oct 0.16

Nov 0.11
Dec 0.15

Year Jan 0.24
t Feb 0.22

Mar 0.22
Apr 0.47
May 0.44
Jun 0.32
Jul 0.28

Aug 0.13
Season AMJJ* 0.54

AMJ* 0.53
AM 0.51

*N.B., Fort McPherson temperature data for June (1896) and July (1893, 1900, and 1908) 
were unavailable; to allow the calculation of April-July seasonal values for these years, 
the missing June and July data points were estimated using the closest four years of 
available data.
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Table 6.2. Calibration/verification and full-period (AD 1893-2003) calibration statistics 
for linear regression models of April-July minimum temperatures as a function of the 
mean Timber 5180  chronology._____________________________________

Split 1 Split 2 Full period
Calibration

Period 1893-1953 1954-2003 1893-2003
N 51 50 101
Slope 0.97 0.87 1.01
Intercept -23.60 -20.92 -24.10
SE 1.05 1.36 1.24
DW 1.47 2.19 1.97
R 0.60 0.42 0.55
R2 0.37 0.17 0.30
Adj-R2 0.35 0.16 0.29
Sign (+/-) 36/14§ 23/26 60/40*

Verification
Period 1954-2003 1893-1953 n/a
N 50 51 n/a
RE 0.31 0.46 n/a
CE 0.08 0.21 n/a

N.B., the period 1893-1953 contains only 51 years of valid data points; sign-test results 
significant at §p <0 .01 and *p < 0.1; all correlations are significant at p < 0.01 (one
tailed).
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from previous years and occasional flooding (Kokelj and Bum, 2005), and uncertainties 

in the meteoric 5180-temperature response (Dansgaard, 1964; Fricke and O’Neil, 1999).

The verification reduction of error and coefficient of efficiency results are always 

above zero for Splits 1 and 2, indicating that both calibration models are more skilful than 

the mean climatologies of the calibration and verification periods, respectively. These 

verification results indicate that Timber SI80  is a suitable first-order proxy for April-July 

minimum temperatures. A full-period (AD 1893-2003) calibration model, explaining 

29% of the observed temperature variability, was used to predict April-July minimum 

temperatures back to AD 1780 (Table 6.2). The full-period model has a Durbin-Watson 

statistic of 1.97, standard error of 1.24°C, and a sign-test result of 60 agreements and 40 

disagreements that is significant at p < 0.057.

Predicted and observed temperatures were compared to demonstrate coherence 

(Fig. 6.5a). ‘Local’ temperatures in the comparison are the regionally-averaged 

temperature data for the Mackenzie Delta region (Appendix D, SI-Fig. 6.1). Temperature 

estimates from the 20th Century V2 Reanalysis (20CR) project (Compo et al., 2011) were 

used for additional verification. The 20CR are synthetic data generated by a numerical 

weather prediction model constrained by observed surface pressure, sea-surface 

temperatures, and sea-ice extent. For the study region and neighbouring areas (60-70°N, 

130-140°W), 20CR temperatures for April-July provide a good approximation of local 

temperatures (Appendix D, SI-Fig. 6.3) and were used to gap fill missing data points in 

the local temperature record from AD 1871-1909 (Fig. 6.5a).

The local-20CR composite and 5180-predicted temperatures are well matched 

over the full period of overlap (AD 1871-2003), especially at lower frequencies (e.g., R =
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Figure 6.5. (a) Comparison between observed (colour) and predicted (black) April-July minimum temperatures since AD 1871; the 
observed temperature data are a composite of local temperature (Appendix D, SI-Fig. 6.1) and 20CR (Appendix D, SI-Fig. 6.3) data; 
the shaded confidence interval represents two standard errors of the prediction (± 2.48°C). (b) Comparison of the Sl80- temperature 
reconstruction (this study) and ring-width-inferred June-July temperatures for the Mackenzie Delta region (Porter et al., 2012). All 
correlations are significant at p < 0.001.



0.78/0.88 when both series are smoothed with a 5-year/10-year cubic-smoothing spline; 

Cook and Peters, 1981). From AD 1871-1893, both records show a brief cooling trend to 

a low in AD 1893, warming to the ca. 1940s, slight cooling to the ca. 1960s, and a further 

warming trend to present. According to the reconstruction, April-July temperatures today 

are likely the warmest they have been in the last 230 years. Qualitatively, it is 

encouraging that the reconstruction captures the sharp cooling event in AD 1893, but it 

does not fully capture the AD 1998 warm event, corresponding with the 1997/98 El-Nino 

(van Oldenborgh, 2000) which had a major impact on global climate. However, given the 

many sources of noise that could influence the temperature signal, it is not surprising that 

some extreme events are not well reconstructed.

On a final point of verification, the 5180-temperature reconstruction was 

compared to a June-July temperature reconstruction for the Mackenzie Delta by Porter et 

al. (2012) based on a regional-scale network of ‘divergence-free’ ring-width 

chronologies. Aside from the fact that one reconstruction is 8lsO-based and the other is 

ring-width-based, a second important difference is that they are tuned to slightly different 

seasons. As a general rule, the coherence of temperatures within a region will be best 

during and between cold-season months, but tends to improve for all seasons over longer 

time periods (e.g., multi-decadal to centennial; Jones et al., 2009). Therefore, the two 

reconstructions are expected to be least similar at shorter-frequencies (e.g., interannual to 

decadal). One apparent discrepancy is found in the ca. 1940s when April-July minimum 

temperatures seem to be anomalously warm compared to June-July minimum 

temperatures (Fig. 6.5). In this region, the 1940s was a warm period for most months

145



except summer (Appendix D, SI-Fig. 6.1), and so the apparent discrepancy is actually 

evidence that the reconstructions are behaving as they should.

As expected, the reconstructions share the same underlying trends characterised 

by lower temperatures in the early- to late-19th century followed by a strong 20th century 

warming trend, consistent with broad-scale instrumental and proxy-based evidence for a 

rapidly warming Arctic (ACIA, 2005; Kaufman et al., 2009). Another important point 

regarding the coherence of these reconstructions is that their temperature signals result 

from entirely different physical processes (i.e., temperature-effect for 5lsO and, 

presumably, temperature-driven biological constraints for ring-width) and, thus, their 

agreement provides independent verification and added confidence to each other. For the 

purpose of intra-regional verification of proxy reconstructions, Jones et al. (2009) 

highlighted the need for new proxy types in all parts of the world. At least in the 

Mackenzie Delta region, 5180  appears to be an excellent candidate for this purpose.

6.4 CONCLUDING REMARKS

There have been many case studies exploring the paleoclimatic ‘potential’ of tree- 

ring d180  for various locales of the world (McCarroll and Loader, 2004); however, in

I 8nearly all cases the 5 O chronologies were limited to the modem instrumental climate 

data period, rather than developing long 5180  chronologies for reconstruction purposes, 

which was a criticism of Gagen et al. (2011). This study has moved beyond potential and 

demonstrated the first tree-ring 5180-temperature reconstruction for a high-latitude site in 

northwestern North America, and one of a few worldwide. The statistical and visual 

diagnostics for the reconstruction provide strong evidence that tree-ring 5lsO is a viable
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temperature proxy for the Mackenzie Delta, which offers promise for much longer 

reconstructions given that millennial-length tree-ring chronologies are found in this 

region (Szeicz and MacDonald, 1996; Begin et al., 2000; Porter et al., 2012).

The fact that the Timber S180-temperature signal is as much a function of spring 

(April-May) temperature as it is of summer (June-July) temperature also deserves some 

attention. For the circumpolar boreal forest, the more traditional tree-ring indicators such 

as ring-width are often biased towards the warm season (Garfmkel and Brubaker, 1980; 

Jacoby and D’Arrigo, 1989; Briffa et al., 1998b; Barber et al., 2000; Davi et al., 2003; 

Treydte et al., 2006; Wilson et al., 2007; D’Arrigo et al., 2009; Esper et al., 2010; 

Andreu-Hayles et al., 2011), which imparts a warm-season bias on large-scale 

reconstructions based heavily on high-latitude ring-width data (Jansen et al., 2007). 

Although seasonal (e.g., warm- vs. cold-season) differences are less important when 

multi-decadal to centennial climate variability is of interest (Jones et al., 2009), there 

remains a need for proxies with a variety of seasonal biases to improve knowledge of 

seasonal and mean annual climate dynamics at regional- and global-scales. Improved 

knowledge of past seasonal dynamics could serve several purposes, including the ability 

to providing more refined datasets for calibrating and verifying GCMs, and diagnosing 

the natural origins of climate anomalies. Regarding the latter, climatic variations linked to 

solar or volcanic forcings might be expected to be coherent across all seasons, whereas 

internal forcings linked to Pacific ocean-atmosphere dynamics, for example, tend to be 

expressed mostly during the cool season. At least in the Mackenzie Delta, tree-ring 5isO 

is sensitive to a broader seasonal window of climate than tree-ring width and, together,
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these proxies can potentially be used to tease apart temperature differences between 

spring and summer conditions.

The well-known relation between temperature and meteoric 5lsO, especially for

1Rhigher-latitude sites, presents an obvious opportunity to use 5 O archives to reconstruct 

temperatures. This relation has been most popularly applied to the Greenland and 

Antarctica ice-cores (Jouzel et al., 1987; Dansgaard et al., 1993; Johnsen et al., 2001; 

Augustin et al., 2004). However, atmospheric circulation variability can potentially 

complicate the interpretation of more continental 8180  records as first-order temperature

proxies (Sturm et al., 2010), and the importance of these effects for most parts of the

* 18world is not well understood, partly due to the paucity of the global meteoric 8 O 

records (Bowen and Revenaugh, 2003). Alternatively, isotope-enabled general circulation 

models can be used as practical tools for understanding the importance of circulation 

effects for various regions, as was demonstrated here. Further, it would seem there is

1 ftpotential to use these models to guide in site selection for tree-ring 5 O research. For 

example, if the research objective is to develop a reconstmction of temperature, sites 

where circulation effects are predicted to be strong should be avoided. Conversely, if 

circulation is the target variable, areas that are most strongly affected by circulation could 

be sampled.
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CHAPTER SEVEN 

CONCLUSIONS AND OUTLOOK

7.1 KEY FINDINGS

This research completed several objectives pertinent to the use of tree-ring width 

and 5lsO as paleoclimatic archives in NWNA. Furthermore, one methodological 

contribution specific to the analysis of stable isotopes in processed tree-rings was made. 

The key findings are reviewed here.

1) Insights on temperature-growth divergence in NWNA

Chapter 3 provided new insights on the, hitherto, poorly-understood boreal forest 

Divergence Problem which has affected many northern tree-rings chronologies, 

especially in NWNA. A 23-site network of white spruce ring-width chronologies was 

established in Old Crow Flats, near boreal treeline, where dendroclimatic research has 

been largely absent. The site density of this network is unparalleled by other divergence 

studies in NWNA, which provided a unique opportunity to identify regionally-coherent 

growth patterns linked to climate. The analysis revealed two primary growth patterns in 

the region, one that diverged from temperatures since the early-20th century and one that 

did not. These two patterns are widespread across NWNA, confirming that divergence 

was caused by a large-scale forcing, such as climate. It was speculated that anomalously 

dry conditions during the 20th century, exacerbated by recent warming, have caused some 

trees to respond negatively to increased warming. Divergence across NWNA appears to 

be unique to the 20th century in the context of the last seven centuries, at least, implying

149



that tree-ring-based temperature reconstructions over this period are possible if divergent 

growth trends are excluded when calibrating temperature-growth transfer functions. The 

reason that only some sites/trees are affected, however, remains poorly understood. Since 

divergent and divergence-free sites/trees are found in close proximity to each another, it 

was speculated that ecological factors that regulate local soil moisture availability, rather 

than absolute precipitation differences, may pre-dispose some sites to be more susceptible 

to drought-stress and divergence than others.

2) Divergence-free temperature reconstruction, AD 1245-2007

Chapter 4 introduced a new 29-site network of white spruce chronologies for the 

Mackenzie Delta region. Most of the trees (ca. 82% for the average site) exhibit a 

divergent temperature-growth response, similar to what has been observed in other parts 

of NWNA. Based on the premise that divergence is unique to the 20th century, a 

divergence-free regional chronology was developed by excluding the divergent portions 

of the affected records from the regional mean. Divergent records were distinguished 

from divergence-free records based on growth trend during the period AD 1930-1980, 

divergent/divergence-free records having a negative/positive trend. The divergence-free 

chronology expressed a robust temperature signal over the instrumental period (AD 

1892-2007) and was used to infer June-July minimum temperatures since AD 1245. The 

reconstruction was validated by several other temperature proxies from nearby regions 

and circum-Arctic/hemispheric site networks. The divergence-free reconstruction 

indicates cool conditions in the late-13th, early-18th, and early-19th centuries that coincide 

with known solar minima. These cooler periods are separated by warmer periods that, in
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some cases, equal the warmth of the early-20th century. However, the late-20th century is 

by far the warmest period on record. Each of the last six decades, AD 1950-2009, ranks 

in the top ten warmest decades since AD 1245, the last four being the warmest. The latest 

decade is estimated be 1.4°C warmer than any decade before the mid-20th century. Recent 

warming in the Mackenzie Delta is anomalous in the context of the last eight centuries.

3) The 8 precision estimate for processed tree-rings

Chapter 5 draws attention to the status quo method for estimating the precision of 

stable isotope ratios (8) in ‘processed tree-rings’. The status quo method is appropriate 

for estimating 8 precision due to analytical uncertainties associated with the combustion 

or pyrolysis environment, mass spectrometer, and analyte specifics, but does not account 

for uncertainties associated with the processing of whole wood samples to various forms 

of cellulose, mainly due to operator-related errors. A new method is proposed to account

1 ftfor processing-related uncertainties, and is demonstrated for the Mackenzie Delta 8 O 

data introduced in Chapter 6.

4) 8lsO-based temperature reconstruction, AD 1780-2003

Chapter 6 examined the potential to use the Timber tree-ring 8,sO chronology as a 

reliable temperature proxy. One potential complication for the robustness of temperature 

signals in any natural 8lsO record labelled by meteoric water is atmospheric circulation 

variability. The Timber S180-temperature relation was demonstrated to be robust over the 

period AD 1871-2003, a period that experienced a wide range of atmospheric circulation 

variability which is thought to equal the range of variability since AD 1600. Because the
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6l80-temperature relation is robust over the period AD 1871-2003, it can be assumed that 

it was robust over periods with a similar range of atmospheric circulation variability, i.e., 

since AD 1600. The 5180  record was used to infer April-July minimum temperatures over 

the period AD 1780-2003, and is well verified by the divergence-free reconstruction from 

Chapter 4. The equal spring-summer seasonal bias of the S180  temperature reconstruction 

is unique compared to most high-latitude ring-width-based temperature reconstructions 

which are often solely a function of summer temperatures.

Evidence for a putative circulation regime shift at AD 1840, inferred by two 5180  

records from southwestern Yukon, was not found in the Timber 8180  record suggesting 

either that no such event occurred or that tree-ring 5180  in the Mackenzie Delta region is 

insensitive to circulation variability. Based on simulated 5lsO data from the NASA-GISS 

ModelE isotope-enabled general circulation model (isoGCM), and the observed stability 

in the Timber temperature-8180  relation since AD 1871, it does not seem likely that 

atmospheric circulation would have a strong impact on average meteoric or tree-ring 8lsO 

in the Mackenzie Delta region. Therefore, the lack of evidence for the AD 1840 event in 

the Timber 8lsO record should not be considered as evidence that such an event did not 

occur.

7.2 FUTURE RESEARCH

The findings in Chapters 3, 4, and 6 have yielded important new insights on the 

value of tree-ring width and 5,80  as paleoclimatic archives in NWNA, and as would be 

expected, these new insights have pointed to new questions and opportunities for future 

research. Several considerations for future research are provided here.
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1) Why some trees diverge and others do not

In Old Crow Flats and the Mackenzie Delta, it was demonstrated that divergence 

affects only some sites within a region, or some trees within a site. The physical reasons 

behind the spatial intricacies of divergence may be related to local-scale ecological 

factors that regulate the retention of soil moisture. In particular, it was hypothesized that 

stand density and surficial organic layer (SOL) thickness are important. For example, a 

greater canopy and sub-canopy plant density equates to less water per tree compared to a 

lower stand density, given the same amount of water inputs. SOL thickness is also an 

important variable. Thicker SOLs reduce soil temperatures during summer, which limits 

evaporative water loss from the soil. Water resources are expected to be more limited for 

trees with a higher density of neighbouring trees or a thin SOL, and this may be why 

some trees are more prone to drought stress and divergence. This hypothesis could be 

tested by re-sampling trees from a subset of sites in Old Crow Flats and the Mackenzie 

Delta, measuring the ecological variables of interest around each tree, and evaluating if 

certain ecological conditions favour one growth response over the other. Evaluating the 

physical reasons for divergence is an important avenue for future research, and is critical 

to a more conclusive assessment of the likelihood divergence has or has not occurred in 

the past.

2) Extend the Mackenzie Delta temperature reconstructions

Tree-ring width and S180  are valuable temperature proxies in the Mackenzie Delta 

region and were used to reconstruct June-July and April-July temperatures back to AD 

1245 and 1780, respectively. There is potential to extend both reconstructions further
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back in time using sub-fossil wood, and this would serve two main purposes. Since both 

proxies adopt their temperature signals from completely different processes, they can be 

used to provide independent, mutual verification. By extending the 5180-based 

reconstruction to AD 1245 and comparing it with the ring-width-based reconstruction, the 

conclusions that (i) divergence is likely restricted to the 2(fh century and (ii) the 

temperature-S18O relation is time-stable prior to the 20th century could be further 

verified. If the reconstructions were coherent from AD 1245-present (especially at multi- 

decadal to centennial timescales), this would imply that both temperature-proxy relations 

were time-stable, which would provide an additional layer of confidence to the 

reconstructed temperature history for this region. However, if little coherency was 

observed, this would imply that one or both of the temperature-proxy relations were 

unstable, which would warrant further investigation.

A second reason to extend the reconstructions is to improve knowledge of earlier 

climate anomalies in this region, e.g., the putative Medieval Warm Period (ca. AD 700- 

1200), which remains poorly constrained by high-resolution proxy records in most parts 

of the world, a limitation to diagnosing its origin(s). Such an effort requires development 

of new tree-ring chronologies that span earlier time periods, which may be a formidable 

challenge in the Mackenzie Delta region. As discussed in Chapter 4, the oldest tree-ring 

records from the region are found in the Campbell Dolomite Uplands and Eskimo Lakes 

localities, which extend into the 11th and 12th centuries, respectively. Future efforts to 

develop longer chronologies should target these localities and explore the possibility of 

recovering sub-fossil wood from lake bottoms, a strategy that has been successfully used 

in some parts of northwestern Europe to develop multi-millennial-length chronologies.
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3) IsoGCM-guided sampling for tree-ring 5lsO research

IsoGCMs can be used to identify areas where meteoric S,80  is likely strongly 

influenced by atmospheric circulation, or where the temperature effect is likely strongest 

and circulation has a negligible effect. Such information would be of considerable value 

to stable isotope dendroclimatologists seeking to develop a tree-ring 5I80  chronology for 

the purposes of reconstructing circulation or temperature, as it could be used as a general 

guide in the site selection process for identifying which sites to target and which to avoid. 

Therefore, a novel avenue for future research would be to develop a global map based on 

isoGCM output that delineates the relative importance of temperature versus circulation 

effects.
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APPENDIX A

SAMPLE AND DATA STORAGE

For the foreseeable future, the physical samples collected for this thesis will be 

cared for by Dr. Michael Pisaric at Brock University, St. Catharines, Ontario, Canada. 

Contact Dr. Pisaric (mpisaric@brocku.ca or 905-688-5550 ext. 6152) to arrange access to 

these samples. Ring-width data for the Old Crow Flats samples can be downloaded via 

the Polar Data Catalogue (http://www.polardata.ca/). All data will soon be archived on 

the International Tree-Ring Databank (http://www.ncdc.noaa.gov/paleo/treering.html), 

hosted by the National Oceanic and Atmospheric Administration.
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APPENDIX B

CHAPTER 3 SUPPORTING INFORMATION

SI-Note 3.1. A running 2-sample t-test was used to test the null hypothesis that the Group

1 and 2 site chronologies are derived from the same normal distribution with equal means 

and variance (p < 0.05). The null hypothesis was tested for each year both groups had 

four or more site chronologies. The t-test result was calculated using the ‘ttest2’ function 

(Statistics Toolbox) in Matlab 7.4.

SI-Note 3.2. The MDEC negative-responder (neg) and positive-responder (pos) used here 

are modified versions of the “negative- and positive-responder” chronologies by Pisaric 

et al. (2007). The main difference is that the modified MDEC-neg and -pos chronologies 

do not contain Campbell Dolomite Upland series (Szeicz and MacDonald, 1996). CDU 

series were excluded from MDEC neg and MDEC pos to ensure that the Group 1/Group

2 correlations with CDU, MDEC neg, and MDEC pos would be independent of each 

other.

SI-Note 3.3. The mean NWNA 1/NWNA 2 chronologies were compared to a regional 

average of CRUTEM3v gridded temperatures (Brohan et al., 2006). The regional 

average includes 22 (5° x 5°) grid cells bounded by 60-70°N and 170-115°W; only 2 grid 

cells (65-70°N/l 60-155°W and 65-70°N/150-145°W) did not contain any data.
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Temperature data before 1900 were not used as spatial coverage is limited. The number 

of grid cells with data for the year 1900 is 5; the number of grid cells increases steadily to 

more than 10 by the early-1920’s, more than 15 by the early-1940’s, and a high of 20 by 

1959.
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SI-Figure 3.1. Standardized ring-width indices (grey lines) and mean site chronologies (black lines) for each site in Old Crow Flats 
based on signal-free standardisation (Melvin and Briffa, 2008) using data-adaptive ‘negative exponential’ or ‘negative-to-zero slope 
linear’ curve fits (Fritts et al., 1969). Sample depth (red lines) indicates the number of series defining the mean chronology. The mean 
chronologies were calculated with a robust bi-weight mean (Cook, 1985); more details on each chronology are provided in Table 3.1.
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methods. Inter-series differences can be considered the result o f ‘trend distortion’ (Melvin and Briffa, 2008). Due to differences in 
non-age-related growth (i.e., forced by climate, disturbance, etc.) between sites, trend distortion effects are more pronounced in some 
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SI-Table 3.1. Correlations between the 23 Old Crow Flats site chronologies and minimum/maximum temperatures from May-August 
of the growth year and previous growth year; only correlations significant at p < 0.05 (two-tailed) are presented.

Minimum temperatures Maximum temperatures
Previous growth year Growth year Previous growth year Growth year

May Jun Jul Aug May Jun Jul Aug May Jun Jul Aug May Jun Jul Aug

DP21 0.31 -0.29
DP23 0.32 0.41
DP24 0.29 0.45 0.38 0.54 0.43 0.27 0.30 0.35 0.41 0.28
DP25 0.33 0.46 0.42 0.23 0.25 0.54 0.48 0.31 0.31 0.35 0.24 0.38 0.29
DP26 0.27 0.46 0.36 0.24 0.52 0.38 0.24 0.24 0.33 0.34
DP27 -0.38 -0.43 -0.35 -0.28 -0.41 -0.23 -0.27 -0.45 -0.58 -0.40 -0.43 -0.39 -0.41 -0.32
DP30 -0.28 -0.43 -0.33 -0.27 -0.34 -0.34
DP31 0.29 0.27 0.48 0.27 0.28 0.31
JC1 0.27 0.36 0.57 0.45 0.24 0.34
OC2 0.24 0.26 0.39
OC9 -0.33 -0.53 -0.52 -0.35 -0.34 -0.42 -0.41 -0.24 -0.34 -0.50 -0.54 -0.41 -0.36 -0.46 -0.42 -0.34
OCIO -0.24 -0.48 -0.24 -0.27 -0.24
OC50 -0.34 -0.26 -0.26 -0.42 -0.40 -0.31 -0.24
OC51 0.26 0.44 0.26
OC52 -0.36 -0.47 -0.36 -0.25 -0.23 -0.41 -0.57 -0.34 -0.41 -0.25 -0.35 -0.34
OC53 -0.25 -0.48 -0.29 -0.25 -0.34 -0.39
OC54 -0.25 -0.42 -0.53 -0.40 -0.36 -0.31 -0.35 -0.30 -0.28 -0.41 -0.58 -0.47 -0.44 -0.40 -0.43 -0.45
PC17 0.30 0.46 0.36 0.23 0.54 0.41 0.32 0.38 0.25 0.42 0.29
PC18 -0.24 -0.34 -0.24 -0.23 -0.35 -0.54 -0.34 -0.32 -0.24 -0.38 -0.37
SCI 0.36 0.45 0.28 0.27 0.53 0.43 0.33 0.34 0.37 0.25
TH1 0.35 0.41 0.26 0.27 0.58 0.42 0.26 0.24 0.35
TM1 -0.38 -0.35 -0.41 -0.37
TM2 -0.31 -0.42 -0.32 -0.41 -0.62 -0.30 -0.39 -0.35 -0.29



WORKS CITED -  APPENDIX B

Brohan P, Kennedy JJ, Haris I, Tett SFB and Jones PD (2006) Uncertainty estimates in 
regional and global observed temperature changes: A new data set from 1850. Journal o f 
Geophysical Research 111: doi:10.1029/2005JD006548.

Cook ER (1985) A Time Series Analysis Approach to Tree Ring Standardization. PhD 
dissertation. Tuscon, USA: University of Arizona, 171.

Cook ER and Peters K (1981) The smoothing spline: a new approach to standardizing 
forest interior tree-ring width series for dendroclimatic studies. Tree-Ring Bulletin 41: 
45-53.

Fritts HC, Moismann JE and Bottorff CP (1969) A revised computer program for 
standardizing tree-ring series. Tree-Ring Bulletin 29: 15-20.

Melvin TM and Briffa KR (2008) A “signal-free” approach to dendroclimatic 
standardisation. Dendrochronologia 26: 71-86.

Pisaric MFJ, Carey SK, Kokelj SV and Youngblut D (2007) Anomalous 20th century tree 
growth, Mackenzie Delta, Northwest Territories, Canada. Geophysical Research Letters 
34: doi: 10.1029/2006GL029139.

Szeicz JM and MacDonald GM (1996) A 930-year ring-width chronology from moisture- 
sensitive white spruce (Picea glauca Moench) in northwestern Canada. The Holocene 6: 
345-351.

187



APPENDIX C

CHAPTER 4 SUPPORTING INFORMATION

SI-Note 4.1. The program COFECHA (Holmes, 1983) was used to assess the cross

dating quality of the ESK raw data; 9 of the 49 ESK series contained continuous sections 

(decades to centuries) of ‘B-type’ errors at the ends of the series indicating that they were 

potentially misaligned with respect to the master series. The remaining portions of these 

series were not in question as they were strongly correlated with the master series. As the 

physical samples were not available, it was not possible to re-measure the problem 

sections and assess the cause of these errors (e.g., reaction growth, locally absent rings, 

etc.). To ensure these potential errors would not bias the mean ESK chronology, the 

problem sections were excluded from further analysis.

SI-Note 4.2. For the regional temperature composites (SI-Figs. 4.5-4.7), monthly 

temperature records for Tuktoyaktuk, Inuvik, Aklavik, Fort McPherson, Norman Wells, 

and Fort Good Hope (SI-Fig. 4.4) were downloaded from Environment Canada 

(http://climate.weatheroffice.gc.ca/). The Fort McPherson record consists of data from 

the original ‘Fort McPherson’ station (AD 1892-1977) and the newer ‘Fort McPherson 

A’ station (AD 1981-2007) ca. 3 km from the original station (E. Mekis, Environment 

Canada, pers. comm.); only the AD 1892-1977 data are used due to a high number of 

estimated, missing, or incomplete data points in the new station record. Furthermore, 

there is no overlap between the new and old stations, making it impossible to identify and
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adjust for systematic biases due to geographical position. The Fort Good Hope record is a 

composite of data from the original ‘Fort Good Hope 2’ station (AD 1897-1966; 

temperature data available since AD 1908) and the ‘Fort Good Hope A’ station (AD 

1944-2007) ca. 1 km from the original station. The mean and variance of the Fort Good 

Hope 2 record were adjusted to the Fort Good Hope A record to account for systematic 

differences due to location, and combined into a mean record. The Mackenzie Delta 

regional temperature composites (SI-Figs. 4.5-4.7) were developed by first adjusting the 

mean and variance of each station record to that of the Inuvik record, and then averaging 

all records to create regional monthly composites.

The regional precipitation composites (SI-Fig. 4.8) were developed from Inuvik, Aklavik, 

and Fort McPherson data only. The reason only these stations were used is because 

precipitation is highly variable over short distances in the study region (Bum and Kokelj, 

2009), and including stations that are more distant from the site network would diminish 

the representativeness of the regional composites with respect to the sampled trees. 

Inuvik, Aklavik, and Fort McPherson are the most proximal stations to and are likely 

most representative of the site network. Precipitation data for Inuvik (1957-2007) and 

Fort McPherson (1932-2007) were downloaded from the Adjusted and Homogenised 

Canadian Climate Database (http://ec.gc.ca/dccha-ahccd/), which are adjusted for gauge 

changes and trace snow and rainfall events (Mekis and Vincent, 2011). Trace events (< 

0.2 mm rain, < 0.2 cm snow) cannot be accurately measured, and are assigned a value of 

zero and flagged in raw climate records. In Arctic regions, trace events can account for a 

large proportion of the total monthly precipitation budget, and trace-adjusted data are an
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attempt to better reflect actual precipitation amounts. Only raw monthly data were 

available for Aklavik (AD 1926-2007; http://climate.weatheroffice.gc.ca/). However, 

over the 81 year period of station operation, 432 monthly observations were reported and 

just 10 of the observations were flagged as trace events. These 10 trace events were 

excluded from the Aklavik record to make it more comparable to the Inuvik and Fort 

McPherson records. The Aklavik record was as well correlated with the Inuvik record as 

the Fort McPherson record (r = 0.43 and 0.36, respectively, for the average month; p < 

0.05) suggesting it is as regionally-representative as the Fort McPherson record. The 

Mackenzie Delta regional precipitation composites (SI-Fig. 4.8) were developed by first 

adjusting the mean and variance of the Aklavik and Fort McPherson records to that of the 

Inuvik record, and averaging the three records to create regional monthly composites.

SI-Note 4.3. The Szeicz and MacDonald (1995) June-July temperature reconstruction 

(AD 1638-1988) was obtained from NOAA’s Paleoclimatology Program archive 

(http://www.ncdc.noaa.gov/paleo/recons.html) and converted to anomalies with respect 

to its mean value over the period AD 1638-1988.

SI-Note 4.4. The 6-study hemispheric-scale composite temperature reconstruction 

consists of the following reconstructions: Jones et al. (1998); Briffa (2000); Esper et al. 

(2002); D’Arrigo et al. (2006); Wahl and Ammann (2007); Wilson et al. (2007). The 

reconstructions were obtained from NOAA’s Paleoclimatology Program archive 

(http://www.ncdc.noaa.gov/paleo/recons.html, accessed June 2011). The reconstructions 

are largely tree-ring based, and overall the composite reconstruction is weighted towards
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samples from the Northern Hemisphere. Z-scores were calculated for each reconstruction 

based on their common period of overlap (AD 1750-1980) and averaged into the 

composite index using a robust bi-weight mean. It should be noted that the Szeicz and 

MacDonald (1996) ‘CDU’ chronology used in the Mackenzie Delta regional chronology 

was used by Esper et al. (2002); however, the overall contribution of CDU to the Esper et 

al.(2002) reconstruction is small, and negligible to the hemispheric-scale composite. As 

such, the regional chronology and the hemispheric-composite can be considered almost 

entirely independent of each another.

SI-Note 4.5. Details on each comparison in Fig. 4.5:

(a) See SI-Note 4.2;

(b) June-July mean temperature reconstruction by Szeicz and MacDonald (1995) (see SI- 

Note 4.3);

(c) Unaltered mean 5180  tree-ring chronology by Porter et al. (2009); average of 3 white 

spruce trees from ‘TM’ site (site 6, Fig. 4.1), Mackenzie Delta;

(d) Unaltered OCF-Group 2 ring-width chronology by Porter and Pisaric (2011); regional 

mean of 11 site-chronologies in Old Crow Flats, northern Yukon Territory, Canada;

(e) A ‘signal-free’ version of the Coppermine River ring-width chronology by D’Arrigo 

et al. (2009), from western Nunavut, Canada. The signal-free chronology was calculated 

by Porter and Pisaric (2011);

(f) Six-study composite hemispheric-scale temperature reconstruction (see SI-Note 4.4);

(g) Circum-Arctic, multi-proxy temperature reconstruction by Kaufman et al. (2009); the 

original Kaufman et al. (2009) reconstruction uses 23 proxy records, 4 that are tree-ring-
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based. Only the 19 non-tree-ring series (lake and ice cores) were used to calculate the 

circum-Arctic reconstruction shown in Fig. 4.5g. The Kaufman et al. (2009) dataset was 

downloaded from the National Oceanic and Atmospheric Administration’s 

Paleoclimatology Program archive (http://www.ncdc.noaa.gov/paleo/recons.html). Z- 

scores for the 19 series were calculated based on their common period of overlap (AD 

995-1795) and averaged into a composite index using the robust bi-weight mean (Cook, 

1985).

(h) The Mackenzie Delta regional June-July minimum temperature reconstruction, this 
study.
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SI-Figure 4.1. An overhead view of a ‘white spruce/crowberry-lichen’ forest site (Pearce 
et al., 1988) which is representative of most of the delta plain sites sampled in this study. 
These sites are easy to spot from overhead due to their sparse canopies and abundance of 
reflective lichen.
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SI-Figure 4.2. A representative view of ‘CDU2’. This site is characterised by an open- 
canopy, thick understory of mosses and lichens, and an irregular, rocky terrain. These 
site characteristics are also shared by ‘CDU’ and ‘CDU1’ (see Szeicz and MacDonald, 
1996, for photographs of CDU).
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SI-Figure 4.3. Tree-averaged ring-width indices (light grey) and mean site chronologies 
(dark grey) for all 29 sites; the number of trees defining each year of the mean site 
chronologies is indicated (black).
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SI-Figure 4.4. Climate stations included in the regional temperature and precipitation 
composites. Periods of station operation are indicated (n.b., data are not available for all 
years of operation). ‘Fort McPherson*’ represents two non-overlapping station records: 
‘Fort McPherson’ (1892-1977) and ‘Fort McPherson A’ (1981-2007). ‘Fort Good Hope*’ 
is a merged record representing ‘Fort Good Hope 2’ (1897-1966) and ‘Fort Good Hope 
A’ (1944-2007).
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CHAPTER 6 SUPPORTING INFORMATION
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SI-Figure 6.1. Comparison of monthly minimum temperatures from Tuktoyaktuk, Inuvik, Aklavik, Fort McPherson, Norman Wells, 
and Fort Good Hope (red lines); regional means (black lines), ‘rbar’ is the mean inter-series correlation (all are significant at p < 
0.001). ‘trend’ is the slope of the regional mean from AD 1910-2007, a period defined by two or more stations in most cases.
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SI-Figure 6.2. A correlation analysis between NPI and precipitation amount for fall- 
winter (NDJF; top) and spring-summer (AMJJ; bottom) months. Both the NCEP/NCAR 
Reanalysis (Kalnay et al., 1996; left) and ERA-40 Reanalysis (Uppala et al., 2005; right) 
datasets were used. The correlation maps were plotted using the KNMI Climate Explorer 
(http://climexp.knmi.nl); correlations significant at p < 0.05 are in bold colour, non
significant correlations are in light colour. Points 1, 2, and 3 are Timber, PRCol, and 
Jellybean Lake, respectively.
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SI-Figure 6.3. Comparison April-July minimum temperatures for the Mackenzie Delta 
region (red) and 20CR (20th Century V2 Reanalysis; Compo et al., 2011) April-July mean 
temperatures for the area 60-70°N, 130-140° W; the mean and variance of the 20CR data 
were adjusted to the local temperature data by linear scaling; the inter-correlation is 0.69
(p < 0.001).
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