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Abstract 

Tree growth in sub-humid forests is influenced by environmental conditions that may 

differ across local topographic gradients. My study investigated how the growth of two 

conifer species (Pinus contorta var. latifolia and Picea glauca) varied across a range of 

habitats in a water-limited island forest landscape in western Canada. Historical 

precipitation from 1951-2016 had a positive overall effect on annual radial growth (as 

measured by tree rings), but the magnitude of this effect varied with proximity to a 

permanent water source and tree size. Mean annual precipitation had a greater positive 

influence on the growth of larger trees and on those growing far from water sources, a 

weaker positive effect on both species at intermediate distances from water, and the 

weakest influence on P. glauca trees growing close to water sources. These results 

indicate that tree growth rates may change if there is greater inter-annual variability of 

precipitation under climate change, though the magnitude and direction of these 

responses could be quite variable. The processes involved in tree growth and 

development can affect seasonal patterns of radial growth and wood density, which 

change across both space and time. I statistically partitioned the variation in four separate 

measures of growth (earlywood width, earlywood density, latewood width, and latewood 

density) across years, plots, and trees. Both ring width and wood density were more 

variable among individuals within sampling plots than they were among plots or between 

years. Most pairs of growth variables were positively correlated across years and 

individuals in the two species, but correlations between growth variables were mostly 

uncertain across sampling plots. An exploratory analysis revealed a number of tentative 
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associations with environmental variables: temperature had a negative relationship with 

growth and latewood density; precipitation had a negative relationship with earlywood 

density; P. glauca growth was highest in aspen-dominated stands; P. contorta growth 

was negatively related to plot basal area; height and diameter had positive relationships 

with growth; age and slenderness had negative relationships with growth. A better 

understanding of variation in tree growth and wood density may lead to new insights into 

how wood production responds to environmental factors in a changing climate.  
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Chapter 1: Tree growth and development morphology changes with aridity induced 

water stress  

Forest ecosystems are vital to the health and survival of all interconnected systems 

providing services. These ecosystems filter water, store carbon, buffer against natural 

disasters, and provide essential crop pollinators (Nasi, et al 2002). We depend on forests 

for provisioning services as well, including timber for shelter, pulp for paper, and game 

species for food. Trees rely on multiple water sources for growth, including groundwater, 

surface water, and precipitation. Water-limitation occurs when there is a negative water 

balance in a region from the lack of water input or net losses through evapotranspiration 

and outflow. As the climate shifts with temperatures increasing and a more extreme 

climate for ecosystems across the globe (Allen et al., 2014; NOAA, 2018), it is essential 

to understand forest growth and development in water-limited regions. I sought to 

understand the relationships between tree growth and development with different 

morphological characteristics in a water-limited forest landscape over the years. My first 

objective was to determine the effect of precipitation on annual tree radial increments and 

the variability based on species, size, and creek proximity. Secondly, I sought to quantify 

the variance and correlations between earlywood and latewood measures of seasonal 

radial growth and density across years, plots and individual trees. I then determined how 

the variation in growth and density related to environmental variables on the three scales 

under study.  
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The Cypress Hills region in Alberta and Saskatchewan can be used as a model for 

studying effects of moisture limitation on forests. It is isolated from the surrounding 

prairies by an elevation change that also isolates it from other forests. The Cypress Hills 

were elevated to a point above the most recent Wisconsin Glaciation line as the only 

location in Canada East of the Rocky Mountains that was not invaded by the ice sheet 

(Leckie and Cheel, 1989). This elevation was previously assumed to be formed by the 

Rocky Mountain uplift, but the soil and bedrock structure is that of the surrounding 

prairie. Since the Cypress Hills straddle the South Saskatchewan and Missouri River 

basins (Statistics Canada, Environment, Energy and Transportation Statistics Division, 

2009), the area was never eroded away and protected from the glaciation keeping the hills 

elevated even more above the surrounding prairie. We can use this forest landscape to 

study growth patterns across a range of habitats and species of trees. The relatively dry 

conditions found here could be an example for how other forests could potentially 

respond to an altered climate. 

 

The Cypress Hills are a sub-humid to semi-arid montane to boreal forest that is isolated 

as a forest island surrounded by prairies. The expected climate shifts for Northwestern 

North America are expecting more deviation from climate norms, or extremes especially 

in temperatures and precipitation, based on projections from Intergovernmental Panel on 

Climate Change (Allen et al., 2014) and National Oceanic and Atmosphere 

Administration (NOAA, 2018). The area has experienced recent weather trends that 

could indicate the start of future climate shifts, including increasingly variable 
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precipitation and increasing maximum temperatures (Fig. 1.1 and 1.2). Minimum 

temperatures for the area have not seen the same extent of warming trends (Fig. 1.2). 

These trends indicate that the Cypress Hills are getting hotter and could become drier as 

there could be longer periods between precipitation events. These changes could be cause 

for alarm if the area continues to become more arid until severely dry summers produce a 

shift to grassland from forest. If the forests relied solely on summer precipitation as a 

water resource these trends would be particularly concerning, but fortunately snowmelt 

contributes to ground and surface water sources as well.  

 

Trees have both mechanical and anatomical strategies for coping with drought. Coping 

mechanisms can result in either avoidance or tolerance of water stress based on the 

severity of water limitation and the wood anatomy. Trees can mechanically close their 

stomata, or anatomically thicken water-conducting vascular cells. Tracheids are small 

tapered cells with holes on their sides to allow water to pass through the xylem from the 

roots to the leaves (Pallardy, 2008). Conifers are more drought resistant than deciduous 

trees because their xylem is composed primarily of tracheids, whereas deciduous trees 

incorporate vessel elements with large openings (Pallardy, 2008). Smaller xylem cells 

with smaller openings limit the rate of water transport, which can slow growth in 

favorable conditions but can save an organism under drought. 

 

My two study species, Pinus contorta var. latifolia (Lodgepole pine) and Picea glauca 

(white spruce), thrive in different habitats. P.contorta tend to grow in high elevation 
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habitats with well-drained soils that are generally water limited (Macdonald and Cwynar, 

1991).  P.glauca are commonly found in low elevation, moist habitats that can be limited 

by flooding or soil nutrients (Chinn and Wang, 2016). Both species are conifers with 

xylem composed of 90% tracheids (Irbe et al., 2013). The differences in drought 

tolerance between species are attributable to their xylem characteristics. P.contorta are 

more drought resistant than P.glauca because they have small tracheid lumen areas with 

thick cell walls (Irbe et al., 2013). Both P.glauca and P.contorta have bordered pits, a 

thickened membrane over the opening boundaries between tracheids called a torus 

(Pallardy, 2008). The number of pits, the size of the pit opening, the thickness of the pit 

walls, and the thickness and surface area of the torus determine the drought tolerance of 

the species based on the degree to which the pits can be sealed to avoid leaks and water 

loss. The pit areas become smaller and cover less tracheid area after the seasonal 

transition from earlywood to latewood. P.contorta is a hard pine that has small pit areas 

with thick pit walls and thick torus membranes to seal the pits when there is a pressure 

difference between two tracheids (Irbe et al., 2013). The xylem of P.glauca tends to have 

larger pit openings and many pits along the tracheids, allowing for faster water transport 

but less drought resistance (Pallardy, 2008). Both species have similar xylem structures 

but change the distribution of their growth tissue based on the drought threat. These 

conifer species may have different relationships between wood production and 

precipitation when their site-specific habitat characteristics are taken into account (Foster 

et al., 2016).  
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1.1.1 Dendroecophysiology 

Dendrochronology is the study of the rings produced by trees’ annual growth. Tree rings 

are separated seasonally into earlywood and latewood, the annual and seasonal widths of 

which can be accurately dated and crossdated with other pieces of wood (Grissino-

Mayer, 2001). Crossdating is straightforward when trees respond to environmental 

pressures in the same manner, but becomes more challenging when there is individual 

variation across a forest stand or landscape. Once the rings from a set of trees have been 

dated, radial growth trends can be combined into a chronology, or pattern of growth for 

the area. When creating a chronology age-related changes in ring widths are statistically 

removed, and the remaining signal is assumed to be mediated by climate, competition, or 

disturbance factors (Cook and Kairiukstis., 1990). Individual factors related to tree size 

and height are usually ignored, but inferred climate relationships could be more accurate 

if these were taken into account. The resulting chronologies can be used to answer 

questions related to the effects of size, habitat, and climate on annual growth. 

 

In addition to annual and seasonal measures of radial growth, tree rings also provide 

information on characteristics such as wood density. The structure of a tree ring depends 

on how assimilated carbon is allocated. Rings with large cell areas generally have thin 

cell walls, but in smaller cells the cell walls can be thicker. Thick cell walls can sustain 

water transport from roots to leaves even under strong negative water potentials. Thin cell 

walls and large cell areas support fast water transport, but only when the plant is under 

ideal conditions as water stress would cause cavitation or vascular collapse. Relationships 
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between cell wall thickness and drought stress likely vary between species, either because 

of their unique growth environments or because of other anatomical differences. Both 

conifers in my study have straight grains and soft wood, but their xylem cells could have 

different amounts of lignin, a cell wall compound that produces dense wood. Hormonal 

signals also affect wood density as latewood is denser than earlywood. Environmental 

changes may be important as well, with sudden drought resulting in lower wood density 

(Rosner et al., 2014). 

 

1.1.2 Thesis organization 

In this thesis, I sought to understand how different morphological features influence the 

response to precipitation and determine the scale of variance on tree growth and 

development in a water limited forest landscape. In 2015-2016 I collected a set of tree 

cores and associated data from across Cypress Hills Interprovincial Park in Alberta and 

Saskatchewan. Chapter 2 uses this data to determine how the effect of precipitation on 

annual tree radial growth varies with species, tree size, and creek proximity across a 

water-limited landscape. In Chapter 3, I estimate relationships between earlywood and 

latewood width and density, and their associations with environmental variables, at 

different spatial and temporal scales. The main objectives for these two chapters were (1) 

determine the effect of precipitation on annual tree growth varying by species, size, and 

water proximity; and (2) quantify the variation of earlywood and latewood width and 

density across years, plots, and individual trees to ultimately determine how the variation 

is related to environmental variables. Understanding tree growth and development 
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varying by habitat, with different water pressures and different individual tree 

characteristics will lead to uncovering the dynamic relationships trees have in forests.  
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Fig. 1.1: Total annual precipitation for the Cypress Hills based on interpolated 
weather data from 1951-2016. Raw precipitation data was collected from the nine 
closest weather stations to the Cypress Hills, missing data was estimated, and then 
triangulated for the centroid of all sampling locations.  
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Fig. 1.2: Mean annual maximum and minimum temperatures for the Cypress Hills 
based on interpolated weather data from 1951-2016. Raw temperature data was 
collected from the nine closest weather stations to the Cypress Hills, missing data 
was estimated, and then triangulated for the centroid of all sampling locations.
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Chapter 2: Variation in tree growth sensitivity to moisture across a water-limited 

forest landscape  

2.1 Abstract 

Water availability acts as a major constraint on productivity in many sub-humid forest 

regions. Precipitation can be an important limiting factor for tree growth in such areas, 

but the strength of the relationship can vary by habitat and species, as well as with tree 

size and local hydrology. I quantified the influence of past weather conditions on the 

growth of two conifer species (Pinus contorta and Picea glauca) across a water-limited 

forest landscape in western Canada. The two species differ in moisture requirements and 

are segregated across a local elevational gradient, and so I expected them to exhibit 

different sensitivities to precipitation. I also expected that larger trees and those more 

distant from creeks would have a stronger response to precipitation. A hierarchical 

Bayesian model fit to the annual ring widths of 387 trees showed that historical 

precipitation from 1951 to 2016 had a positive overall effect on radial growth. The 

magnitude of precipitation effects on radial tree growth varied with creek proximity (a 

proxy for the soil moisture provided by an elevated water table in the valley bottom) and 

tree size. Precipitation had a greater positive influence on the growth of larger P. glauca 

trees, as well as individuals of both species at far and intermediate distances from creeks. 

Precipitation had a weaker but still positive effect on P. glauca trees growing close to 

creeks. Tree growth rates may change with the predicted greater inter-annual variability 

of precipitation under climate change, but the magnitude of these responses appear to 

vary by species, size, and creek proximity. Overall changes in tree growth are expected to 
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be relatively small as trees are well-adapted to cope with the variation in water 

availability across a moisture-limited landscape.  

 

2.2 Introduction 

In many sub-humid regions, forest productivity is constrained by the availability of water. 

Low precipitation is often associated with smaller tree growth increments in such areas 

(Chhin et al., 2008; Hughes, 2011), which in turn corresponds to slower biomass 

accumulation and carbon sequestration (Foster et al., 2016). Inadequate water availability 

may also lead to drought-induced tree mortality (Bigler and Bugmann, 2003), post-

disturbance regeneration failure (Galiano et al., 2010), and ultimately shifts in the 

geographic distribution of tree species and forest biomes (Hogg and Bernier, 2005). 

Relationships between the performance of individual trees and water availability are thus 

important to understanding the effects of past, present, and future climate on the structure 

and function of forest ecosystems.  

 

Tree growth strategies in water-limited areas vary with the regional climate. For example, 

trees in seasonally cold boreal to subalpine forests do not have access to water in winter, 

but exhibit rapid growth in spring during snow melt (Szeicz and MacDonald, 1996). In 

Mediterranean climates, water is provided by seasonal precipitation in the winter, but is 

very limited in the dry, hot summer. Trees growing under each climate type initiate 

growth in the spring by absorbing winter precipitation, and also respond to summer 

precipitation when water is limited (Ruiz-Labourdette et al., 2014; Pacheco et al., 2015). 
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In some areas of North America, including the Northern Great Plains, tree growth is 

limited by both winter freezing and summer water availability as precipitation levels vary 

from year to year (Sauchyn et al., 2003). In these different water-limited environments, 

trees adopt seasonal water-use strategies and exhibit rapid responses to available 

moisture.   

 

Within a given region, responses to water availability may vary with tree size. Larger 

organisms need more resources to survive, and therefore, they may be more sensitive to 

the effects of precipitation on bioavailable soil moisture (Chhin et al., 2008; Meyer and 

Bräker, 2001). With their greater height, large trees also require higher levels of soil 

moisture to overcome a more negative gravitational water potential and transport water to 

their crowns (Woodruff et al., 2004). At the same time, large trees have more extensive 

root systems that may allow them to take up soil moisture over a larger area or from 

deeper soil layers than smaller trees (Brassard et al., 2009). Depending on the water 

availability and the belowground water uptake strategy of the species, either large or 

small trees could have a greater growth response to precipitation (Brassard et al., 2009; 

Strong and Roi, 1983). Evidence to date is mixed, with some studies finding larger trees 

to be more sensitive to climate variables impacting available moisture than smaller trees 

(Chhin et al., 2008; Mérian and Lebourgeois, 2011), and others that smaller trees have the 

strongest climate signal (De Luis et al., 2009).  
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Local topographic and hydrological features can affect the sources and availability of 

water for tree growth. Trees growing in high elevation sites may receive more orographic 

precipitation on the windward side, but also experience faster drainage than lower 

elevation sites. Lower elevation sites could receive runoff and are likely to have a higher 

water table. As a result, high elevation stands tend to be more sensitive to water 

availability from precipitation, while low elevation stands do not respond as strongly to 

annual weather (Splechtna et al., 2000; Liu et al., 2018). However, trees growing in 

mountainous terrain have shown the opposite pattern, with low elevation sites impacted 

by precipitation and high elevation sites limited by temperature (Miyamoto et al., 2010). 

In addition, creeks and other forms of surface water are likely associated with a high 

water table that may provide a continuous source of soil water. All of these features may 

affect the extent to which trees rely on precipitation as a primary water source, and 

therefore the sensitivity of their radial growth to annual precipitation.  

 

A clearer understanding of geographic, topographic, and ontogenetic variation in tree 

growth responses to precipitation would help in anticipating future changes in the 

structure, composition, dynamics, and productivity of water-limited forest regions. In this 

context, I sought to answer the following research question: how does the effect of 

precipitation on annual tree radial growth vary with species, tree size, and creek 

proximity across a water-limited landscape?  
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2.3 Methods 

2.3.1 Study area 

This study was conducted in the Cypress Hills, an elevated region on the southern 

Alberta-Saskatchewan border in western Canada that supports a mix of forest and 

grassland vegetation (Fig. 2.1). The region spans elevations of 1119-1421 m above sea 

level, has a mean annual temperature of 4.3 °C, and receives an average of 443 mm of 

precipitation per year. The amount of precipitation that falls on the Cypress Hills varies 

from year to year, with summer drought (conditions two to four times drier than normal) 

occurring every 20-25 years (Sauchyn and Skinner, 2001). The region is considered to be 

moisture-limited, as annual tree growth was positively correlated with precipitation in a 

number of previous studies (Sauchyn and Skinner, 2001; Sauchyn, et al., 2003; Kerr, 

2014; Sauchyn and Kerr, 2016).  

 

The Cypress Hills region has historically been surrounded by shortgrass prairie 

vegetation, but a mix of grassland and forest ecosystems occur at the higher elevations 

there due to greater precipitation, lower temperatures, and fertile soil (Newsome and Dix, 

1968). The main tree species include white spruce (Picea glauca), lodgepole pine (Pinus 

contorta), balsam poplar (Populus balsamifera), and trembling aspen (Populus 

tremuloides). A provincial park was established in the Cypress Hills in 1951, but the 

Cypress Hills Forest Reserve has protected an area of 492 km2 across Alberta and 

Saskatchewan since 1911 (Parks Canada, 2017). The park has allowed cattle grazing 
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since 1920. The most recent fires that went through the entire park were in 1886 and 

1889; there was also another localized fire in 1934 (Parks Canada, 2017).  

 

2.3.2 Tree core sampling 

In 2015 and 2016, I collected 529 increment cores from 387 trees in 49 forest stands 

using standard dendrochronological methods (Speer, 2012). Sites were stratified by both 

elevation and species composition, and spanned a total east-west distance of 78 km (Fig. 

1). An average of seven trees were cored from each site, of which about half were from 

trees >30 cm DBH and the rest from trees 7.5-30 cm DBH. I collected cores from both P. 

glauca and P. contorta trees. P. contorta predominantly occurs in high-elevation, well-

drained habitats as the species is drought tolerant but shade intolerant (Macdonald and 

Cwynar, 1991). Shade-tolerant P. glauca trees are commonly found at lower elevations 

and on floodplains, where soil moisture levels tend to be higher (Chhin and Wang, 2016).  

 

I used the software package WinDENDRO version 2014d (Regent Instruments Inc., 

2014) to measure ring-widths by identifying boundaries between latewood and the less 

dense (lighter tone) earlywood of adjacent growth years. I grouped the core 

measurements by species, manually cross-dated them in WinDENDRO to align common 

growth years, then validated the time series using the program COFECHA (Grissino-

Mayer, 2001). The trees ranged from 10-130 years of age, but I retained growth years 

only from 1951 onwards to coincide with the available weather data. 
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2.3.3 Environmental data 

I obtained monthly precipitation data from 1951-2017 from the nine closest Environment 

Canada weather stations, which were all within approximately 200 km of the study area. 

Missing precipitation measurements were imputed from the data available at other 

stations using a multivariate normal probability distribution and statistical bootstrapping 

technique with the R package Amelia II (Honaker, King and Blackwell, 2011). I then 

used inverse distance weighting to estimate total precipitation for the centroid of the 

study area in each growth year (September of one year to August of the following year). I 

calculated precipitation for each growth year based on the growing season rather than the 

calendar year since it more closely aligned with the period over which each ring was 

produced. The growing season also included the previous winter to include moisture 

accumulated from spring snowmelt (Fritts, 1974). 

 

I derived a categorical proxy measure for soil moisture regime based on each site’s 

proximity to the nearest creek and its elevation, since permanent streamflow implies the 

presence of groundwater near the surface. “Close” sites (n=12) were defined as those that 

were either ≤90 m from the nearest creek or at ≤1170 m elevation. “Far” sites (n=17) 

were defined as those that were either >390 m from the nearest creek or at >1390 m 

elevation. All remaining sites, which were at intermediate distances and elevations, were 

defined as “medium” (n=20). P. glauca cores were obtained from all three site categories, 

but P. contorta cores were not obtained from close sites as the species is generally not 

found at lower elevations in this area.  
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2.3.4 Statistical modeling 

I developed and fit a hierarchical Bayesian model for each species to predict the influence 

of precipitation on inter-annual variation in ring widths. I modelled ring width 

measurements (w) as log-normally distributed random variables with a log-scale mean µ 

and standard deviation σ, both of which were estimated as functions of precipitation (P, 

monthly mean over the growing year in mm), tree diameter (D, DBH in cm), and creek 

proximity category. To remove long-term trends in w within each core, I first fit thin-

plate splines to each core’s time series of ring width measurements. I included predictions 

from these splines (𝑤) in the model for µ, such that the influence of P on ring width acted 

on the residual variation around each core’s long-term growth trend. The resulting model 

for µ was: 

 

𝜇 = 𝑏! + ln (𝑤)+ [𝑏!"#$ + 𝑏! ∙ 𝑙𝑜𝑔!(
𝐷
20)] ∙ 𝑙𝑜𝑔!(

𝑃
36)+ 𝑏!"#$ 

 

where each subscripted b represents an estimated model parameter. The model thus 

predicts mean log-scale growth from a model intercept (b0), a detrending spline, effects 

of precipitation that depend on the site category and tree diameter, and an overall year 

effect (byear) that applies across all cores. Both D and P are divided by values close to 

their respective means to aid model fitting. The effects of P on ring widths can be 

interpreted from the estimated values of bsite and bD: bsite indicates how much a doubling 
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of P affects relative growth within each site category; and bD indicates how the response 

to P changes with each doubling of diameter.  

 

I developed a model for σ to describe how the amount of unexplained variation in ring 

width changes with D, P, and site category: 

 

𝜎 = exp 𝑐!"#$ + 𝑐! ∙ 𝑙𝑜𝑔!
𝐷
20 + 𝑐! ∙ 𝑙𝑜𝑔!

𝑃
36  

 

where each subscripted c represents an estimated model parameter. The model uses an 

exponential function to ensure the resulting combination of predictor terms yields values 

for σ that are strictly positive. Estimates for σ were converted to a residual coefficient of 

variation (CV) using the equation: 

 

𝐶𝑉 = exp 𝜎! − 1 

 

 

In addition to models based on precipitation, I also considered models in which I 

substituted other weather variables and moisture indices for P. Models based on mean 

annual temperature, Standardized Precipitation Evapotranspiration Index, Palmer 

Drought Severity Index, and a climatic moisture index (annual precipitation minus 

potential evapotranspiration) all had lower predictive ability than my precipitation 

models, and were not considered further. 
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Bayesian model-fitting requires prior probability distributions that describe the relative 

plausibility of different values for each parameter. To derive informative priors for 

parameters that represent responses to precipitation, I conducted a literature survey and 

identified 29 results from 15 studies of precipitation effects on ring-width in similar 

regions or forest types (Table 2.1). I assigned the reported correlation coefficients from 

each study to one of four descriptive categories, which I interpreted as having 

approximate mean values of r = -0.2, 0, 0.2, and 0.4, respectively. I then used these 

category means to estimate the overall mean and standard deviation of ring-width 

correlations with precipitation among studies. I multiplied both quantities by the ratio 

sd(ln(w))/sd(log2(P/36)) to convert the distribution of correlation coefficients to a 

normally-distributed prior for each bsite parameter. All other parameters had non-

informative Student’s-t priors. The full probabilistic model was thus defined as:  

 

𝑤~𝐿𝑜𝑔𝑛𝑜𝑟𝑚𝑎𝑙(𝜇,𝜎) 

𝑏!"#$~𝑛𝑜𝑟𝑚𝑎𝑙(0.18,0.19) 

𝑏!"#$~𝑛𝑜𝑟𝑚𝑎𝑙(0,𝜎!"#$) 

𝜃~𝑠𝑡𝑢𝑑𝑒𝑛𝑡_𝑡(3, 0, 10) 

 

where θ represents any of the parameters b0, bD, σyear, c0, csite, cD, or cP.  

 



 

20 
 

I fit the model to the ring width data for each species using the R package “brms” 

(Buerkner, 2017). The models for P. contorta and P. glauca were fit to 13 534 and 19 

451 ring width observations, respectively. The two models were run with four Markov 

chain Monte Carlo (MCMC) chains, each of which had 1 250 burn-in samples and 5 000 

post-warmup samples. All parameters were checked for posterior convergence among 

chains.  

 

The predictive accuracy of each model was assessed using Bayesian R2, which measures 

the proportion of the variance explained by a given Bayesian model (Gelman, 2017). I 

also used the Watanabe-Akaike information criterion (WAIC) to compare the goodness-

of-fit of the full model to alternative models that excluded precipitation effects, or that 

excluded both precipitation and year effects.  

 

2.4 Results   

Inter-annual variation in precipitation had a moderate positive effect on the annual 

growth of P. contorta and P. glauca, but this precipitation influence depended on both 

proximity to the nearest creek and (in the case of P. glauca) on tree size (Fig. 2.2; Table 

2.2). The radial growth of trees growing far from creeks was the most sensitive to 

precipitation, with each doubling of precipitation corresponding to a 3-24% increase 

(95% credible interval) in growth for P. contorta and a 10-32% increase in growth for P. 

glauca that were 20 cm in DBH (Fig. 2.3). Trees 20 cm in DBH growing at an 

intermediate distance from the nearest creek exhibited somewhat smaller responses to a 
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doubling of precipitation (0-21% increase for P. contorta; 6-28% increase for P. glauca).  

P. glauca trees 20 cm in DBH growing near creeks had the weakest response to 

precipitation, with each doubling of precipitation resulting in between a 3% decrease and 

a 20% increase in radial growth. Along with these changes in mean radial growth, 

precipitation also affected residual growth variation slightly. For example, the coefficient 

of variation in growth for a 20-cm DBH P. glauca was estimated to be 25-27% under 

normal precipitation (regardless of the creek distance), but fell to 22-23% with a doubling 

of precipitation.  

 

Responses to precipitation slightly increased with tree size for P. glauca, but not for P. 

contorta. Each doubling of DBH increased P. glauca’s sensitivity to precipitation by 2-

4%, such that trees 40 cm in DBH growing far from a creek would experience a 12-41% 

increase in radial growth if precipitation doubled (Fig. 2.4). A doubling of DBH would 

change the sensitivity of P. contorta’s radial growth to precipitation by -1% to 3%. 

Large-diameter trees had slightly less residual variation in growth than smaller ones, with 

each doubling of DBH decreasing the coefficient of variation of growth by about 2%.  

 

The growth models fit the observed data well, with a Bayesian R2 of 0.91 for P. contorta 

and 0.88 for P. glauca (Fig. 2.4; Table 2.3). The high goodness-of-fit was mostly 

attributable to age splines that explained much of the variance in radial growth within 

each core. The full models had the highest Bayesian R2 and the lowest WAIC, indicating 

that they fit the data best (Table 2.2). Excluding precipitation from the model resulted in 
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a poorer model fit according to WAIC, but it did not worsen the Bayesian R2 as effects of 

precipitation were then incorporated into random year effects. Excluding both 

precipitation and year effects led to much worse model fits according to WAIC, and 

marginally lower Bayesian R2 values. The small decreases in R2 indicate that systematic 

changes in the annual growth of all cores (part of which is related to precipitation) 

explains a relatively small amount of the variance that is not accounted for by age splines. 

 

My quantitative summary of related studies (Table 2.1) indicated that trees may be 

expected to exhibit anywhere from a 20% decrease to a 40% increase in radial growth in 

response to a doubling of precipitation (2.5th to 97.5th quantiles of the prior distribution), 

with a positive response more likely than a neutral or negative one. Across different tree 

sizes and creek distances, my results mostly fell in the upper half of this range. While the 

strength of growth responses in the present study varied among trees, the overall effect of 

precipitation was fairly typical of positive responses that have been reported elsewhere.  

 

2.5 Discussion 

Climate affects the local and regional distribution of tree species, as well as their rates of 

wood production. I found that precipitation influenced radial growth rates in a moisture-

limited forest, especially for larger trees and those in drier, upslope habitats (Figs. 2.3, 

2.4). P. contorta responded more strongly to precipitation overall than P. glauca, but P. 

glauca exhibited stronger responses to precipitation when controlling for their proximity 

to the nearest creek (Fig. 2.4). I also found slightly reduced yearly variation in growth as 
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precipitation increased, which further lessened the chance of experiencing low growth in 

years when precipitation was high. Together, my results suggest that precipitation is a 

limiting water source to most trees, but that its effects are moderated in localities where 

water can be obtained from other sources. Annual tree growth appears to be influenced 

by bioavailable soil moisture generated by a combination of ground water, surface water, 

and precipitation.  

 

2.5.1 Factors influencing sensitivity to precipitation 

The climate sensitivity of tree growth typically increases with age (Chhin et al., 2008; 

Mérian and Lebourgeois, 2011). While the sensitivity of P. glauca’s growth to 

precipitation increased slightly with size, that of P. contorta did not (Fig. 2.4). Larger 

trees need more soil moisture to transport water to their crowns and assimilate carbon 

through photosynthesis (Sala et al., 2012). As soil moisture levels decline in dry years, 

these larger trees may be the first to exhibit reduced growth as a result of water stress 

(Ryan et al., 2006). However, the size-based differences in sensitivity to precipitation 

were small when seen at all.  

 

P. contorta and P. glauca responded to precipitation differently, with P. glauca able to 

increase growth rates more than P. contorta in water-limited far sites. The differences in 

precipitation sensitivity between the two species could be related to physiological 

strategies for coping with dry conditions (Sellin, 2001; Ditmarová et al., 2010; Klein et 

al., 2011; Sade et al., 2012) and the rooting depth (Strong and Roi, 1983). Pinus 
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halepensis, which shares the same genus and leaf arrangement as P. contorta, conserves 

water by decreasing stomatal conductance under moderate water stress (Klein et al., 

2011; Sade et al., 2012). For isohydric species such as this one, low soil moisture would 

be expected to affect the growth rates of all P. contorta trees similarly to avoid the risk of 

injury from xylem embolism in years with low precipitation. Conversely, Picea species 

are anisohydric and continue to fix carbon until water stress becomes severe (Sellin, 

2001; Ditmarová et al., 2010). Water stress can lead to damage from xylem embolism in 

anisohydric species, which ultimately impedes growth (Martı́nez-Vilalta and Piñol, 

2002). The risk of embolism is higher in taller anisohydric trees because water within 

their xylem vessels is under greater tension, especially near the top of the tree (Koch et 

al., 2004). This increased risk of embolism may explain why, for P. glauca, larger 

individuals were slightly more sensitive to precipitation than smaller ones. As an 

anisohydric species, P. glauca can respond to precipitation quickly as carbon fixation 

does not shut down completely under water stress. P. glauca has a shallower rooting 

system than P. contorta allowing increased sensitivity to precipitation percolating into the 

soil (Strong and Roi, 1983). 

 

Trees may obtain water either from precipitation or ground water, depending on the water 

table and elevation of their habitat. Although precipitation appears to have a positive 

effect on the radial growth of trees at all distances from creeks, responses to precipitation 

are not as strong for trees located near creeks (Fig. 2.5). In such areas the water table 

around the creek bed likely produces elevated levels of soil moisture. P. glauca can 
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respond negatively to excess soil moisture and stagnant water (American Society of 

Foresters, 1980), as several studies have found that the growth of Picea trees in moist 

sites has a negative relationship with precipitation (Goldblum and Rigg, 2005; Axelson, 

2007; Nöjd et al., 2017). If roots become waterlogged, then the lack of oxygen can limit 

root cell respiration and impede water uptake (Sellin, 2001). If the water stress becomes 

severe toxic reactive oxygen species (ROS) can halt normal water -conducting functions 

(Taiz et al., 2015). While the soil moisture levels near creeks in my study were probably 

not high enough to cause waterlogging, the dampened effect of precipitation in these sites 

shows how climate responses can vary with topography and hydrology across a 

landscape. Trees growing in locations where water can accumulate in the soil appear to 

be less susceptible to annual variation in precipitation than those growing further upslope. 

 

For both species, residual variation in growth decreased slightly with precipitation (Table 

2.2). Growth was expected to become more uniform as trees reach the canopy and 

experience less competition for light (Koch et al., 2004) allowing limiting factors other 

than competition such as nutrients to affect individual growth. The decreased variation in 

growth as precipitation increased suggests that fewer trees may be limited by water 

availability in wet years, and that this leads to somewhat more consistent radial growth 

rates among individuals.  
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2.5.2 Comparisons to other forests 

The relationships with precipitation that I found were fairly typical of those that have 

been reported for mountainous and Mediterranean climates (Table 2.1). Mountainous 

locations are sensitive to precipitation since the trees can grow on thin soils or bare rock 

that does not retain moisture (Chhin, 2008; Chen, 2014). Trees growing in the Cypress 

Hills had similar responses to precipitation in far sites as other water limited forests. 

Mediterranean forests have drastic variation in precipitation between wet and dry 

seasons, so it is not unexpected that tree growth responds strongly to these precipitation 

regimes (Brito et al., 2016). Although the variation in precipitation in the Cypress Hills is 

greater than other forests in North America at the same latitude, the inter-annual variation 

in precipitation here (210-750 mm) is less pronounced than in Mediterranean climates 

(500-2000 mm) (Molinié et al., 2012).  My findings confirm the Nöjd et al. results 

showing that wet sites had a range of correlations to precipitation ranging from 0.02 to -

0.02 while nearby dry sites had a positive correlation ranging from 0.00 to 0.04 (Nöjd et 

al., 2017). Conversely, my results were stronger than those found in the boreal forest in 

Ontario, Canada which had no apparent response to precipitation (Goldblum and Rigg, 

2005).  

 

The sampling design of this study used tree- and site-level information for quantifying 

precipitation effects on growth. This approach differs from that used in many 

dendroclimatological studies, where trees and sites are selected either to have a strong 

climate signal at high elevations without access to permanent water sources, or to have 
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strong relationships with soil moisture where there is a high water table around creeks. 

Reconstructions of streamflow or precipitation in dendroclimatological studies select 

trees, environmental variables, and weather stations that have the strongest correlations 

with one another. By contrast, I used a stratified sampling design to estimate variation in 

the effects of precipitation on individual tree growth in an unbiased manner. The stronger 

relationships observed in large-diameter trees and at locations far from creeks confirm 

that these trees are the most informative ones for reconstructing historical precipitation 

from tree rings.  

 

2.5.3 Conclusions  

The moisture regimes trees experience reflect the influence of regional climate, as well as 

the topography and hydrology of their local habitat. While the overall sensitivity of tree 

growth to precipitation was typical of many other areas, I found that the effects of 

precipitation varied with species, tree size, and the availability of ground water. The 

resulting inter-annual growth fluctuations provide insight into how variable climatic 

conditions can affect wood production and forest dynamics in water-limited areas.  

 

  



 

28 
 

Table 2.1: Reported effects of precipitation on annual tree ring width from previous 
studies conducted on related species and in similar environments.  
Citation Species1 Precipitation  Region Cor2 
Axelson, 2007 Pfl, Pme Winter Western Canada X 
Axelson, 2007 Pfl, Pme Fall Western Canada X 
Axelson, 2007 Pfl, Pme Spring/Summer Western Canada W 

Truettner et al., 2018 Ped, Jos, Ppo, 
Pen Annual Southwestern USA W 

Brito et al., 2016 Pca Annual Canary Islands S 
Dorman et al., 2015 Pha Annual Israel W 
Dorman et al., 2015 Pha Annual Israel S 
Zhang et al., 2015 Psc Winter Kyrgyzstan X 
Zhang et al., 2015 Psc Spring Kyrgyzstan W 
Zhang et al., 2015 Psc Growing year3 Kyrgyzstan S 
Nöjd et al., 2017 Psy Annual Finland N 
Nöjd et al., 2017 Psy Spring Finland X 
Nöjd et al., 2017 Psy Summer Finland W 
Nöjd et al., 2017 Psy Spring Finland S 
Laanelaid et al., 2015 Pab Summer Estonia S 
Chen et al., 2014 Pob Growing year3 China S 
Kostyakova et al., 2017 Psy Summer Russia S 
Ruiz-labourdette et al., 2014 Psy, Pni Winter/Fall Spain X 
Ruiz-labourdette et al., 2014 Psy, Pni Annual Spain W 
Ruiz-labourdette et al., 2014 Psy, Pni Summer Spain S 
Perkins and Swetnam, 1996 Pal Summer Southwestern USA X 
Perkins and Swetnam, 1996 Pal Spring Southwestern USA W 
Goldblum and Rigg, 2005 Pgl Winter Central Canada N 
Goldblum and Rigg, 2005 Pgl Spring Central Canada X 
Millar et al., 2012 Pal Annual Western USA W 
Szeicz and MacDonald, 1996 Pgl Spring Northwestern Canada W 
Szeicz and MacDonald, 1996 Pgl Winter Northwestern Canada S 
Fritts, 1973 Mixed conifers4 Summer Western N. America X 
Fritts, 1973 Mixed conifers4 Spring Western N. America W 
1Species names were abbreviated as follow: Pfl, Pinus flexilis; Pme, Pseudotsuga 
menziesii; Ped, Pinus edulis; Jos, Juniperus osteosperma; Ppo, Pinus ponderosa; Pen, 
Picea engelmannii; Pca, Pinus canariensis; Pha, Pinus halepensis; Psc, Picea 
schrenkiana; Psy, Pinus sylvestris; Pab, Picea abies; Pob, Picea obovata; Pni, Pinus 
nigra ssp. Salzmannii; Pal, Pinus albicaulis; Pgl, Picea glauca; Plo, Pinus longaeva; Par, 
Pinus aristata; Pmo, Pinus monophylla; Pje, Pinus jeffreyi; Pma, Picea macrocarp; Aco, 
Abies concolor. 
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2Cor: Correlation direction and strength between ring width and precipitation were 
categorized as negative (N; r = -0.2), negligible (X; r = 0), weakly positive (W; r = 0.2), 
or strongly positive (S; r = 0.4), based on either actual values, figures, or qualitative 
descriptors in the article text.  
3Growing year was defined as the precipitation from July of the previous year to June of 
the next. 
4Mixed conifers included Pme, Ppo, Plo, Par, Ped, Pmo, Pfl, Pje, Pma, Jos, and Aco.  
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Table 2.2: Posterior estimates and credible intervals for model parameters.  
 
Model 
parameter1 

Posterior 
estimate  

Lower credible interval 
(95%) 

Upper credible interval 
(95%) 

P. glauca    
b0 -0.052 -0.091 -0.017 
bclose 0.081 -0.029 0.199 
bmedium 0.168 0.056 0.284 
bfar 0.208 0.058 0.325 
bD 0.025 0.015 0.035 
cclose -1.382 -1.398 -1.366 
cmedium -1.318 -1.337 -1.299 
cfar -1.391 -1.410 -1.372 
cD -0.085 -0.094 -0.077 
cP -0.154 -0.187 -0.120 

P. contorta    
b0 -0.047 -0.082 -0.012 
bmedium 0.107 0.004 0.213 
bfar 0.131 0.032 0.236 
bD 0.009 -0.010 0.028 
cmedium -1.326 -1.349 -1.302 
cfar -1.385 -1.399 -1.370 
cD -0.082 -0.095 -0.069 
cP -0.075 -0.115 -0.036 

1 bclose, bmedium, bfar: growth responses to precipitation in different creek distance 
categories (labelled bsite in the model for µ); bD: effect of size on the growth response to 
precipitation; cclose, cmedium, cfar: residual variation in growth in different creek distance 
categories (labelled csite in the model for σ); cD: effect of size on residual variation in 
growth; cP: effect of precipitation on residual variation in growth.  
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Table 2.3: Goodness-of-fit comparison for each species from the full radial growth 
model, the same model without a precipitation effect, and the same model without 
precipitation or year effects. 
 
Model Bayesian R2 ∆WAIC 
P. contorta   
 Full 0.91 0 
 No precipitation 0.91 13 
 No precipitation or year 0.88 2639 
P. glauca   
 Full 0.88 0 
 No precipitation 0.88 194 
 No precipitation or year 0.85 6007 
  



 

32 
 

 

 
Fig. 2.1: Locations of sites from which tree cores were collected across the Cypress 
Hills region of Alberta and Saskatchewan. The sites are color coded by their 
proximity to the closest creek based on the distance and elevation. The study area is 
part of the Cypress Uplands ecoregion in Alberta (AB) and Saskatchewan (SK), 
highlighted in red on the inset map. The base topographic map shades rough 
elevation gradients, the green as forest majority, white as prairie and cropland, and 
blue for water bodies. Source: (ESRI, 2018). 
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Fig. 2.2: Residual ring width inter-annual changes for Picea glauca and Pinus 
contorta in the Cypress Hills region of Alberta and Saskatchewan. The black line 
indicates the residual deviations after the application of a spline to the raw ring 
width values averaged across all samples from both species. The bars indicate mean 
annual precipitation (mm) across the growing year, with blue indicating above-
average and red below-average years.   
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Fig. 2.3: (a, b) Influence of monthly mean precipitation across the growing year on 
the predicted residual radial growth of 20-cm DBH Picea glauca and Pinus contorta 
at different distances to the nearest creek in the Cypress Hills region of Alberta and 
Saskatchewan, 1951-2016. Shaded regions indicate the 95% credible interval for 
each growth line. Note that P. contorta were not sampled from any close sites. (c, d) 
Pearson correlations between growing year precipitation and ring width residuals 
after detrending each core.  
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Fig. 2.3: (a, b) Influence of monthly mean precipitation across the growing year on 
the predicted residual radial growth of Picea glauca and Pinus contorta of different 
diameters growing far from the nearest creek in the Cypress Hills region of Alberta 
and Saskatchewan, 1951-2016. Shaded regions indicate the 95% credible interval 
for each growth line. (c, d) Pearson correlations between growing year precipitation 
and the ring widths of each core. 
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Fig. 2.4: Goodness-of-fit of the ring width models for Pinus contorta and Picea 
glauca.  These hexbin plots use a color gradient to indicate the number of individual 
tree ring measurements that fall into each hexagonal bin within the plot region. The 
estimated width of each ring is calculated from the mean of all posterior samples. 
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Chapter 3: Covariation between seasonal tree growth and wood density across time, 

space, individuals, and species 

3.1 Abstract  

Annual growth and wood density vary considerably between trees. While much of this 

individual-level variation is often removed through statistical detrending and aggregation, 

patterns of variation in tree ring width and wood density can provide considerable insight 

into the environmental controls over wood production. I statistically partitioned variation 

in the annual tree growth and wood density of two conifer species (Pinus contorta, Picea 

glauca) and explored their relationships with environmental variables across three special 

and temporal scales. Using a multivariate hierarchical Bayesian model, I estimated the 

distribution of year, plot, and individual effects on annual earlywood width, earlywood 

density, latewood width, and latewood density. All four response variables were more 

variable among individuals within sampling plots than they were among plots or between 

years. Most pairs of growth variables were positively correlated across years in the two 

species. Across individuals, earlywood and latewood growth variables were strongly 

correlated with one another, and latewood density had a moderate correlation with radial 

growth. Correlations between growth variables were mostly uncertain across sampling 

plots. An exploratory analysis of environmental variables revealed that temperature had a 

negative relationship with growth and latewood density, and precipitation had a negative 

relationship with earlywood density. P. glauca growth was highest in aspen-dominated 

stands and lowest in pine-dominated stands, while P. contorta growth was negatively 

related to plot basal area. Height and diameter both had positive relationships with 
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growth, while age and slenderness had negative relationships with growth. A better 

understanding of variation in tree growth and wood density may lead to new insights into 

how wood production and cellular structure responds to environmental factors.  

 

3.2 Introduction  

Annual measures of tree radial growth and wood density from tree rings provide 

information on individual responses to environmental conditions across space and time. 

Researchers have used these data extensively to reconstruct past climate (Campbell et al., 

2007; Campbell et al,. 2011; Fuentes et al., 2018), to infer effects of competition and 

disturbance (King et al., 2005), to understand ontogenetic changes in wood production 

(Groot and Cortini, 2017), and to characterize species-level growth strategies (Swenson 

and Enquist, 2007). Unfortunately, these various applications are hindered somewhat by 

incomplete knowledge of how much growth and wood density vary at different scales. 

For example, ring-width chronologies are often used to model past climates, but the 

appropriate sampling effort needed for their construction depends on how variation 

between trees compares to variation between years. Wood density has recently been 

investigated as a potential climate proxy, but it is not clear to what degree wood density 

varies independently from annual growth over time. In an ecophysiological context, 

relationships between radial growth and wood density reflect trade-offs in resource 

allocation that may variously occur between species, between individuals, or within 

individuals. Efficient study and sampling designs for research topics such as these depend 
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on a good understanding of the scales and patterns of variation in annual growth and 

wood density.  

 

Annual radial growth and wood density may vary in response to environmental 

conditions that change over time (weather and climate) and those that change across 

space (access to light, nutrients, and water). They may also vary among individual trees 

because of differences in size, age, or genetics. Wood density has been found to increase 

linearly with age in each tree (Brookhouse and Graham, 2016), while radial growth 

generally follows a negative exponential curve with age (Cook et al., 1995). Competition 

with neighbouring trees was found to lower growth rates and wood density across 

different species (King et al., 2005). Both temperature and precipitation have been found 

to affect annual radial growth and wood density (Chhin et al., 2008; Hughes, 2011; Chhin 

and Wang, 2016), though relationships to climate can be site dependent and are typically 

strongest in harsh environments (Fonti and Babushkina, 2016; Björklund et al., 2017; 

Camerero et al. 2017). Age and climate trends seem to interact as older and larger trees 

respond more strongly to precipitation and temperature than their younger counterparts 

(Linan et al., 2012).  

 

Annual variation in wood density has been found to be positively correlated with radial 

growth (King et al., 2005; Buckley et al., 2018). This relationship arises because climatic 

factors can simultaneously limit both growth (measured by radial ring width) and 
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vascular development (measured by wood density). Annual tree growth can be separated 

into seasonal rings of light earlywood and dark latewood, thus providing an opportunity 

to further examine growth relationships within a given year. Björklund et al. (2017) 

found a negative relationship between ring width and earlywood density, but a positive 

relationship with latewood density and ring width. The different relationships to seasonal 

growth could be explained by carbon allocation patterns that allow earlywood growth 

rings to be either wide or dense, but that permit greater latewood to growth increments 

when the wood is denser. When radial growth is considered alone, earlywood and 

latewood ring widths often correlate with each other because of favorable conditions that 

extend across the growing season (Miina, 2000; Björklund et al., 2017). These diverse 

relationships between radial growth and density highlight a need to understand seasonal 

growth and development of trees in different areas when assessing climate responses.  

 

Relationships between radial growth and wood density likely vary depending on the scale 

of analysis. Most analyses have focused on the inter-annual scale, either ignoring other 

scales of habitat or individual variation, or attempting to remove variation through 

detrending procedures (Chhin and Wang, 2016; Büntgen et al., 2010; Brookhouse and 

Graham, 2016). Radial growth and wood density are both strongly autocorrelated over 

time, with less than a quarter of all inter-annual variation explained by yearly climate 

trends (Vaganov et al., 2009). Detrending individual-level data by age or size are the 

most commonly used approaches for analyzing radial growth and wood density (Cook et 
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al. 1995; Campbell et al., 2007). This method can be useful for isolating yearly variation 

but it misses most of the variation between individuals (Miina, 2000). Other studies have 

compared radial growth increment and wood density by identifying different climate-

growth relationships across habitats (Fonti and Babushkina, 2016). While growth trends 

can change depending on the scale across years, habitats, or individuals under 

investigation, these interactions may be obscured by common statistical detrending 

procedures.  

 

A multi-scale analysis of tree growth that quantifies variation across years, plots, and 

individuals would produce a more holistic description of tree growth and development.  

Thus, my main study objective was to quantify the variance in, and correlations between, 

measures of seasonal tree growth and development across years, plots, and individual 

trees. I focused on earlywood and latewood width and density to determine how these 

aspects of wood production are related to one another across all three scales. Secondarily, 

I determined how variation in radial growth and wood density was related to 

environmental variables, including weather across years, habitat across plots, and tree 

characteristics across individuals.  
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3.3 Methods  

3.3.1 Study area  

The Cypress Hills are an elevated plateau (1119-1421 m) on the southern Alberta-

Saskatchewan border in western Canada. While the surrounding region has historically 

been dominated by grassland vegetation, landscapes in the Cypress Hills consist of a mix 

of fescue prairie and forest stands dominated by white spruce (Picea glauca), lodgepole 

pine (Pinus contorta), balsam poplar (Populus balsamifera), and trembling aspen 

(Populus tremuloides) because of greater precipitation, lower temperatures and fertile soil 

(Newsome and Dix, 1968). The area has a mean annual temperature of 4.3 °C and 

receives an average of 443 mm of precipitation per year. 

 

In 2015-16, I collected 12-mm-diameter cores from 76 P.contorta trees in 32 plots part of 

19 unique sites and from 123 P.glauca trees in 65 sites part of 39 unique sites across the 

Cypress Hills using standard dendrochronological methods (Speer, 2012). The sites were 

paired across 48 stands spanning a total east-west distance of 78 km where two plots 

were established approximately 100 meters apart in each of the unique sites. I cored 1-3 

trees from each plot, of which about half were 7.5-30 cm DBH and the rest were >30 cm 

DBH.  
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3.3.2 Wood density 

I cut the 12-mm cores into laths 1.00-1.25 mm thick using a dual blade saw. The laths 

were polished with sandpaper, and their thickness was measured with a digital caliper. I 

placed the laths in a soxhlet extractor and ran it with 95% ethanol for 30 hours until the 

color remained stable for approximately two hours. I then scanned them with the Epson 

greyscale calibration at a resolution of 1200 dpi. The scanned images were imported into 

the program WinDENDRO (Regent Instruments Inc., 2014) to identify earlywood and 

latewood boundaries for each growth ring. I manually cross-dated the laths checked in 

COFECHA (Grissino-Mayer, 2001) to assign a year to each growth ring and resolve 

earlywood and latewood measurement errors.  

 

WinDENDRO uses blue light intensity to measure the maximum, minimum, and average 

wood density, specifically the color derived density ratio, of each sample. The software 

calculates the ratio of light incident on an object to the amount of reflected light 

(reflectance). After removing mobile reflective resin compounds as described above, the 

reflectance, relative to the incident light, is a measure of the density of its wood (Regent 

Instruments Inc., 2014). The output ranged from 0 (where 100% of the light was 

reflected) to 2.55 (where no light was reflected). This value was then subtracted from the 

largest possible value of 2.55 to reverse the scale such that a large number indicates 

denser wood instead of lighter wood.  
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3.3.3 Environmental data 

I obtained monthly precipitation and temperature data from 1951-2017 from the nine 

closest Environment Canada (2018) weather stations, which were all within 

approximately 200 km of the study area. Missing precipitation and temperature 

measurements were imputed from other stations using a multivariate normal distribution 

and statistical bootstrapping technique with the R package Amelia II (Honaker et al., 

2011). I then used inverse distance weighting to estimate precipitation and temperature at 

each of the cored stands in each growth year (September of one year to August of the 

following year). I also calculated precipitation and temperature for the spring (March, 

April, and May) and summer (June, July, and August) of each growth year, which may 

align more closely with conditions during the growing season.  

 

I derived a categorical proxy measure for soil moisture regime based on each site’s 

proximity to the nearest creek and its elevation, since permanent streamflow implies the 

presence of groundwater near the surface. “Close” sites (n=12) were defined as those that 

were either ≤90 m from the nearest creek or at ≤1170 m elevation. “Far” sites (n=17) 

were defined as those that were either >390 m from the nearest creek or at >1390 m 

elevation. All remaining sites, which were at intermediate distances and elevations, were 

defined as “medium” (n=20). P. glauca cores were obtained from all three site categories, 

but P. contorta cores were not obtained from close sites as the species is generally not 

found at lower elevations in this area.  
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3.3.4 Statistical analysis 

For each of the two species, I developed a multivariate hierarchical Bayesian model to 

partition variation among four response variables: earlywood width (EW), earlywood 

density (ED), latewood width (LW), and latewood density (LD). The model predicted the 

log-scale mean (µx) of each response variable (x) from the sum of an intercept term (bx,0), 

a random year effect (bx,year), a random plot effect (bx,plot), and a random tree effect 

(bx,tree): 

𝜇! = 𝑏!,! + 𝑏!,!"#$ + 𝑏!,!"#$ + 𝑏!,!"## 

Each of the random effect terms was modelled using a multivariate normal distribution 

that allowed for correlations between response variables. For example, high LW may be 

more likely in a year that also had high EW (positive correlation), or a tree with high LW 

may be more likely to have low LD (negative correlation). In matrix form, the 

distributions of these random effects were: 

𝒃𝒚𝒆𝒂𝒓~𝑀𝑉𝑁 𝟎𝟒,𝜮𝒚𝒆𝒂𝒓  

𝒃𝒑𝒍𝒐𝒕~𝑀𝑉𝑁(𝟎𝟒,𝜮𝒑𝒍𝒐𝒕) 

𝒃𝒕𝒓𝒆𝒆~𝑀𝑉𝑁(𝟎𝟒,𝜮𝒕𝒓𝒆𝒆) 

where each b term represents a 4-element vector containing the corresponding bx term for 

each response variable, 04 represents a 4-element vector of zeroes, each Σ term represents 

a 4×4 covariance matrix, and MVN represents the multivariate normal distribution. The 

output from this model included three important quantities: (1) estimates for whether 



 

46 
 

each year, plot, and tree had high or low values of the four response variables (EW, ED, 

LW, LD); (2) estimates for the variance in the four responses variables among years, 

plots, and trees; and (3) estimates for correlations among the four response variables 

across years, plots, and trees.  

 

To fit this model against each species’ tree ring data, I modelled the observed values of 

EW, ED, LW, and LD for each ring (yx) as following a lognormal distribution (LN) with 

log-scale means given by µx and a log-scale standard deviation σx: 

𝑦!~𝐿𝑁(𝜇! ,𝜎!) 

I implemented this model using the R package brms (Buerkner, 2017). All model 

parameters were given default uninformative priors (half-t distributions for standard 

deviations; LKJ priors for correlation matrices). The models for P. contorta and P. 

glauca were fit to 4 468 and 5 627 earlywood and latewood width and density 

observations, respectively. The two models were fit by running four Markov chain Monte 

Carlo (MCMC) chains, each of which had 2 000 burn-in samples and 8 000 post-warmup 

samples. All parameters were checked for posterior convergence among chains.  

 

While the primary aim of this study was to quantify the variability and correlations in 

ring width and density at different scales, I also wanted to understand how these effects 

were related to environmental and tree-level variables. To do so in a strictly exploratory 
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way, I conducted a principal components analysis (PCA) on each set of bx terms from the 

statistical models. These ordinations summarized the patterns of variation in EW, ED, 

LW, and LD for each species at year, plot, and tree scales. Next, I calculated correlations 

between the first two principal components and a set of potential explanatory variables. 

Across years, these variables consisted of growing year total precipitation (mm), total 

spring precipitation (mm), total summer precipitation (mm), mean maximum growing 

year temperature (°C), mean maximum spring temperature (°C), and mean maximum 

summer temperature (°C). Among plots, the set of variables consisted of basal area, 

dominant tree species, and creek proximity index. Among trees within plots, the set of 

variables consisted of DBH, height, slenderness, and age. I summarized the importance of 

each explanatory variable by the r2 value of a multiple regression on the first two 

principal components.  

 

3.4 Results  

Mean earlywood ring width (EW) for P. glauca was about twice that of P. contorta, but 

the two species otherwise had similar mean values for latewood ring width (LW), 

earlywood density (ED), and latewood density (LD) (Fig. 3.1). Empirical correlations 

between these variables were also similar for the two species, with strong positive EW-

LW and ED-LD relationships in both cases (Fig. 3.2). No obvious relationships between 

ring width and wood density were apparent in either growth period. 
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The multivariate hierarchical Bayesian model revealed that variation among individuals 

was larger than variation among plots or between years (Fig 3.3). This was particularly 

true for wood density, which was an order of magnitude more variable among individuals 

than at the other scales, for both species and times of year. While patterns of variation 

were broadly similar between species, P. contorta exhibited about three times as much 

plot-level variation in ring widths as P. glauca. Both measures of width had greater 

unexplained residual variation than density measures did.  

 

Over the years 1951-2016, there were positive correlations between the estimated year 

effects of all four response variables (Table 3.2). EW, LW, and LD were the most 

strongly correlated with one another for both species, whereas ED showed a greater 

amount of independent variation across years (Fig. 3.3; Fig. 3.4). Years with low ED 

tended to occur when there was greater precipitation (Table 3.2; Fig. 3.4). Both growth 

and LD had weak, negative, relationships with temperature, but were not clearly related 

to precipitation.  

 

The modest variation in these response variables across plots (Fig. 3.3), combined with a 

smaller number of groups at this scale, meant that there was very high uncertainty in all 

estimated pairwise plot-level correlations (Table 3.1). The 95% credible intervals 

indicated that correlations as low as -0.7 and as high as +0.8 were plausible in most cases. 

Despite this uncertainty, P. contorta still appeared to have a strong positive EW-LW 
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relationship. Ring widths for P. contorta had a modest negative relationship to plot basal 

area (Table 3.1). P. glauca seemed to have somewhat larger ring widths in aspen-

dominated stands and smaller ring widths in pine-dominated stands (Fig. 3.5). Neither 

species appeared to be affected by its proximity to the nearest creek. 

 

There were positive correlations between the growth response variables except for ED-

EW and ED-LW across individuals, but ED-LD and EW-LW relationships were 

particularly strong (Table 3.1). Individual tree characteristics exhibited similar patterns in 

each species, with both width measures positively related to size (height and diameter) 

and negatively related to age and slenderness (Fig. 3.6). Tree characteristics did not seem 

to have any meaningful relationships with wood density. 

 

3.5 Discussion 

Comparing variation in growth across scales reveals how different types of 

environmental factors can influence tree growth. I found that seasonal width and density 

measures exhibited more variation among individuals than they did between plots or 

between years. This supports the idea that the growth of individual trees is moderated by 

internal processes or microhabitats that do not respond uniformly to environmental 

conditions across space or time. I also found that earlywood and latewood growth and 

development were strongly related to one another, and that the density of latewood had a 

moderate positive relationship with ring width. These patterns indicate that conditions 
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favouring high growth appear to do so across the growing season, and are associated with 

the production of denser wood later in summer. Partitioning variation in ring width and 

density across these different scales, and measuring correlations between them, provides 

a basis for understanding environmental controls over patterns of resource allocation. 

 

3.5.1 Variance partitioning 

There was much greater variation in ring width and wood density among individuals than 

there was among plots or across years. Variation in wood density and radial growth 

occurs in response to environmental conditions and as a result of physiological 

differences between individuals (Campbell et al., 2007). Given that environmental 

conditions were fairly uniform within plots, it appears that much of the variation in wood 

production arose from differences in the physiological states of individual trees via their 

effects on carbon content (Lamlom and Savidge, 2003) and radial growth rates (Liu et al., 

2016). Trees seem to have internal hormonal and enzymatic moderators of growth and 

respond to the climate most strongly when under stress (Voltas et al., 2013). Individual 

trees may have different annual growth rates because the length of their growing season 

varies with tree age (Rossi et al., 2008) and species (Camarero et al., 2010). Variation 

among plots and among years was generally similar in magnitude, although P. glauca 

exhibited less ring width variation among plots than P. contorta. Both of these scales 

relate to environmental conditions that can change either across space or over time. 

However, while environmental conditions can have strong effects on radial growth rates 
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(Chhin et al., 2008), wood density did not change much either from plot-to-plot or year-

to-year. It may be that wood density is controlled by genetic factors to a greater degree 

than radial growth (Ford et al., 2017; Vargas-Hernandez and Adams, 1994). Genetic 

factors have been found to influence growth initiation and timing more than radial growth 

(Li and Adams, 1994), and earlier growth initiation has been associated with higher 

density wood (Vargas-Hernandez and Adams, 1994).  

 

3.5.2 Correlations among variables 

The four growth measures were positively correlated with each other across years, 

indicating an overall annual trend in wood production. In particular, the two ring width 

measures were very tightly related to one another and to latewood density (Table 3.1). 

These coordinated responses may reflect a strategy for allocating resources towards wood 

production in years where carbon assimilation is high (Babst et al., 2014). Although 

earlywood density tended to increase with the other response variables, others have 

reported that it can show different trends from radial growth (Buckley et al., 2018). 

Earlywood density may be determined by winter conditions that affect spring growth, 

xylem production, and the amount of structural support needed from lignin. The amount 

of earlywood lignification may also be related to the previous years’ growth and 

environmental conditions (Buckley et al., 2018) and the amount of resources that are 

stored during the dormant period. 
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While there was very high uncertainty in plot-level correlations among variables, I 

nevertheless found evidence for a relationship between P. contorta’s earlywood and 

latewood ring widths across plots. Strong correlations between the widths of early- and 

latewood were found at all scales, and are perhaps unsurprising since they describe 

growth patterns over the course of a single growing year. These close relationships 

support the idea that high growth rates (whether for a given year, plot, or individual) are 

expressed across both parts of the growing season (Miina, 2000, and Björklund et al., 

2017).   

 

Strong EW-LW and ED-LD correlations among individuals indicated that tree-level 

patterns of growth and development were tightly related across the growing season. I also 

found that both ring width variables were correlated with latewood density, but not 

necessarily that of earlywood. The absence of a width-density relationship in earlywood 

lends further support to the idea that earlywood density does not primarily reflect 

conditions in current growing year. By contrast, latewood density did increase with 

individual-level growth, which suggests that stores of assimilated carbon allow for both 

radial expansion and lignified cell development later in the growing season from the 

reserves or a result of more leaves generated in the early season.  
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3.5.3 Environmental variables 

Years with colder temperature tended to have a weak relationship with higher growth and 

latewood density in both species. Earlywood density did not have much of a relationship 

with growth, but was higher in drier years. A range of contrasting patterns have been 

reported in other studies. Previous studies have found that minimum and earlywood 

density were related to temperature, either in a positive or negative direction (Büntgen et 

al., 2010; Brookhouse and Graham, 2016; Buckley et al., 2018). In another case, trees 

had lower wood density when they were exposed to sudden drought (Rosner et al., 2014). 

The increase in earlywood density under more arid conditions may support stronger 

vasculature when a given tree is water-limited (Hacke et al., 2001).  

 

P. glauca exhibited its fastest radial growth in nutrient-rich aspen-dominated stands 

found at mid-elevations. Growth was slower in pine-dominated stands, which occurred at 

higher elevations where soils had more fine sediment and gravel than organic matter 

(Jungerius, 1969). Creek proximity did not capture the plot level variation in any growth 

measure indicating a better index is needed or nutrients rather than moisture availability 

was a greater limiting growth factor. The proximity to a permanent water resource was 

not captured with only a creek and water table category; springs would have provided 

more accurate information. Infiltration and percolation through the sediment could reach 

an impermeable layer around the medium proximity category where percolation would 

stop and seep as a spring through the substrate. This could have confounded the 
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proximity by providing a water resource at medium sites and a lag or insensitivity to 

precipitation.  Although the radial growth of P. contorta did not vary among stand types 

or with creek proximity, it was somewhat lower in plots with high basal areas. P. 

contorta is intolerant of shade (Chhin et al., 2008), and so this relationship likely results 

from stronger competition for light in plots with more or larger trees.   

 

Within a given plot, growth tended to increase with both height and diameter, particularly 

for P. contorta. This likely reflects the effects of suppression by neighbouring trees, 

which reduces the growth of individuals that are beneath the main canopy. The effects of 

suppression are especially large for shade-intolerant species such as P. contorta, whose 

growth was more strongly related to size than the shade-tolerant P. glauca. While larger 

trees tended to have faster growth, I also found that growth decreased rather than 

increased with age. Although this may seem contradictory, it probably reflected an age-

related decline in physiological function: older trees produced narrower rings compared 

to younger individuals of the same approximate size. So while the largest individuals 

have had relatively fast growth over their lifetimes (which is the reason they are large), 

the oldest individuals experienced decreased growth with the onset of senescence. 

Overall, the influence of tree-level characteristics was perhaps weaker than expected 

given the large amount of variation at this scale. In particular, variation in wood density 

among individuals did not correlate with any of the characteristics I measured. It is 

possible that differences in wood density between individuals are related to genetic 
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factors. More research into the sources of variation in wood density within tree 

populations is needed. 

 

3.5.4 Conclusions 

My research furthers our understanding of how wood production varies across spatial and 

temporal scales. Estimates of the variance explained at differences scales provide a 

starting point for investigating how tree growth and development relates to annual 

weather and climate, to spatial habitat variation across a landscape, and to individual 

differences among trees. I found that most of the variance in earlywood and latewood 

width and density was found among individual trees. Earlywood density exhibited more 

independent variation than other measures of width and density, potentially from the 

lignification process as xylem cells mature. The processes underlying these differences 

still need to be explored. While I did not derive predictive models based on 

environmental variables, exploratory analyses revealed effects of temperature, 

precipitation, stand type, basal area, size, and age at specific scales. These relationships 

provide insight into potential drivers of growth and development, as well as the 

differences in their effects between species. Further research is needed to build predictive 

models of their influence on tree radial growth and vascular development focusing on 

sample depth.  
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Table 3.1: Correlation coefficients for each growth variable.  
Correlation coef1 Coefficient estimate (LCI2, UCI3)  
P. contorta  P. glauca 

Year   
ED-EW 0.38 (0.13, 0.59) 0.10 (-0.17, 0.35) 
ED- LD 0.55 (0.32, 0.72) 0.33 (0.04, 0.57) 
EW-LD 0.90 (0.83, 0.95) 0.87 (0.77, 0.94) 
ED-LW 0.44 (0.21, 0.64) 0.22 (-0.05, 0.47) 
EW-LW 0.92 (0.87, 0.96) 0.91 (0.84, 0.95) 
LD-LW 0.94 (0.89, 0.98) 0.90 (0.81, 0.96) 

Plot   
ED-EW -0.16 (-0.84, 0.68) 0.02 (-0.79, 0.80) 
ED-LD 0.12 (-0.77, 0.87) 0.25 (-0.73, 0.93) 
EW-LD 0.10 (-0.74, 0.81) -0.00 (-0.81, 0.80) 
ED-LW -0.20 (-0.87, 0.67) 0.11 (-0.74, 0.83) 
EW-LW 0.84 (0.07, 0.99) 0.23 (-0.74, 0.93) 
LD-LW 0.17 (-0.71, 0.85) 0.00 (-0.81, 0.81) 

Individual   
ED-EW 0.12 (-0.21, 0.35) 0.08 (-0.09, 0.25) 
ED-LD 0.92 (0.87, 0.95) 0.94 (0.91, 0.96) 
EW-LD 0.31 (0.08, 0.52) 0.24 (0.07, 0.40) 
ED-LW 0.15 (-0.09, 0.37) 0.12 (-0.06, 0.29) 
EW-LW 0.92 (0.87, 0.96) 0.89 (0.83, 0.93) 
LD-LW 0.29 (0.06, 0.49) 0.29 (0.13, 0.45) 
   

1 Correlation coefficient between growth variables. ED, earlywood density; EW, 
earlywood width; LD, latewood density; LW, latewood width 
2Lower boundary of the 95% credible interval 
3Upper boundary of the 95% credible interval 
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Table 3.2: Correlation coefficients between environmental variables and the first 
two principal component axes, and the squared correlation coefficient of multiple 
regression models against PC1 and PC2.  
Environmntal variable1 PC1 PC2 r2 Pr(>r) 
P. contorta     

YP -0.089 0.714 0.5177 0.001 *** 
YT 0.273 -0.166 0.1020 0.035 * 
SMP -0.069 0.514 0.2694 0.001 *** 
SPP -0.008 0.432 0.1864 0.001 *** 
SMT 0.146 -0.090 0.0294 0.389 
SPT 0.206 -0.161 0.0685 0.106 
ba -0.076 -0.262 0.0744 0.312 
creek.indexf   0.063 0.102 -- n/a 

creek.indexm -0.105 -0.170 -- n/a 

standP -0.004 -0.089 -- n/a 

standS 0.019 0.384 -- n/a 

creek.index -- -- 0.0344 0.378 

stand -- -- 0.0491 0.230 

HT 0.269 0.448 0.2729 0.001 *** 
SL -0.241 -0.165 0.0855 0.039 *   
AGE -0.186 -0.320 0.1367 0.005 **  
DBH 0.359 0.366 0.2626 0.001 *** 

P. glauca     
YP 0.394 0.596 0.5107 0.001 *** 
YT 0.348 -0.140 0.1405 0.006 ** 
SMP 0.274 0.363 0.2069 0.001 *** 
SPP 0.347 0.427 0.3029 0.001 *** 
SMT 0.265 0.035 0.0714 0.087 . 
SPT 0.131 -0.058 0.0204 0.547 
ba -0.026 -0.041 0.0024 0.932 
creek.indexc 0.135 -0.085 -- n/a 

creek.indexf   -0.112 0.003 -- n/a 

creek.indexm -0.048 0.076 -- n/a 

standA -0.233 -0.211 -- n/a 

standP 0.250 0.180 -- n/a 

standS 0.084 0.092 -- n/a 

stand -- -- 0.1190 0.005 ** 



 

58 
 

creek.index -- -- 0.0314 0.420 
HT -0.118 0.184 0.0477 0.056 .  
SL 0.231 -0.188 0.0888 0.007 ** 
AGE 0.375 -0.224 0.1912 0.002 ** 
DBH -0.218 0.189 0.0832 0.004 ** 

1 YP, total growing year precipitation; SMP, total summer precipitation; SPP, total spring 
precipitation; YT, mean growing year maximum temperature; SMT, mean summer 
maximum temperature; SPT, mean spring maximum temperature; ba, basal area; 
dominant stand species: standA, aspen; standP, pine; standS, spruce; creek proximity 
index: creek.indexc, close; creek.indexm, medium; creek.indexf, f; HT, height; DBH, 
diameter at breast height; SL, slenderness ratio; AGE, age at time of collection.   
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Fig. 3.1: Scatterplot matrix showing relationships between each pair of log-
transformed response variables for each tree-ring. Relationships for P. contorta and 
P.glauca are shown in the upper and lower triangles, respectively. ED, earlywood 
density; EW, earlywood width; LD, latewood density; LW, latewood width. 
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Fig. 3.2: Mean estimates (±95% credible interval) for each measure of growth, as 
given by the intercept terms of my hierarchical statistical model. ED, earlywood 
density; EW, earlywood width; LD, latewood density; LW, latewood width. Width 
measures were measured in mm, while density was on the reflectance scale of 0-2.55 
with the higher number indicating darker and denser wood.  
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Fig. 3.3: Estimated standard deviation of random effects across years, plots, and 
individual trees in my multivariate hierarchical model for radial width (a) and 
density (b).  
 
 

 

(a) 

(b) 
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Fig. 3.4: Principal components analysis of the estimated random year effects in the 
multivariate hierarchical model for (a) P. contorta and (b) P. glauca. Each dot 
represents a year of growth from 1951 to 2016. Red arrows represent the correlation 
between each response variable (abbreviated as in Fig. 3.1) and the ordination axes. 
Blue arrows represent the correlation between a set of environmental variables and 
the ordination axes. Environmental variables were added passively to the diagram 
for interpretation purposes, and did not influence the ordination directly. YP, total 
growing year precipitation; SMP, total summer precipitation; SPP, total spring 
precipitation; YT, mean growing year maximum temperature; SMT, mean summer 
maximum temperature; SPT, mean spring maximum temperature.  
 

(a) 

(b) 
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Fig. 3.5: Principal components analysis on the estimated random plot effects in the 
multivariate hierarchical model for (a) P. contorta and (b) P. glauca. Each dot 
represents a sampling plot. Arrows are as in Fig. 3.4. Plot symbols are colour-coded 
based on the dominant overstory species. ba, basal area.  

(a) 

(b) 
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Fig. 3.6: Principal components analysis on the estimated random individual effects 
in the multivariate hierarchical model for (a) P. contorta and (b) P. glauca. Each dot 
represents a sampled tree. Arrows are as in Fig. 3.4. HT, current height; DBH, 
current diameter at breast height; SL, current slenderness; AGE, current age. 

(a) 

(b) 
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Chapter 4: Linking tree growth to development in a water-limited forest landscape 

Research on tree characteristics and their relationships to radial growth combines 

elements of both forest ecology and dendrochronology. Both disciplines strive to 

understand the dynamics of tree growth over time and how it is influenced by factors 

within and outside of a given ecosystem. Tree growth and development varies among 

individuals, across habitats, and between years. Here I review these differences and offer 

suggestions on how they may be incorporated into predictive models of tree growth.  

 

Mean annual precipitation had a small effect on tree annual, radial growth of the sampled 

population in the Cypress Hills. I observed the largest effect on large trees growing in 

sites far from creeks that had the least access to groundwater. Precipitation had a larger 

effect on P. contorta than P. glauca, possibly because they tend to occur at higher 

elevations. Trees growing closer to creeks had a negative response to precipitation that 

could have been a result of seasonally waterlogged soils.  These findings provide insight 

into water availability across the Cypress Hills landscape, where local topography has a 

pronounced effect on water sources and overall levels of water limitation. My findings 

confirm the tree sensitivity hypotheses that old trees growing at high elevations respond 

to precipitation and drought (Fritts, 1976) for this area and suggest that it could apply 

more widely in similar climatic regions.  

 

I quantified variation in tree growth and development across individual trees, across 

plots, and across years. Determining the scales of growth variation can provide insights 



 

66 
 

on limiting growth factors and inform future studies on growth-habitat relationships. I 

found that the greatest amount of variation in seasonal width and (in particular) density 

measures occurred among individuals within plots. This supports the idea that growth of 

individual trees is moderated by internal factors and that individuals do not respond 

uniformly to environmental conditions, either within plots or across years. Earlywood 

density had the smallest correlation with the other measures of growth, as it has been 

found to respond to signals not seen in other measures of width or density (Buckley et al., 

2018). Latewood density correlated with both width measures indicating that a good 

growing year could allow denser wood development. This correlation indicates an annual 

growing year trend where a good growing year allows carbon assimilation to growth and 

development (Babst et al., 2014). While some variation at each scale seemed to relate to 

environmental variables, most variation in tree growth and development remained 

unexplained.  

 

The drivers of tree growth are not straightforward as multiple factors had an impact at 

different scales across the landscape. Precipitation had a small effect on trees overall, but 

tree size and habitat influenced the growth response with respect to precipitation. Growth 

variation was largest among individuals. Size affected P. contorta’s growth and was 

found to have a stronger relationship to precipitation the larger the tree grew. Earlywood 

density had a negative relationship to precipitation and could indicate the need for 

vascular support when trees are under water stress, or abundant spring moisture. Radial 

increment and latewood wood density were positively correlated on individual and yearly 
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scales, indicating that the conditions supporting faster growth also enabled denser wood 

to be produced in the latter part of the growing season.  

 

All habitats present different conditions that can impact growth, so care is needed in 

generalizing findings from my study. Contrasting temperature and precipitation impacts 

on tree growth have been documented across species and habitats. Some studies have 

shown positive growth relationships to temperature (Chhin and Wang, 2016; Büntgen et 

al., 2010) along with wood density (Björklund et al., 2017). Other studies have found 

higher precipitation leading to increased radial growth (Hughes, 2011) and higher wood 

density (Camerero et al. 2017). In other cases, studies have found negative relationships 

with growth (Chhin et al., 2008) and density (Hughes, 2011; Brookhouse and Graham, 

2016; Buckley et al., 2018) as well as high temperatures. Precipitation has shown a 

negative relationship to density (Arzac et al., 2018) and radial growth in wet sites (Nöjd, 

et al., 2017). Different relationships were found across habitats and regions, as these 

often depend on climate. Generalizations cannot be easily made unless the areas in 

question have similar conditions. For example, plants adapted to arid environments and 

growing in dry climates often have a negative response to temperature and a positive or 

negligible response to precipitation, while trees in growing in wet climates have a 

positive response to temperature and a negative response to precipitation. The range of 

environmental responses in these studies illustrates the resilience and plasticity of tree 

growth. Despite differences between ecosystems, the underlying mechanisms of weather 

response may be the same: to protect xylem cells from cavitation.  
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The development of predictive models is an important component of both forest ecology 

and dendrochronology research. Hierarchical (or mixed) models are gaining popularity in 

these fields as statistical tools that account for variation at different levels. For example, 

my growth-precipitation model included a random year effect that accounted for year-to-

year differences in growth that were not explained by precipitation. In my multi-scale 

width-density model, random effects were used to quantify variation across years, plots, 

and trees. A hierarchical modelling approach described the distribution of these scale-

dependent effects instead of focusing on individual point estimates. Including multiple 

growth variables in the model allowed the covariance and correlation between growth 

measures to be estimated at each scale. Hierarchical models such as those I developed are 

well-suited to tree ring data that are influenced by both spatial and temporal processes, 

and where response variables related to multiple aspects of tree growth are related to one 

another.  

 

The large amount of variation among individuals that I observed warrants further 

investigation. Tree age is typically taken into account when constructing a chronology, 

but other factors potentially affecting tree-level growth are not usually considered. If tree-

to-tree differences in growth could be explained by factors associated with individual 

trees and their habitat, it would be easier to extract climate signals from the remaining 

variation. I found that proximity to the water table had an effect on sensitivity to 

precipitation. Drilling wells or performing an oxygen isotope analysis would provide 
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better information on water sources. If water sources were known, it would likely be 

possible to develop better models of climate and hydrological effects on growth. Other, 

more easily measured variables that might affect tree growth in particular habitats include 

creek proximity, tree diameter, height, slope aspect, stand density, and dominant stand 

species. Developing predictive models for which variables influence which trees in a 

particular habitat will not only further our knowledge of tree growth processes, but will 

also help in understanding forest dynamics across different environments.  
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Appendix 

Tree age and size distributions for Chapter 2 

 
Fig. A1: Histograms of tree age at the time of collection for (a) P. contorta and (b) P. 
glauca. 
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Fig. A2: Histograms of diameter at breast height (DBH, or 1.35m) at the time of 
collection for (a) P. contorta and (b) P. glauca. 
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Expanded density methods 

The 12-mm cores were secured with wood glue into mounts cut with a ½ inch round 

router bit. The cores were cut into laths 1.00-1.25 mm thick using a dual blade saw. Then, 

the samples were soaked in a basin of warm water until the lath could be removed and all 

of the glue removed. The laths were rinsed with tap water and air-dried for 10 hours. The 

laths were polished with sandpaper, and their thickness was measured with a digital 

caliper. I used dental floss and colored seed beads to identify each lath to the proper tree.  

 

Approximately 15-20 laths were loaded into the standard cellulose extraction thimble 

depending on the size of the samples. None of the samples directly touched each other in 

the extractor using the seed beads as a buffer. Once the samples were loaded into the 

extractor, it was assembled in a fume hood with a heating mantle under the round bottom 

flask filled with 95% ethanol, fit with the extractor with both clamped to a stand with 

three pronged clamps. The extractor was topped with an Allihn (straight type) water-

cooled condenser secured with a retort ring to a second stand on the opposite side of the 

apparatus. A large cooler filled with ice water was attached to the condenser with flexible 

fish tank tubing secured with zip-ties and small water pump attached at the bottom. The 

fish tank pump was suctioned to the side of the cooler and the water was refreshed with 

ice every four hours.  
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Once the apparatus was secured and filled with samples, the heating mantle was activated 

along with the water pump. The timer was started once the ethanol reached boiling point 

and condensed into the extractor. The soxhlet extractor ran with 95% ethanol for 30 hours 

until the color remained stable for approximately two hours. The samples were removed 

once the extractor was cool enough to handle and air-dried in the fume hood for 10 hours.  

 

The laths were scanned with the Epson greyscale calibration (Monaco Card) at a 

resolution of 1200 dpi or higher. WinDENDRO 2014d (Regent Instruments Inc., 2014) 

was opened to set the proper method before loading the image. The Density analysis was 

turned on in the main menu and the Density/Light calibration Parameters were selected. 

The Media was set to “Wood, Direct X-Ray, Blue”; “Blue Method” was active; “Memory 

economy mode” was active; “Light calibration” was set to manual; “Number of steps” 

was set to 24 (counted from the calibration card); “Scale factor” was set to 1.0; “Step 

identification” was set to “Click first and last”; “Percentage of steps used for the 

calibration” was set to 33.0. Data saving options were selected for Earlywood and 

Latewood widths and all of the Density/Reflectance options in version 4. The profile area 

was set to show the “Density profile, Ring boundary, and Earlywood boundary”. The 

Path width was set to 2.00 mm and multiple segments. The Analysis preferences were all 

selected except for the saving and substituting years options. The scanned images of the 

sample and calibration were imported and the Active Density/Start Light Calibration 

command was set by first selecting the darkest step on the card to the lightest. After the 
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calibration, the path is drawn as normal adding in the sample thickness in the Sample 

Identification window.  

 

Each core was manually cross-dated by ring width WinDENDRO outputs and with 

checked COFECHA (Grissino-Mayer, 2001) for accuracy. The earlywood and latewood 

density output ranged from 0 (where 100% of the light was reflected) to 2.55 (where no 

light was reflected). This value was then subtracted from the largest possible value of 

2.55 to reverse the scale such that a large number indicates denser wood instead of lighter 

wood.  


