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a b s t r a c t

A white spruce ring-width chronology was used to reconstruct June–July mean temperatures in the north-
ern Canadian Rocky Mountains back to 1772 A.D. Samples were collected in an old growth subalpine forest
in the remote Kwadacha Wilderness Provincial Park. Two chronologies were created, one using standard
dendroclimatological methods and one through the use of principal components analysis. The ring-width
chronologies both showed a strong positive relationship with minimum, maximum, and mean tempera-
tures during the current growing season. The principal component based chronology was deemed superior
for use as a proxy record due to its greater ability to explain the variance in the instrumental temperature

record and stronger performance during reconstruction verification. Comparison of this reconstruction
with other dendroclimatological reconstructions from western Canada revealed a coherent pattern of
low-frequency variability, whereas comparisons at annual times-scales showed considerable temporal
and spatial variability in the level of agreement between reconstructions. The northern Canadian Rocky
Mountains reconstruction showed no evidence of the reduction in sensitivity to climatic variability that
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has been found in many o
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ntroduction

Dendroclimatological research methods utilize the informa-
ion contained in tree-rings to produce annually resolved proxy
ecords of climatic variability (Fritts, 1976). These dendroclimatic
econstructions are used extensively as important sources of evi-
ence in global climate research and policy papers (Hughes, 2002).
y extending the limited instrumental climate record, they offer

nsight into long-term natural climate variability and provide annu-
lly resolved proxy historical records to which modern climate
onditions can be compared.

Climate records have been reconstructed from tree-rings at
umerous sites in western Canada, including the British Columbia
oast Mountains (Larocque and Smith, 2005), the southern inte-
ior of British Columbia (Wilson and Luckman, 2003), the southern
Please cite this article in press as: Flower, A., Smith, D.J., A dendroclima
Canadian Rocky Mountains. Dendrochronologia (2010), doi:10.1016/j.d

anadian Rocky Mountains (Wig and Smith, 1994; St. George and
uckman, 2001; Luckman and Wilson, 2005), and the Northwest
erritories and the Yukon Territory (Jacoby and Cook, 1981; Szeicz
nd MacDonald, 1994; Youngblut and Luckman, 2008). Greater spa-
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orthern spruce chronologies during the late 20th century.
shed by Elsevier GmbH on behalf of Istituto Italiano di Dendrocronologia.

ial coverage of dendroclimatic reconstructions is desirable because
ignificant regional variations exist in the overall patterns of climate
uctuations (St. George and Luckman, 2001). Within the cordillera
f western Canada, one notable spatial gap in the regional cover-
ge of dendroclimatic reconstructions exists in the mountains of
ortheastern British Columbia, where only limited dendroclimato-

ogical research has been completed (Schweingruber, 1988; Briffa
t al., 1994).

This paper presents the findings of a tree-ring investigation at a
emote site in the northern Canadian Rocky Mountains, where den-
roclimatological techniques were used to develop a proxy record
f summer (June–July) mean surface air temperatures. This is the
rst annually resolved temperature reconstruction completed in
orthern interior British Columbia.

ethods

ite and sampling

A ring-width chronology was developed using increment cores
tic reconstruction of June–July mean temperature in the northern
endro.2010.10.001

xtracted from white spruce (Picea glauca [Moench] Voss) trees
rowing in the remote Kwadacha Wilderness Provincial Park
Fig. 1). The Kwadacha Wilderness Provincial Park’s rugged, moun-
ainous topography is part of the Muskwa Range and reflects a
istory of extensive glacial activity (Bednarski and Smith, 2007).

taliano di Dendrocronologia.
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Fig. 1. Location of stud

he park is one of the few sites where glaciers can be found in the
anadian Rocky Mountains north of the Peace River (Ommanney,
002) and is the source of the glacial meltwater draining into the
eadwaters of the Muskwa and Kechika rivers.

Samples were collected from trees found growing in a subalpine
orest located between 1150 and 1400 m asl on south-east and east-
acing slopes adjacent to Haworth Lake (57.8◦ lat N; 125.1◦ long W;
ig. 1). The dominant tree species at the sampling site were mature
hite spruce and subalpine fir (Abies lasiocarpa [Hooker] Nuttall)

rees, with younger cohorts dominated by subalpine fir. The under-
tory was sparsely populated with forbs and dwarf shrubs growing
ut of a deep layer of step moss (Hylocomium splendens). Nearby
wampy areas were populated by black spruce (Picea mariana (Mill.)
.S.P) and dense thickets of Salix species.

Mature, dominant trees with no obvious signs of crown damage
r rot were selected for sampling. Two increment cores were taken
ear breast height to pith with 18 inch borers from each tree at
ositions ≥90◦ apart.

ata preparation

The cores were prepared for measurement following standard
endrochronological methods (Stokes and Smiley, 1968; Fritts,
976; Pilcher, 1990). After being air dried and glued to boards with
lotted mounts, the cores were sanded with progressively finer
rades of sandpaper to enhance the visibility of the annual tree-ring
oundaries. Ring-widths were measured to the nearest 0.01 mm
sing a WinDENDRO 2006 digital image measurement and analysis
ystem (Regent Instruments Inc., 2006).

Visual cross-dating of the ring-width series was checked using
he International Tree-Ring Data Bank software program COFECHA
Holmes, 1983). Ring-width series that exhibited low correlations
Please cite this article in press as: Flower, A., Smith, D.J., A dendroclima
Canadian Rocky Mountains. Dendrochronologia (2010), doi:10.1016/j.d

ith the other series due to the presence of very narrow rings with
aint boundaries, which hampered the accurate measurement of
ome of the annual rings, were removed from further analysis. Only
ores older than 160 years, and with no obvious signs of damage,
ere included in further analyses.

w
t
W

p

and climate stations.

tandardization and chronology construction

The ring-width series were standardized using the program
RSTAN (Cook and Krusic, 2005). A double-detrending method was
sed to enhance the climate signal contained in the ring-width
eries by reducing the noise caused by biological growth trends and
ndogenous disturbance events (Cook, 1985). The initial detrend-
ng was completed by fitting a growth curve to each individual
ing-width series. These growth curves consisted of either a mod-
fied negative exponential curve, a linear regression line with a
egative slope, or a horizontal line passing through the mean. A
econdary detrending was accomplished by fitting a smoothing
pline with a 67% frequency-response cutoff to each series. These
plines preserve 50% of the variance in the ring-width series at
frequency equal to two-thirds of the length of each series, and

herefore offer a good compromise between the risk of removing
n excessive amount of low-frequency climatic variability and the
anger of retaining too much low-frequency noise caused by dis-
urbance events (Cook, 1985). Individual ring-width series were
ivided by the values of the fitted curves for each year to calcu-

ate the index value of each ring. Auto Regressive Moving Average
ARMA) modeling was employed to remove autocorrelation in the
ing-width series (Cook, 1985). Individual ARMA models of the
rder determined using Akaike’s Information Criterion were fit to
ach ring-width series in ARSTAN. Only the prewhitened residual
ing-width series were used in further analysis.

The individual ring-width series were combined using a
iweight robust mean function to create a master ring-width
hronology (hereafter referred to as the RW chronology). The
xpressed Population Signal (EPS) statistic was used to determine
he change in chronology quality that occurs as sample size varies
hrough time (Wigley et al., 1984; Briffa and Jones, 1990). EPS values
ere calculated for the master chronology using a 20-year moving
tic reconstruction of June–July mean temperature in the northern
endro.2010.10.001

indow. The RW chronology was truncated at the decade in which
he running EPS fell below the standard value of 0.85 proposed by

igley et al. (1984).
A second master chronology was created using an unrotated

rincipal components analysis (PCA) of the individual trees (here-

dx.doi.org/10.1016/j.dendro.2010.10.001
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Table 1
Location, elevation (m asl), record length (years), and straight-line distance (km) from the study site of the three climate stations used in this analysis.

Station Latitude Longitude Years Elevation Distance
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ort Nelson 58◦50.4′N 122◦36.0′W
ease Lake 58◦25.8′N 130◦0.6′W
atson Lake 60◦7.2′N 128◦49.2′W

fter referred to as the PC chronology). PCA is frequently used in
endroclimatological studies as a data reduction tool, a solution
or multicollinearity issues, and a method for assessing homogene-
ty within a set of time series. The principal components extracted
uring a PCA are orthogonal linear recombinations of the input
eries, with the first principal component representing the max-
mum amount of shared variance that can be extracted from the
et of input series. In the case of ring-width series, the first prin-
ipal component is therefore usually interpreted as representing
he shared climate signal (Peters et al., 1981). PCA is commonly
sed in response function analysis (Fritts, 1976) and as a method
or extracting shared variance from multiple master chronologies in

ulti-site climate reconstructions (Briffa et al., 1994; Meko, 1997).
CA has also been used as an alternative to standardization and
veraging functions when creating master chronologies, using the
rst principal component extracted from individual unstandard-

zed ring-width series from a single site (Jacoby and Cook, 1981;
eters et al., 1981; Enright, 1984). In this study a slightly different
pproach was taken in which the PCA was carried out on stan-
ardized residual ring-width series from individual trees instead of
n raw ring-width series. The standardized ring-width series from
ach tree were combined by simple averaging to create a single
eries for each of the 29 individual trees. The first principal com-
onent was then extracted from the ring-width series of the oldest
5 trees and used as the second master chronology.

limate data

Climate data from regional stations with long-term monthly
recipitation and air temperature records were obtained from the
djusted Historical Canadian Climate Database (Mekis and Hogg,
999; Vincent and Gullet, 1999; Environment Canada, 2006). Due
o the remote location of the study site, 185 km away from the near-
st long-term climate station, no single climate station could be
ssumed to be representative of the local climatic conditions. The
ite’s position near the crest of a major mountain range further com-
licated the choice of an appropriate instrumental climate record,
s the local climatic conditions were likely influenced by air masses
rom both east and west of the mountain range (Raphael, 2002).
o address this problem, monthly mean temperature records from
ease Lake, Watson Lake, and Fort Nelson (Fig. 1, Table 1) were
erged to create a regionally representative record for the stations’

944–2003 common period. The individual climate records were
erged according to the procedures outlined in Jones and Hulme

1996). The monthly records from each station were first converted
o z-scores using the 1944–2003 mean and standard deviation. The

onthly z-scores from the three stations were averaged to create a
egional series and converted back to absolute temperature values
sing the average of the stations’ means and standard deviations.
imple averaging was used to calculate the mean temperature val-
es from the regional climate series for each month.
Please cite this article in press as: Flower, A., Smith, D.J., A dendroclima
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nalysis of climate-growth responses

Pearson’s correlation analyses were used to explore the climate-
rowth relationships. A 95% confidence level criterion was used
o determine the statistical significance of the correlations. Partial

e
i
B
1
s

1937–2006 382 185
1944–2003 807 296
1938–2006 687 333

orrelation analysis was also used to detect spurious correlations.
artial correlation analysis controls for, or holds constant, one of a
air of correlated climate variables while determining the correla-
ion between the second climate variable and a ring-width series.
he ring-width chronologies were compared with a 15-month win-
ow of climate data spanning the period from May of the previous
ear through July of the current growing season.

econstruction and verification

Transfer functions were used to reconstruct records of the cli-
ate variable with the strongest relationships with each ring-width

hronology. Linear regression models were used to predict the past
alues of the climate variable based on the ring-width chronolo-
ies. The transfer function models were calibrated using the full
944–2003 instrumental climate record.

Leave-one-out verification was chosen as the most appropriate
echnique for evaluating the strength of the reconstruction (Blasing
t al., 1981; Gordon, 1982; Michaelsen, 1987). A split period veri-
cation analysis (Fritts, 1976) was deemed inappropriate due to
he short length of the instrumental climate record (Gordon, 1982;

ichaelsen, 1987). Additionally, comparing the earlier and latter
alves of the instrumental climate record would have involved
plitting the data in the mid 1970s, near the shift from a warm-
hase to a cool-phase of the Pacific Decadal Oscillation (PDO). This
ould seriously bias the validation results, as the PDO has a sig-
ificant impact on temperature in western Canada (Minobe, 1997;
onsal et al., 2001; D’Arrigo et al., 2001; Mantua and Hare, 2002).

To complete the leave-one-out-verification, a separate linear
egression model was created for each of the 60 years of the instru-
ental climate record. One year was left out of the calibration

ataset for each model, and the model was used to predict the
limate variable of interest for that year. The values predicted for
ach left-out year were merged into a single climate record and
ompared to the instrumental climate record to verify the recon-
truction. This procedure was repeated for each reconstruction. The
bility of the models to reconstruct climatic variability accurately
as assessed using correlation coefficients, the reduction of error

tatistic (RE) and the sign-product statistic (Fritts, 1976; Fritts et al.,
990).

esults and discussion

hronologies

Fifty-three ring-width series from 29 individual trees were
ncluded in the final analysis. The ring-width series have a

ean inter-series correlation of 0.567 and a mean sensitivity of
.161 (Table 2), results similar to those reported from dendrocli-
atic studies of Engelmann spruce (Picea engelmannii Parry ex

ngelm var. engelmannii) in the central Canadian Rocky Mountains
St. George and Luckman, 2001). The first principal component
tic reconstruction of June–July mean temperature in the northern
endro.2010.10.001

xtracted from the ring-width series belonging to the 15 oldest
ndividual trees explained 44% of the variability within the series.
ased on the EPS statistic, the RW chronology is significant back to
770. The PC chronology is limited to the common period of all the
eries used in the PCA, in this case 1772–2003.

dx.doi.org/10.1016/j.dendro.2010.10.001
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Table 2
Chronology statistics for the residual ring-width (RW) chronology.

Number of trees 29
Number of series 53
Start date 1723
0.85 EPS threshold 1770
Mean series length 220
Interseries correlation 0.567
Mean sensitivity 0.161
Mean ring width (mm) 0.84
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Table 4
Verification statistics. All statistics are significant at the 0.05 level. See text for further
explanation.
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tandard deviation 0.439
RMA model 3
ariance due to autocorrelation 33%

limate-growth responses

The chronologies were compared to mean monthly total pre-
ipitation records and monthly records of mean, minimum, and
aximum temperature. This paper is focused solely on the rela-

ionship between ring-width and temperature, as the correlations
etween ring-width and monthly precipitation totals were rela-
ively weak. Furthermore, partial correlation analysis revealed the
ew months of statistically significant correlations with precipita-
ion to be spurious (results not shown) when temperature during
he same months was held constant. The lack of a strong, consis-
ent relationship with precipitation may be due to the absence
f moisture stress in this subalpine forest, or it may be due to
igh levels of spatial heterogeneity in local precipitation patterns
aused by the diverse and mountainous terrain in this region. The
nly available long-term precipitation records were from climate
tations located in markedly different topographic settings than
he study site, and thus may reflect very different precipitation
egimes.

The two chronologies show similar responses to monthly tem-
erature variability (Table 3). Both chronologies exhibit a strong
ositive correlation with mean monthly temperatures in the early
ummer. The chronologies were most strongly correlated with
aximum temperatures during June and minimum temperatures

n July. Previous dendroclimatic studies in British Columbia (Wilson
nd Luckman, 2003) and the Yukon Territory (Youngblut and
uckman, 2008) found stronger, more stable correlations between
Please cite this article in press as: Flower, A., Smith, D.J., A dendroclima
Canadian Rocky Mountains. Dendrochronologia (2010), doi:10.1016/j.d

pruce chronologies and maximum temperature than with mini-
um temperature. In this case, the correlation with July minimum

emperature is in fact the strongest correlation with any single
onthly climate variable for the RW chronology. Partial correlation

nalysis revealed that the correlation between ring-width and July

o
a
b
e
a

able 3
onthly correlations between the ring-width (RW) and principal component (PC) chronolo

re statistically significant at the 0.05 level. Correlations in italics were shown to be spuri

onth RW chronology

Minimum Maximum Mea

ay −0.103 −0.147 −0.1
une −0.036 −0.139 −0.1
uly −0.090 −0.197 −0.1
ugust 0.100 0.166 0.1
eptember 0.184 0.063 0.1
ctober 0.144 0.101 0.1
ovember 0.000 −0.023 −0.0
ecember 0.238 0.239 0.2

anuary 0.088 0.038 0.0
ebruary −0.053 −0.046 −0.0
arch −0.208 −0.166 −0.1

pril −0.324 −0.154 −0.2
ay 0.106 0.260 0.2

une 0.255 0.493 0.4
uly 0.504 0.325 0.4
hronology r R aR RE Sign products

W 0.572 0.327 0.315 0.8807 8
C 0.597 0.356 0.345 0.8848 11

aximum temperature is no longer statistically significant when
uly minimum temperature was held constant. The correlation with
une minimum temperature was also deemed spurious based on

partial correlation analysis in which June maximum tempera-
ure was held constant. Overall, the climate variable most strongly
orrelated with both chronologies is the averaged June–July mean
emperature (r = 0.572 for the RW chronology; r = 0.597 for the PC
hronology).

The correlation analysis results indicate that warmer tempera-
ures during the growing season lead to increased radial growth, as
s typical for high-elevation and high-latitude forests (Fritts, 1976;
ranquillini, 1979). Warmer temperatures during May, June, and
uly allow for increased rates of photosynthesis, and thus more
apid radial growth (Kramer and Kozlowski, 1960). Higher daytime
emperatures at the beginning of the growing season also melt lin-
ering snow, thereby increasing the length of the growing season.
armer night-time temperatures reduce the risk of frost damage

nd low-temperature photoinhibition (Germino and Smith, 1999;
ohnson et al., 2004; Danby and Hik, 2007).

econstruction

June–July mean temperature was selected as the optimum
limate variable for reconstruction based on the results of the cor-
elation analyses and preliminary regression analyses. Two transfer
unction models were developed, one based on the PC chronol-
gy and one based on the RW chronology. Both were simple
inear regression models, as no lagged values of the chronolo-
ies were statistically significantly correlated with the temperature
ecord. The RW chronology model explained 32% of the variance
n the mean June–July temperature record and passed all veri-
cation tests (Table 4). The PC chronology model explained 35%
tic reconstruction of June–July mean temperature in the northern
endro.2010.10.001

f the variance in the mean June–July temperature record and
lso passed all verification tests (Table 4). The high RE values for
oth verifications are particularly encouraging, as this statistic is
xtremely sensitive to poor estimates and therefore represents
rigorous test of model skill (Fritts, 1976; Fritts et al., 1990).

gies and minimum, maximum, and mean monthly temperature. Bolded correlations
ous by partial correlation analysis.

PC chronology

n Minimum Maximum Mean

37 −0.155 −0.204 −0.194
11 −0.091 −0.218 −0.187
74 −0.155 −0.238 −0.229
55 0.091 0.154 0.143
20 0.186 0.091 0.141
27 0.105 0.082 0.097
12 0.011 −0.002 0.005
40 0.230 0.228 0.230
67 0.059 0.021 0.043
50 −0.014 −0.010 −0.012
92 −0.292 −0.267 −0.286
48 −0.311 −0.105 −0.216
10 0.097 0.248 0.199
41 0.286 0.555 0.497
27 0.485 0.298 0.401

dx.doi.org/10.1016/j.dendro.2010.10.001
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Fig. 2. Comparison of reconstructed and inst

lthough the PC reconstruction explains more of the variance in the
nstrumental record, both reconstructions faithfully follow annual
ariability in the instrumental record of mean June–July tempera-
ure, aside from under-predicting some of the more extreme years
Fig. 2).

The reconstructions show nearly identical patterns of variability
r = 0.956, p = 0.000) throughout most of the record. In both the PC
Fig. 3) and RW (results not shown) reconstructions, the warmest
eriod occurred during the 1940s–1950s, followed by the 1990s.
he coldest period in both reconstructions occurred during the
ate 1970s, with the second coldest period during the 1820s–1830s.
lthough the two reconstructions are very similar, the PC record is
learly a superior reconstruction based on its consistently, if only
arginally, higher level of explained variance and stronger verifi-

ation statistics. Therefore, only the PC reconstruction was used in
urther analysis.

The small but consistent improvement in the reconstruction
roduced using the PCA-based approach compared to the recon-
truction created using traditional methods suggests that PCA can
n fact enhance the climate signal contained within a chronology
y extracting only the variance that is common to all the individual
eries. The primary drawback to PCA-based chronology develop-
ent is the fact that the chronology length is limited to the length of

he shortest series included in the analysis. The similarity of the two
hronologies indicates that the traditional averaging-based method
Please cite this article in press as: Flower, A., Smith, D.J., A dendroclima
Canadian Rocky Mountains. Dendrochronologia (2010), doi:10.1016/j.d

f chronology construction performs reasonably well, at least when
ombined with double-detrending and prewhitening procedures,
nd seems to be an adequate substitute for a PCA-based chronology
t sites where sample-depth issues make a PCA infeasible.

m
o
a
s

ig. 3. Reconstructed proxy record of June–July mean temperature. Anomalies calculated
tal records of June–July mean temperature.

omparison with other regional chronologies

The PC reconstruction was compared with several other regional
hronologies from British Columbia and the Yukon Territory.
he southwestern Yukon (SWY) reconstruction is a record of
une–July maximum temperature based on a composite ring-width
hronology created from a network of white spruce site chronolo-
ies (Youngblut and Luckman, 2008). The southern Canadian
ocky Mountains (SRM) reconstruction is a record of May–August
aximum temperature created using ring-width and density

hronologies primarily composed of Engelmann spruce (Luckman
nd Wilson, 2005). The Twisted Tree-Heartrot Hill (TTHH) record is
single-site white spruce ring-width chronology from the north-
estern Yukon that shows a positive correlation with June–July
ean temperature (Jacoby and Cook, 1981; D’Arrigo et al., 2004).

he southern Coast Mountains (SCM) reconstruction is a record of
uly mean temperature based on subalpine fir ring-width chronolo-
ies from southeastern British Columbia (Larocque and Smith,
005).

Comparison with the dendroclimatic records from western
anada listed above revealed that the northern Canadian Rocky
ountains reconstruction (PC) shares similar patterns of low fre-

uency (decadal or longer time-scales) variability (Fig. 4), although
lear regional differences are visible in the timing and magnitude of
limatic events on decadal time-scales. Some of these differences
tic reconstruction of June–July mean temperature in the northern
endro.2010.10.001

ay be attributable to the fact that these records were not devel-
ped using identical methods, nor with the same species, and some
re reconstructions of different climate variables, making them
omewhat difficult to directly compare.

with respect to the 1971–2000 mean. Thick line is a 10-year moving average.

dx.doi.org/10.1016/j.dendro.2010.10.001
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TTHH record. The SRM and SCM reconstructions show some simi-
larities to the PC reconstruction at decadal to multi-decadal scales,
but much weaker correlations at annual scales. Correlation analyses
undertaken for 55-year segments (Table 5) revealed considerable

Table 5
Correlations between the PC reconstruction presented in this paper and other
regional reconstructions calculated for their full common period and for 55-year
segments. Bold correlations are significant at the 0.05 level.

Time period SWY SRM SCM TTHH
ig. 4. Standardized regional chronologies from the northern Canadian Rocky Mou
TTHH), the central Canadian Rocky Mountains (SRM), and the southern Coast Moun
ith respect to the common period (1772–1992).

There is a pattern of greater similarity between the PC recon-
truction and other tree-ring records in the north than is apparent
ith those from further south. Many of the regional records show

enerally increased growth at the end of the 1700s, and dramatic
ecreases in growth rates in the 1820s–1830s and 1870s–1880s,
ith a return to normal growing conditions during the mid-1800s.

eaks in growth are apparent in most of the records near 1900 and
uring the mid and late 20th century. The PC reconstruction shows
reater interannual temperature variability during the late 20th
Please cite this article in press as: Flower, A., Smith, D.J., A dendroclima
Canadian Rocky Mountains. Dendrochronologia (2010), doi:10.1016/j.d

entury than during any other period; this pattern is not apparent
n any of the other tree-ring records included in this comparison.

Correlation analysis indicates a strong pattern of shared high-
requency variability with the SWY reconstruction (Table 5). A
ower, but still statistically significant, correlation is seen with the
(PC), the southwestern Yukon Territory (SWY), the northwestern Yukon Territory
SCM) presented as 11-year moving averages. Vertical axes are z-scores standardized
tic reconstruction of June–July mean temperature in the northern
endro.2010.10.001

1772–1991 0.490 0.132 0.120 0.206
1772–1826 0.481 0.251 0.173 0.388
1827–1881 0.427 0.044 0.314 −0.004
1882–1936 0.513 0.258 0.012 0.481
1937–1991 0.585 0.140 0.019 0.213
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Fig. 5. Trends in the merged instrumen

ariability in the strength of the relationships between records.
he mid-1800s stand out as an anomalous period during which
he usually moderate to strong positive correlation between the
C and TTHH records completely vanishes, and the otherwise rel-
tively weak correlation between the PC and SCM reconstructions
ecomes much stronger. The correlation between the PC record and
oth the SRM and the SWY records are relatively low during this
eriod. This may represent a period of increased maritime influence
n the climate of the northern Canadian Rocky Mountains.

The SWY reconstruction is the only record that is consistently
tatistically significantly correlated with the PC reconstruction
egardless of the period of analysis. In spite of the strong corre-
ation at the annual time scale, comparison of the low-frequency
ariability in the PC reconstruction and the SWY record reveals an
pparent lag in the occurrence of climatic events between these two
earby regions. Decadal-scale periods of cool or warm temperature
nomalies almost always begin earlier in the PC reconstruction than
n the SWY reconstruction.

ivergence

The most notable difference between the PC and TTHH records
ccurs during the late 20th century, where the TTHH record indi-
ates consistently and dramatically decreasing growth rates during
period in which this pattern is not apparent in the other ring-
idth records. The TTHH chronology is no longer statistically

ignificantly correlated with the PC record during the late 20th cen-
ury. This pattern in the TTHH chronology is an example of the so
alled “divergence problem” (D’Arrigo et al., 2004) which has been
etected in many high-latitude white spruce ring-width chronolo-
ies (Barber et al., 2000; Lloyd and Fastie, 2002; Wilmking et al.,
004). The divergence problem manifests as an apparent decrease

n the sensitivity of ring-width series to climatic variability or as
pposite trends in the ring-width and climate records (D’Arrigo
t al., 2008).

Previous studies have detected intra-stand divergence by com-
aring correlations between ring-width series and climate from
Please cite this article in press as: Flower, A., Smith, D.J., A dendroclima
Canadian Rocky Mountains. Dendrochronologia (2010), doi:10.1016/j.d

efore a cut-off date, typically between 1950 and 1965, with corre-
ations after that date (Lloyd and Fastie, 2002; D’Arrigo et al., 2004;

ilmking et al., 2004, 2005). Due to the short instrumental climate
ecord in this region, a comparable analysis could not be conducted.
omparison with longer climate records from more distant stations

C

y
c

mate record of June–July temperature.

as deemed inappropriate due to significant differences in recent
arming trends between stations in this region and those further
orth or south (Zhang et al., 2000). Century-long records of gridded
nd interpolated data are available for this region (New et al., 2000;
hang et al., 2000; Wang et al., 2006), but these records suffer from
marked reduction in data quality before approximately 1940 due

o a rapid decline in sample depth before that time.
In spite of these limitations, it was still possible to test for

ivergent growth patterns among individual trees after the mid-
0th century. The ring-width series from individual trees were
ompared to post-1960 instrumental climate data using Pearson’s
orrelation analysis. No pattern of mixed negative and positive
rowth responses to temperature variability was apparent among
he individual trees. As these divergent intra-stand growth patterns
ppear to be the reason for reduced climate-growth correlations
Wilmking et al., 2004, 2005), their absence can be viewed as
vidence that no divergence-induced reduction in sensitivity has
ccurred in this chronology. Visual comparison of the individual
eries for divergent trends over their entire length also revealed
o signs of divergence between series. Furthermore, there is no
ign of divergence between the PC chronology and the instrumental
limate record during the late 20th century (Fig. 2).

The absence of a significant warming trend in local summer
emperature records offers a probable explanation for the absence
f divergence in this chronology. Divergence has been linked to
oisture-stress brought on by increasing temperatures (Barber

t al., 2000; Lloyd and Fastie, 2002), differing trends in day and
ight-time temperatures (Wilson and Luckman, 2003), and non-

inear responses to increasing temperatures (D’Arrigo et al., 2004;
ilmking et al., 2004). Based on these hypotheses, divergence

hould only occur in areas where summer temperature is increas-
ng over time. In the northern Canadian Rocky Mountains spring
nd winter temperatures show warming trends, but local summer
Fig. 5) and fall temperature records show almost no trend (Zhang
t al., 2000). Thus, it makes sense that no divergence is evident in
his region.
tic reconstruction of June–July mean temperature in the northern
endro.2010.10.001

onclusion

White spruce trees were sampled for dendroclimatological anal-
sis in the northern Canadian Rocky Mountains. The ring-width
hronologies showed a strong positive relationship with mean

dx.doi.org/10.1016/j.dendro.2010.10.001
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emperature during June and July of the current growing sea-
on. A 234-year record of summer temperature variability was
econstructed using standard dendroclimatological methods. A
econd, 232-year reconstruction was created through the use of
rincipal components analysis. Although the two reconstructions

ndicated very similar patterns of temperature variability over the
ast 232 years, the principal component based reconstruction was
eemed superior due to its consistently greater ability to explain
he variance in the instrumental temperature record and stronger
erformance during verification. This chronology showed no evi-
ence of the recent reduction in sensitivity to climatic variability
hat is apparent in many other northern spruce chronologies. Com-
arison of this reconstruction with other dendroclimatological
econstructions from western Canada revealed a coherent pattern
f low-frequency variability, although there was considerable spa-
ial and temporal variability in the levels of agreement between
econstructions at annual time-scales. This reconstruction has filled
n one of the remaining major gaps in the spatial coverage of den-
roclimatic reconstructions in western North America.
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