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ABSTRACT

The observed long-term decrease in the regional
fire activity of Eastern Canada results in excessive
accumulation of organic layer on the forest floor of
coniferous forests, which may affect climate-
growth relationships in canopy trees. To test this
hypothesis, we related tree-ring chronologies of
black spruce (Picea mariana (Mill.) B.S.P.) to soil
organic layer (SOL) depth at the stand scale in the
lowland forests of Quebec’s Clay Belt. Late-winter
and early-spring temperatures and temperature at
the end of the previous year’s growing season were
the major monthly level environmental controls of
spruce growth. The effect of SOL on climate—
growth relationships was moderate and reversed
the association between tree growth and summer
aridity from a negative to a positive relationship:
trees growing on thin organic layers were thus
negatively affected by drought, whereas it was the

opposite for sites with deep (>20-30 cm) organic
layers. This indicates the development of wetter
conditions on sites with thicker SOL. Deep SOL
were also associated with an increased frequency of
negative growth anomalies (pointer years) in tree-
ring chronologies. Our results emphasize the pres-
ence of nonlinear growth responses to SOL accu-
mulation, suggesting 20-30 cm as a provisional
threshold with respect to the effects of SOL on the
climate-growth relationship. Given the current
climatic conditions characterized by generally low-
fire activity and a trend toward accumulation of
SOL, the importance of SOL effects in the black
spruce ecosystem is expected to increase in the
future.
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INTRODUCTION

Boreal forests play a significant role in the global
carbon cycle because they store about 25% of the
terrestrial carbon stocks (Apps and others 1993;
Dixon and others 1994). Canadian boreal forests
represent about 25% of global boreal forests and
account for almost 90% of productive forest area in
Canada (Tarnocai 2006). In turn, black spruce
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(Picea mariana (Mill.) B.S.P.) forests hold a domi-
nant position in the boreal forest of North America
(Viereck and Johnston 1990) and are estimated to
have the largest total ecosystem carbon content, as
compared to other main forest ecosystems within
the biome (Gower and others 1997). In this con-
text, understanding climatic controls upon growth
of dominant species and future successional tra-
jectories of black spruce forests is crucial for both
adequate modeling of ecosystem response to future
climatic variability and its resilience under natural
and human-related changes in environmental
conditions.

Climate change directly affects growth conditions
of trees in the boreal zone (Apps and others 1993;
Amiro and others 2001) by modifying environ-
mental constraints on their physiological activity,
including soil water and temperature regimes,
decomposition rates, nutrient cycling (Allison
and Treseder 2008), and competitive interactions
among trees (Bonn 2000; Johnstone and Chapin
2006). Climatically driven changes in the natural
disturbance regimes, for example, in the regional
fire cycle (Bergeron and others 2004a), also affect
tree growth in the boreal biome by controlling soil
organic layer (SOL) thickness, which in turn affects
root zone conditions (van Cleve and others 1990;
Simard and others 2007). At the millennium time
scale, the accumulation of SOL in the boreal forest
has been taking place since the last glaciation
(Ritchie 2004). At a shorter (centennial) time scale,
the SOL accumulation rate is directly affected by
climatic variability, whereas the rate of SOL re-
moval from the system is mostly controlled by the
natural fire cycle and the amount of SOL removed
during single fire events (that is, fire severity)
(Conard and others 2002).

The successional development toward paludified
forests, reported over large areas of boreal North
America, Europe, and Siberia (Crawford and others
2003), calls for a better understanding of the effects
of SOL accumulation on tree growth dynamics.
Understanding this relationship is critical to quan-
tity both direct and indirect effects of climate
change on forest biomass production, carbon
sequestration, and ecosystem stability at the re-
gional and global scales (Kurbatova and others
2008; Smith and others 2008). At the stand and
regional scales, this knowledge would improve
modeling of future stand productivity and its spa-
tio-temporal dynamics (Komarov and Kubasova
2007; Peltoniemi and others 2007), including bet-
ter parameterization of large-scale carbon models
such as Biome-BGC (Kimball and others 1997;
Ueyama and others 2009). Although changes in

stand productivity along gradients of SOL have
been reported earlier (Prescott and others 2000;
Simard and others 2007), little is known about
annual variation in growth as affected by differ-
ences in thickness of the organic horizon. This ap-
plies to growth dynamics during both normal and
extreme weather conditions.

In the Clay Belt region of Eastern Canada, nat-
ural succession in black spruce stands is typically
initiated by stand-replacing fires and ultimately
proceeds toward dominance of moist black spruce-
Sphagnum communities (Lecomte and others 2005;
Fenton and Bergeron 2007). The decrease in fire
activity since the middle of the nineteenth century
reported for the region (Bergeron and others 2001)
and, possibly, an increase in growing season pre-
cipitation (Archambault and Bergeron 1992), both
facilitate the accumulation of SOL. SOL accumu-
lation has been shown to result in expansion of
Sphagna, and ultimately, in forest paludification,
that is, the successional development toward for-
ested peatlands (Sirén 1955; Fenton and others
2005; Lecomte and others 2006).

It has also been suggested that even without
clear signs of paludification, accumulation of or-
ganic layer may have negative effects on seed
establishment and growth of tree canopy domi-
nants (Greene and others 2007). In black spruce
forests, thickening of SOL is associated with the
development of adventitious roots (LeBarron 1945;
Islam and MacDonald 2004), resulting from a de-
cline in the function of deeper roots. As a result, an
increase in SOL depth may affect soil temperature
and the availability of nutrients and water (van
Cleve and others 1983a), and mediate the trees’
response to annual weather variation (Dang and
Lieffers 1989a, b). Influence of SOL on spruce
growth may, therefore, be partitioned into (a) ef-
fects related to a decrease in the amount of avail-
able nutrients along a gradient of increasing SOL,
and (b) effects related to modification of physical
conditions under which the roots function. In the
former case, the effect is due to decreased cationic
exchange capacity and available nitrogen and
phosphorus in the organic layers compared to the
mineral horizons (van Cleve and others 1983a; van
Cleve and others 1983b; Simard and others 2007).
In the latter case, the effect of SOL is due to
changes in temperature and aeration regimes of the
root zone (Silins and Rothwell 1999; Laiho 2006).
Ultimately, both effects are interrelated because
they affect trees’ ability to produce biomass. As no
repeated measurements of physical environment or
nutrient availability are commonly available, it is
difficult to provide conclusive answers about the



558 I. Drobyshev and others

relative roles of these effects. Analysis of spruce
growth variability along a SOL gradient could be
the first step in quantifying the role of SOL in black
spruce ecosystems.

In this study, we analyzed the effects of SOL
thickness on climate-growth relationships in black
spruce forests located between 78.4° and 79.7° W,
and 48.1° and 50.1° N in the Clay Belt region of
Northern Ontario and Quebec. In this part of the
eastern North American boreal forest, dendro-
chronological reconstructions of the regional fire
regime (Bergeron and others 2004b) suggest a
decrease in fire activity over the last century,
facilitating landscape-level accumulation of SOL
(Simard and others 2007). By analyzing the effects
of SOL on climate—growth relationships at one
spatial scale (stand) and two temporal scales (an-
nual versus decadal variation), we formulate the
following objectives: (1) identify monthly weather
variables that control black spruce growth and (2)
evaluate how SOL thickness affects the relation-
ship between weather and spruce growth. The
network of sites used in this study covered a wide
range of soil conditions with the organic layer
depth varying from 0 to 51.7 cm and with the
mean tree age in stands ranging from 35 to
250 years. By focusing on the impact of organic
layer depth, we address a broader question of the
role of site conditions in modifying the weather
forcing upon tree growth. This should be helpful
in recognizing limits for generalizations concern-
ing the effects of future climate change on boreal
forests.

STUDY AREA

The study area is located in the boreal zone of
Western Quebec (Figure 1). In this region, the
Precambrian Shield is covered by thick deposits of
the Clay Belt, that is, varved clays left by proglacial
Lake Barlow-Ojibway. Topography of the area is
generally flat, characterized by low elevation hills
and a mean altitude between 250 and 400 m above
sea level. About half of the area is overlaid by or-
ganic deposits of 60 cm thick, residing on clay
deposits. The most common soil types on well-
drained clay deposits are luvisols, gleysols, and or-
ganic soils (Soil Classification Working Group
1998).

The continental climate of the area is character-
ized by cold winters and warm summers. A cold
arctic air mass dominates the area during the cold
period and dry tropical air mass tends to dominate
during the summer months. The mean annual
temperature is —0.7°C, and mean temperatures in

January and July are —20.0 and 16.1°C, respec-
tively. The heat sum (degree days above 5°C)
reaches 1170, and growing season frosts are com-
mon throughout the study area. Total annual pre-
cipitation is 905 mm, 35% received during the
growing season (Matagami weather station, 49°
84’ N, 77° 84" W). Annual snowfall is estimated at
around 300 mm (Environment Canada 2006).

The northern part of the region is dominated by
black spruce (Picea mariana (Mill.) B.S.P.), often
mixed with jack pine (Pinus banksiana Lamb.) and
trembling aspen (Populus tremuloides Michx.) (Rowe
1972; Gauthier and others 2000). The southern
part is dominated by balsam fir (Abies balsamea (L.)
Mill.) with paper birch (Betula papyrifera Marsh.),
white spruce (Picea glauca Moench), and black
spruce. Ericoid shrubs (Vaccinium spp., Rhododen-
dron groenlandicum, Kalmia angustifolia) are domi-
nants of understory vegetation. The moss
component of the studied forests is represented by
feather mosses (Pleurozium schreberi, Ptilium crista-
castrensis, and Hylocomium splendens) and several
species of Sphagnum mosses.

The current fire cycle (time required to burn an
area equal to the study area) is estimated to be
about 400 years, which is significantly longer than
those in previous centuries (around 100 years be-
fore 1850). The most recent period of increased fire
activity was in the beginning of the century (1910-
1920) (Bergeron and others 2004b) and intensive
forest exploitation started in the region in the
1970s (Bergeron and others 2001). An important
factor in spruce population dynamics over most of
its distribution range, the spruce budworm (Chori-
soneura fumiferana Clem.), has not been of impor-
tance for spruce population in the studied region,
according to both historical observations (Gray
2008) and dendrochronological reconstructions
(Simard and others, unpublished manuscript). The
growth pattern of trees in this region may, there-
fore, provide the opportunity to study the effects of
SOL accumulation on tree growth, which may
have been little affected by one of the main con-
founding factors in this part of the North American
boreal forest.

METHODS

We designed our analyses to test the effects of SOL
on climate—growth relationships during the periods
dominated by non-anomalous weather conditions
and during years with identified regional growth
anomalies (pointer years, see below). For the first
step of the analyses, we used correlation and
response function analyses to identify monthly
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Figure 1. Study area and
location of sampling sites.
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weather and season-wide variables that were sig-
nificantly related to spruce growth as depicted by
site-level chronologies. Patterns of such relation-
ships were then related to a gradient of SOL. For
the second step of the analyses, we studied single-
tree chronologies to identify pointer years across all

~50°0'N

~49°30'N

53 sites included in this study (#yees = 359). The
relationship between SOL and growth dynamics
during and immediately after such years was ana-
lyzed on the subset of sites with developed site
chronologies (s = 16) using linear and non-
linear regression analyses.
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Site Selection, Field Sampling, and
Climate Data

Two previous studies provided the data for the
current analysis (Figure 1). Hofgaard and others
(1999) focused primarily on the dendroclimatic
response of black spruce on xeric sites with low
amounts of SOL, whereas Simard and others
(2007) evaluated the impact of increasing organic
layer on spruce growth, providing data from sites
with SOL typically thicker than 20 cm (Table 1).
Stands selected in both studies were naturally
established following fire, showed no sign of hu-
man influence, and were dominated by black
spruce. At each site, 5-29 trees were sampled by
taking either two cores at breast height (Hofgaard
and others 1999) or a cross-section at the ground
level (Simard and others 2007). We considered a
potential bias associated with different height of
sampling to be minimal and mostly associated with
higher ring-width variability in samples measured
at ground level. Multiple radii measured in each
sample should have minimized a potential varia-
tion in ring-width variability due to different sam-
pling heights. Samples from both studies were
processed similarly for subsequent analyses. SOL
was measured as the distance between the mineral
soil and the forest floor surface, and a minimum of
15 such measurements were used to calculate
average SOL depth per site.

Monthly climate data (1901-2005) for each site
was generated in the ANUSPLIN software package
supplied with monthly climate station data for
precipitation and minimum and maximum tem-
perature data from the National Climatic Data
Center (NCDC) in the U.S. and the Meteorological
Service of Canada (MSC) (McKenney and others
2006). The following variables were used: average
monthly temperature, sum of monthly precipita-
tion, and growing degree-days (GDD).

Development of Chronologies

Polished and crossdated samples were measured
(two radii on cross-sections) using a Velmex
micrometer (precision of 0.01 mm) under 40x
magnification (Velmex Incorporated, Bloomfield,
New York, USA). Occurrence of frost rings was
used to aid crossdating of samples prior to their
measurement. The dating and homogeneity of tree-
ring series were validated with the program
COFECHA (Holmes 1999). Two radii measured for
each tree were averaged prior to analyses. Cross-
dated series were detrended in the program AR-
STAN (Cook 1985; Cook and Krusic 2005) using a
smoothing spline that preserved 50% of the vari-
ance at a wavelength of 128 years. Index values for
chronologies were computed by division of the
original chronology values by the values of the
modeled spline. To remove natural persistence

Table 1. Characteristics of the Sites with Available Site Chronologies

Site ID Mean tree age (years) Post fire stand Total SOM (cm)
(mean £ SD) age (years) (mean)
02 76 £ 1 85 20.6 = 7.8
03 89 + 2 94 51.7 £ 12.1
04 49 + 2 53 11.5 + 3.8
15 72 £ 1 76 15.8 £ 4.1
18 118 £ 5 126 25.0 £ 8.3
50 180 + 19 365" 34.9 4+ 10.4
53 47 + 2 53 236 £73
55 93 + 2 94 19.9 £ 6.2
60 75 £ 3 85 37.8 £94
75 77 £ 12 128 232+ 7.6
95 178 £ 5 184 23.1 £ 84
AHA 136 &+ 33 298 3.8 +£4.0
AHB 165 + 35 219 43 4+ 45
AHC 139 £ 25 182 34+ 1.3
AHD 115 + 17 185 1.1+1.2
AHE 153 + 26 282 11.9 £ 3.2

Range (min, max) 133 (47, 180)

245 (53, 298) 50.6 (1.1, 51.7)

Age of the oldest tree represents the minimum post fire stand age (minimum time since the last fire in the stand). Mean age refers to the age of trees used for building site
chronology. Oldest tree found in the stand did not necessarily contribute to the site chronology.

"The date was obtained from radiocarbon dating of charcoals.
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(temporal autocorrelation) in the tree-ring growth
patterns, each tree-ring curve was modeled as an
autoregressive process with the order selected by
the first-minimum Akaike Information Criterion
(AIC) (Akaike 1974).

The resulting 359 single-tree chronologies from 16
sites were then processed in two different ways. First,
for analyses of climate—growth relationships at the
stand scale (see ‘‘Climate-Growth Relationship,
Correlation, and Response Function Analyses’” sec-
tion), we produced 16 residual site chronologies by
feeding ARSTAN with all single-tree chronologies
from each site. For each site included in the analyses,
the number of trees contributing to site chronology
varied from 9 to 31 (#yees = 297, Table 2). Second,
for pointer year analyses (see “Identification of
Pointer Years and Statistical Tests”” section), we used
all available single-tree chronologies (7 ees = 359).

Identification of Pointer Years
and Statistical Tests

At first, we used all available single-tree chronolo-
gies to identify major positive and negative growth
anomalies (pointer years) in black spruce. A pointer
year is generally defined as a year with particularly
narrow rings in the majority of trees sampled within
a site or area (Schweingruber 1996). In this study, a
pointer year was defined as a year when ring width
was below 5% or above 95% of the ring-width

distribution of a single tree. The selection of pointer
years was done using the XTRLST routine of the
Dendrochronological Program Library (Holmes
1999). Strength (that is, intensity) of a pointer year
was assessed by dividing the number of trees
expressing the pointer year by the number of trees
in the dataset (sample depth) for that year. Pointer
years were identified for the period 1901-2003,
which corresponds to the instrumental weather
data record available for the region. Only pointers,
which were present in at least 10% of the trees,
were included in the analyses.

Each of the pointer years identified was analyzed
for the presence of climatic anomalies in monthly
average temperature, monthly total precipitation,
and number of GDD, that is, the cumulative
number of days during the growing season with a
daily temperature average exceeding 5°C. To
identify climatic anomalies, 5th and 95th percen-
tiles were calculated for each variable by using
normalized monthly data from historical monthly
climate models (McKenney and others 2006). As
36 monthly variables in total were analyzed for the
presence of climatic anomalies, there was a high
probability of finding an association between cli-
matic anomalies and pointer years by chance alone.
In fact, given the thresholds used (<5% and
>95%), a time span of 100 years, and assuming
independence between occurrence of pointer years
and climatic anomalies, there was only a 47.8%

Table 2. Characteristics of the Site Chronologies Used in the Analyses
Site ID  Chronology Period n Mean Signal-to-noise SS, period and # Variance explained in
length analyzed sensitivity  ratio of trees first eigenvector (%)

02 1922-1999 1925-1999 15 0.137 8.908 1925-1999, 14 45.74

03 1909-1999 1911-1999 10 0.156 12.808 1911-1999, 8 61.45

04 1950-1999 1952-1999 14 0.152 7.471 1952-1999, 8* 42.17

15 1927-2000 1952-2000 13 0.184 8.477 1929-2000, 9* 44.96

18 1875-1999 1902-1999 15 0.171 12.128 1884-1999, 12 48.74

50 1803-2001 1902-2001 9 0.171 6.309 1820-2000, 9* 48.63

53 1950-2001 1955-2001 11 0.187 13.910 1956-2001, 8 60.63

55 1908-2001 1910-2001 15 0.171 13.418 1909-2001, 11 51.30

60 1924-2002 1926-2002 15 0.170 12.233 1929-2002, 12 49.83

75 1884-2001 1902-2001 17 0.113 5.387 1933-2001, 13** 31.59

95 1818-2001 1902-2001 13 0.195 14.070 1824-2001, 9 55.80

AHA 1785-1993 1902-1993 28 0.171 20.987 1848-1993, 12 46.31

AHB 1788-1993 1902-1993 31 0.167 17.719 1804-1993, 14 43.36

AHC 1818-1994 1902-1994 31 0.177 20.576 1838-1994, 11 47.74

AHD 1813-1993 1902-1993 31 0.154 24.005 1878-1993, 12 45.90

AHE 1777-1994 1902-1994 29 0.190 18.431 1840-1994, 13 45.56

Signal-to-noise ratio, mean sensitivity, and variance in the first eigenvector are given for residual chronology. Variance agreement between finite and theoretical infinite sample
size is given for the value of 0.90 of signal strength (SS) statistics (Wigley and others 1984). Variance in the first eigenvector is given as a percentage of total variance.

*No 0.90 value of SS was attained for the chronology. Presented is interval for continuous SS = 0.85.
**No 0.85 value of SS was attained for the chronology. Presented is interval for continuous SS = 0.80.
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probability that no anomalies would be associated
with four pointer years, even for a single weather
variable. To circumvent this problem and test the
non-random nature of temporal association
between a climatic anomaly and a pointer year, we
used superposed epoch analysis (SEA, Haurwitz and
Brier 1981). SEA is a statistical method used to solve
signal-to-noise problems, which is based on sorting
of data into classes dependent on an “‘event-date”’
(in our case—a year with climatic anomaly) and on
comparing the means of those classes against all
possible means. We checked for significant or close-
to-significant associations between growth and
other years with the same type of weather anomaly.
Confidence intervals were generated by resampling
the original distribution of growth indices 1,000
times. SEAs were performed in the program
EVENT of the Dendrochronological Program Li-
brary (Holmes 1999).

Climate—Growth Relationship,
Correlation, and Response Function
Analyses

Residual chronologies resulting from autoregres-
sive modeling of the 16 site chronologies were used
to evaluate climate-growth relationships through
correlation and response function analyses (Cook
and Kairiukstis 1990). Response function coeffi-
cients, in contrast to the common correlation
coefficients, are produced using principal compo-
nent analysis (Fritts and Guiot 1989; Fritts 2001),
which transforms original climate data into a set
of uncorrelated (orthogonal) components and,
therefore, removes intercorrelation present in the
climatic data. The coefficients were tested for their
statistical significance using the bootstrap method
(Efron and Tibshirani 1994). This included random
re-sampling of the original dataset with replace-
ment, generating a statistical distribution of a re-
sponse coefficient, and calculating its 2.5 and
97.5% distribution limits. The values obtained from
the original dataset were then compared with the
bootstrap-generated distribution limits to assess the
significance of the coefficient’s departure from 0 at
the 0.05 probability level. We related yearly ring
widths to monthly climate variables spanning the
period between the month of July of the previous
year to the month of August of the current year. In
the studied part of black spruce distribution range,
the growth typically ceases before the end of the
summer. Further, preliminary analyses with vary-
ing periods showed that increasing the number of
previous season months would have little effect
on the outcome of the analyses. Therefore, we

attempted to limit the number of months analyzed
to ensure statistical stability of the final results. The
analyses were performed in the program Dend-
roClim (Biondi and Waikul 2004), using mean
monthly temperature and the total sum of monthly
precipitation modeled for each site location by
historical climate models (McKenney and others
2006). All tests used a significance threshold of 5%.

In addition to the monthly climate variables, we
calculated the Seljaninov hydrothermal coefficient
(SHC, (Seljaninov 1966), an aridity index that
incorporates the influence of both temperature and
precipitation variables on growth:

105 P

T
where X7 and XP are the sum of temperature (°C)
and precipitation (mm), respectively, for a given
time period. We selected the Seljaninov index as a
measure of aridity based on its simplicity and
clearly defined temporal domain. The index was
calculated for the period June-August of the cur-
rent year growing season.

Finally, we also computed a monthly version of
the Drought Code (MDC, Girardin and Wotton
2009). The Drought Code, a component of the
Canadian Forest Fire Weather Index, was originally
developed to capture moisture content of deep
layers of the forest floor (Turner 1972). The
numerical value of MDC corresponds to a water
holding capacity of 100 mm. For calculations, we
utilized the program SimMDC (Girardin and Wot-
ton 2009) and the monthly maximum temperature
and total precipitation data from a global 0.5° res-
olution grid (Mitchell and Jones 2005). MDC val-
ues for two grid points nearest to the study area
(48.25° N 79.25° W and 48.75° N 78.75° W) were
averaged. As monthly MDC values tend to be
autocorrelated in time, we extracted the two prin-
cipal components from six monthly values of MDC
(May through October of the current year) to de-
rive independent modes of variation in the MDC
values. We used a covariance matrix to center the
data around the same mean but to avoid scaling by
the standard deviation. To keep axes orthogonal,
no axes rotation was performed. We selected only
the PC with the respective eigenvalue above 1. We
deliberately did not analyze another widely used
measure of drought conditions—the Palmer
Drought Severity Index (PDSI). By doing so, we
wanted to avoid known problems of using PDSI
in situations where snow accumulation is a signif-
icant contributor to the soil water regime (Akin-
remi and others 1996). Specifically, calculation of

SHC =
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PDSI does not involve the effect of snow accumu-
lation during winter. Further, evapotranspiration
taken into account for calculation of PDSI is based
exclusively on available soil moisture and no effect
of tree-mediated water transport from the soil is
considered.

Effect of SOL Accumulation

We assessed the effect of SOL depth on climate-
growth relationships (1) using all available years
and (2) using only pointer years, which represent
periods of regional growth anomalies. In the first
case, we simply fit linear or non-linear regressions
between SOL thickness and Spearman correlation
coefficients reflecting the association between
spruce growth and a subset of monthly weather
variables used in the correlation and response
function analyses (see ‘‘Climate—Growth Relation-
ship, Correlation, and Response Function Analy-
ses” section). We used a subset of the monthly
temperature averages and total sums of precipita-
tion, which significantly related to black spruce
growth in the response function analyses (see the
previous sub-section).

In the second case (pointer years), we analyzed
two variables as a function of SOL thickness: (a)
pointer year strength, expressed as the proportion
of trees expressing a particular pointer year in a
site, and (b) pointer year effect on radial growth,
expressed as the ratio between cumulative incre-
ments three years prior and three years following a
pointer year. In the second case (b), preliminary
analyses with varying timeframes (1-5 years) pro-
duced similar results and are not presented here.
Linear and non-linear regression models were fit-
ted between SOL and the two above-mentioned
variables, using the Gauss—Newton algorithm for
nonlinear estimation (Bjorck 1996). Gauss—Newton
is a common algorithm to solve nonlinear least-
squares problems. In our case, we expected a
nonlinear relationship between the variables, and
assumed independence of error from the depen-
dent variable, that is, additive error component.

We did not analyze the water table (WT)
dynamics because preliminary analyses with the
same set of dependent variables showed that WT
depth is an inferior predictive variable as compared
to SOL. Previous studies have shown that there is
considerable variation in the depth of the WT in
spruce stands, both over the course of the year and
among years (Simard and others 2007). Another
way to describe soil water regime would be to lo-
cate the border separating generally non-oxidized
and oxidized sediments in the soil profile. Such

estimation would provide a more biologically
meaningful measure of the WT height (Simard and
others 2007; Fenton and others 2006). However,
previous studies have shown that oxygen zone
position is strongly correlated with thickness of the
forest floor (Fenton and others 2006), which sup-
ported our choice of SOL as the only variable in the
analysis, representing soil water conditions.

RESULTS

The sampled sites showed a wide variation in SOL,
ranging from forests with virtually no accumulated
organic layer to forests with more than 0.5 m of
SOL (Table 1). The 16 site chronologies showed
moderate to high levels of growth similarity among
trees within a site, with signal-to-noise ratios
ranging from 5.4 to 24.0 (Table 2). This pattern was
confirmed by the relatively high values (31-61%)
of variance explained by the first eigenvector ob-
tained during decomposition of total variance in
growth within the site. Variance in the first
eigenvector represents the main pattern of growth
variability among trees, with high loadings on this
eigenvector being indicative of the presence of such
a dominant pattern. Alternative representation of
this phenomenon is signal strength (SS) statistics
(Wigley and others 1984). Only in four cases out of
16, a site chronology did not reach a SS value of
0.90 and in all cases SS values reached 0.80 for the
period analyzed.

Correlation and Response Function
Analyses

Correlation and response function analyses re-
vealed two periods when black spruce growth was
related to the monthly temperature data (Figure 2).
The strongest association was a positive effect on
growth of February-April temperatures of the
current growing season. Growth was also nega-
tively correlated with temperature in August of the
previous year. Although we observed five signifi-
cant correlation coefficients between growth and
summer temperatures, only one response function
coefficient was significant over that period. As for
precipitation, tree growth was negatively correlated
to current year January precipitation and was
generally positively related to summer precipita-
tion.

Pointer Year Analysis

Main pointer years included narrow rings (<5th
percentile) in 1956, 1974, 1989, and 1994 (nega-
tive growth anomalies), and wide rings (>95th
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Temperature
correlation coefficients

Number of significant
correlation coeff.
Number of significant
correlation coeff.

Precipitation

Figure 2. Number of
significant correlation and
response function
coefficients between
black spruce growth and
monthly weather
variables for the period
ranging from previous
year August to current
year August in all sites
combined (#gjes = 16
sites). Turn of the year is
indicated by dashed line.
Significance of departures
from zero at 0.05 level

I

was assessed by
generating 1,000
bootstrapped resamples to
obtain empirical
distribution of respective
coefficients.

Number of significant
responce function coeff.
Number of significant
responce function coeff.

percentile) in 1908, 1924, and 2001 (positive
anomalies, Table 3). The earliest negative pointer
year (1956) was associated with an unusually cold
spring coupled with high late-summer tempera-
tures during the previous year. An exceptionally
short growing season, warm August during the
previous year, and dry March of the current year
were associated with the pointer year 1974. The
temperature in both April and May was low and
close to the thresholds (—3.0°C, 15th percentile and
4.5°C, 7th percentile, respectively). Abundant
winter precipitation and low summer precipitation
were observed in 1989. Unusually cold conditions
in the winter and previous fall were associated with
the most recent negative pointer year (1994). As
for the positive pointers (wide rings), no climate
anomalies were recorded in the growing season of
the two earliest years (1908 and 1924). However,
the temperature for the month of August of the
year previous to the 1924 growing season was low
and close to the 5% threshold (12.7°C, 6th per-
centile). The latest positive pointer year (2001) was
characterized by a generally warm and long grow-
ing season.

To assess the statistical significance of the tem-
poral association between weather and growth
extremes, we used SEA (Figure 3), assuming that if
the association between an extreme weather event
and a spruce pointer year was non-random, all
growing seasons showing such a weather anomaly
should result in consistently narrow (for negative
pointer years) or wide (for positive pointer years)
rings over the whole period jointly covered by
weather and tree-ring data. Out of the 14 unique
pairs of climatic anomalies and negative pointer
years in spruce (Table 3), only four types of events
tended to be linked with negative growth anoma-
lies during the second half of twentieth century.
Tree growth was significantly (P < 0.05) lower
during years with short growing seasons and low
March temperatures (Figure 4A, B). In the case of
July precipitation, the ring-width departure value
for the focal year as well as for the following year
was significant at the 0.1 level (Figure 4C). Finally,
unusually higher temperatures during the previous
year’s August tended to be associated with negative
growth anomalies, the result being significant at
the 0.1 level (Figure 4D).
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Table 3. Monthly Climatic Anomalies Occurring During Pointer Years
Year  Type of pointer year N % of trees recording  Climatic anomalies
1908 + 234 11.94 -
1924 + 286 10.34 -
1956 — 358 15.12 TEMP previous July and previous August >95%
(17.3 and 18.5°C respectively),
TEMP March <5% (—15.7°C)
1974 — 360 38.5 TEMP previous August >99% (18.1°C)
PPT March <5% (16.7 mm)
GDD <2% (136 days)
1989 - 353 32.07 PPT January >95% (80.4 mm)
PPT July <5% (52.3 mm)
1994 — 263  28.36 TEMP previous September and previous October <5%
(7.7 and 0.6°C, respectively)
TEMP January <5% (—27.5°C)
PPT January <5% (25.7 mm)
2001 + 107 21.68 TEMP May >95% (11.9°C),

TEMP August >95% (17.0°C)
PPT April >95% (89.2 mm)
GDD >95% (181 days)

Pointer years were defined as years during which ring width was above the 95th percentile (positive pointer year) or below the 5th percentile (negative pointer year) of the ring-
width distribution in at least 10% of the trees during the period 1901-2001. Climatic anomalies were defined as values above the 95th or below the 5th percentile of the long-
term distribution of monthly variables (average monthly temperature (TEMP), sum of monthly precipitation (PPT), and growing degree-days, GDD). Type of pointer year is
indicated as “*+'’ (positive pointer year) or “‘—'’ (negative pointer year). No climatic anomalies were present for the years 1908 and 1924.

B. Temperature - current year March
1916, 1923, 1939, 1943, 1956, 1960

A. Number of GDD (growing degree days)
1907, 1917, 1925, 1936, 1974, 1981

C. Precipitation - current year July
1906, 1914, 1959, 1963, 1988
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Figure 3. Relationship between occurrence of weather anomalies and tree-ring increment in black spruce—results of
superposed epoch analysis for the period 1901-2003. Monthly weather variables were selected from a list of anomalies
associated with spruce negative pointer years (Table 3). Only results significant at the 10% level are shown. Bootstrap-
derived 95% confidence limits are indicated by dashed lines. Open circles represent growth index average values for the years
with climate anomalies (focal years), and filled circles represent averages for the years with one to five years offset from the
focal year. In the analyses of number of GDD, March temperature, and July precipitation, the spruce chronology was tested
against the list of negative weather anomalies. In the analyses of previous year August temperature, the test was done against
a list of positive weather anomalies. List of years with weather anomalies is given for each graph.
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Effect of SOL Accumulation

Based on the results from the correlation and re-
sponse function analyses (Figure 2), we selected
three monthly variables (January precipitation,
average February—-March temperature, and average
temperature of the previous year’s August) and two
drought indices (summer months SHC and MDC)
to evaluate if tree growth response to monthly
weather varied along a gradient of SOL depth. In
the case of MDC, monthly values were first sub-
jected to a principal component analysis to extract
two main axes of monthly MDC variability.
Cumulatively, the two first principal components
accounted for 89.5% of the variability in MDC
values (55.9% and 23.6% for the first and the
second components, respectively). The first princi-
pal component was associated with MDC during

Depth of SOL, cm

mid- and late-summer (loadings for the months of
June through October were 0.85, 0.92, 0.87, 0.71
respectively) and the second principal component
was associated with early-season MDC (loadings for
the months of May and June were 0.79 and 0.65,
respectively).

For January precipitation (Figure 4A, Table 4)
and summer SHC (Figure 4D, Table 4), an increase
in SOL was associated with a transition from a
negative to a positive relationship between growth
and these weather variables. SOL depth did not
affect the relationship between tree growth and
previous year’s August temperature (Figure 4B,
Table 4), nor between the growth and February—
March temperature (Figure 4C, Table 4). Increase
in SOL depth was also associated with consistent
changes in the MDC-growth relationship (Fig-
ure 4E, F, Table 4). We observed a significant trend
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Table 4. Details of Statistical Analyses Presented in Figures 4 and 5
Figure, reference Equation Variance explained (%) F P
Figure 4A Y=338+%10""*X — 0.198 27.01 6.551 0.023
Figure 4B Y=115*10""*X — 458 * 1072 <1% 0.006 0.937
Figure 4C Y=561*10""*X+0.164 1.5 0.210 0.654
Figure 4D Y =—0.006 * X + 0.230 34.3 8.818 0.010
Figure 4E Y = exp(—0.002 * X) * 267.743 — 267.770 61.76 8.498 0.002
Figure 4F Y = 1/exp (0.082 * X) * (—0.332) + 0.233 57.40 16.266 <0.001
Figure 5, 1956 Y=0.590 * X + 3.803 20.07 4.520 0.053
Figure 5, 1974 Y =17.023 * X>%%° 4 0.154 37.99 40.850 <0.001
Figure 5, 1989 Y = 14.962 * X>*? — 16.269 41.01 22.398 <0.001
Figure 5, 1994 Y =12.010 * X°*% — 15.498 36.30 43.31 <0.001

All equations referring to Figure 5 represent a proportion of trees recording the year in question as a pointer for each site.
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Figure 5. Relationship between thickness of soil organic layer and expression of four negative pointer years (see Table 3)
in 16 site-level chronologies. Expression of a pointer year was partitioned as (I) a proportion of trees recording the pointer
year in question at each site (black circles, left OY axis, solid line as fitting curve) or as (2) a ratio between the 3-year
cumulative growth increments before and after the pointer year (white circles, right OY axis, dashed line as fitting curve).
Significant and close to significant regressions were obtained in the case (1) only. Statistical details of the analyses are

given in the Table 4.

toward a decrease in the negative association be-
tween the main mode of MDC annual variation
(June-October period) and growth. A similar pat-
tern was revealed with respect to the MDC vari-
ability in spring. In both cases, the inflexion in the
regression curves was associated with a threshold of
approximately 20-30 cm of SOL.

Expression of the negative pointer years 1956,
1974, 1989 and 1994, represented as the propor-
tion of trees recording that pointer year at each site,
increased with increasing depth of SOL (Figure 5,
Table 4). The effect of SOL explained the highest
amount of variation in the proportion of pointer
years during 1974 (41.0%), which was the stron-
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gest pointer year in the area (Figure 5B). No rela-
tionship was found between the ratio of pre- and
post-pointer 3-year cumulative growth increments
during any of the pointer years studied.

Discussion

In this study, we evaluated the possibility of a
variation in growth response to annual weather
along a gradient in SOL depth in the black spruce
forests of the Quebec Clay Belt. Although the im-
pact of site conditions on growth of boreal trees has
been thoroughly studied (Schweingruber 1996), to
the best of our knowledge, no study has verified
these relationships across a gradient of SOL using a
large dendrochronological dataset. A novelty of this
study is also in the joint analysis of non-anomalous
growth through correlation and response function
analyses, and of single negative growth anomalies
(pointer years). Below, we first discuss the general
patterns of spruce growth reaction to annual
weather and the temporal pattern of pointer years,
which is then followed by the analysis of SOL-
growth interactions for non-anomalous weather
conditions, and, finally, for years with major
growth anomalies.

Growth Response of Black Spruce
to Annual Weather

Temperature regime in late winter—early spring ap-
pears to be the dominant factor controlling diameter
increment of black spruce in the studied region
(Figure 2). Particularly, we found a positive associ-
ation between the increment and the temperatures
in February—April, which was consistently replicated
across the sites. Influence of late winter—early spring
temperatures, also reported in other studies ((Huang
and others 2009), is likely related to the dynamics of
soil temperature and, particularly, the maximum
depth of the zone with temperatures below 0°C.
High late-winter temperatures may cause faster
snowmelt and faster thawing of soil at the start of the
growing season. A positive effect of April tempera-
tures may be also associated with faster snow melt-
ing. A longer growing season may promote faster
growth and thus greater rates of biomass accumu-
lation in black spruce forests. This pattern may occur
more frequently in the future because the start of the
growing season in the temperate zone of the
Northern Hemisphere has been recently shown to
occur earlier in the vyear (Linderholm 2006;
Thompson and Clark 2008).

Surprisingly, positive correlation between growth
and summer temperatures, believed to be the main

factor driving tree growth dynamics in the boreal
zone (Briffa and others 2002), was not observed in
our dataset. Out of five significant correlation coef-
ficients between annual growth increment and
summer month temperatures, only one was posi-
tive, whereas the other four were negative. Similarly
to our study, the relationship between black spruce
growth and temperature did not reveal a consistent
pattern in previous studies where both positive
(Dang and Lieffers 1989a; Larsen and MacDonald
1995) and negative (Brooks and others 1998) cor-
relations were reported. We propose that such dif-
ferences in responses may be related to study site
conditions and particularly, to the amount of SOL
(see ““Effect of SOL on Weather—Growth Relation-
ships—Non-Anomalous Weather”” sub-section).

Overall, our results indicate that diameter
growth in black spruce is not limited by the tem-
perature during the growing season, but responds
primarily to its length, as controlled by the start of
physiological activity in spring. Generally, the
length of the growing season is considered as a
critical variable affecting the response of boreal
trees to future climatic changes (Linderholm 2006;
Girardin and others 2008). A longer growing sea-
son in the boreal zone is commonly associated with
increased annual biomass accumulation, but also
with higher risks of damage to photosynthetic and
conducting tissues during early season cold spells
(Hanninen 2006; Gu and others 2008). The almost
complete absence of significant relationships be-
tween growth and monthly temperatures in the
previous fall (September-November) and first two
winter months suggests that spruce growth is ra-
ther insensitive to the temperature regime of the
preceding dormant season.

Well-replicated negative association between
previous year August temperatures and current
year growth indicates that high evapotranspiration
demand of spruce at the end of the previous
growing season may interact with translocation of
bioassimilates (Sakai and Larcher 1987) and de-
crease the efficiency of pre-winter hardening, for
example, by lowering sugar concentrations in the
main stem and the foliage (Strimbeck and others
2008). A similar negative impact of high evapo-
transpiration demand of previous year growing
season was noted in the studies of black spruce in
Alberta peatlands (Dang and Lieffers 1989b), white
spruce growth in Manitoba (Chhin and others
2004), subalpine fir in the Pacific Northwest (Pet-
erson and others 2002), Douglas-fir in the north-
western United States (Littell and others 2008),
trembling aspen in northeastern British Columbia
(Leonelli and others 2008), and in the pedunculate
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oak in Southern Sweden (Drobyshev and others
2008). Previous year conditions are believed to be
closely connected to the development of earlywood
part of the current year ring primarily due to reli-
ance of cell division and expansion on previous
year reserves (Vaganov and Shashkin 2000; Le-
bourgeois and others 2004).

The effect of precipitation on spruce growth is less
pronounced than that of temperature, as suggested
by the low number of significant correlation and
response function coefficients (Figure 2). Precipi-
tation in January (in the form of snow) was nega-
tively correlated with tree growth in the correlation
analysis, but this effect was not statistically signifi-
cant in the response function analysis. As response
function analysis accounts for the intercorrelation
among independent variables, this pattern may
indicate that the effect of snow accumulation on the
growing season onset is effectively overridden by
the dynamics of soil temperature regime and pos-
sibly, the speed of snow melting, both of which are
controlled by late-winter and spring temperatures.

Late-spring and summer precipitation variables
had a limited impact on spruce growth (Figure 2).
Negative correlations between growth and May
precipitation may indicate situations where the
soil, still sufficiently filled with snowmelt water, is
waterlogged by excessive rains. Later in the season,
higher evapotranspiration demand of spruce forest
and reduction in soil water reserves during summer
months change the sign of this relationship. The
observed effect reflects generally high transpiration
rates in spruce trees and difficulty in getting access
to the water below superficially located root sys-
tems (Desplanque and others 1998). Our results,
therefore, indicate that even in the area with suf-
ficient amounts of precipitation throughout the
year, there are sites probably experiencing moder-
ate summer droughts and positively responding to
growing season precipitation. Our conclusions are
supported by the results of the CO, measurement
studies, which identified the variation in the onset
of photosynthesis in spring as the main factor, and
drought-related reduction in physiological activity
as one of secondary factors responsible for annual
changes in CO, flux of a mature black spruce forest
(McMillan and others 2008).

Pointer Years

Negative growth anomalies of black spruce occurred
in 1956, 1974, 1989, and 1994 across the region but
were likely caused by different weather conditions,
as shown by SEA analyses (Table 3). In three cases
out of four results of SEA analyses pointed to a likely

factor responsible for the growth anomaly. Despite a
number of weather extremes associated with that
growing season, none of the main growth anomalies
were likely related to a similar set of weather con-
ditions over the course of the twentieth century. We
link the 1956 negative growth anomaly to a short
growing season (148 GDD, within the lower 9% of
respective distribution). This interpretation is sup-
ported by the occurrence of growth anomalies dur-
ing other years with very short growing seasons
(Figure 3A) and by the high frequency in 1956 of
light rings (M. Simard, unpublished data), which are
caused by shortened growing seasons in subarctic
Quebec (Yamaguchi and others 1993). An excep-
tionally low March average temperature could be
another factor behind this growth anomaly: the
negative anomalies of this variable were consistently
related to low spruce tree-width increments (Fig-
ure 3B).

Year 1974 was the most prominent pointer year
in the region (present in 39% of all analyzed tree
chronologies) and could have been caused by a
short growing season or a high temperature in the
previous year August (Figure 3A, D). The length of
the growing season is important for structural ring
development in East Siberian coniferous trees
(Kirdyanov and others 2003) and controls balsam
fir ring growth in northeastern Quebec (Deslauriers
and Morin 2005).

Two weather anomalies (high precipitation in
January and low precipitation in July) could have
caused the 1989 pointer year (Table 1, Figure 2),
but SEA suggests that the deficit in summer pre-
cipitation of the current year may be the likely
factor responsible for the growth anomaly (Fig-
ure 3C). This result, together with the moderate
effect of monthly precipitation averages for the
summer months, indicated nonlinearity in the
growth response to water availability.

The 1994 growth anomaly was more difficult to
interpret. We speculate that a cold period in Jan-
uary and a limited amount of snow precipitation
may have resulted in frost damage to tree root
systems. Generally, interpretation of temporal
association of spruce negative pointer years was in
line with patterns of weather—growth relationships
revealed by correlation and response function
analyses. This implies that the growth pattern
during non-extreme weather conditions and dur-
ing the periods of weather anomalies is controlled
by a similar set of weather variables. These are
temperature regimes (1) at the end of the previous
growing season and (2) in late winter—early spring
of the current growing season, and, to a lesser ex-
tent, (3) water deficit in the middle of the summer
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period. Such similarity in weather controls of tree
growth under extreme and non-extreme weather
settings, which may facilitate modeling work, is not
necessarily present in the pattern of tree growth
response to climate. For example, a dendrochro-
nological study of pedunculate oak growth in the
Southern Sweden has demonstrated that growth
under non-extreme weather conditions was mainly
controlled by summer precipitation but that most
of the negative pointer years were associated with
temperature anomalies (Drobyshev and others
2008).

Two years with positive growth anomalies (1908
and 1924) were not associated with any weather
anomalies in the instrumental weather data. This
indicated that current weather conditions in the
region are generally favorable for black spruce
growth. Alternatively, inferior quality of weather
data during the early 1900s, primarily due to the
limited number of weather stations in the region
(McKenney and others 2006) may not have cap-
tured more local weather variations.

Effect of SOL on Weather—Growth
Relationships—Non-Anomalous Weather

An increase in the amount of SOL affects the
growth response of black spruce to summer aridity.
Specifically, the negative association between wa-
ter deficit and tree growth in stands with shallow
organic layers changes to a positive one in stands
with thicker SOL (>30 cm; Figure 4D). This effect
indicates that trees growing in sites with thick SOL
were less sensitive to moderate summer droughts
but instead may have benefited from higher air
temperatures and/or more aerobic conditions in the
soil. Similarly, MDC was positively associated with
tree growth at the beginning of the growing season
in sites with thick SOL (Figure 4F) and was nega-
tively associated with tree growth in the middle
and at the end of the growing season in sites with
shallower SOL (Figure 4E).

Although additional data are needed to quantify
this interaction more precisely, the inflexions in the
fitted nonlinear regression curves suggest a
threshold value of SOL at around 20-30 cm. This
level of SOL thickness corresponds to a significant
threshold in the accumulation of SOL at which
point the WT moves from the mineral soil to the
organic layer, which occurs about 400 years after a
high-severity fire (Simard and others 2007). With
the current fire cycle, more stands are expected to
reach that threshold in SOL thickness, and there-
fore, to show a positive growth response to summer
droughts. However, the rate of SOL removal is also

controlled by fire severity, which introduces addi-
tional uncertainty in understanding future trends
in SOL accumulation (Conard and others 2002;
Lecomte and others 2006). The current state of
knowledge about future fire activity in the boreal
zone makes it difficult to precisely project future
trends in SOL accumulation (Bergeron and others
2001; Bergeron and others 2004b). However, the
effect of SOL on weather-growth relationships
during non-anomalous weather was only moderate
and may be difficult to detect, as indicated by the
low absolute values of correlation coefficients.

Effect of SOL on Weather—-Growth
Relationships—Anomalous Weather

The proportion of trees expressing a particular
pointer year significantly increased with SOL
thickness during three pointer years (Figure 5).
The effect was the most pronounced in 1974 and
1989, two major pointer years. In 1974, when an
extremely short growing season was the likely
cause of the growth anomaly, thicker SOL may
have delayed warming of the soil (Simard and
others 2007) and onset of root activity at the
beginning of the growing season. In 1989, mid-
summer water deficit may have been stronger on
sites with high SOL, probably due to the fact that
low-density organic layers tend to be dryer than
underlying mineral soil under conditions of severe
water deficit, and due to wetting resistance of peat-
rich soils inhibiting water uptake by roots (Sch-
warzel and others 2002). The opposite conclusion
reached for anomalous and non-anomalous
weather conditions implies a high degree of non-
linearity in the pattern of climate-growth interac-
tions along the gradient in SOL thickness.
Particularly, whereas thick SOL may successfully
buffer against low-water availability under non-
extreme levels of water deficit, a prolonged mid-
season drought may make them even dryer than
underlying layers of mineral soil.

Even if the frequency of negative growth
anomalies increased on sites with higher amounts
of SOL, the long-term effect of such growth
reductions appeared limited. SOL was never sig-
nificantly related to the ratio of 3-year cumulative
diameter increments prior to and immediately fol-
lowing the pointer year. Annual growth anomalies
in spruce are, therefore, not an indication of
growth suppression at longer temporal scales
( < 3 years). We suggest that this may be due to the
plasticity of black spruce and its tolerance of a wide
range of environmental conditions, which even
during years with anomalous weather conditions
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does not reach the levels associated with structural
damage to tree tissues.

Possible Effects of Future Climatic
Change on Black Spruce Ecosystem
Structure and Function

The primary drivers of SOL accumulation are pre-
cipitation, which favors SOL accumulation across
the landscape, and fire, which removes locally
some of the accumulated SOL. Regional climate
models for Quebec’s boreal region predict signifi-
cantly higher summer temperatures but only a
slight increase in growing season precipitation (van
Bellen and others, unpublished), with changes in
seasonal average precipitation staying within 10%
of present-day values (Plummer and others 2006).
Coarser-scale models predict both decreases and
increases in summer precipitation for the eastern
Canadian boreal forest (Meehl and others 2007).
In this study, we have shown that accumulation of
SOL affected black spruce growth response to cli-
matic variation. Thicker SOL translates into de-
creased growth sensitivity to average summer
aridity, a pattern thought as generally positive for
spruce growth. Trees growing in sites with thick SOL
were also more affected by extreme climatic events
such as short growing seasons, cold springs, and
drought. Such negative effects of SOL may be
increasingly more important in the future, given the
higher frequency of climate anomalies. Direct effects
of climate on spruce growth (climate — growth)
can, therefore, be strongly modified by the indirect
effects of climate through SOL accumulation (cli-
mate — SOL — growth), and through interac-
tions with the fire regime (climate — fire
regime — SOL — growth). Such a complex
structure of interactions suggests strong but complex
relationships between SOL effects on growth and
ecosystem-level dynamics of black spruce forests.
Finally, continuing SOL accumulation is also
expected to have a strong effect on nutrient cycling
(Sirén 1955; Brais and others 2000) and on forest
productivity. In the Clay Belt, SOL accumulation
has been shown to account for 50-80% of the de-
crease in tree productivity (Simard and others
2007), the amplitude of the effect being dependent
on site history and topographic variables. In turn,
the role of the observed climate—growth relation-
ships to the dynamics of carbon accumulation in
black spruce forests appears limited. This is due to
the relatively minor proportion of carbon stored in
the canopy strata as compared to carbon in the SOL
and in the soil (Lecomte and others 2006) and
general decrease in the biomass production with

increase in SOL (Simard and others 2007). We
speculate that increased SOL could mitigate the
negative effect of moderate summer drought on
growth, thus maintaining carbon sinks through
tree biomass accumulation during such periods.
However, an increased SOL can also mean a higher
probability of strong growth decline in trees, thus
contributing to higher inter-annual variability in
the carbon storing capacity of the tree strata.

CONCLUSION

In this study, we have shown that accumulation of
SOL affected the black spruce growth response to
climatic variations. Trees growing in sites with thick
SOL were less affected by moderate summer drought
but were also more affected by extreme climatic
events such as short growing seasons, cold springs,
and severe drought. The direct effects of climate on
spruce growth (climate — growth) can, therefore,
be strongly modified by the indirect effects of climate
through SOL accumulation (climate — SOL —
growth), and through interactions with the fire
regime (climate — fire regime — SOL —
growth). Such a complex structure of interactions
suggests strong but complex relationships between
SOL effects on growth and ecosystem-level dynam-
ics of black spruce forests.

ACKNOWLEDGEMENTS

Financial support for this research was provided by
Industrial Chair in Sustainable Forest Management
and a NSERC strategic grant to YB. I.D. thanks Martin
Girardin and Remi St-Amant, Natural Resources
Canada, for the help with MDC calculation. We thank
two anonymous reviewers for helpful comments on
an earlier version of MS, Mélanie Desrochers, Uni-
versité du Québec a Montréal for assistance with
digital maps, and Dan McKenney, Canadian Forest
Service, for help in obtaining climate data.

REFERENCES

Akaike H. 1974. A new look at the statistical model identifica-
tion. IEEE Trans Autom Control 16:716-23.

Akinremi OO, Mcginn SM, Barr AG. 1996. Evaluation of the
Palmer Drought index on the Canadian prairies. J Clim 9:897—
905.

Allison SD, Treseder KK. 2008. Warming and drying suppress
microbial activity and carbon cycling in boreal forest soils.
Glob Change Biol 14:2898-909.

Amiro BD, Stocks BJ, Alexander ME, Flannigan MD, Wotton
BM. 2001. Fire, climate change, carbon and fuel management
in the Canadian boreal forest. Int J Wildland Fire 10:405-13.

Apps MJ, Kurz WA, Luxmoore RJ, Nilsson LO, Sedjo RA,
Schmidt R, Simpson LG, Vinson TS. Boreal forests and tundra.



572 I. Drobyshev and others

1993. International workshop on terrestrial biospheric carbon
fluxes: quantification of sinks and sources of CO,. Bad Harz-
burg (FRG), 1-5 March 1993.

Archambault S, Bergeron Y. 1992. An 802-year tree-ring chro-
nology from the Quebec boreal forest. Can J For Res 22:674-82.

BergeronY, Gauthier S, Katka V, Lefort P, Lesieur D. 2001. Natural
fire frequency for the eastern Canadian boreal forest: conse-
quences for sustainable forestry. Can J For Res 31:384-91.

Bergeron Y, Flannigan M, Gauthier S, Leduc A, Lefort P. 2004a.
Past, current and future fire frequency in the Canadian boreal
forest: Implications for sustainable forest management. Ambio
33:356-60.

Bergeron Y, Gauthier S, Flannigan M, Katka V. 2004b. Fire re-
gimes at the transition between mixedwood and coniferous
boreal forest in Northwestern Quebec. Ecology 85:1916-32.

Biondi F, Waikul K. 2004. DENDROCLIM2002: a C++ program
for statistical calibration of climate signals in tree-ring chro-
nologies. Comput Geosci 30:303-11.

Bjorck A. 1996. Numerical methods for least squares problems.
Philadelphia: SIAM.

Bonn S. 2000. Competition dynamics in mixed beech-oak stands
and its modifications expected due to climate changes. Allg
For Jagdztg 171:81-8.

Brais S, David P, Ouimet R. 2000. Impacts of wild fire severity and
salvage harvesting on the nutrient balance of jack pine and
black spruce boreal stands. Forest Ecol Manag 137:231-43.

Briffa KR, Osborn TJ, Schweingruber FH, Jones PD, Shiyatov SG,
Vaganov EA. 2002. Tree-ring width and density data around
the Northern Hemisphere: part 1, local and regional climate
signals. Holocene 12:737-57.

Brooks JR, Flanagan LB, Ehleringer JR. 1998. Responses of
boreal conifers to climate fluctuations: indications from tree-
ring widths and carbon isotope analyses. Can J For Res
28:524-33.

Chhin S, Wang GG, Tardif J. 2004. Dendroclimatic analysis of white
spruce at its southern limit of distribution in the Spruce Woods
Provincial Park, Manitoba, Canada. Tree-Ring Res 60:31-43.

Conard SG, Sukhinin AI, Stocks BJ, Cahoon DR, Davidenko EP,
Ivanova GA. 2002. Determining effects of area burned and fire
severity on carbon cycling and emissions in Siberia. Clim
Change 55:197-211.

Cook ER. 1985. A time-series analysis approach to tree ring
standardization. PhD dissertation edition, The University of
Arizona.

Cook ER, Kairiukstis LA. 1990. Methods of Dendrochronology:
applications in the environmental sciences. Dordrecht: Kluwer.

Cook ER, Krusic PJ. 2005. Program ARSTAN. A tree-ring stan-
dardization program based on detrending and autoregressive
time series modeling, with interactive graphics. Palisades
(NY): Tree-Ring Laboratory, Lamont Doherty Earth Observa-
tory of Columbia University.

Crawford R, Jeffree C, Rees W. 2003. Paludification and forest
retreat in northern oceanic environments. Ann Bot (Lond)
91:213-26.

Dang QL, Lieffers VJ. 1989a. Assessment of patterns of response
of tree-ring growth of black spruce following peatland drain-
age. Can J For Res 19:924-9.

Dang QL, Lieffers VJ. 1989b. Climate and annual ring growth of
black spruce in some Alberta peatlands. Can J Bot 67:1885-9.

Deslauriers A, Morin H. 2005. Intra-annual tracheid production
in balsam fir stems and the effect of meteorological variables.
Trees-Struct Funct 19:402-8.

Desplanque C, Rolland C, Michalet R. 1998. Comparative
dendroecology of the silver fir (Abies alba) and the Norway
spruce (Picea abies) in an Alpine valley of France. Can J For
Res 28:737-48.

Dixon RK, Brown S, Houghton RA, Solomon AM, Trexler MC,
Wisniewski J. 1994. Carbon pools and flux of global forest
ecosystems. Science 263:185-90.

Drobyshev I, Niklasson M, Linderson H, Sonesson K. 2008.
Influence of annual weather on growth of pedunculate oak in
southern Sweden. Ann For Sci 65: doi:10.1051/for-
est:2008033.

Efron B, Tibshirani RJ. 1994. An introduction to the bootstrap.
London: Chapman & Hall.

Environment Canada. 2006. Canadian climate normals 1971-
2000. www.climate.weatheroffice.ec.gc.ca.

Fenton NJ, Bergeron Y. 2007. Sphagnum community change
after partial harvest in of black spruce boreal forests. For Ecol
Manag 242:24-33.

Fenton N, Lecomte N, Legare S, Bergeron Y. 2005. Paludification
in black spruce (Picea mariana) forests of eastern Canada: po-
tential factors and management implications. Forest Ecol
Manag 213:151-9.

Fenton N, Legare S, Bergeron Y, Pare D. 2006. Soil oxygen
within boreal forests across an age gradient. Can J Soil Sci
86:1-9.

Fritts HC. 2001. Tree rings and climate. Caldwell: The Blackburn
Press.

Fritts HC, Guiot J. 1989. Methods of calibration, verification, and
reconstruction. In: Cook ER, Kairiukstis LA, Eds. Methods of
dendrochronology. Application in the environmental sci-
ences. Dordrecht: Kluwer Academic Publishers. p 163-217.

Gauthier S, De Grandpré L, Bergeron Y. 2000. Differences in
forest composition in two boreal forest ecoregions of Quebec. J
Veg Sci 11:781-90.

Girardin MP, Wotton BM. 2009. Summer moisture and wildfire
risks across Canada. J Appl Meteorol Climatol 48:517-33.

Girardin MP, Raulier F, Bernier PY, Tardif JC. 2008. Response of
tree growth to a changing climate in boreal central Canada: a
comparison of empirical, process-based, and hybrid modelling
approaches. Ecol Model 213:209-28.

Gower ST, Vogel J, Stow TK, Norman JM, Steele SJ, Kucharik
CJ. 1997. Carbon distribution and above-ground net primary
production of upland and lowland boreal forest in Saskatch-
ewan and Manitoba. J Geophys Res 104:29029-41.

Gray DR. 2008. The relationship between climate and outbreak
characteristics of the spruce budworm in eastern Canada. Clim
Change 87:361-83.

Greene DF, MacDonald SE, Haeussler S, Domenicano S, Noel J,
Jayen K, Charron I, Gauthier S, Hunt S, Gielau ET, Bergeron
Y, Swift L. 2007. The reduction of organic-layer depth by
wildfire in the North American boreal forest and its effect on
tree recruitment by seed. Can J For Res 37:1012-23.

Gu L, Hanson PJ, Mac Post W, Kaiser DP, Yang B, Nemani R,
Pallardy SG, Meyers T. 2008. The 2007 eastern US spring
freezes: Increased cold damage in a warming world? Biosci-
ence 58:253-62.

Hanninen H. 2006. Climate warming and the risk of frost
damage to boreal forest trees: identification of critical eco-
physiological traits. Tree Physiol 26:889-98.

Haurwitz MW, Brier GW. 1981. A critique of the superposed
epoch analysis method: its application to solar-weather rela-
tions. Mon Weather Rev 109:2074-9.


http://dx.doi.org/10.1051/forest:2008033
http://dx.doi.org/10.1051/forest:2008033
http://www.climate.weatheroffice.ec.gc.ca

Effect of Organic Layer in Black Spruce Forests 573

Hofgaard A, Tardif J, Bergeron Y. 1999. Dendroclimatic response
of Picea mariana and Pinus banksiana along a latitudinal gra-
dient in the eastern Canadian boreal forest. Can J For Res
29:1333-46.

Holmes RL. 1999. Dendrochronological Program Library (DPL).
Users manual. http://www.ltrr.arizona.edu/pub/dpl/. Tucson
(AZ): Laboratory of Tree-Ring Research, University of Arizona.

Huang J, Tardif JC, Bergeron Y, Denneler B, Berningen F, Gi-
rardin M. 2009. Radial growth response of four dominant
boreal tree species to climate along a latitudinal gradient in
the eastern Canadian boreal forest. Glob Change Biol.
d0i:10.1111/j.1365-2486.2009.01990.x.

Islam MA, MacDonald SE. 2004. Ecophysiological adaptations of
black spruce (Picea mariana) and tamarack (Larix laricina)
seedlings to flooding. Trees-Stuct Funct 18:35-42.

Johnstone JF, Chapin FS. 2006. Fire interval effects on succes-
sional trajectory in boreal forests of northwest Canada. Eco-
systems 9:268-77.

Kimball JS, Thornton PE, White ME, Running SW. 1997. Simu-
lating forest productivity and surface-atmosphere carbon ex-
change in the BOREAS study region. Tree Physiol 17:589-99.

Kirdyanov A, Hughes M, Vaganov E, Schweingruber F, Silkin P.
2003. The importance of early summer temperature and date
of snow melt for tree growth in the Siberian Subarctic. Trees-
Stuct Funct 17:61-9.

Komarov AS, Kubasova TS. 2007. Modeling organic matter
dynamics in conifer-broadleaf forests in different site types
upon fires: a computational experiment. Biol Bull 34:408-16.

Kurbatova J, Li C, Varlagin A, Xiao X, Vygodskaya N. 2008.
Modeling carbon dynamics in two adjacent spruce forests with
different soil conditions in Russia. Biogeosciences 5:969-80.

Laiho R. 2006. Decomposition in peatlands: reconciling seem-
ingly contrasting results on the impacts of lowered water
levels. Soil Biol Biochem 38:2011-24.

Larsen CPS, MacDonald GM. 1995. Relations between tree-ring
widths, climate, and annual area burned in the boreal forest of
Alberta. Can J For Res 25:1746-55.

LeBarron RK. 1945. Adjustment of black spruce root systems to
increasing depth of peat. Ecology 26:309-11.

Lebourgeois F, Cousseau G, Ducos Y. 2004. Climate-tree-growth
relationships of Quercus petraea Mill. stand in the Forest of
Berce (“Futaie des Clos”, Sarthe, France). Ann For Sci
61:361-72.

Lecomte N, Simard M, Bergeron Y, Larouche A, Asnong H,
Richard PJW. 2005. Effects of fire severity and initial tree
composition on understorey vegetation dynamics in a boreal
landscape inferred from chronosequence and paleoecological
data. J Veg Sci 16:665-74.

Lecomte N, Simard M, Fenton N, Bergeron Y. 2006. Fire severity
and long-term ecosystem biomass dynamics in coniferous
boreal forests of eastern Canada. Ecosystems 9:1215-30.

Leonelli G, Denneler B, Bergeron Y. 2008. Climate sensitivity of
trembling aspen radial growth along a productivity gradient in
northeastern British Columbia, Canada. Can J For Res
38:1211-22.

Linderholm HW. 2006. Growing season changes in the last
century. Agric For Meteorol 137:1-14.

Littell JS, Peterson DL, Tjoelker M. 2008. Douglas-fir growth in
mountain ecosystems: water limits tree growth from stand to
region. Ecol Monogr 78:349-68.

McKenney DW, Pedlar JH, Papadopol P, Hutchinson MF. 2006.
The development of 1901-2000 historical monthly climate

models for Canada and the United States. Agric Forest Mete-
orol 138:69-81.

McMillan AMS, Winston GC, Goulden ML. 2008. Age-depen-
dent response of boreal forest to temperature and rainfall
variability. Glob Change Biol 14:1904-16.

Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye AT,
Gregory JM, Kitoh A, Knutti R, Murphy JM, Noda A, Raper
SCB, Watterson IG, Weaver AJ, Zhao Z-C. 2007. Global cli-
mate projections. In: Solomon S, Qin D, Manning M, Chen Z,
Marquis M, Averyt KB, Tignor M, Miller HL, Eds. Climate
change 2007: the physical science basis. Contribution of
Working Group I to the fourth assessment report of the
Intergovernmental Panel on climate change. Cambridge, New
York (NY): Cambridge University Press.

Mitchell TD, Jones PD. 2005. An improved method of con-
structing a database of monthly climate observations and
associated high-resolution grids. Int J Climatol 25:693-712.

Peltoniemi M, Thurig E, Ogle S, Palosuo T, Schrumpf M, Wutzler
T, Butterbach-Bahl K, Chertov O, Komarov A, Mikhailov A,
Gardenas A, Perry C, Liski J, Smith P, Makipaa R. 2007.
Models in country scale carbon accounting of forest soils. Silva
Fenn 41:575-602.

Peterson DW, Peterson DL, Ettl GJ. 2002. Growth responses of
subalpine fir to climatic variability in the Pacific Northwest.
Can J For Res 32:1503-17.

Plummer DA, Caya D, Frigon A, Cote H, Giguere M, Paquin D,
Biner S, Harvey R, De Elia R. 2006. Climate and climate
change over North America as simulated by the Canadian
RCM. J Clim 19:3112-32.

Prescott CE, Maynard DG, Laiho R. 2000. Humus in northern
forests: friend or foe? Forest Ecol Manag 133:23-36.

Ritchie JC. 2004. Post-glacial vegetation of Canada. Cambridge:
Cambridge University Press.

Rowe JS. 1972. Forest regions of Canada. Ottawa (ON): Envi-
ronment Canada.

Sakai A, Larcher W. 1987. Frost survival of plants. Ecological
studies 62. Berlin: Springer.

Schwarzel K, Renger M, Sauerbrey R, Wessolek G. 2002. Soil
physical characteristics of peat soils. J Plant Nutr Soil Sci—Z
Pflanz Bodenkunde 165:479-86.

Schweingruber FH. 1996. Tree rings and environment. Dend-
roecology. Berne: Paul Haupt Publishers, p 609

Seljaninov GT. 1966. Agroclimatic map of the world. Leningrad:
Hydrometeoizdat Publishing House.

Silins U, Rothwell RL. 1999. Spatial patterns of aerobic limit
depth and oxygen diffusion rate at two peatlands drained for
forestry in Alberta. Can J For Res 29:53-61.

Simard M, Lecomte N, Bergeron Y, Bernier PY, Pare D. 2007.
Forest productivity decline caused by successional paludifi-
cation of boreal soils. Ecol Appl 17:1619-37.

Sirén G. 1955. The development of spruce forest on raw humus
sites in northern Finland and its ecology. Acta Forestalia
Fennica 62:1-363.

Smith P, Fang CM, Dawson JJC, Moncrieff JB. 2008. Impact of
global warming on soil organic carbon. Adv Agron 97:1-43.
Soil Classification Working Group. 1998. The Canadian system
of soil classification. 3rd edn. Ottawa (ON): Agriculture and

Agri-Food Canada.

Strimbeck GR, Kjellsen TD, Schaberg PG, Murakami PF. 2008.
Dynamics of low-temperature acclimation in temperate and
boreal conifer foliage in a mild winter climate. Tree Physiol
28:1365-74.


http://www.ltrr.arizona.edu/pub/dpl/
http://dx.doi.org/10.1111/j.1365-2486.2009.01990.x

574 I. Drobyshev and others

Tarnocai C. 2006. Classification systems: Canadian. In: Lal R, Ed.
Encyclopedia of soil science, 2nd edition, Chap. 1:1. Boca
Raton (FL): Taylor & Francis. pp 239-244.

Thompson R, Clark RM. 2008. Is spring starting earlier? Holo-
cene 18:95-104.

Turner JA. 1972. The drought code component of the Canadian
Forest Fire Behaviour System. Canadian Forest Service Pub-
lication 1316. Ottawa (ON): Environment Canada.

Ueyama M, Harazono Y, Kim Y, Tanaka N. 2009. Response of the
carbon cycle in sub-arctic black spruce forests to climate
change: reduction of a carbon sink related to the sensitivity of
heterotrophic respiration. Agric For Meteorol 149:582-602.

Vaganov E, Shashkin AV. 2000. Growth and tree-ring structure
of conifers. Novosibirsk: Nauka Publishing House.

van Cleve K, Dyrness CT, Viereck LA, Fox J, Chapin FI, Oechel
WC. 1983a. Taiga ecosystems in interior Alaska. Bioscience
33:39-44.

van Cleve K, Viereck LA, Dyrness CT. 1983b. Productivity and
nutrient cycling in taiga forest ecosystems. Can J For Res
13:747-66.

van Cleve K, Oechel WC, Hom JL. 1990. Response of Black
Spruce Picea-Mariana ecosystems to soil temperature modi-
fication in interior Alaska, USA. Can J For Res 20:1530-5.

Viereck LA, Johnston WF. 1990. Picea mariana (Mill.) B.S.P.
black spruce. In: Burns RM, Honkala BH, Eds. Silvics of North
America: vol 1. Conifers. USDA For. Serv. Agri. Handb. 654,
Washington (DC). pp 227-237.

Wigley TML, Briffa KR, Jones PD. 1984. On the average value of
correlated time series, with applications in dendroclimatology
and hydrometeorology. J Clim Appl Meteorol 23:201-13.

Yamaguchi DK, Filion L, Savage M. 1993. Relationship of tem-
perature and light ring formation at subarctic treeline and
implications for climate reconstruction. Quat Res 39:256-62.



	Does Soil Organic Layer Thickness Affect Climate--Growth Relationships in the Black Spruce Boreal Ecosystem?
	Abstract
	Introduction
	Study Area
	Methods
	Site Selection, Field Sampling, and Climate Data
	Development of Chronologies
	Identification of Pointer Years  and Statistical Tests
	Climate--Growth Relationship, Correlation, and Response Function Analyses
	Effect of SOL Accumulation

	Results
	Correlation and Response Function Analyses
	Pointer Year Analysis
	Effect of SOL Accumulation

	Discussion
	Growth Response of Black Spruce  to Annual Weather
	Pointer Years
	Effect of SOL on Weather--Growth Relationships---Non-Anomalous Weather
	Effect of SOL on Weather--Growth Relationships---Anomalous Weather
	Possible Effects of Future Climatic Change on Black Spruce Ecosystem Structure and Function

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


