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Abstract

White spruce (Picea glauca (Moench) Voss) trees were sampled to investigate the relationship between ring width and δ13C as well as between
these descriptors and climate. Cross-sections from eight white spruce trees growing in the Hudson Bay Lowlands, subartic Manitoba, with an
establishment date prior to 1775 were selected from our archive. For each cross-section, two radii were measured to produce ring-width
chronologies. For stable-carbon isotope measurements, every fifth ring (2000, 1995, … 1750) was analyzed separately from each tree, whereas
approximately equal masses from the eight trees were pooled into composite samples for each of the intermediate years mixing masses from each
tree equal to that from the tree with the least amount. Alpha-cellulose was extracted and δ13C was determined using continuous-flow mass
spectrometry. The ring-width residual chronology derived from eight trees was highly correlated to that previously developed for the area. A small
but significant correlation was also found between the ring-width and the δ13C residual chronologies. The climate signal contained in both ring-
width and the δ13C residual chronologies suggests that warm early summers were conducive to larger rings whereas the δ13C best reflects the
overall growing season temperature. Precipitation, relative humidity and/or drought index have little to no association with either chronology.
Significant correlations were observed between δ13C and the historical ice records from the Hudson Bay Co. archive data suggesting that during
long (warm) growing season the 13C content of alpha-cellulose increases. Our results indicate that both ring-width and δ13C provide
complementary information. Future work will involve looking at long-term trends in carbon isotope ratios and the potential use of δ13C for
dendroclimatic reconstruction.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

With the development of new mass-spectrometer analytical
capabilities and novel sampling techniques (Dodd et al., 2008-
this volume), the use of stable isotopes in dendrochronology has
been rapidly increasing (Borella et al., 1998; McCarroll and
Loader, 2004, 2006). In addition to problems related to properly
crossdated tree-ring series, many questions still persist as to the
use of stable isotopes in dendroclimatology (Hughes, 2002).
The majority of studies have related variations in stable-carbon
isotope ratios to variation in moisture availability (see reviews
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of Schleser et al., 1999; McCarroll and Loader, 2004). In
support of stomatal conductance control on tree-ring δ13C,
many researchers report a negative correlation between δ13C
values and both relative humidity and precipitation (Leavitt and
Long, 1989; Saurer and Siegenthaler, 1989; Lipp et al., 1991;
Robertson et al., 1997; Treydte et al., 2001; Leavitt et al., 2002;
Gagen et al., 2004). The rationale for such a control relates to
the fact that during photosynthesis, plants preferentially
assimilate the light carbon isotope (12CO2) and discriminate
against the heavy isotope (13CO2) (Farquhar et al., 1989;
McCarroll and Loader, 2006). This isotopic fractionation is
mainly controlled by the CO2 diffusion through the stomata and
by the carbon-fixing enzyme Rubisco, which discriminate
against 13C. During moisture stress, stomatal closure interrupts
the flow of CO2 and leads to greater utilization of

13C within the
stomatal chamber by Rubisco and thus to higher 13C/12C ratios
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(less negative δ13C values). While this relation to drought is
fairly well documented, Saurer et al. (2004) hypothesized that
the typical association between moisture and carbon isotope
discrimination observed in regions with warm-dry climate may
not hold in northern forests such as those in Siberia. In northern
Finland, studies of Scots pine (Pinus sylvestris L.) suggested
that photosynthetic rate, which is controlled primary by
sunshine and temperature, dominated at sites near the distribu-
tion limit of the species whereas stomatal conductance, which is
controlled by air humidity and soil moisture, was more
important in southern sites (McCarroll and Pawellek, 2001;
McCarroll et al., 2003).

In the boreal forest of North America, few dendroisotopic
studies have been conducted. In the interior boreal forest of
Alaska, analysis of ring width, maximum density and δ13C in
white spruce (Picea glauca (Moench) Voss) revealed that radial
growth has decreased in association with increased temperature-
induced drought stress in the 20th century (Barber et al., 2000).
In western Canada, Gray and Thompson (1977) found a high
correlation between 18O/16O in cellulose of white spruce and
mean annual temperature. In central Canada, Brooks et al.
(1998) have looked at stable-carbon isotope in jack pine (Pinus
banksiana Lamb). In North America, no δ13C chronologies
have been developed for tree species growing at the northern
tree-line. Likewise, little isotopic work (Sonninen and Jungner,
1995; McCarroll and Pawellek, 1998) has been conducted at the
northern European timberline (McCarroll and Loader, 2006).

In subarctic Manitoba and for the Churchill area, the latest
Canadian Regional Circulation Model (modelling change in
2041–2060 relative to 1971–1990 simulated by CRCM3.6.1)
predicts a significant warming with little change in precipitation
(Canadian Centre for Climate Modelling and Analysis, 2005).
Global warming has been linked to a lengthening of the Hudson
Bay ice-free season (Gagnon and Gough, 2005) and to the fate
of permafrost conditions (Gough and Leung, 2002). Potential
response of the North American tree-line to climate change has
been reviewed by MacDonald et al. (1998), Serreze et al. (2000)
and Gajewski and Atkinson (2003). In contrast to the tree-line
of the east side of the Hudson Bay where the growth response of
tree species to climatic warming of the 20th century has been
abundantly studied (Jacoby et al., 1988 and voluminous
publications by the Subarctic and Subalpine Ecosystems
research group of the Centre d'études nordiques (CEN) led by
Dr. Serge Payette from the Université Laval), fewer tree-ring
studies have been conducted on the west side of the Hudson Bay
(e.g., Scott et al., 1988; Scott and Hansell, 2002; Girardin et al.,
2005; Au and Tardif, 2007). Subarctic Manitoba has more
commonly been a sampling point among a larger network of
tree-ring chronologies (e.g., Guiot, 1987; Jacoby and D'Arrigo,
1991; D'Arrigo and Jacoby, 1993; Schweingruber et al., 1993;
Briffa et al., 1994; Jones et al., 1995; D'Arrigo and Jacoby,
1999).

In North America, white spruce achieves a transcontinental
distribution from Newfoundland and Labrador west to Alaska
east (Nienstaedt and Zasada, 1990). In Manitoba, white spruce
reaches both its southern and northern distribution limit (more
than 1000 km apart). At the southern limit of distribution of the
species, Chhin et al. (2004) reported that drought during the
growing season was the main climate factor controlling radial
growth. The authors observed a negative association with May–
June–July temperature and a positive one with the same
month's precipitation. Girardin and Tardif (2005) reported for
the boreal plains that radial growth in white spruce was mainly
associated with the previous and current year's summer
precipitation (positive) and temperature (negative) and to the
June drought signal. At its northern limit of distribution, ring
width in white spruce was mainly associated (positively) with
temperatures in June–July (Girardin and Tardif, 2005). Similar
results were reported for sites near the northern tree-line on both
the west and east side of the Hudson Bay (Jacoby and Ulan
1982; Jacoby et al., 1988).

The objective of this study was to investigate both radial
growth and δ13C in white spruce in relation to climate in the
Churchill region of subarctic Manitoba. First, we developed and
compared ring-width and δ13C chronologies. Second, we
assessed the nature and strength of the climate signal in both
chronology types. This initial study provides insight as to the
utility of long-term annual-resolution δ13C chronologies in
conjunction with standard ring-width chronologies in climate
reconstruction studies in the forest-tundra transition.

2. Methods

2.1. Study area

The study area is located in the Hudson Bay Lowlands
ecoregion and south of the town of Churchill, Manitoba (58°
44'N; 94° 04'W) (Fig. 1). It lies within the Hudson Plain
ecozone on the western coast of the Hudson Bay, referred to as
the forest-tundra (Zoladeski et al., 1995). The forest-tundra
forms a transitional boundary between the true boreal forest to
the south and the tundra to the north (Ritchie, 1962). The study
area is within the ecoclimatic region of the high subarctic (Scott,
1995). Ordovician and Silurian limestone and dolomite
characterize the geology of the area and overlie the Precambrian
Shield (Dredge and Nixon, 1992). However, glacial tills of the
Pleistocene or marine deposits of the Holocene cover most of
the region. As a result of the permafrost and a low slope, the
landscape is a poorly drained peatland interspersed with
thermokarst lakes and ponds. There are also well-drained
glacial and beach formations such as moraines, beach ridges,
and eskers (Scott, 1995). The entire study area is uniformly low
(50 m a.s.l.) and flat, forming a vast wetland adjacent to Hudson
Bay (Dredge and Nixon, 1992). In the study area, the crust is
isostatically rebounding at an estimated average rate of about
1 m/century (Clarke et al., 1982).

Regional climate is highly influenced by the effects of
nearby Hudson Bay (Rouse, 1991), with long cold winters and
short cool summers (Fig. 2). The strong arctic effect of the
Hudson Bay ice pack (delaying the onset of summer conditions)
persists through much of the summer (Rouse, 1984a) and could
be important in maintaining high summer moisture during the
snow-free season (Scott et al., 1993). During the snow-free
period, air temperature can drop by as much as 20 °C as a result



Fig. 1. Map of the study area showing the location of Churchill, Manitoba (black square). The sites where white spruce trees were sampled are indicated by black
circles. The location of the Churchill A meteorological station is indicated by a black star.
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of wind shift from the south to the north (Rouse, 1984b). On
average, ice usually breaks up in mid-June and floating ice
remains in early July. Data from the meteorological station in
Churchill A (58° 44' N, 94° 3' W, elevation: 28.70 m a.s.l.)
show a mean annual temperature of −6.9 °C for the reference
period 1971–2000 (Environment Canada, 2003). The mean
daily temperature during the coldest month (January) is
−26.7 °C, and during the warmest month (July) it is 12.0 °C.
The total annual precipitation is 431.6 mm, with 264.4 mm
falling as rain (Fig. 2). In the area, snowmelt usually occurs in
May/June and the first snowfall occurs in mid-September (Scott
Fig. 2. Monthly climate means for the period 1970–2000 at the Churchill A
meteorological station (58° 44′ N, 94° 3′ W, elevation: 28.70 m a.s.l.).
et al., 1993). On average, 594.7 degree days above 5 °C are
observed annually (Environment Canada, 2003).

The vegetation of the area is dominated by white spruce,
black spruce (Picea mariana [Mill] BSP) and tamarack (Larix
laricina (Du Roi) K. Koch). White spruce communities are
found almost exclusively on well-drained sand or gravel ridges
in the forest-tundra or at the junction of sand and rock at the
northern tree-line of the study area (Ritchie, 1962; Brook,
2001). The black spruce communities, referred to as the “black
spruce muskeg” (Ritchie, 1962), are mainly associated with
sphagnum moss over peat deposits. Tamarack grows freely
throughout the study area in association with both black spruce
and white spruce (Brook, 2001; Monson, 2003). Pure tamarack
stands are confined to fen areas with water levels at or near the
surface. The trees are usually found on hummocks that form in
this type of landscape (Ritchie, 1962).

2.2. Tree selection

Samples used in this study came from those collected as part
as a larger study (Monson, 2003; Girardin et al., 2005). We
decided that more than the four trees suggested by Leavitt and
Long (1984) for the semi-arid U.S. Southwest environment
would best ensure a representative local isotope chronology in
this subarctic environment. In fact, Robertson et al. (1997) and
McCarroll and Pawellek (1998) had found that under some
circumstances more than four trees were needed to accurately
represent the tree-ring isotopic records at sites in Finland. We
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first identified all white spruce trees from our database with both
a pith date prior to 1775 and a collected cross-section. Site
location, tree age, stem circumference, ring size, lack of
compression wood and injuries (decay) were all criteria used to
select the final set of eight trees for isotopic analysis. Individual
trees were thus selected from seven sites with a mean
(±standard deviation) intersite distance of 25.9±5.4 km (Fig.
1). The mean (±standard deviation) establishment date of the
selected trees was 1707±37 yr. All white spruce trees had
normal growth form and were not Krummholz.

2.3. Ring-width chronology

All eight cross-sections were air dried and sanded with
progressively finer sandpaper to reveal the individual cells of
each ring. Once sanded, the samples were visually crossdated
using a technique similar to that described by Yamaguchi
(1991). AVELMEX UniSlide stage micrometer interfaced with
a computer was used to measure the ring widths of each series to
a precision of 0.01 mm. Two radii from each of the eight
selected trees were measured for ring width. Visual crossdating
of the wood samples and accuracy of the measurement was
validated using COFECHA (Holmes, 1983).

A standardized chronology was constructed using the
program ARSTAN (Cook and Holmes, 1986). In ARSTAN, a
spline function giving a 50% frequency response of 60 yr (Cook
and Peters, 1981) was applied to each measurement series to
remove the age/size related trend and other low-frequency
trends presumed unrelated to climate. Standardization of the
ring-width measurement series assured that the mean and the
variance of all the series were made comparable. A residual
chronology was also created in the same manner as the standard
one except that the series were averaged using residuals from
autoregressive modeling of the standardized measurement
series (Cook and Holmes, 1986). This resulted in a chronology
with a strong common signal and without persistence. The
presence of autocorrelation reduces the effective number of
independent observations and thus reduces the degrees of
freedom used to determine the confidence in estimates of
correlation coefficients (Monserud and Marshall, 2001). Along
with general statistics describing the chronology, the expressed
population signal (EPS) statistic was calculated. This statistic is
an indicator of chronology reliability. It measures how well the
chronology compares to a theoretical population chronology
based on an infinite number of trees (Wigley et al., 1984). The
statistic ranges from 0.0 to 1.0, i.e., from no agreement to 1.0 for
perfect agreement with the theoretical population chronology.

2.4. Stable-carbon isotopes

The carbon isotope ratios of alpha-cellulose were analyzed
from eight white spruce trees. The previously crossdated and
measured cross-sections were further reduced in size. From
each cross-section, four orthogonal radial sections 5 mm width
and 5 mm thick were cut using a band saw. These sections were
sanded with progressively finer sandpaper up to 400 grit. Each
section was vacuumed between sandings to remove wood dust
and sandpaper was cleaned between trees. The resulting 32
radial sections were crossdated once more using a dissecting pin
to identify decades, half-century and century. For each tree, the
initial growth period (innermost rings) was eliminated from
analysis to minimize the “juvenile effect” (Bert et al., 1997;
Robertson et al., 1997). This corresponded to the first 25–
50 years for six well preserved cross-sections but N50 years for
two sections presenting decay and suppression in the innermost
portion. In each radial section, individual annual tree rings were
carefully separated with a dissecting scalpel under a binocular
microscope. The annual shavings from the four radii of each
tree were separately pooled and put into a microcentrifuge tube
previously labelled with tree number and year. Pooling assured
that we had enough wood to analyze and that we get a
representative yearly δ13C value (Leavitt and Long, 1984). For
years with extremely narrow rings only, extra wood was
obtained from a fifth ring (radial section) to assure sufficient
material for carbon isotope (and eventually enough for oxygen
isotope) analysis. Variation of isotopes ratios along the
circumference of a single ring was shown to be lower than
that among trees (Leavitt and Long, 1984) and adding a fifth
ring when needed should have had a negligible impact on our
results. Individual tree rings were thus separated in all eight
trees for approximately 250 years. No attempts were made to
separate earlywood from latewood. The white spruce showed
limited radial growth, rendering partitioning of earlywood-
latewood almost impossible. In Norway spruce (Picea abies
(L.) Karst), Schleser et al. (1999) observed little qualitative
differences in δ13C values obtained from earlywood, latewood
or complete ring.

After ring separation, close to 2000 wood samples were
milled finely enough to pass through a 20 mesh screen. In this
study, largely because of budget limitations, we ran individual
tree isotopic analysis on every fifth ring (2000, 1995, … 1750).
For the intermediate years, we pooled approximately equal mass
from each tree determined by the mass from the tree
contributing the least amount in each year. This avoided
producing a mean mass-weighted δ13C value (Borella et al.,
1998) and equally weighted slow and fast growing trees. The
individual isotopic analysis of 396 rings (between 45 to 51 per
tree) allowed us to compare tree-to-tree variability and to place
confidence limits around mean values (McCarroll and Loader,
2004).

All wood samples (individual rings and pooled ones) were
reduced to alpha-cellulose using the chemical extraction
methods described in Leavitt and Danzer (1993). Each wood
sample was transferred and sealed in previously labelled acid-
and solute-resistant digestion pouches (each containing eight
compartments). Using two Soxhlet apparatus (128 samples),
oils and resins were removed using a 24-hour extraction regime
using a 2:1 toluene:ethanol mixture followed by 100% ethanol.
The lignin component was then removed through oxidation in
an acidified sodium chlorite solution for approximately 40 h to
yield holocellulose. The hemicellulose component was further
removed through reaction with sodium hydroxide (17.0 to
18.5% w/v NaOH) for 1 h with constant stirring to produce
homogeneous alpha-cellulose after which samples were washed
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thoroughly with deionized water over a 3–4 h period. The same
procedure was repeated with a bath containing glacial acetic
acid and samples were dried prior to analysis. For analysis,
about 0.8 mg of alpha-cellulose was weighed from each sample
and sealed in tin foil capsules. To estimate the reproducibility of
δ13C measurements, cellulose samples were reanalyzed for a
series of samples. In each analytical run, the first three samples
were from an acetanilide standard of known isotopic composi-
tion followed by white spruce samples sequenced with another
acetanilide standard every 10 rings. The alpha-cellulose was
combusted online and the resulting CO2 was analyzed on a
stable-isotope mass-spectrometer. The δ13C values are
expressed in per mil versus the Vienna PeeDee belemnite
(VPDB) standard. All isotope analysis took place at the
Environmental Isotope Laboratory, Department of Geosciences,
University of Arizona. The overall analytical precision of the
isotope measurement was 0.11‰ (n=105 standards).

Since industrialisation, burning of 13C-depleted fossil fuel
has caused a depletion of atmospheric δ13C of about 1.5‰
(McCarroll and Loader, 2006). To correct for the decline in
δ13C of the atmosphere since about AD1850, we followed the
methods outlined by McCarroll and Loader (2006). First, a
δ13C residual chronology was calculated using the same
approach as for ring width. A spline function giving a 50%
frequency response of 60 yr was used to transformed δ13C
values in δ13C indices. Statistical detrending has been criticized
because it removes not only the direct effect of declining δ13C
of the atmosphere but also any physiological response to
increased atmospheric CO2 concentrations, and any change in
climate that has occurred as a result of the CO2 rise (McCarroll
and Loader, 2006). In order to keep low-frequency variation, we
also mathematically removed the changes in atmospheric δ13C
and expressed tree-ring δ13C values relative to a pre-industrial
reference value of −6.4‰ as suggested by McCarroll and
Loader (2006). We used the high-precision record of atmo-
spheric δ13C from Francey et al. (1999) to correct our data. This
low-frequency chronology will be referred to as the corrected-
δ13C chronology.

2.5. Analysis of climate association

The associations between ring-width and δ13C residual
chronologies and climate were analyzed mainly using correla-
tion analyses (Fritts, 1976). Mean monthly temperature (1929–
2000) and total monthly precipitation (1932–2000) data sets
from Vincent and Gullett (1999) and Mekis and Hogg (1999),
respectively, were used in these analyses (station 5060600,
Churchill). The Canadian Drought Code (CDC) component of
the Canadian Forest Fire Behavior System (Van Wagner, 1987;
Girardin et al., 2004) was also used as a potential indicator of
moisture stress. The CDC is a daily indicator of summertime
moisture in deep organic layers in boreal conifer stands (Van
Wagner, 1987). The CDC is a slow-drying index with a time lag
estimated at 52 days. Moisture losses are the result of daily
evaporation and transpiration, while daily precipitation
accounts for moisture gains. Evaporation and transpiration
losses are first estimated by calculating maximum potential
evapotranspiration based on daily temperature and seasonal day
length. Second, the maximum potential evapotranspiration
value is scaled by the available soil moisture to reflect the
fact that as soil moisture decreases, evaporation is increasingly
more difficult. The maximum water holding capacity of the
CDC is 100 mm for a layer with a bulk density of about 18 cm
deep and 25 kg/m2 in dry weight, which amounts to
approximately 400% of water per unit of mass. Daily CDC
values were computed using daily maximum temperature and
daily precipitation data from the above stations. The computa-
tion was conducted following the procedure of Van Wagner
(1987) and mean monthly CDC averages were produced.
Additional data from the Churchill A meteorological station
(1957–2000) included total monthly snowfall, mean monthly
minimum and maximum temperature, relative humidity, and
dew point temperature.

Both ring-width and δ13C residual chronologies were used in
these climatic analyses and the climatic variables covered a 17-
month period fromMay of the year prior to (t−1) ring formation
to September of the year (t) of ring formation. We also
calculated correlations with historical ice records from the
Hudson's Bay Company's Archives and compiled by Moodie
and Catchpole (1975). This data set provided freeze-up and
break-up dates for the estuaries on Hudson Bay and was
developed for the period 1714–1871 from analysis of historical
document contents. Data relevant to Prince of Wales Fort near
Churchill were extracted and used to calculate the ice-free
period. The ice-free period was calculated by taking the date of
complete ice freeze-up and subtracting the date of ice break-up
for available years. This provided an independent data set on
which to test the association between ring-width/δ13C residual
chronologies and climate.

In addition, we created four categories using the indices from
both ring-width and δ13C residual chronologies and tested if
any differed in terms of seasonalized mean temperature, total
precipitation and drought code using an analysis of variance.
The categories were 1: below average δ13C and ring-width
indices, 2: below average δ13C indices and above average ring-
width indices, 3: above average δ13C indices and below average
ring-width indices and, 4: above average ring-width and δ13C
indices. We also used a Pearson Chi-Square analysis to test the
distribution of both below- and above-average ring-width and
δ13C indices in relation to categorized summer climate
variables. The summer climate (June–July–August) was
categorized as following 1: cool and dry, 2: cool and wet, 3:
warm and wet and 4: warm and dry. These categories were
determined using the averaged mean summer temperature and
total precipitation. Program SYSTAT (Ver 11) was used for all
of the climatic analysis (SYSTAT 2004).

3. Results

3.1. Ring-width and δ13C values

No strong consistent association was observed between fifth-
year ring-width and corresponding δ13C measurements (uncor-
rected and corrected) for the eight white spruce trees (Fig. 3).



Fig. 3. Ring-width versus δ13C measurements for each of the eight Picea glauca trees. The grey circles represented uncorrected δ13C measurements whereas the empty
black circles represent δ13C values that were corrected for the depletion of δ13C in the atmosphere since 1850 (McCarroll and Loader, 2006). The two lines represent
linear regressions calculated with each set of data (uncorrected δ13C: grey dash line and corrected δ13C: black line) and are indicative of the general trend in the data.
The r2 related to the ring width-corrected δ13C measurements is indicated and coefficients followed by a star are significant at the 95% level.
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Some individual scatter plots suggest, however, that δ13C could
increase with ring width but in a non-linear way. The absence of
a consistent relationship among trees suggests individualistic
tree responses. The chronology statistics indicate that white
spruce trees grew little in diameter with a mean annual ring-
width less than 0.5 mm (Fig. 3 and Table 1). The ring-width
residual chronology developed in this study was strongly
correlated (r=0.83, pb0.0001; n=251) with that of Girardin et
al. (2005), which had a much greater sample depth. Interest-
ingly, the common signal statistics for the δ13C chronology (the
every fifth-year measurements) were higher than for both ring-
width chronologies (fifth-year and continuous measurements;
Table 1). The common signal in the annual ring-width
chronology (44 continuous measurements) was also higher
than in that developed from fifth-year ring width (44 fifth-year
measurements). This is illustrated by a higher interseries
correlation, common percent variance and EPS value in the
former (Table 1). This result shows that the ring-width
chronology developed from fifth-year measurements may
underestimate the common signal when compared to contin-
uous ring-width chronology. It also suggests that the common
signal reported for the δ13C chronology from fifth-year
measurements may be underestimated when compared to that
of other studies using continuous annual sequence of δ13C
measurements.

The δ13C chronology developed from fifth-year measure-
ments (Fig. 4a) indicates variations in δ13C ranging from −22.2
to −26.4‰ (Table 1). Many trees presented a general decrease
in δ13C approximately starting after 1875 (Fig. 4a). The
continuous δ13C chronology shows variations ranging from
−22.60 to −25.30‰ (Table 1) and revealed more detailed low-
frequency variation (Fig. 4b). A more or less continuous
decrease in δ13C measurements was observed to start prior to
the depletion of atmosphere δ13C associated with industrialisa-
tion. The highest δ13C measurements occurred in the 1750–60s,
a period also characterized by higher variance in the data. An
abrupt decrease in δ13C measurements was observed in the late
1810s and lasted until the 1850s. When the long-term decline in



Table 1
General statistics for both the ring-width and δ13C chronologies

Ring-width
(fifth year)

Ring-width
(continuous)

δ13C
(fifth year)

δ13C
(continuous)

Mean a 0.34 mm
(n=393)

0.34 mm
(n=3863)

−24.0‰
(n=396)

−24.0‰
(n=251)

Median a 0.28 mm
(n=393)

0.27 mm
(n=3863)

−23.9‰
(n=396)

−24.0‰
(n=251)

Standard
deviation a

0.22 (n=393) 0.25 (n=3863) 0.94‰
(n=396)

0.52‰
(n=251)

Minimuma 0.05 mm
(n=393)

0.03 mm
(n=3863)

−26.4‰
(n=396)

−25.3‰
(n=251)

Maximuma 1.17 mm
(n=393)

2.03 mm
(n=3863)

−22.2‰
(n=396)

−22.6‰
(n=251)

Autocorrelation
1st order b

0.30
(n=51)

0.41
(n=356)

−0.01
(n=51)

0.19
(n=251)

Variance in PC-1
(%) c

30.13 42.47 46.25 N.A.

EPS signal c 0.64 0.82 0.83 N.A.
Interseries
correlation c

0.18 0.37 0.38 N.A.

The continuous ring-width chronology covers the period 1645–2000 whereas
the continuous δ13C chronology covers the period 1750–2000. Both fifth-year
chronologies were developed from individual ring measurements (2000, 1995,
… 1750).
a Calculated from untransformed data (raw data).
b Calculated from the standardized chronology.
c Calculated from the residual chronology (n=44 for all chronologies) and

the common period for the continuous ring-width chronology was 1957–2000.

94 J.C. Tardif et al. / Chemical Geology 252 (2008) 88–101
δ13C associated with industrialisation is removed (Fig. 4c), the
δ13C chronology shows more mid-frequency fluctuations and a
rise in δ13C measurements is observed toward the end of the
20th century. The residual chronologies (δ13C and ring-width)
developed after standardizing the data with a 60-yr spline were
weakly correlated despite greater year-to-year agreement in
Fig. 4. Carbon isotope chronologies. a) Individual fifth-year δ13C measurement for
period 1750–2000. The 95% confidence interval was calculated from the fifth-yea
decline in δ13C of the atmosphere as per McCarroll and Loader (2004). Grey circles in
for the period 1750–2000 after correction for the depletion of δ13C in the atmosphe
direction of change as indicated by the Gleichläufigkeit measure
(Fig. 5).

3.2. Ring-width and δ13C association with climate

3.2.1. Correlation analyses
The Pearson correlation analyses revealed that both ring-

width and δ13C residual chronologies were significantly
associated with climate parameters (Fig. 6). However, no strong
correlations were observed between either ring-width or δ13C
residual chronologies and monthly climate variables indicative
of moisture availability such as total precipitation, drought code
and relative humidity. The absence of significant negative
associations with variables related to evapotranspiration
suggests that stomatal closure due to moisture stress may not
be the main control regulating 13C/12C ratio. Temperatures (and
dew point temperature) were the most strongly correlated
variable to both residual chronologies. In particular, July
temperatures (minimum, mean, maximum and dew point)
were positively correlated with both chronologies suggesting
that warm July promotes xylem production and photosynthesis.
The dew point (June–July–August), which represents the
temperature at which the atmosphere is saturated in water,
was also strongly correlated to δ13C and to a lesser extent to
ring-width indices. Interestingly, the ring-width residual
chronology was more strongly correlated to early summer
conditions (June–July) whereas the δ13C chronology better
reflected the condition in July–August (Fig. 6). In contrast May
minimum temperatures were negatively correlated with both
ring-width and δ13C residual chronologies.

Chronology-specific correlations were also observed (Fig.
6). The δ13C residual chronology had negative correlations with
total precipitation in May and snowfall in August. The negative
each of the eight Picea glauca trees. b) Continuous δ13C measurement for the
r δ13C measurements presented in (a). The upper dark grey line represents the
(a) and (b) represent duplicate measurements. c) Continuous δ13C measurements
re since 1850 (McCarroll and Loader, 2006).



Fig. 5. Ring-width (black line) and δ13C (grey line) residual chronologies for the period 1750–2000. The Pearson correlation coefficient between the two residual
chronologies for the period 1750–2000 is 0.198 (p=0.002) and the Gleichläufigkeit (Glk) measure is 58.8%.

95J.C. Tardif et al. / Chemical Geology 252 (2008) 88–101
correlation with August snowfall supports the idea that the δ13C
chronology reflects the length of the growing season. Under the
stomatal conductance hypothesis, a negative association
between relative humidity and δ13C would be expected except
that our results show a positive correlation between both
Fig. 6. Pearson correlation coefficients between both the δ13C (left panel) and ring-wi
top to bottom, the climate variables are Min Temp: mean of minimum temperatur
temperature, CDC: Canadian drought code, Snow: total snow precipitation, Prec: tota
are fromMay of the year prior to ring formation (large caps) to September of the year
(June–July–August, P) and the current summer (c) conditions are also presented. Thr
period of analysis was 1929–2000 for the temperature (minimum, average, maximum
2000 for both DP and RH.
variables in months from the year prior to ring formation. The
ring-width residual chronology showed a negative correlation
with October snowfall (inverted with temperatures) suggesting
that early snow accumulation may negatively affect growth in
the following year by influencing the early growing season
dth (right panel) residual chronologies and the monthly climatic variables. From
e, Mean Temp: mean of average temperature, Max Temp: mean of maximum
l precipitation, DP: mean dew point and RH: mean relative humidity. The months
of ring formation (small caps). Correlation coefficient with the previous summer
eshold for significant correlations (pb0.05) is indicated by the dotted lines. The
), 1933–2000 for precipitation (snow and total), 1933–1999 for CDC, and 1953–



Fig. 7. Linear regression between both the ring-width (data represented by grey circles and regression line) and δ13C (data represented by black circles and regression
by broken line) residual chronologies and the ice records from the Hudson's Bay Company's Archives (source of data: Moodie and Catchpole, 1975).
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conditions. The ring-width residual chronology was also
correlated to more variables from the year preceding ring
formation than the δ13C residual chronology (Fig. 6).

The relationships between both ring-width and δ13C residual
chronologies and seasonalized climate data indicated that only
mean summer temperatures of the year of ring formation were
significantly and positively associated with both ring-width and
δ13C (Fig. 6). The dew point temperature was positively related
to δ13C chronology. Highly significant linear associations were
also observed between the δ13C residual chronology and 1) first
break-up date (r=0.47, p=0.004, n=37), 2) complete freeze-up
date (r=0.40, p=0.030, n=29), and 3) length of the ice-free
season (r=0. 61, pb0.0001, n=29) at Prince of Wales Fort near
Churchill using available data from 1750 to 1800 (Fig. 7). Early
break-up, late freeze-up and thus long ice-free season were all
associated with increased δ13C in alpha-cellulose. No signifi-
cant associations were, however, observed between these ice
records and the ring-width residual chronology (all pN0.320).

3.2.2. Analysis of variance
In order to better understand the interrelationship between

ring-width and δ13C residual chronologies and their association
Table 2
Mean and standard deviation of climate variables for the tree-ring residual chronolo
δ13C indices and above average ring-width indices, 3: above average δ13C indices an
indices

Category 1 Category 2

Mean temperature (°C)
Fall (Sep–Nov) −2.5±1.6 −2.8±2.0
Winter (Dec–Feb) −24.6±1.9 −26.4±2.6
Spring (Mar–May) −9.9±1.6 −11.1±2.4
Summer (Jun–Aug) 9.5±1.1a 9.7±1.1ab

Total precipitation (mm)
Fall (Sep–Nov) 180.1±65.1 168.1±52.2
Winter (Dec–Feb) 90.1±33.1b 59.1±29.8a
Spring (Mar–May) 105.5±52.7 76.4±45.7
Summer (Jun–Aug) 175.9±52.7 179.7±67.8

Canadian Drought Code
Fall (Sep–Nov) 132.7±56.6 153.0±49.1
Winter (Dec–Feb) N.A. N.A.
Spring (Mar–May) 4.8±5.6 3.61±4.42
Summer (Jun–Aug) 154.5±49.0 154.5±55.6

Significant differences (pb0.05) identified by the ANOVA appear in bold. For these
categories after a Tuckey post-hoc test.
with climate, we tested for differences in climate for years
when: 1) both chronologies had below average indices, 2) δ13C
indices were below average (inverse for ring-width indices), 3)
δ13C indices were above average (inverse for ring-width
indices) and 4) both chronologies showed above average
indices. The analysis of variance failed to detect any statistical
differences among the four categories in regards to seasonalized
total precipitation and drought code (Table 2). A unique
significant difference with summer temperature was observed.
Years with low ring-width and δ13C indices were associated
with cool summers (9.5 °C) compared to years with high ring-
with and δ13C indices being associated with warmer summers
(10.6 °C). These results again stress the dominant control of
temperature over ring-width formation and carbon assimilation.
A less significant difference was also observed with winter
precipitation (Table 2). Years with high ring-width and low
δ13C indices registered less winter precipitation than years with
low ring-width indices (low and high δ13C indices).

3.2.3. Pearson Chi-Square analysis
Taking another perspective, the Pearson Chi-Square statistic

was calculated to see how years with low and high δ13C (ring-
gy categories: 1) below average δ13C and ring-width indices, 2: below average
d below average ring-width indices and, 4: above average ring-width and δ13C

Category 3 Category 4 p value

−3.0±2.0 −3.1±1.5 0.724
−24.6±2.0 −25.2±1.8 0.091
−10.8±1.7 −11.0±1.4 0.127
10.2±1.2ab 10.6±1.0b 0.004

196.7±57.5 169.7±50.5 0.504
91.0±29.5b 83.6±28.2ab 0.030
103.4±54.2 101.7±50.0 0.425
185.5±51.9 169.8±55.7 0.857

139.0±78.7 136.3±56.5 0.826
N.A. N.A. N.A.
4.6±4.9 2.1±3.2 0.253
156.0±47.2 158.9±53.2 0.992

variables, the different letters indicate significant differences (pb0.05) among
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width) indices were distributed according to years with 1)
warm-dry, 2) warm-wet, 3) cool-dry and 4) cool-wet summers.
If stomatal conductance is a main factor controlling δ13C,
higher δ13C indices would be expected in years with warm-dry
summers than in years with warm-wet summer. The results
revealed that in warm-dry and warm-wet summers, higher-than-
expected δ13C indices were observed, and the opposite was true
for cool-dry and cool-wet summers (Pearson Chi-Square
significant at p=0.001, n=68). Further analysis revealed no
statistical differences between wet and warm conditions. During
cool (dry or wet) years, a depletion of 13C was observed and
during warm (dry or wet) years, 13C enrichment was observed.
These results suggest that during warm years, alpha-cellulose is
enriched in 13C but apparently not because of moisture stress.
The Pearson Chi-Square test was not significant when used with
ring-width indices (p=0.34, n=68) suggesting less specificity
to the overall growing season condition.

4. Discussion

4.1. Chronologies and signal strength

Our results showed that ring-width and δ13C measurements
were not highly associated. In the literature, no common
relationship exists between ring-width and δ13C measurements.
Brooks et al. (1998) found no significant correlation (p=0.82)
between δ13C and ring width in P. banksiana. McCarroll et al.
(2003) found a positive (pb0.01) correlation between δ13C and
ring width as well as with maximum density in P. sylvestris. The
absence of a consistent relationship between ring-width and
δ13C measurements suggests independence between the two
processes and individual tree response. Similarly the absence of
a strong correlation between both ring-width and δ13C residual
chronologies suggests that the temporal windows in which
radial growth and carbon fixation take place are not totally
overlapping.

The signal strength in the white spruce δ13C residual
chronology was higher than in the ring-width residual
chronology. The stronger signal in stable-carbon isotope series
and the need for fewer trees to attain a given signal threshold
compared to ring-width series appears to be a characteristic of
tree-ring isotope studies (Robertson et al., 1997; McCarroll and
Pawellek, 1998; Gagen et al., 2004; McCarroll and Loader,
2004). It has been proposed that a sample size leading to an EPS
value of 0.85 may be minimally acceptable in tree-ring isotope
studies (McCarroll and Loader, 2004). For oak, EPS values
above 0.85 were reported for a δ13C chronology made up of
four to five trees (Robertson et al., 1997). Near the northern
distribution limit of P. sylvestris, McCarroll and Pawellek
(1998) observed EPS values of 0.89 to 0.95 with chronologies
developed from five trees, and two to four trees were usually
sufficient to get an EPS value of 0.85. Stronger results were
obtained after correcting for atmospheric decline in δ13C and
removal of juvenile effect (McCarroll and Pawellek, 2001). Our
current assessment of the common signal in white spruce δ13C
residual chronology suggests that sampling eight to ten trees
may be necessary to reach an EPS value of 0.85.
Based on the comparison made of the δ13C and ring-width
chronologies, we speculate, however, that the common signal
evaluated from fifth-year measurements may not allow adequate
quantification/comparison of the EPS. The ring-width residual
chronology developed in this study was significantly correlated
with that used in Girardin et al. (2005) and also revealed a similar
association to climate. The statistical properties of the ring-width
residual chronology developed using fifth-year measurements
(1750, 1755 … 2000) differed, however, from that developed
using continuous annual measurements for the period 1957–
2000. Both inter-tree correlation and EPS values substantially
rose when continuous ring-widthmeasurements were used. If we
assume the same properties held for the δ13C fifth-year
measurements, the statistic presented may underestimate the
common signal. It is thus possible that a representative δ13C
chronology for white spruce could be developed from fewer than
eight trees and that higher EPS values could be obtained from
continuous δ13C measurements.

The white spruce δ13C series derived from fifth-year
measurements was characterized by large tree-to-tree variation.
It is possible that at the forest-tundra transition near Churchill
no single environmental factor dominates isotopic fractionation
thus lowering the common signal among trees. Variations in
δ13C measurements could be related to differences in microsite
or in tree and stand history. The common signal may have been
diluted by the large area in which trees were sampled (white
spruce trees came from seven sites). Changes in light conditions
associated with stand dynamics (canopy closure) or damage
caused by snow could also influence the photosynthetic
capacity of trees and contribute to lowering of the common
signal. Few studies have, however, examined the influence of
disturbances and/or stand dynamics on δ13C variations in trees.
Leavitt and Long (1987) examined the impact of forest fire,
selective cutting and insect defoliation with δ13C of 5-yr ring
groups and concluded that the impact of these disturbances was
relatively minor. McDowell et al. (2003), however, analyzed
δ13C in individual rings and found evidence that after thinning
the δ13C decreases, related to more available soil moisture and
increased stomatal conductance.

The range of δ13C measurements observed in white spruce
corresponded to that observed in other isotope studies using
various species. The reported range in δ13Cmeasurements among
individual trees at a site has been typically on the order of 2–3‰
(Leavitt and Long, 1984, 1988; Leavitt, 1993). In P. abies,
Treydte et al. (2001) observed a maximum isotope difference of
3.1‰ (−24.9 and −21.8‰) between individuals. In white spruce,
Sun et al. (1996) reported that there was a significant variation in
δ13C measurement in needle (1.6–2.0‰) owing to genetic
variations among trees. Despite more variable low-frequency
fluctuation, the overall high-frequency variation was similar
among white spruce trees. The continuous decline in δ13C
observed since about 1750 (Fig. 4 b) was also unusual and
superposed on the well documented decline of the atmospheric
δ13C induced by fossil fuel burning since about 1850AD (Treydte
et al., 2001; McCarroll and Loader, 2004).

Further evidence that the δ13C signal in white spruce is
representative of a larger area comes from the strong correlation
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observed between our δ13C uncorrected chronology and that
developed for jack pine about 400 km south of Churchill,
Manitoba (Brooks et al., 1998; Ehleringer et al., 1998). The first-
differences derived from each δ13C chronology were signifi-
cantly correlated for the period 1962–1982 (Spearman correla-
tion 0.618, p=0.003, n=21). The Gleichläufigkeit value of
86.8% also indicates a strong year-to-year agreement in direction
of change. The use of first-difference has been advocated by
Schleser et al. (1999) to minimize problems related to changing
atmospheric CO2 concentration and δ13C values. It should be
noted that the jack pine δ13C chronology was offset soon after
1982, perhaps linked to dating issues or some real environmental
lag, so the portion 1983–1992 was not included.

The low-frequency variations observed in the white spruce
δ13C corrected-chronology suggest, assuming it is related to
temperature, that warm conditions may have prevailed from
mid-1700s to early 1800s. This was followed by a cooling trend
and subsequent warming from the 1860s to the 1920s. A cooling
trend was again observed from the 1930s to the 1960s followed
thereafter by continuous warming conditions. Using tree-ring
data from the Churchill area, Scott et al. (1988) argued that large-
scale changes in atmospheric circulation occurred in the late
1700s. The authors speculated that during the period 1760–1820
the summer position of the Arctic Front moved north (that is
toward or beyond Churchill) bringing more favourable growth
conditions. They referred to this period as a “weak interruption
of the Little Ice Age from the 1760s to 1820s”. In a
reconstruction of summer temperatures using white spruce
near the northern tree-line on the eastern-side of the Hudson Bay,
Jacoby et al. (1988) reported an abrupt cooling of the summer
starting in 1810s and its persistence for three decades. “This
abrupt cooling in the early 1800's is a ubiquitous feature in high-
latitude North American trees” (Jacoby et al., 1988). The Briffa
et al. (1994) reconstruction of summer temperature in the
Mackenzie Valley revealed that warm decades occurred in the
1780s and 1790s and cold summers in the 1810s and most of the
1830s and 1880s.

4.2. δ13C and climate

The δ13C at the site and species levels reflects the relative
contributions of both stomatal conductance and photosynthesis
rate (McCarroll and Loader, 2004, 2006). Warren et al. (2001)
compiled data from conifers worldwide and concluded that δ13C
was most probably an indicator of drought stress in seasonally dry
climates. They reported that variation in irradiance and N
concentration could have as large an affect on discrimination as
water availability. Saurer et al. (2004) hypothesized that the
typical association between moisture and carbon isotope
discrimination observed in regions with warm-dry climate may
not hold for northern forests. In the forest-tundra transition of the
Hudson Bay Lowland, we found the dominant controls over δ13C
in tree rings from white spruce to be climatic factors typically
associated with photosynthetic rate. We speculate that the
enrichment in 13C observed in white spruce trees during warm
summers was caused by increased photosynthesis and overall 13C
uptake. A greater control of photosynthesis relative to stomatal
conductance was also observed in P. sylvestris growing at sites
near the European timberline (McCarroll and Pawellek, 2001).

As synthesized by McCarroll and Pawellek (2001), δ13C in
tree rings should reflect air humidity and precipitation at dry
sites because of the dominant control exerted by stomatal
conductance, whereas it should reflect temperature and amount
of sunlight at sites not limited by moisture stress because of the
dominant control exerted by photosynthetic rate. In Churchill,
no variables indicative of water deficit (drought code,
precipitation, relative humidity) were found to correlate to the
δ13C residual chronology suggesting that stomatal conductance
(moisture stress) is not a major factor controlling δ13C in tree
rings. Relative humidity has been reported to be a good
indicator of the potential for evapotranspiration and to play a
major role in controlling stomatal conductance (McCarroll and
Loader, 2004). Low atmospheric humidity is known to increase
the vapour pressure deficit around the leaf and lower external
water vapour is associated with high rate of water loss. In the
Churchill area, the cooling influence of the Hudson Bay may be
important in maintaining higher summer moisture levels
enabling trees to persist on the forest-tundra (Scott and Hansell,
2002). The cold maritime air originating over Hudson Bay has a
smaller vapour pressure deficit compared to inland air thus
inhibiting evapotranspiration (Rouse et al., 1992). During
summers, cooler temperatures and greater cloud cover often
occurs in Churchill as a result of frequent sea breezes (Vickers et
al., 2001). The distance to which cold, moist marine air extends
inland is unknown (Timoney, 1995) but our results suggest that
the seven sites sampled are probably under this influence.

In Churchill, the main correlation observed between δ13C in
white spruce and climate was with temperature of the summer
months and especially July–August. Noticeable was the strong
correlation observed between δ13C index and dew point
temperature from June to August. In northern Europe, July
conditions were also predominantly correlated with δ13C in P.
sylvestris (Sonninen and Jungner, 1995; McCarroll and
Pawellek, 1998). If the collinear nature of temperature and
hours of sunshine reported by McCarroll et al. (2003) applies to
the Churchill region, we can speculate that the association with
temperature may also reflect the influence of photon flux on
photosynthetic rate and therefore on the concentration of CO2 in
the stomatal chambers. In addition, our results indicated that not
only warm summers but also longer growing seasons were
positively correlated to δ13C in white spruce. This was
highlighted by the strong correlation observed between the
ice-records data derived from the Hudson's Bay Company's
Archives (Moodie and Catchpole, 1975) and the δ13C residual
chronology. These results suggest that during long ice-free
season (early break-up, late freeze-up) the uptake of 13C in
alpha-cellulose increases in relation to 12C. This interpretation
was also supported by the negative correlation observed between
the δ13C residual chronology and August snowfall.

4.3. Ring width and climate

In contrast to δ13C, ring-width indices were less integrative
of the overall growing season climatic conditions. Our results
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indicate that near the tree-line, the climatic window for radial
growth is much narrower than that for carbon fixation. This
was illustrated by, among others, the absence of a significant
correlation between the ring-width residual chronology and the
ice records when compared to δ13C. In contrast to Jacoby and
Ulan (1982) who reported a positive correlation between first
complete freeze-up date and white spruce radial growth the
following year at a site about 8 km south of the estuary, we did
not observe such an association (not presented) either using the
data subset (1741–1764) used by Jacoby and Ulan (1982) or
the entire data set available in Moodie and Catchpole (1975).
The ring-width residual chronology was mainly correlated with
early growing season June–July temperatures, and this agreed
with both Jacoby and Ulan (1982) and Girardin et al. (2005).
This distinction between δ13C and ring-width residual
chronologies indicates that white spruce produces photo-
synthates over a longer period than June–July, i.e., at the
time where most xylem cells are produced. The month of July
in Churchill includes most of the growing season for white
spruce (Scott et al., 1987). In a study of white spruce islands in
the Churchill area, Scott and Hansell (2002) observed for the
year 1998 that bud swell started on June 16 (June 24 in 1989)
and that stem elongation continued until August 3 (July 26 in
1989). These data indicate that most of the xylem cell
production in a year occurs in a brief period of time while
secondary walls deposition may continue for a longer period. A
short period of xylem production was also observed in white
spruce trees growing in the boreal forest (Ko Heinrichs et al.,
2007).

Also noticeable in this study were the correlations observed
between both residual chronologies (ring width and δ13C)
and conditions either in October of the year prior to ring
formation or May of the year of ring formation, two potentially
determinant months when looking at snow accumulation
(Fig. 2) and ice freeze-up or break-up. The observed positive
association between ring width and October temperatures was
also noted by both Jacoby and Ulan (1982) and Girardin et al.
(2005). The same response was also found in Dryas
integrifolia, a dwarf shrub growing in subarctic Manitoba
(Au and Tardif, 2007). The negative association between ring
width and October snowfall observed in this study as well as in
D. integrifolia suggests that the onset of snow accumulation
and its potential impact on soil conditions or timing of the
growing season in the subsequent year may be an important
component influencing radial growth. The late-spring condi-
tions (warm and/or wet May) were also found to be correlated
to either δ13C or ring-width residual chronologies. Similar
responses were observed by both Girardin et al. (2005) and Au
and Tardif (2007). This relationship is, however, less easily
comprehensible. Girardin et al. (2005) speculated that these
negative relationships may be associated with an early
snowmelt at a time when the ground has not yet thawed. In
spring, the melting of snow on the exposed tundra usually
occurs in late May and usually three weeks later in the open
forest (Rouse, 1982). In woodland, snowmelt is usually
completed by mid-July and snowfall typically starts in mid-
September (Scott et al., 1993).
5. Conclusion

This study presents the first δ13C tree-ring record for subarctic
North America. Our results support the hypothesis that near the
tree-line, photosynthesis is a major control determining stable-
carbon isotope ratio in tree rings. No significant correlations were
found between δ13C and ring width with variables controlling
moisture availability, which suggests that stomatal conductance
(drought) is not a major limiting factor for radial growth and
photosynthesis. The complementary signal in each chronology
indicates that xylem cells are produced early in the growing
season whereas carbon fixation continues later into the growing
season. The positive correlation of both chronologies with
summer temperatures was consistent with results from the
literature. Warm growing season temperature maximizes ring
width (xylem production) and photosynthesis (uptake of 13C).
The significant correlation observed between ice records
independently developed from the Hudson's Bay Company's
Archives and the δ13C residual chronology support the
interpretation that low-frequency variations in δ13C are related
to temperature and length of the growing season. Results
indicated that both ring-width and δ13C measurements provide
complementary information that could be used for long-term
climatic reconstructions. Further analyses of the low-frequency
fluctuations in the δ13C chronology will take place.
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