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ABSTRACT : The current and predicted implications of climate change are one of the
most pressing global issues we face today. There is a strong indication that forests,
especially in northern ecozones such as the boreal forest, are likely to experience some of
the greatest impacts from climate change. Using dendrochronology (tree-ring analysis),
this study examined the growth of trees, specifically white spruce (Picea glauca) and
black spruce (Picea mariana), found at a site within the forest-tundra ecotone of the
central Northwest Territories. The goal of this study was to conduct research that will
contribute towards a better understanding of how the boreal forest-tundra ecotone is
responding to climate change. Results show that while black and white spruce had similar
growth trends during the 19th century, they have shown changes in more recent years and
do not grow as similarly as they used to. There has also been a shift in growth in both
species in the last century, in which white spruce appears to be decreasing in growth and
black spruce appears to be increasing in growth. Pearson correlation tests on data
between 1901-2010 found no significant relationship between climate trends (summer
temperature and precipitation) and white spruce growth, but found significant
relationships between climate trends and black spruce growth. To further examine
climate-growth relationships, the data was divided into two time periods. Significant
correlation tests were detected between black spruce ring widths and summer
temperatures during 1920-1960, and summer precipitation during 1960-2010. Based on
these results, is important to consider that there may be other local environmental factors
influencing growth of each species (such as species competition, forest disturbances, soil
moisture/nutrients, snowfall, wildfires, etc.). Future studies could include an analysis of
pointer years (specifically 2007 and 1939 from this study) to obtain more information
relating to extreme environmental changes that have occurred by identifying variables
that cause abrupt responses in tree growth patterns.
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1. INTRODUCTION: IMPORTANCE OF FORESTS
1.1. IMPLICATIONS OF CLIMATE CHANGE ON FORESTS
The current and predicted implications of climate change are one of the most
pressing global issues we face today. As the human population continues to grow and the
demand for natural resources increase, pressures on environmental systems have resulted
in drastic changes in many ecosystems (Brandt et al., 2013). The recent global warming
trend has been strongly linked to anthropogenic activity, which has lead to changes in
atmospheric greenhouse gases (in particular CO2 concentrations), an increase in water
pollution, loss of biological diversity, and soil degradation and erosion (D’Arrigo et al.,
2009; Brandt et al., 2013; Price et al., 2013). While these changes pose risks to many
different ecosystems in different regions of the world, there is a strong indication that
forests, especially in northern ecozones such as the boreal forest, are likely to experience
some of the greatest impacts from climate change (Lloyd & Fastie, 2003; D’Arrigo et al.,
2009; Harper et al. 2011; Griesbauer & Green, 2012; Mamet & Kershaw, 2012; Price et
al. 2013).
Ecosystem health (or forest health) includes the overall functioning and interaction
of the organisms and environmental components within a system. A ‘healthy’ ecosystem,
therefore, is one in which the system is functioning ‘normally’. A decline in ‘health’ may
result in the deterioration of that ecosystem (Brandt et al., 2013), and, since the boreal
forest of North America covers 270 million hectares (Figure 1), this particular ecosystem
is key component in contributing to the health of not only Canadian environments, but
global environments as well (NRC, 2016).

2

ENSC501

E. FEATHERSTONE

April 2007

These northern forests are composed of a variety of climates, soils, landscapes,
wetlands and vegetation, and contain many renewable and non-renewable resources
(Brandt et al., 2013). They provide a number of vital ecosystem services, such as climate
regulation (at fine and large scales), flood regulation, disease regulation, water
purification, primary production, nutrient cycling and soil formation (Brandt et al., 2013).
In particular, climate and forest ecosystems are intimately connected in that they have a
dynamic relationship; as change in one occurs, it results in the change in the other
(Brandt et al., 2013). This association influences the overall functioning of the forest
ecosystem in both direct and indirect ways. As climate changes, key processes such as
photosynthesis, respiration and transpiration in vascular plants are directly influenced, as
well as the organisms that rely on them (bacteria to vertebrae), the water cycle
(evapotranspiration) and tree stand dynamics (density, height, species composition, etc.)
(Price et al., 2013). Indirect influences of warming trends induce changes of large-scale
natural disturbances such as wildfires, potentially leading to rapid change in vegetation
composition, climate extremes and seasonality, and carbon balances (Price et al., 2013).

Figure 1. Map of North American boreal forest and major subdivisions (Payette et al., 2001).
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1.2. STUDYING NORTHERN FORESTS
Given that northern boreal forests contain 49% of all carbon stored in forested
ecosystems worldwide (Wilmking et al., 2004), they contribute significantly to climate
systems through both positive and negative feedback. Growth or expansion of these
forests could lead to greater carbon uptake, resulting in negative feedback changes such
as decrease in temperatures. On the other hand, the replacement of tundra by coniferous
trees could decrease albedo, resulting in positive feedback and promoting warming trends
(Bonan et al., 1992).
Changing climate effects on trees are particularly prominent in the northern most
regions of the boreal forest, as these high-latitude regions are showing greater increases
in temperature than low to mid-latitude regions (Speer, 2010; Price et al., 2013). These
high-latitude regions are referred to as the subarctic forest-tundra ecotone - the transition
zone between the boreal forest and the arctic tundra ecozones, in which a mosaic of tree
and shrub vegetation is created (Payette, 2001; Speer, 2010; Harper et al., 2011). The
southern limits of this ecotone are comprised primarily of forest communities (areas that
are protected from wind and have soils with higher moisture content), whereas northern
limits are treeless communities (exposed, shrublands with well-drained soils) (Payette et
al., 2001). Historic fire events in these areas have lead to the creation of patches (or
“holes”) of tundra like lichen-shrub communities within the forest like communities of
lichen-spruce stands, especially in southern limits. These continuous forest canopy areas
broken by these tundra ‘holes’ become more disconnected in northern regions, and is
referred to as a ‘swiss cheese” pattern by some studies (Payette et al., 2001). The foresttundra ecotone is found across Canada, covering the majority of the Precambrian Sheild
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(which consists of acidic and nutrient poor soils) (Payette et al., 2001). Tree composition
includes primarily seven dominant species: aspen (Populus tremuloides), balsam poplar
(Abies balsamea), white birch (Betula papyrifera), jack pine (Pinus banksiana), white
spruce (Picea glauca), black spruce (Picea mariana), and tamarack (Larix laricina)
(Payette et al., 2001).
Within the boreal forest lies the arctic treeline, which is found at the northernmost
region of arboreal growth in the forest-tundra ecotone (Payette et al., 2001). The treeline
has been identified as an important indicator of climate change and warming trends;
evidence has shown that northern trees are highly responsive to changing temperatures,
which leads to changes in tree distribution and growth (Lloyd & Fastie, 2003; Speer,
2010; Harper et al., 2011; Mamet & Kershaw, 2012). Many studies have been conducted
to examine the effects that climate change will have on northern forest ecosystems and on
tree growth. A series of studies conducted by Payette et al. (2001) found that responses to
warming are species-specific. Results indicate that over the past 100-150 years, white
spruce density has increased without showing changes in the actual tree line. In contrast,
they found that black spruce responded to warming by changing growth form, but found
no change in stand density (Payette et al., 2001). Other studies have also found that while
treeline advances have been documented in different regions, the rates of advancement
are variable, suggesting influence from species – and site – specific attributes (Harper et
al., 2011).
Additionally, changes in climate may also result in a local or regional response in
distribution of tree species and forest composition. Lloyd and Fastie (2003) conducted a
study that examined changes in treeline forest distribution and structure in Alaska using
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white spruce. They found that in recent years, tree density had increased beyond forest
limits in response to recent warming trends. Change in distribution and composition
could therefore influence ecosystem processes such as water and nutrient cycling, and
species competition (NRC, 2016).
However, while these studies show the influence of climate warming on increase in
tree growth, some studies have found that warmer temperatures in high-latitude forests
actually leads to drought stress due to a decrease in moisture availability, resulting in
decreased growth (NRC, 2016). Wilmking et al. (2004) found that while there were some
positive correlations to tree growth and temperature, there were many negative responses
to climate warming at the treeline in Alaska. They found that the highest temperature
means in July induced drought stress, resulting in a decreased growth of 40% of the white
spruce they sampled. Another study by D’Arrigo et al. (2009) found similar results
supporting the theory that drought stress is induced by warming temperatures, leading to
reduced temperature sensitivity and growth in trees. These effects could ultimately lead
to an overall increase in tree mortality, and could impact ecosystems at local, regional
and global scales (NRC, 2016).

1.3. ANALYZING GROWTH TRENDS: DENDROCHRONOLOGY
Dendrochronology, the study of tree-rings, enables researchers to measure past
growth and to link growth trends to climate patterns (Speer, 2010). This allows
researchers to evaluate recent changes in tree growth and compare them to historical
responses (D’Arrigo et al., 2009).
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In order to analyze tree growth trends in forests, it is crucial to understand how
tree rings form. Rings are composed of many individual cells, called xylem, which are
the wood structure supporting the tree and allowing water transport from the roots to the
leaves (Speer, 2010). The vascular cambium, the thin layer in which cell division occurs,
is found between the bark and the wood, and is a primary driver in the secondary
meristem (which causes a tree to increase in girth and creates the tree rings) (Speer,
2010). Depending on the time of year, the structure of the wood changes. During the
growth periods in spring and summer, earlywood is produced and is made up of cells that
have large lumen compared to the cell wall, which makes them appear light (Speer,
2010). During the late summer and winter months, latewood is produced. The cells in the
latewood are flattened, with a thin interior (lumen) relative to the thick cell wall, causing
them to appear darker in colour than the earlywood (Speer, 2010). Counting and
measuring these rings allows dendrochronologists to analyze growth trends of forests.
This method of measurement is important in that tree-rings record environmental
variability, which can be cross-dated using patterns of wide and narrow rings to create a
chronology of tree growth at a site level (Speer, 2010). Tree ring widths provide an
indication of environmental factors limiting or promoting tree growth; more sensitive
trees show varying ring widths while complacent trees have consistent ring widths
(Speer, 2010). Since trees respond to their environmental surroundings and changes that
may occur (stresses such as variation in rainfall, temperature or soil moisture), tree rings
are beneficial in studies examining changes in climatic gradients and treeline
advancement, as well as in reconstructing climate trends for future predictions (Speer,
2010).
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There are nine basic principles that dendrochronologists consider when studying
tree growth, which are important for data collection in the field, for considering the
influence of various environmental factors on tree growth, and for using as guidelines for
analyzing and interpreting tree ring data (Speers, 2010). These principles and theories
will be considered throughout the course of this study.
The nine principles are:
1. Principle of uniformitarianism -- assumes tree growth response to environmental
factors has not changed.
2. Principle of cross-dating -- matching of tree ring patterns to determine accuracy of
a chronology.
3. Principle of limiting factors -- the environmental variable that is the main
influence in tree growth and controls annual ring width.
4. Principle of aggregate tree growth model -- tree rings may record multiple factors
that limit their growth.
5. Concept of autocorrelation -- statistical model which suggests past year of growth
influence the following year of growth.
6. Concept of ecological amplitude -- response of tree growth to climatic variables.
7. Principle of site selection -- tree rings are more likely to record environmental
variability in areas of high stress.
8. Principle of replication -- the use of multiple samples to develop a chronology.
9. Concept of standardization -- removal of age-related growth trends.
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1.4. OBJECTIVES
Using dendrochronology, my study examined the growth trend of trees,
specifically white spruce (Picea glauca) and black spruce (Picea mariana), found at a
site within the forest-tundra ecotone of the central Northwest Territories. This particular
study is important because it contributes towards a better understanding of how the boreal
forest-tundra ecotone is responding to climate change. The objectives were a) to
determine if the growth of these two species is changing over time; b) to compare growth
trends between species; and c) to determine which climatic factors, such as summer
temperature or precipitation, influence how each species grows in this environment.
While increasing temperature may typically be considered as a positive influence on tree
productivity and growth (as it would stimulate an increase in photosynthesis), studies
such as those conducted by Wilmking et al. (2004) and D’Arrigo et al. (2009) suggest
that there may be a temperature threshold which actually limits tree growth as a result of
drought. Based on the results of these recent studies, which have taken temperature
sensitivity into consideration, I predicted that recent tree-rings in both spruce species
from the forest-tundra ecotone would show a decrease or negligible change in growth as a
result of the effects of climate change on forests.
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2. METHODS
2.1. STUDY AREA
The study area was at a site within the forest-tundra ecotone of the central
Northwest Territories (64o 17’ 3.12” N, 113o 49’ 58.26” W) approximately 20km NE
from the town of Wekweeti and located along Snare Lake (Google Earth, 2016).
Climatic data measured at the Yellowknife weather station (Environment & Natural
Resources, 2016) approximately 200 km south of the site shows that between 1971-2000
the daily average temperature in January was -26.8°C and in July was 16.8°C, with an
extreme maximum temperature of 32.5°C in July 1986 and extreme minimum of -51.2°C
in 1947. Measured total annual precipitation during this time was 280.8mm (Environment
& Natural Resources, 2016). Maximum elevation at this site is approximately 370 m a.s.l.
(above sea level). Soil order of this site is dominantly cryosolic, specifically turbic
cryosols, which are slightly acidic mineral-based soils and are found in permafrost

Figure 2. Map of study area in central Northwest Territories. Site is located at P12 C (as indicated by yellow arrow).
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regions (AAFC, 2011; AAFC 2013). This site (Figure 2) lies within the high subarctic
forest-tundra transition zone in which vegetation includes a mosaic of tree and tundra
vegetation, including bog-fen and sedge meadow wetlands, dwarf birch-willow
shrublands, and lichen rocklands (Timoney, 1990). Much of this area consisted of patchy
vegetation (trees and shrubs) and was covered by lichen. It is located between the 1:1 and
1:10 boundaries of tree:tundra ratios, and within the treeline (the limit at which tree
growth is restricted and the number of tree stands observed begins to decrease)
(Atkinson, 1981; Timoney, 1990; Payette et al., 2001).

2.2. TREE SPECIES: WHITE AND BLACK SPRUCE
The two tree species found at the study site were white spruce (Picea glauca) and
black spruce (Picea mariana). Distribution ranges for both black and white spruce cover
the majority of the Canadian boreal forest (Little, 1971). These two coniferous species
are commonly found in higher latitude regions, including the forest-tundra ecotone and
extending up to the treeline, making them an important part of these northern forests
(NWT, 2015). However despite being from the same genus, these trees typically grow in
different environments. White spruce is commonly found in well-drained regions,
without underlying permafrost, in nutrient rich mineral soils (NWT, n.d.). In contrast,
black spruce commonly grows in cold regions with poorly drained, low nutrient areas,
frequently due to underlying permafrost, which restricts drainage (NWT, n.d.).
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2.3. FIELD SAMPLING
This specific site was chosen because it had patches of black and white spruce
growing immediately adjacent to one another. This makes it an ideal site to easily
compare growth patterns between each species, as trees that are exposed to the same
factors allows for accurate measurement of their response to climatic variables. Trees
chosen for coring purposes were selected by opportunistic sampling, meaning selection
was random and heavily based on observation. Since the area had a few trees that were
cut down, trees that appeared to be older and that avoided these disturbances were chosen
to minimize the potential effect on their growth. By choosing older trees, a longer
chronology could be created, especially when looking at climate reconstruction (Speer,
2010).
From both white and black spruce trees, 30 trees were chosen for sampling, in
which 2 samples were taken from each tree (therefore 60 samples from each species with
a total of 120 samples), and were cored at breast height (approximately 1.3 m from the
ground) for the longest possible chronology. This sample size allowed for a greater pool
of samples to be cross-dated, compared with one another, and averaged for a more
accurate estimation of tree growth (Speer, 2010). A 4.3 mm increment core was used to
obtain tree cores by taking a small sample through the trunk and ideally through the pith
(or as close as possible). Core samples were stored in plastic straws for protection and
were labeled accordingly (Speer, 2010).
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3.4. LAB METHODS
3.4.1. Sample Preparation
Each core was mounted onto wooden holders by gluing samples into groves and
ensuring the information of the sample ID was copied correctly (Speer, 2010). Cores
were then sanded using a belt sander with 180 grit, 240 grit, 320 grit and 400 grit
sandpaper (as required) to ensure the rings within each of the core samples were clearly
visible under the microscope (Speer, 2010). The rings of each labeled core sample were
then counted as a preliminary step to determine the approximate age of the sample, as
well as to identify any notable ring width variation. To determine the age of the core,
starting at the outermost ring beside the bark, each decade was marked with one pencil
dot every 10 rings, in which the outer-most ring represents the year in which the tree was
cored (Speer, 2010). Every half-century (50 years) was marked with two dots, and every
century (100 years) was marked with three dots (Speer, 2010). Rings that were
consistently wider or thinner across various tree samples were also recorded as marker
years to be further investigated when comparing to climatic data and to help with visual
cross-dating.

3.4.2. Chronology Development
From the 60 black and white spruce samples, 38 white spruce and 36 black spruce
series of the highest quality were selected, based on observation. Factors such as ability
to see tree rings, disturbances (scars, etc.), length of core and count accuracy within
samples from the same tree were taken into consideration when determining which series
to measure. Using the program MeasureJ2X and a sliding measurement table, a computer
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program designed for tree ring research, each ring width was measured and recorded
(Speer, 2010). To measure rings, the crosshair of the microscope was placed
perpendicular to each ring boundary, and the core was moved along to measure the
consecutive rings (Speer, 2010).
Ring-width data from each sample were then processed using COFECHA, a
computer program that helps dendrochronologists determine the quality of cross-dating
and the accuracy of the ring-width measurements (Grissino-Mayer, 2001). Once all the
measured tree-ring data has been entered, a master chronology of all the core samples
was created, and the program statistically correlates each series against the master
chronology, where the values for this correlation are found under the column
“Correlation with Master” (Speer, 2010). Other factors that were considered for this
report include the “Autocorrelation”, which indicates how much the previous year of
growth influences the following year of growth (Richard et al., 2014), and the “Mean
Sensitivity”, which represents the yearly ring width variability within a sample (Maxwell
et al., 2010). Potential errors were flagged, indicating low correlation within a specific
segment, and suggests an alternative match (Speer, 2010). Flagged samples were
identified and analyzed a second time, which required those particular rings to be
remeasured. Once remeasured in MeasureJ2X, the series was run against the master
chronology again, in hopes of increasing correlation through identification of dating
errors such as missing rings.
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3.5. CHRONOLOGY ANALYSIS
Once all of the series from each of the black (36) and white (38) spruce samples
were correlated as accurately as possible, the files were transferred into the statistical
computing software Rstudio, which incorporates the program R into its system (Bunn,
2008). This program is frequently used for dendrochronological analyses and is used with
the dendrochronology program library (dplR). Rstudio reads the loaded tree-ring files,
runs statistical analyses, builds chronologies and creates plots based on this data (Bunn,
2008; Bunn et al., 2016). The initial steps in Rstudio involved creating graphs to interpret
the raw ring width data of the two species. However, due to the age variability, it is
difficult to interpret and compare ring width growth in this way. The data was therefore
standardized, to remove this age variability, and chronologies for each species were
created (which shows the ring width indices over time) using the dplR function “chron”
(Speers, 2010; Bunn et al., 2016). To create more detailed graphics, the package
“ggplot2” (Wikham, 2009) was used for various graphs, such as creating the master
chronologies of both black and white spruce (geom_line), comparing growth trends
(geom_line), and analyzing the relationship between each species RWI values
(geom_point) (Bunn et al., 2016). See Appendix B for R script.

3.6. COMPARISON TO CLIMATIC TRENDS
Correlation tests between climate and growth trends were run through Rstudio
using the function “cor.test”, which tests for association between paired samples (Bunn et
al., 2016). A two-tailed Pearson correlation was run to test for all relationships between
each species (black and white spruce) and each climate observation (summer temperature
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and precipitation). Using the “ggplot” function (geom_point), graphs representing these
relationships were created (Bunn et al., 2016).s See Appendix B for R script.
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3. RESULTS
3.1. TREE GROWTH DESCRIPTIONS
The average age of the white spruce samples was 212.5 years (36 series), ranging
from 123 years (SLWS01) to 354 years (SLWS21). In contrast, the average age of the
black spruce samples was 187.6 years (38 series), ranging from 160 years (SLBS06) to
225 years (SLBS13). Figures 3(a) and 3(b) show the age and ring width patterns of
individual series from black and white spruce, respectively.

Figure 3 (a) & (b). Spaghetti plots for all (a) Black Spruce (38 series) and (b) White Spruce (36 series) series show
individual ages of each series.

Mean ring widths before standardization were 0.59 mm and 0.33 mm for all white
spruce and for all black spruce series, respectively. The narrowest ring measured in the
white spruce samples was 0.020 mm in 1750 (SLWS21A), which was narrower than
other rings during that year (mean 0.478 mm). The widest ring measured was 2.393 in
1714 (SLWS29B), which was significantly wider than average widths during that year
(mean 0.704). The thinnest ring measured in the black spruce samples was 0.024 mm in
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1997 (SLBS05B), in which the average ring width during that year was 0.179 mm. The
thickest ring measured was 1.493 mm in 1895 (SLBS28A), where average ring widths
during that year were 0.491 mm. In general, ring widths for white and black spruce
showed a negative exponential trend, where years with the most growth occurred at the
beginning. Figure 4 compares these trends found in all of the white (PG) versus black
(PM) spruce samples, in which the first year of growth has been aligned with each series.
The red line through each graph represents the mean width of growth for a given year and
emphasizes the shape of their growth trends.

Figure 4. Raw ring width values (mm) for individual white (PG) and black (PM) spruce series organized by year
of growth (age). The red line indicates the difference in negative exponential trends between each species.

After standardization, which removes age-related dependency, the series with the
highest ring width index (RWI) for white spruce was 2.69 in 1875 (SLWS24A), and the
lowest RWI value was 0.05 in 1750 (SLWS21A). Variability can be identified in white
spruce RWI values in years preceding the 1900s, and from 1900 until a few years after
1950, appears to remain constant. However in the most recent years, a slight decrease in
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RWI values can be seen (Figure 5b). Highest RWI value for black spruce was 4.85 in
2015 (SLBS13A) while the lowest was 0.18 in 1865 (SLBS06A). Growth patterns in
black spruce are relatively constant over time until a noticeable decrease after 1900
(Figure 5a). This change in RWI values was found in the years preceding and following
the 1950s, where the RWI significantly decreased then increased during this periods, and
continued to increase to recent years. RWI averages for both species are 1, and indices
per year are spread above and below this line, emphasizing the years in which growth
was increased or reduced.

Figure 5 (a) & (b). Master chronologies for all (a) Black Spruce (1790-2015) and (b) White Spruce (1662-2015)
series show the mean ring width indices (RWI) and sample depths.

The growth patterns of black versus white spruce are compared in Figure 6, which
show the RWI values of each species from 1662 to 2015. This figure emphasizes the
similar trends found between the species from approximately 1800 until the early 1920s.
Significant changes in RWI trends, however, are seen more recently, and show an
increased variation and change in growth within both species. Following the 1920s, there
was a decrease in black spruce RWI values until approximately the 1960s, where it then

19

ENSC501

E. FEATHERSTONE

April 2007

increased again to reach similar RWI values for white spruce. Up until this period, the
black spruce RWI values remained lower than the white spruce RWI values, however
during the early 1960s, the values of each species change; the black spruce RWI values
become consistently greater than white in recent years. White spruce RWI values began
to decrease after 2000, while black spruce RWI values remained relatively consistent.
Despite these change in values over the centuries, both species continued to follow
similar growth patterns.

Figure 6. Master chronologies for both black (PM) and white (PG) RWI values from 1662 - 2015

To further visualize the growth of each species in comparison to one another, a
scatterplot was created to compare the growth trends of black and white spruce (Figure
7). The x-axis represents the ring width indices for white spruce, the y-axis represents the
ring width indices for black spruce, and each point on the graph represents a given year
of growth. The reference line has been added to emphasize the relationship of the two
species. The sample depth has been truncated at 5 samples to remove significant outliers.
A two-tailed Pearson test determined that the correlation for the entire time period (1800-
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2015) was relatively weak (r = 0.42). To explore the trends between the two distinct
periods of growth (1800 to 1900, where there is appears to be similar growth between
species, and 1900 to 2015, where there appears to be variability in growth), the data was
split by colour and shape to distinguish each time period on the graph, and two-tailed
Pearson tests were conducted. The similarity of growth between the species from 18001900 (r = 0.45) was found to be slightly more correlated than between 1900-2015 (r =
0.29).

Figure 7. Scatter plot which compares the relationship between white (PG) and black (PM) ring
width indices (RWI) by year. Red circles represent the time period from 1800-1900, while blue
triangles represent the time period 1900-2015.

In order to further observe growth trends between and within species, the
diagnostic output from COFECHA was used to examine the unfiltered average interseries
correlation, autocorrelation and mean sensitivity of each species (see Appendix I). White
spruce had an interseries correlation of 0.630, an autocorrelation of 0.765, and a mean
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sensitivity of 0.210. Black spruce had an interseries correlation of 0.596, an
autocorrelation of 0.855, and a mean sensitivity of 0.232.

3.2. CLIMATE-GROWTH RELATIONSHIPS
Climate trends showing precipitation and temperature values of Wekweeti from
1901 to 2010 are shown in Figure 8 (data retrieved from Natural Resources Canada).
Temperature trends show a general increase in more recent years, and during this time
values ranged from 7.6 oC (1934) to 13.6 oC (2006). In contrast, precipitation trends
slightly decreased until the 1950s while remaining relatively constant since, and values
ranged from 56.56 mm (1946) to 172.01 mm (1904).

Figure 8. Mean temperature (oC) and precipitation (mm) trends of Wekweeti from 1901-2010.

To explore the responses of each species to environmental conditions during this
time period, two-tailed Pearson correlation tests were run to test for association between
climatic data and tree growth from 1901 to 2010 (Figure 9). The relationship between
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black spruce and mean temperature had the strongest correlation (Figure 9B), revealing
patterns of statistically significant, positive temperature correlations (r=0.415, P<0.001).
The weakest correlation (Figure 9A) was the relationship between white spruce and mean
temperature (r=0.002, P=0.980). Trends between precipitation and both tree species
showed positive correlations, however was only significant with black spruce (PM:
r=0.265, P=0.005; PG: r=0.247, P=0.125). To further explore the relationships between
climate and growth trends, the dataset was split into two groups to examine the
correlation during a period of extreme variation (1920-1960) and during the most recent
50 years (1960-2010) (see Table 1 for values). Correlations between climate data and
growth in white spruce remained insignificant during both periods of time. During 19201960, the relationship between black spruce and temperature remained as a significant
positive correlation, while it became a non-significant correlation between black spruce
and precipitation. However during 1960-2010, these relationships changed; black spruce
had a significant correlation with precipitation and a non-significant correlation with
temperature.

Table 1. Climate-growth correlations showing P-values and r-values of white (PM) and black (PG) spruce,
and temperature (T) and precipitation (P) determined through Pearson’s method. Values in bold are
statistically significant (P>0.05).
Species
PG

PM

1901-2010

1920-1960

1960-2010

T
r = 0.002

P
r = 0.147

T
r = -0.028

P
r = 0.189

T
r = 0.199

P
r = 0.228

P= 0.980

P= 0.126

P= 0.832

P= 0.148

P= 0.162

P= 0.108

r = 0.415

r = 0.265

r = 0.356

r = 0.160

r = 0.192

r = 0.267

P<0.001

P= 0.005

P= 0.005

P= 0.221

P= 0.176

P= 0.058
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Figure 9. Scatter plots comparing the relationship between climate data (meant temperature [meanT]
and precipitation [ppt]) and tree species (black [BS] and white [WS] spruce) from 1901-2010.
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4. DISCUSSION
This study is particularly significant because there have been few other studies that
have researched this region of the forest-tundra ecotone, and it was conducted in hopes of
contributing to a better understanding of climate-growth relationships of trees in northern
forests. The findings from tree-ring samples of both black and white spruce from the site
along Snare Lake demonstrate that there have been noticeable changes in growth trends
within the last century, and possibly greater growth variability in white spruce than black
spruce. However, analysis of the data shows there are either no correlations or weak
correlations in climate-growth relationships between summer climate trends and species
growth trends. This suggests local environmental factors other than summer average
temperature and precipitation (such as species competition, forest disturbances, soil
moisture/nutrients, etc.) may also influence the growth of these species.

4.1. INTERPRETATION OF RESULTS
4.1.1. Growth Trends Over Time and Between Species
4.1.1.1. Analysis of Raw Data
Initial analysis of the raw ring width data (before standardization) shows
significantly more ring width variation across all white spruce samples (Figure 3(b)),
especially in recent years. Black spruce (Figure 3(a)), however, appears to remain
relatively constant over time. Preliminary examination of these graphs suggests
significant variation around the 1930s in Figure 3(b), as there is an anomaly in the growth
pattern that appears during this time. Figures 3(a) and (b) also emphasize the large range
in ages between samples depths of black and white spruce. This may be as a result of
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different timing in historical seed dispersal or as a result of response to site-specific
conditions; however further research into this would be required for this site.
Measurements also determined that these white spruce samples have, on average, larger
raw ring widths than black spruce. Figure 4 was created to further analyze the trends and
variability throughout the growth of each species. This graph organizes the ring widths by
age (so that they are all aligned by their first year of growth), which allows for easier
analysis of their growth trends over time. It shows there is a stronger, more distinct
negative exponential trend in the black spruce, whereas the white spruce shows more
variability and therefore a weaker negative exponential trend. This negative exponential
trend is important because it shows how the tree is growing, as the initial years of growth
in a tree typically have the widest rings due to high rates of growth. They get thinner with
time because there is a greater circumference for cells to grow around (Speers, 2010).
This distinct negative exponential growth trend in black spruce suggests additional
environmental factors at this particular site are supporting the growth of this species,
however is causing the white spruce to experience instability throughout its growth.
4.1.1.2. Analysis of Standardized Data
Once the data was standardized to remove the age variability, each species’ ring
widths were compared through a chronology of ring width indices (RWI). Figure 5 (a and
b) and Figure 6 both emphasize the differences and similarities between growth trends of
black and white spruce. These graphs show a distinct change in growth trends, in which
two noticeable periods can be distinguished. Though white spruce has a longer
chronology than black spruce, during the 18th century, the growth trends between each
species were almost identical in terms of their RWI values and their actual growth
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patterns. However, both species showed changes in more recent years (just after the
1900s) and are do not grow as similarly as they used to. From the early 1900s to 2015
there were significant growth changes in both species. Figure 7 and results from the
Pearson correlation test emphasize these trends found in each time period, confirming
there is a stronger relationship in growth trends between species from 1800 to 1900 than
from 1900 to 2015. The RWI values of white spruce began to decrease into recent years
just after the 1950s and actually showed weaker growth trends than black spruce in recent
years. This is also seen in the study by Wilmking et al. (2004), where it was apparent
from their RWI chronologies that they found similar growth trends for white spruce. Both
of their study sites showed a decrease in growth around the same time period as the white
spruce in my study, and, after an initial small increase, continued to decrease in recent
years (Wilmking et al., 2004). Another study found similar trends in white spruce growth
at a site in Nunavut, however found that white spruce ring widths increased at a site in the
Northwest Territories (D’Arrigo et al., 2009).
Black spruce, in contrast, showed a noticeable decrease during the 1920s in RWI
values until around the 1950s, when it started increasing growth in recent years, which
contrast the results of other studies. Trindade et al. (2011), for example, found that black
spruce and white spruce shared similar growth patterns until 1920 to 1950, where black
spruce rings widened while white spruce rings narrowed – results opposite to those in my
study.
The diagnostic output generated through COFECHA (interseries correlation,
autocorrelation and mean sensitivity) further examines the growth trends between
species. The "correlation with master" (which measures the interseries correlation of each
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series to the master chronology) determines which series are most accurately correlated
with the master, and are typically series with values >= 0.5 (Grissino-Mayer, 2001). The
average "correlation with master" was higher in white spruce than in black spruce
chronologies, despite the variability seen in both raw ring width values and in RWI
values for white spruce.
The autocorrelation (AC) value indicates how much the previous year of growth
has influenced the current year of growth (ITRDB, n.d.). Between white and black spruce
chronologies, the mean autocorrelation value was higher in black spruce. Higher AC
values suggest that there is more energy stored and therefore carried over to initiate new
growth in the following growth season, as a result the trees physiological responses
creates a ‘lag’ response to climate (ITRDB, n.d.; Richard, 2014). Therefore there may be
some other factor that is benefiting the growth of black spruce more than in white spruce,
which is promoting growth during the spring months (Wilmking et al., 2004).
The mean sensitivity determines the successive year-to-year ring width variability
within a sample (Maxwell, 2010). Though both are within the 'intermediate value' range
(Grissino-Mayer, 2001), black spruce had a slightly higher mean sensitivity than white
spruce, suggesting it is more sensitive to potential environmental influences.
These statistical outputs coincide with results seen in the Trindade et al. (2011)
study, where mean sensitivity and autocorrelation was higher in black spruce, but
interseries correlation was higher in white spruce, suggesting that white spruce may have
a stronger climate signal.
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4.1.2. Influence of Climatic Factors on Growth
Based on the presented results, it is difficult to draw conclusions from the tested
climate variables (summer temperature and precipitation), and if they actually have an
influence on tree growth (Table 1; Figure 7). Since white spruce does not have significant
correlations within the time periods that were tested, it is not possible to draw
conclusions on the relationship between tree growth and climate trends. However, studies
conducted within the forest-tundra ecotone in other northern regions found climategrowth responses in white spruce populations, similar to the RWI trends found in this
study. A study conducted by Griesbauer and Green (2012) analyzed tree ring data from
white spruce across Yukon. They found that in some regions white spruce growth
responded negatively to summer maximum temperatures. Wilmking et al. (2004)
examined white spruce responses to climate at the treeline in two location in Alaska, and
found both positive and negative responses, and determined that high summer
temperatures decreased their growth overall. Though correlation tests for climate-growth
trends in this study were not significant, a decrease in the white spruce RWI values in
recent years were still observed; a result that was found in both of those studies
(Wilmking et al., 2004; Griesbauer & Green, 2012). This suggests another factor is
causing this decline in growth, however it is not as a result of changes directly found in
temperature or precipitation. Based on these supporting studies and the decrease in
growth trends they also found, a link between climate influences on white spruce growth
is possible. For example, white spruce may be experiencing a decline in growth as a
result of drought-related stress, which is leading to a decrease in soil moisture; a variable
indirectly caused by increasing temperatures (D’Arrigo et al., 2009). Further research in
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this particular area of the Northwest Territories would need to be conducted on both
climate trends and other environmental factors.
However, results from this study show that black spruce growth is influenced by
climate. Positive correlations were significant with both summer temperature and
precipitation during 1901 to 2010, though there was a stronger correlation with
temperature. That being said, when correlation tests were ran for separate time periods,
the climate-growth trends changed; black spruce had a weak correlation with temperature
during 1920-1960, and again a weak relationship with precipitation during 1960-2010.
This is initially surprising, as black spruce typically prefer wetter, colder environments,
but these results show a response to the increase in temperature and a decrease in
precipitation (NWT, n.d.). This may not actually be linked to current climate trends, as
additional information for the site (such as soil moisture and soil temperature) were not
taken into consideration. Other studies have also found similar trends in black spruce
growth, especially in recent years. Wolken et al. (2016) conducted a study on site level
radial growth responses to climate in Alaska from 1949-2010 and found that, while ring
width and temperature correlation were negative, ring width positively correlated with
precipitation. These are similar findings to the results in this study, in that results for
climate-growth correlations during a similar time period were not significant for the
relationship between black spruce ring width and temperature, however there was a
positive correlation with black spruce ring width and precipitation. In another study,
Girardin et al. (2015) used tree-ring data from Canada's National Forest Inventory to
research the impact that a warming climate may have on black spruce forest productivity
across Canada starting in 1971 (as well as made predictions up until 2100). They found
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significant variability in black spruce growth in recent years (likely as a result of limited
soil moisture), something that was also found in this study. The fact that both of these
studies saw similar trends in black spruce growth as the trends found in this study suggest
that climate change is influencing tree growth at a larger scale.

4.3. FUTURE STEPS
To further this study, an analysis of “pointer years” would be a valuable way to
collect more information relating extreme environmental changes that have occurred in
the past to possible variables that could cause abrupt responses in tree growth patterns
(Elferts, 2007). Pointer years can be used as ecological indicators, providing data of tree
responses to specific and extreme events (van der Maaten-Theunissen, et al., 2015).
These particular rings stand out from the rest as they are notably wider or narrower treerings compared to those rings preceding and following them, and can be used to identify
environmental influences (such as extreme temperature or moisture changes) at broad,
regional and local scales (Elferts, 2007). Such pointer years can be examined through the
R package “pointRes”, which calculates, identifies and plots extreme ring widths in a
series, through the use of normalization in a moving window or by relative growth
change (van der Maaten-Theunissen, et al., 2015). Though the stage of testing for pointer
years was not reached, there were notable ring widths that stood out throughout the
process of this study while counting rings and examining plots. Two distinguished years,
both of which were significantly thinner than surrounding rings, included 2007 and 1939.
When these years are visually compared to the climate data (Figure 6), it appears as
though the dramatic drop in temperature around the late 1930s could have influenced the
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growth of the tree during 1939. It is difficult, however, to determine from this graph if
either of the climate variables influenced the abrupt change in ring width during 2007.
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5. CONCLUSION
This study was conducted in hopes of contributing towards a better understanding
of the boreal forest-tundra ecotone, and to look further into the role that climate change
may have on the overall functioning of this ecosystem. While there have been few studies
conducted in this particular area of the northern forest, this study can relate to similar
findings of other studies done in other regions, where changes in growth for both black
and white spruce were observed (Wilmking et al., 2004; D’Arrigo et al., 2009;
Griesbauer & Green, 2012).
Tree growth research in the forest-tundra ecotone is important because it expands
our knowledge on how the influence of climate change on tree growth in northern forests
may affect the overall functioning of this ecosystem. Changes in northern forest
dynamics will likely lead to changes in other ecosystem services, such as an increase in
carbon uptake by trees as a result of an increase in temperature, affecting the future
carbon storage and atmospheric CO2 concentrations (Barber, et al., 2000). In addition, it
is important to consider the other environmental factors that could affect the growth of
trees in these northern regions, for example reduced growth as a result of limited soil
water availability (Girardin et al., 2016).
In conclusion, climate does appear to be a prominent variable influencing
(directly and indirectly) the growth of trees in the boreal forest-tundra ecotone. Future
research in this field will be required to fully understand this ecosystem, as the response
of trees due to a changing climate is much more complex and dynamic than simply just a
warming climate resulting in an increase in tree growth.
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6. SUMMARY OF MAIN POINTS
1. White spruce is older than black spruce and has on average slightly larger rings
2. Raw ring widths show stronger negative exponential trend in black spruce, while
a weaker trend in white spruce suggests greater variability
3. RWI chronologies show black spruce has increased in growth in recent years
while white spruce has decreased
4. Variability during the mid-1900s suggests influence from climate trends
5. Correlation tests were significant for black spruce ring width relationships with
climate observations (summer temperature and precipitation) during 1901-2010.
There were no significant correlations between ring width and summer climate in
white spruce.
6. Correlation tests were significant for black spruce ring width relationships with
summer temperature during 1920-1960. There were no significant correlations
between ring width and summer climate in white spruce.
7. Correlation tests were significant for black spruce ring width relationships with
only summer precipitation during 1960-2010. There were no significant
correlations between ring width and summer climate in white spruce.
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9. APPENDIX A: COFECHA Output
This table is Part 7 (Descriptive Statistics) of the diagnostic output of COFECHA
for Black Spruce (38) and shows the Correlation with Master, Autocorrelation, and Mean
Sensitivity.
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This table is Part 7 (Descriptive Statistics) of the diagnostic output of COFECHA
for White Spruce (36) and shows the Correlation with Master, Autocorrelation, and Mean
Sensitivity.
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10. APPENDIX B
Sample codes for the R Script used in Rstudio to create figures and analyze the
data throughout the report, using Black Spruce as an example.
----------------------------------------------------------------------------------------------------------library(dplR)
library(gridExtra)
library(tidyverse)
library(ggplot2)

#FIGURE 3 - SPAGHETTI PLOT
SLBS <- read.rwl(file.path("00-SLBS_MASTER_GOOD.RAW"))
plot(SLBS, plot.type = "spag")

#FIGURE 4 - AGE RING WIDTHS [BOTH SPECIES]
SLBS.df <- SLBS %>%
mutate(Year = as.numeric(rownames(.)),
Species = as.factor("PM")) %>%
tbl_df() %>%
gather(key = "Series", value = "RW", -Year, -Species) %>%
filter(!is.na(RW))
SLBS.age <- SLBS.df %>%
group_by(Series) %>%
mutate(Year = as.numeric(as.character(Year)),
OldYr = min(Year),
Age = Year - OldYr)
ggplot(data = SL.age, aes(x = Age, y = RW)) +
geom_line(aes(group = Series), alpha = 0.23) +
facet_grid(Species ~ ., scales = "free_y") +
geom_smooth(colour = "red") +
theme_bw()

#FIGURE 5 - RWI CHRONOLOGIES
SLBS.chron <- chron(SLBS.rwi, prefix = "SBS")
plot(SLBS.chron)
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#FIGURE 6 - CHRONOLOGY 1650-2015 [BOTH SPECIES]
SLWS.chron.df <- SLWS.chron %>%
mutate(Year = as.numeric(rownames(.)),
species = as.factor("PG")) %>%
tbl_df() %>%
rename(RWI = SWSstd)
SLBS.chron.df <- SLBS.chron %>%
mutate(Year = as.numeric(rownames(.)),
species = as.factor("PM")) %>%
tbl_df()%>%
rename(RWI = SBSstd)
SL.chron <- SLWS.chron.df %>%
bind_rows(SLBS.chron.df)
SL.chron.split <- SL.chron %>%
filter(Year >= 1650, Year <= 2015)
ggplot(data = SL.chron.split, aes(x = Year, y = RWI, colour =
species)) +
geom_line() +
theme_bw()

#FIGURE 7 - RWI SCATTER PLOT [BOTH SPECIES]
both.chrons <- SLBS.chron.df %>%
bind_rows(SLWS.chron.df) %>%
gather(key = "measure", value = "val", -Year, -species) %>%
spread(key = species, value = val) %>%
rename(SWSstd = PG, SBSstd = PM) %>%
gather(key = "species", value = "val", -Year, -measure) %>%
spread(key = measure, value = val) %>%
group_by(species) %>%
filter(samp.depth >= 5) %>%
select(-samp.depth) %>%
spread(key = species, value = RWI) %>%
mutate(time.period = cut(Year, breaks = c(1799, 1900, 2016),
labels = c(1800, 1900), right = F))
ggplot(both.chrons, aes(x = SWSstd, y = SBSstd, shape = time.period,
colour = time.period)) +
geom_point(size = 1.5, alpha = 0.75) +
geom_abline(intercept = 0) +
scale_colour_brewer(palette = "Set1") +
ylim(0.4, 1.6) +
xlim(0.4, 1.6) +
ylab("Ring Width Indices (BS)") +
xlab("Ring Width Indices (WS)") +
theme_bw()
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#FIGURE 8 - CLIMATE DATA
ggplot(data = SL.climate, aes(x = YEAR, y = SUMMER, colour = Obs)) +
geom_line() +
facet_grid(Obs ~ ., scales = "free_y") +
scale_colour_brewer(palette = "Set2") +
geom_smooth(size = 0.60, colour = "red") +
theme_bw()

#FIGURE 9 - RING WIDTH/CLIMATE SCATTER PLOTS [BOTH SPECIES]
PGT <- ggplot(data = SL.CLIM, aes(x = meanT, y = WS)) +
geom_point(size = 1) +
geom_smooth(method = "lm", se = FALSE) +
theme_bw()
PGP <- ggplot(data = SL.CLIM, aes(x = ppt, y = WS)) +
geom_point(size = 1) +
geom_smooth(method = "lm", se = FALSE) +
theme_bw()
PMP <- ggplot(data = SL.CLIM, aes(x = ppt, y = BS)) +
geom_point(size = 1) +
geom_smooth(method = "lm", se = FALSE) +
theme_bw()
PMT <- ggplot(data = SL.CLIM, aes(x = meanT, y = BS)) +
geom_point(size = 1) +
geom_smooth(method = "lm", se = FALSE) +
theme_bw()
grid.arrange(PGT, PMT, PGP, PMP, ncol=2, nrow=2)
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