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Abstract

The rapid decline of whitebark pine (Pinus albicaulis) throughout its range is a pressing
conservation issue. This keystone species endures multiple pressures toward local extirpation
including forest health agents, forest succession, and climate change. Currently, silviculture
practices are categorized as a stand-level strategy aimed at effective whitebark pine
restoration/conservation. In this thesis | retrospectively evaluated the mortality and growth of
whitebark pine at five low-retention ESSF silviculture treatments located in southeastern British
Columbia, Canada. | found that whitebark pine reserve trees in low retention silviculture
prescriptions were prone to elevated post-harvest mortality due to windthrow within the initial
five-year post-harvest interval. Post-harvest growth rates indicated that mature reserve trees were
likely to demonstrate increased radial growth after disturbance and that pre-harvest growth rates
due to suspected forest health agents can minimize these increases. A two sample Welch t-test
found no significant difference between the resistance index of control and reserve trees one year
after harvest in three of the four sites examined, suggesting that radial growth reduction was
negligible for surviving trees. Visual examination of the post-harvest reserve tree chronologies,
however, showed a common two to three-year growth lag. Reserve trees indicated a significant
difference in the recovery period for the harvest event year with a one-year lag in two of the four
sites. However, this result was confounded by the following: (1) one of the sites showed a
negative radial growth trend pre-harvest; and, (2) a pointer year analysis identified an inflated
growth response in the control trees for the same year for the second site. These growth-climate
relationships indicated that whitebark pine tree chronologies in closed-canopy forests were

energy-limited systems with a significant negative correlation to July SPEI.
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Chapter 1: Introduction

1.1 Introduction

There has been growing global acceptance in the last 30 years towards implementing
partial harvest silvicultural practices. Today, partial harvest practices are seen as an opportunity
to help support the conservation and restoration of whitebark pine. Traditional clearcut logging
practices are understood to result in less diverse and complex stands with respect to unmanaged
stands. Variable retention (VR), also known as partial harvest, is a recognized silvicultural
practice that aims to retain some portion of the original stand structure and function (e.g.,
Franklin et al., 1997; Thorpe and Thomas, 2007). This management practice aligns with
conservation and restoration efforts as it aims to balance other values of forest use and function
over the dominating paradigm of maximizing timber profit values (Gustafsson et al., 2012). For
example, there is an increasing effort to retain whitebark pine (WPB) amongst subalpine
cutblocks in southeastern British Columbia (B.C.) as it is an endangered tree species. However,
the success of such efforts as they pertain to the survivorship and resilience of this specific
species of reserve trees is still largely unknown. This study will examine the success of such
practices by quantifying tree mortality and radial growth response of retained WBP trees in

southeastern B.C.

1.1.1 Whitebark Pine

Whitebark pine (Pinus albicaulis) is an ecologically significant tree in subalpine forests

in western Canada and the United States. Tomback and Kendall (2001) describe WBP as a



keystone species because of its cornerstone attributes as a food source for wildlife and its
influence on structural aspects such as plant species assemblage. WBP plays an essential role at
high elevations as an early successional species because it can establish on sites that are often
characterized as being hard, cold and with poor soils. Fifty-six percent of the global population
of WBP is located within B.C. and is often found within the Engelmann Spruce-Subalpine Fir
(ESSF) biogeoclimatic zone (ECCC, 2017).

Mature old-growth forests at high elevations are increasingly becoming a part of the
commodity market as lower accessible valley bottoms have been harvested. The implications for
old-growth WBP in these high-elevation stands have an important bearing on both conservation
and timber supply efforts as the ESSF covers approximately 14 million ha in B.C. (Brang et al.,
2003). Furthermore, the decline of WBP due to cumulative pressures such as white pine blister
rust (Arno and Hoff, 1989; Kendall and Keane, 2001), mountain pine beetle (Logan and Powell,
2001; Wong and Daniels, 2017), successional replacement (Arno, 1980; Murray et al., 2000) and
climate change (McKenney et al., 2007; Logan et al., 2010) have placed this species into the
spotlight as a conservation priority. WBP is the only tree species in Canada to obtain COSEWIC
endangered status and in 2012 was placed under the Species at Risk Act (ECCC, 2017). Thus,
there is an increased interest in examining the outcomes of VR for WBP as a tool for
conservation/restoration. The success of VR practices are crucial for all managed forests, but are

of particular interest for sensitive ecosystems and/or vulnerable species.

1.1.2 Variable Retention

VR harvesting methods allow for structural heterogeneity in managed stands, with the

rationale of mimicking the spatial variability akin to natural disturbances. Reserve trees are



analogous to biological legacies that remain after natural disturbances, as in the case of fire
(Franklin et al., 2002). Legacy trees are considered to be ‘lifeboats’ since they provide habitat to
a host of small mammals, birds, and insects (Aubury et al., 1999; Matveinen-Huju et al., 2006).
Moreover, legacy trees serve as a connection to the past, representing an early seral state if
dominant, mature trees are retained (Franklin et al., 2002; Rudolphi et al., 2014). Often
late-successional features such as old-growth trees are prioritized by land managers in VR as the
decrease of large, old trees is expressed as a global concern (Carter et al., 2017). The cones from
these mature trees provide a seed source for regeneration. However, if reserve trees fail to
survive after harvest or have drastically reduced vigor to support stem function or support cone
production, the success of such silviculture practices is questionable. The literature indicates that
reserve trees are at a higher risk of mortality in the time frame directly after harvest, an interval
known for elevated post-harvest mortality (Jonson et al., 2007) or pulse mortality (Olson et al.,
2015). To date the most cited rate of mortality associated with failure to meet land management
objectives is reported in Coates' (1997) seminal paper, suggesting that mortality rates greater
than 10% should constitute a failure in VR harvest practices. Therefore, quantifying mortality is
an integral part of VR assessment.

In addition to monitoring the incidence of reserve tree mortality, the radial growth of
reserve trees can be used to evaluate the success of VR objectives. The growth rate of trees is
one means to monitor and assess forest health. Surviving reserve trees that demonstrate a return
to pre-harvest growth rates are considered resilient individuals (Pimm, 1984; Lloret et al., 2011)
and therefore support the intended structure and function adherent with VR objectives. The
implications for a negative radial response post-harvest can affect a tree's adaptability to become

more wind-firm, increasing the risk of windthrow mortality (Holgén et al., 2003). However, to



date, there is some question as to whether or not mature trees have the capacity to respond
positively to reduced competition given the general consensus that mature old-growth trees
display a decrease in annual radial growth increment due to senesce and, therefore, are less
likely to respond positively to removal of competition. Bebber et al. (2004) however,
demonstrated that mature white pine in the boreal transition zone in eastern Canada did display
significant growth release as a result of reduced competition contradicting the assumptions of
age-related decline. The ability of old-growth trees in low retention sites to demonstrate positive

radial growth response post-harvest helps to meet land managers’ target objectives.

1.2 Thesis Objectives and Outline

To date, there is little evidence that VR practices are succeeding in their attempts to
preserve WBP reserve trees in high-elevation ESSF harvest sites. This thesis will address WBP
reserve tree survivorship and radial growth by retrospectively sampling VR harvest sites, in
southeastern B.C. Research was conducted at VR harvest sites using a multi-level approach,
combining forest measurement data with dendrochronological techniques. Chapter 2, reviews
the study area and climate of the selected VR harvest sites of southeastern B.C. Chapter 3,
describes the methodology used to examine: (1) mortality rates; (2) growth rates of mature
whitebark pine reserve trees in low retention harvest sites; and, (3) the growth-climate
relationships of this high-elevation tree species. Chapter 4 presents the results of the research.
Chapter 5 includes a discussion of the findings and reviews the limitations arising from the
research. Chapter 6 includes a summary of the thesis findings, outlines implications and

recommendations for forest management and concludes with suggestions for future research.



1.3 Background

1.3.1 Mortality

Survivorship of WBP reserve trees offers an important measure useful for assessing the
success of VR strategies. Substantial mortality in reserve trees represents a failure to meet land
management objectives (Thorpe and Thomas, 2007). The implications of increased mortality of
reserve trees could affect the intended structural objectives of VR including the proportion of
green trees, snags and nurse logs (Franklin et al., 2002). For example, windthrow is one of the
most cited concerns of VR related mortality and as such an underestimation of the magnitude or
persistence of windthrow mortality could lead to excessive coarse woody debris on the
landscape. The implications of this underestimation has long-term relevance to high-elevation
sites since, as noted by Brown et al. (1998), high-elevation downed tree species can persist in
subalpine environments for over 150 years. Therefore, this long-term structural change has the
capacity to persist in affecting ecological characteristics including runoff and erosion, seedling
establishment, nutrient cycling, and biodiversity (Campbell et al., 2019). Furthermore, forest
management strategies recognize that elevated mortality contributes to shifts in forest
development, for example, lower stand complexity (Coates, 1997), increased risk of insect
outbreaks (Bouget and Duelli, 2004), and altered nitrogen reserves (Mikkelson et al., 2016).
Land managers need to be able to quantify post-harvest mortality in terms of how much and how
fast in order to meet sustainable forestry objectives.

Elevated mortality rates are an important contributing factor to the long-term
achievements of post-harvest structural objectives (Thorpe and Thomas, 2007). For example,
elevated mortality rates of mature reserve trees negate the intended structural benefits in

post-harvest stands if mortality rates are so exacerbated it does not match the stand regeneration



rate (Bladon et al., 2008). The diversity of post-harvest mortality rates are contentious on
silviculture prescription, site and species specificity (Caspersen, 2006; Thorpe et al., 2007;
Bladon et al., 2008). However, there is a general consensus in the literature that as retention
level decreases and dispersion level increases reserve tree mortality due to windthrow will
increase (e.g., Maguire et al., 2006; Bladon et al., 2008). Solarik et al. (2012) suggest that
elevated mortality response of windthrown trees in low retention sites is likely because reserve
trees do not adjust quickly to new environmental conditions. The rate and extent of adaptation
have been noted as being dependent on the site quality and level of thinning (Nilsen and Strand,
2008). Increased solar radiation, temperature variability and wind speed are the main
contributing factors that dramatically affect microclimatic conditions after clearcut logging
practices (Heithhecker and Halpern, 2007). Newly acclimating trees show increased mortality
rates vs. background mortality in boreal forests (Bladon et al., 2008, Solarik et al., 2012), coastal
forests (Maguire et al., 2006) and eastern hardwood forests (Martin et al., 2014). Thus, reserve
trees in VR sites can be impacted by reductions in stand density leading to increased wind
penetration causing stem breakage and uprooting (Ruel et al., 1995).

Huggard et al. (1999) note the importance of understanding the relationship between
harvesting practices and windthrow in the ESSF as these high-elevation sites endure severe wind
events, and frequent summer convective storms elevating the risk of windthrow. In addition,
McLaughlin and Dumas (1996) indicated that forest health adds to the vulnerability of
wind-induced mortality through pathogen agents that weaken stem function or result in root
decay. This is relevant to the proposed study as forest health agents such as mountain pine beetle

(Dendroctonouns ponderosae Hopkins) and white pine blister rust (Cronartium ribicola Fisch.)



can ‘eliminate the less vigorous individuals’ (Campbell and Antos, 2000) that may or may not

be well represented in the selected reserve trees.

1.3.2 Growth Rates

The importance of studying growth rates in terms of VR is two-fold. First, the correlation
between tree vigor and growth rate indicates that observed losses in radial growth lead to an
increased risk of mortality (Bigler and Bugmann, 2003). Secondly, monitoring radial growth
response is a valuable tool for assessing tree resilience (Lloret et al., 2011). From a VR
perspective, this implies that reserve trees have the potential to recover to pre-disturbance
growth rates following harvest (Pimm, 1984; Lloret et al., 2011). It has been well documented
that overstorey tree removal results in accelerated succession in the remaining trees, examples of
which include both natural thinning disturbance events such as insect outbreaks (e.g., Heath and
Alfaro, 1990) and human-induced thinning events (e.g., Abrams and Nowacki, 1992). In such
instances, these abrupt release events surpass pre-disturbance growth rates, primarily because
the aforementioned studies examined young trees, saplings and suppressed trees (Jones and
Thomas, 2004). To date, there are few studies which examine the response of older trees to gap
openings in VR practices. Generally, old-growth trees are in a state of gradual tree-ring width
decline known as senescence. In the boreal forest, radial growth has been shown to decline with
stand age and an increase in stand density (Mailly et al., 2003; Alteyrac et al., 2005). Therefore,
there is some question as to whether or not mature reserve trees have the potential to respond to

reduced competition.



1.3.3 Growth-Climate Relationships

Through the measurement of tree-ring metrics, researchers can acquire empirical
evidence to monitor forest response to climate change. The impact of climate change on forest
health is an important consideration in forest management. To date, rising temperatures have
been associated with forest dieback globally in some regions due to drought, while other regions
have experienced increased insect disturbance (Allen et al., 2010). On the other hand, growth
trends for tree species at higher elevations are speculated to increase due to increasing
temperatures and/or CO, (Silva et al.,, 2016). This disparity adds to the complexity of
understanding whether the growth response of old-growth trees is primarily an artifact of
post-harvest disturbance or the additive result of climate warming. According to the linear
aggregate model of growth developed by Cook (1987) (equation 1) radial growth is a
combination of the following factors:

R,=A,+ C+ D, +E, (1)

where R,is ring width at time ¢, A, is the age-associated growth trend, C, is the climatic signal, D,
is the disturbance signal, and E, is the error term. In addition to elucidating the potential growth
response of old-growth reserve trees post-harvest, the response of high-elevation trees is equally
subjected to the implications of rising temperatures, as well as, extreme event years (i.e.
drought). To date, the following research has emerged to tackle these complexities. In addition
to elucidating the growth of reserve trees to selective harvest, it is important to also consider the
influences of rising temperatures in these high-elevation trees, as well as, the effects of extreme

events.



Primicia et al. (2015) indicate that not only were older trees more sensitive to climate
than younger trees but elevation influenced the growth response in older trees. In addition,
Zhang et al. (2018) found that site characteristics also asserted influence on age-related
growth-climate sensitivity, whereby older trees in arid locations were generally more sensitive to
climate whereas younger trees in mesic locations tended to be more sensitive to climate. In
terms of VR thinning, light to moderate treatments were suggested to increase resilience of
forests in the face of rising temperatures and increasing drought stress (Voelkeer et al., 2008;

D'Amato et al., 2013).
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Chapter 2: Study Area

2.1 Study Sites

The study area was located within the Kootenay-Boundary Natural Resource Region of
southeastern B.C. (Figure 2.1). A total of 5 VR sites were sampled within the elevation range
between 1874 to 2001 m a.s.l. (hereafter m), which is representative of the mid-range of WBP
ecosystem (900 to 3660 m).

Paturages Creek (49° 24' 21.96" N, 118° 43'8.976" W) was located within the Boundary
Timber Supply Area (TSA). The Boundary TSA is bounded on the west by the Okanagan
Highland Range and Christina Range which is a subrange of the Monashee Mountains (Ministry
of Forests, Lands, and Natural Resource Operations, 2014). Paturages Creek (PC) had the
highest site elevation of all sites (2001 m) and was the furthest west. In addition, this gently
sloping mesic site was predominantly southwesterly facing. Soils are sandy loams with a hard
clay layer (Antos and Parish, 2002).

Three sites were sampled within the Invermere TSA, which is bounded on the west by
the Purcell Mountains and the Rocky Mountain Trench to the east. Lavington (50° 226.15"N,
115°58'58.62"W) had a southwesterly aspect on a well-drained slope. Site elevation averaged
around 1884 m. In addition to Lavington (LV), two more sites were sampled with the Invermere
TSA. Findlay East (50°11'47.27"N, 116° 4'7.07" W) and Findlay West (50°11'36.924"N,
116°4'0.48" W) were two of the closest site locations among the five sites sampled. These two
neighbouring sites were physically separated by ~ 100 m tree buffer and temporarily with

different harvest years (Table 1). Topographically the two sites share very similar elevations,
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Findlay East (FE) had a slightly lower elevation at 1922 m compared with Findlay West (FW) at
1960 m. Slope variability between FW and FW are reported as 19.2 and 32.6, respectively.

A fifth study site, West Elk (49° 50' 44.23" N, 114° 57' 25.56"W) was located in the
Cranbrook TSA. The Cranbrook TSA is bounded by the Canadian Rocky Mountains on the east
and Purcell Mountains on the west, with the Rocky Mountain trench situated between the two
outer ranges. West Elk (WE) had the furthest easting and is most closely associated with the
Rocky Mountain trench. The site was located on a north-facing slope with an elevation at 1874
m. WBP found in these eastern and northern ranges typically grows on siliceous soils as opposed
to those where limestone bedrock is present (Keane et al., 2012).

Although the sites sampled demonstrate an east-to-west gradient, this distribution doesn’t
encompass the most westerly ranges of WBP. Whitebark pine ecosystems are represented in the
upper submaritime elevations on coastal ranges often associated with the Mountain Hemlock
biogeoclimatic zone (Tomback et al., 2001). Reconnaissance travels to the Coastal Range in
2017 disqualified potential sites in this outermost western range due to recent fire disturbance.
Therefore, the sampling sites used in this study are reflective of the easternmost ranges of WBP
and do not include any sites that represent the coastal range of WBP. All five sites were
associated with the Engelmann Spruce—Subalpine Fir biogeoclimatic zone (ESSF). The ESSF
zone has an elevation between 1200 and 2300 m, these areas represent the highest forest cover

types in B.C. (Meidinger & Pojar, 1991; Banner et al., 1993).
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Figure 2.1. Selected variable retention harvest study sites in southeastern
British Columbia examining mortality and growth rates of whitebark pine.



Figure 2.2 The Lavington study site (top left) illustrates the level of retention, as
well as the amount of debris on the cutblock. The Findlay study site (top right)
illustrates brush and debris from logging as well as, regeneration approximately
17 years post-harvest. The West Elk study site (bottom left) illustrates the
prominence of the largest reserve trees. The Paturages Creek study site (bottom
right) site illustrates regeneration, as well as the variation of slope on the NW
corner of the cutblock.
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Table 2.1. Characteristics of five high elevation harvest sites sampled in southeastern British

Columbia.
Site Elevation Lat Long Harvest Unit Size Harvest Year
(ma.s.l) (degrees) (degrees) (ha)

Findlay East (FE) 1922 50.19303 -116.0542 19.9 2006

Findlay West (FW) 1960 50.19359 -116.0668 49 2001

Lavington (LV) 1884 50.04018 -115.9787 35.1 2012

Paturages Creek (PC) 2001 49.40264 -118.7187 30.3 2003
West Elk (WE) 1874 49.84562 -114.9571 19.5 2007-2008
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2.2. Climate

The Kootenay-Boundary Natural Resource Region has a continental climate. ESSF high
elevation forests endure generally relatively cold, moist, and snowy winters (Coupe et al., 1991).
PC is the only site located within the Dry Cold ESSF (dc) subzone classification. The remaining
four sites are classified as Dry Cool ESSF (dk). Site-specific mean annual climate variables were
produced using the software ClimateWNA (Wang et al., 2016) using 1961-1990 climate normals.

PC was also the only ESSF site to have the Dry Cold (dc) subzone classification. General
climate patterns illustrated in the climatographs using WNA data modeling suggests that PC
endures the driest summer months (Figure 2.3). Although LV and FN with its two composite
sites (FE and FW) are less than 100 km apart, the climatograph for LV demonstrates greater
monthly variability for precipitation. LV mean annual temperature (1.1°C) were comparable to

those at FN (0.8°C).
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2.3 Forest Cover and Silviculture Practices

The main tree species associated with the ESSF are Engelmann spruce (Picea
engelmannii Parry), subalpine fir (Abies lasiocarpa (Hook.) Nutt.), lodgepole pine (Pinus
contorta var. latifolia Engelm.), alpine Larch (Larix lyalli Parl.), and whitebark pine (Pinus
albicaulis Engelm.) (Meidinger and Pojar, 1991). Harvest practices for all five sites focused on
the removal of the predominant commercial timber, lodgepole pine. Engelmann spruce and
subalpine fir were also present at all sites. Sites were closed canopy forests prior to harvest.

Given the retrospective nature of this study, the following criteria was implemented to
examine post-harvest growth and survivorship of reserve trees: a minimum post-harvest age of 5
years: a minimum sample size of 20 trees; and, accessibility (within a one-hour hike).
Silviculture prescriptions classify these sites as clearcut with reserves (CCRES) (Kathy Howard,
personal communication, April 10, 2019). All the study sites were identified as low retention
sites, since each of the selected study sites was characterized as a clearcut with reserve trees.
Beese et al. (2019) report that, although this practice doesn’t conform to the traditional definition
of retention systems because it doesn’t meet the >50% forest influence rule, reserve trees within
clearcuts can support landscape-level biodiversity strategies as these trees can result in long-term
retention. The spatial distribution of reserve trees was highly variable, as all sites adhered more
or less to dispersed tree patterns with the exception of FW which had the most notable patch of

aggregated trees.
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Chapter 3: Methods

3.1 Field Measurements

Fieldwork was conducted during July and August 2018, and July 2019, The intent was to
examine WBP survivorship and radial reserve tree growth of WBP in variable retention harvest
sites in southeastern B.C. A full WBP census was conducted at each harvest site by combining
forest measurement data with dendrochronological techniques to examine survivorship, radial
reserve tree growth in VR harvest sites and growth-climate relationships of control trees in
unharvested stands. This approach was selected as the spatial variation of WBP reserve trees was
observed to be variable during a site assessment reconnaissance conducted in 2017.

All mature WBP trees with a diameter at breast height (DBH) of 17 cm or greater were
included in the census. Trees near the perimeter of the harvest unit were excluded if the tree
height was greater than the distance to the nearest forest edge. Each tree was measured for tree
height, and height to crown using a TruePulse™ 200 Laser Rangefinder. Diameter at 1.3 m was
recorded with Lufkin Executive 6 ft x 1/4 inch D-tape. All trees were tagged and marked with
loggers paint. GPS coordinates were recorded with the ‘bad elf” GPS unit. Finally, the slope and
distance to the nearest forest edge were measured for each tree using the TruePulse™. Direction
to the nearest forest edge and aspect was recorded with a compass. Trees were categorized by the
following status, either standing or horizontal.

Standing tree classification was categorized as either live or dead. Forest health concerns
for live trees include the non-native fungal white pine blister rust (Cronartium ribicola) and live

trees were inspected for signs of blister rust. Binoculars were used to aid in the inspection of live
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trees, primarily for evidence of active and inactive cankers, as well as for evidence of red needles
and rodent damage.

The crowns of standing live trees were estimated to the nearest 10%. Tree boles, whether
standing dead, windthrown or living, were inspected for signs of distinctive “J” shaped beetle
galleries. Core samples were subsequently examined for the presence of blue-stain fungi to
discern whether individual trees were inoculated via bark beetle after an aggregated attack
(Krokene, 2015).

Horizontal trees were categorized as either uprooted (windthrown) or damaged. Trees
that appeared to have snapped or broken due to a fallen neighbouring tree were classified as
damaged. Finally, the direction of fall for horizontal trees identified as uprooted was recorded

with a compass.

3.2 Dendrochronology

Increment cores were collected using a 4 mm Haglof increment borer from all reserve
and control trees at approximately 1.3 m above the ground surface. One core was collected from
live reserve trees at an angle perpendicular to the slope to avoid compression wood. Two cores
were collected from all dead trees, from angles to best avoid compression wood.

Control cores were collected at each study site from nearby reference stands sharing
similar elevation, slope, and aspects. Reference conditions represent the range of historical
variability in ecological structures and, therefore, reflect the same interplay of abiotic and biotic
processes (e.g., Morgan et al., 1994; Landres et al., 1999). Hereafter, the term control sites is

used to describe reference stands as the post-harvest surrogate.
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Twenty trees with two cores per tree sampled perpendicular to the fall line were collected
from the control site. The selection of control trees was based on age class and health status. In
order to match the mature reserve tree cohorts in the VR harvest sites, dominant and co-dominant
canopy status trees were selected from the control sites. In addition, trees with evidence of blister
rust infection, damage from a neighbouring tree, rockfall or avalanches were excluded.

All cores from harvest and control sites were air dried and mounted on slotted boards.
Cores were polished with sequentially higher grit sandpaper to obtain annual ring resolution
(Stokes and Smiley, 1968). Tree-ring width measurements were obtained using either Velmex or
CooRecorder. Samples with exceptionally narrow rings were measured with a Velmex uniSlide
digitally encoded traversing table at a precision of 0.01 mm. The remaining cores were digitally
scanned at 2400 dpi resolution with an HP flatbed scanner. Digital images were imported into
CooRecorder measuring software and exported as ring-width files with the CDendro software
package (Larsson, 2014).

To ensure that the appropriate calendar date was signed to each measured ring, the
program COFECHA (Holmes, 1983) was employed to confirm cross dates for all the increment
cores. Raw tree-ring data were detrended with a negative exponential curve to remove the
associated biological growth trend. Standardized chronologies with a bi-weighted mean for
reserve and control trees were assembled for each site (except FE) using the dp/R package in the
R environment (Bunn, 2008). FE did not have enough surviving reserve trees to compile a site
chronology (Table 3.3).

Dead trees required a visual assessment with a microscope to determine if any additional

growth followed the last complete growth ring. In cases where earlywood cell development was
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observed beyond the last complete growth ring, an additional year was added to the final death

date.

3.3 Data Analysis
3.3.1 Windthrow Mortality

Post-harvest windthrown reserve trees were isolated from those that died either before
harvest or due to forest agents like mountain pine beetle. The distinction was based on field
observations and the use of dendrochronology methods. In addition, trees were removed if
mortality was suspected to have been influenced by mountain pine beetle based on field
observations (i.e. beetle galleries) and/or laboratory observations (i.e. blue stain fungus). These
trees included those observed in the field with beetle galleries (n = 30). WE trees appeared to be
most impacted by beetle outbreaks, with 17 cores removed due to the presence of blue-stain

fungus.

Table 3.1 Summary of cores selected for windthrow analysis (PC= Paturages Creek, FE=
Findlay East, FW= Findlay West, LV= Lavington, WE= West Elk)

Total Blue Standing

Total Live Total = Total Dead Total Windthrow Standing stain Dead
Site Live Crossdated Dead Crossdated Windthrow Crossdated Dead fungus Crossdated
PC 22 21 81 51 49 32 32 NA 19
FE 3 3 17 13 15 12 2 NA 1
Fw 27 25 7 6 3 3 4 NA 3
Lv 16 14 112 77 107 77 5 NA 0
WE 66 53 104 87 76 70 28 17 17
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3.3.1.1 Rate of Mortality

The post-harvest mortality rate for each site was expressed as the percent of surviving
reserve trees from the time of harvest to sampling date. The length of the time-course varied for
each site due to different harvest dates. All reserve trees that were alive and standing a year

before harvest become the denominator for the percent of surviving reserve trees.

3.3.1.2 Direction of Windthrow

The dominant direction of windthrown trees for each site was calculated using a circular
histogram. The direction of fall was evaluated at each site separately and tested for statistical
significance with Rayleigh's test for circular uniformity (Greenwood and Durand, 1955) using

the circular package (Agostinelli and Lund, 2017) in R (R Core Team, 2018).

3.3.2 Growth Rates
3.3.2.1 Radial Growth Chronologies

The standardized reserve and control site chronologies were compared both visually and
using the Pearson correlation coefficients for overlapping time periods. Standardization allowed
for growth trend comparisons, as the resulting chronologies are in a dimensionless index format
which permits comparisons across samples (Fritts, 1976).

Pointer year analysis was implemented on all crossdated and detrended trees to detect
inter-annual growth anomalies, both positive and negative, from 1901-2018 (with exception of
FN control trees 1901-2017). The analysis was performed using the pointRes package in R (van
der Maaten-Theunissen et al., 2015). A moving window of 3 years was selected, as the

individual tree-ring series were already detrended. The function point.norm calculated the

28



Cropper values for each detrended tree-ring series to provide a dimensionless index where each
tree-ring series has a standard deviation of one and a mean of zero (Neuwirth et al., 2007). Radial
growth anomalies, both wide and narrow, that indicated at least a 60% change in growth were
recorded as being significant when at least 60% of the trees responded to this threshold for that
year. Positive pointer years were limited to the respective post-harvest interval at each site for
both reserve and control trees. Negative pointer years were also selected to compare the radial
growth response between control and reserve trees in section 3.3.2.3 (Growth Response to Event

Years).

3.3.2.2 Pre- and Post-harvest Radial Growth Chronologies
Pre- and post-harvest time intervals were examined at harvest sites that had both reserve
and control tree chronologies. Pre-harvest time intervals were equivalent to the post-harvest time
period at each site. A chronology level assessment of the percent-growth change between the
pre- and post-harvest time intervals was calculated using the following formula:
(M,- M))/M, x 100% (1)
Where M, equals the average growth over the prior (n) years and M, equals the average growth

over the subsequent (n) years (Nowacki and Abrams, 1997).

3.3.2.3 Growth Response to Event Years

A total of four event years were selected to analyze the radial growth response for both
reserve and control trees. The three most recent synchronous negative event years shared

between reserve and control trees were selected for each site based on the results of the pointer
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year analysis. The fourth event year selected corresponded to the disturbance event of interest,
which was defined as harvest year plus a lag of one year. The one year lag ensured that impacts
from harvesting would be captured in the tree ring record as radial growth is autocorrelated with
growing conditions from the previous year. The resistance index and recovery period was
calculated using the pointRes package (van der Maaten-Theunnissen et al., 2015). Resistance is
the extent to which a system's state changes in response to disturbances (Lloret et al., 2011). A
low resistance index indicates a reduction in growth. The recovery period indicates the length of
time till growth resumes to pre-disturbance levels. Resistance index means were compared
between reserve and control trees using a two sample Welch t-test at all four sites. A two sample

Welch t-test was used to compare recovery period means between reserve and control trees.

3.3.3 Growth-Climate Relationship

Although the primary objective of this study was to assess the impacts of variable harvest
practices on WBP, climate is an intrinsic variable that needed to be examined in relation to the
radial growth of trees pre- and post-harvest. Residual chronologies for the four control
chronologies were used in the growth-climate analysis to mitigate the effects of autocorrelation
in the tree-ring data. Climate variables corresponding to the four site locations were downloaded
as gridded interpolated monthly temperature and precipitation data from ClimateWNA (Wang et
al., 2016) for the common time period 1901 — 2018 for each site (with exception of FN control
trees the common time period was 1901-2017). Considerations for drought were explored using
the standardized precipitation evapotranspiration index (SPEI) calculated with the SPEI package
in R (Vicente-Serrano et al., 2010). The potential evapotranspiration (PET) was calculated using

the Hargreaves function based on Tmin, Tmax, and latitude. SPEI values were calculated on a
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6-month timescale. I used a 6 month time scale for my SPEI index because longer time scales
have been shown to have better correlations with tree-ring widths (Bhuyan et al., 2017). The
treeclim package (Zang and Biondi, 2015) was employed in a correlation function analysis using
13 consecutive monthly variables for the following climate parameters: precipitation;

temperature average; and, SPEIL.
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Chapter 4: Results

The results from the research are presented in the following order: (1) mortality rates; (2)
growth rates of mature whitebark pine reserve trees in low retention harvest sites; and, (3) the

growth-climate relationships of this high elevation tree species.

4.1. Mortality
4.1.1 Rate of Mortality

Death dates based on dendrochronological data showed pronounced mortality within 5
years post-harvest (Figure 4.1). The overall mortality trend of reserve trees in four of the five
sites indicated a negative exponential curve. The exception was FW which exhibited the highest
levels of survivorship of reserve trees at 80% (Figure 4.1). The steepest decline in reserve trees
was at LV, with less than 20% of the selected reserve trees surviving after 2 years post-harvest.
FE was the second most pronounced loss of reserve trees among the five sites selected. In
addition, standing dead trees were the least representative out of all dead trees surveyed, snags

accounted for 22% of dead trees, whereas uprooted trees accounted for 78%.
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4.1.2 Direction of Windthrow

The Rayleigh test for uniform circularity revealed that windthrow was not uniformly

distributed at each site. PC, FE, LV and WE all had significant p-values < 0.001 for the

Rayleights test. The mean azimuth of windthrow orientation at each site is shown in Figure 4.2.

Across all sites, the predominant direction of windthrow trended towards a northeasterly

direction which suggests that fetch at these sites is predominantly from the southwest. The mean

azimuth of windthrow for PC was more easterly compared to the other three sites. Due to the

low sample numbers of windthrown trees at FW (n = 3), a Rayleighs test for uniform circularity

could not be conducted.
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Figure 4.2. Circular histograms of windthrown trees at four harvest sites. Black bars:
azimuth frequency of windthrown trees. Red bars: mean azimuth of windthrow. (PC=

Direction of Windthrow

Paturages Creek, FE=Findlay East;LV= Lavington; WE= West Elk).
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4.2 Growth Rates

4.2.1 Radial Growth Chronologies

Standardized master chronologies for reserve trees were completed for four of the five
harvest sites. Due to an insufficient number of surviving reserve trees at FE, a reserve tree site
chronology for this cutblock could not be constructed. For the remainder of the thesis chronology
development and growth rate analysis pertains only to FW and will be referred to as FN. The
tree-ring chronologies indicate that across all stands the chronologies were representative of
old-growth trees >140 years in age (Feller, 2003). Chronology lengths ranged from 170 to 310
years after a ten-tree minimum was applied. Inter-series correlation for the master chronologies
constructed ranged from 0.359 - 0.546 (Table 4.1). The reserve tree chronology for FN was
composed of 20 trees. PC reserve tree chronology was the longest chronology with the ten tree
minimum threshold, with 21 reserve trees. LV had the fewest trees in the reserve tree chronology
with 14 trees. WE chronology had the most robust sample depth with 35 trees. Summary

statistics for reserve and control tree chronologies are found in Table 4.1.
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Table 4.1. Summary statistics of control and reserve tree chronologies by site (PC= Paturages
Creek, FN= Findlay, LV= Lavington, WE= West Elk)

Chronology 10 Chronology 10

Tree Minimum Tree Minimum No. of Interseries Mean No.
Site Treatment Starts Ends Years Correlation Sensitivity Trees
PC |Control 1788 2018 230 0.485 0.218 19
PC |Reserve 1775 2018 243 0.359 0.212 21
FN |Control 1716 2017 301 0.489 0.187 18
FN |Reserve 1848 2018 170 0.441 0.173 20
LV |Control 1784 2018 234 0.546 0.162 18
LV |Reserve 1828 2018 190 0.469 0.169 14
WE |Control 1811 2018 207 0.444 0.172 19
WE |Reserve 1797 2018 221 0.412 0.181 21

Note FN has only one reserve tree chronology (FW) due to the lack of reserve trees at FE

Reserve and control tree chronologies for the four sites were visually well synchronized
for the majority of the time series. Pearson correlation coefficients between reserve and control
tree chronologies were generally well-matched across all sites for common time periods between
the paired chronologies (Figure 4.2). PC reserve and control master chronologies were highly
synchronous and had the highest Pearson correlation coefficient (r = 0.78). Both PC chronologies
illustrated similar multi-decadal trends: (1) a positive growth trend from ~ 1890 to 1930; and,
(2) a waning growth trend from ~1930 to 1980. Both chronologies also exhibited a
synchronization in two growth suppression periods at ~ 1830 and ~1890. The control tree
chronology for PC, however, had lower tree-ring index values compared to the reserve tree

chronology for these suppression periods. FN had the lowest Pearson correlation coefficient of
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the four sites (r = 0.38), however, the degree of synchronization is still visible between the
reserve and control tree chronologies (Figure 4.2). FN reserve tree chronology demonstrated
lower tree-ring index values compared to the control tree chronology for two multi-decadal time
periods ~1870 to 1885 and ~ 1943 to 1966. LV had the second highest correlation coefficient (r =
0.56) for the common time period shared between reserve and control tree chronologies.
Tree-ring index values remained very similar throughout the time-series, with slightly higher
growth index values for the reserve tree chronology for the common multi-decadal growth trend
from ~1920 to 1948. Both chronologies illustrate a steady growth decline from about ~1950 to
2000. The Pearson correlation coefficient for WE (r = 0.50) indicated that the reserve and control
tree chronologies exhibited similar growth trends for most of the common time series. The visual
comparison indicates two non-synchronous periods; (1) The control tree chronology has lower
tree-ring values from ~1917 to 1930 compared to the reserve tree chronology; and, (2) The
reserve tree chronology departs from the control chronology with a negative growth trend from

approximately ~1998 to 2010.
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40



The results from the pointer year analysis indicated that two of the four sites (PC and FN)
had positive event years in the post-harvest interval for reserve trees that were not shared by the
control trees (Table 4.2): (1) Reserve trees at PC indicated a growth release event in 2014 which
corresponds to 11 years after harvest; and, (2) FN had two growth release events (2007 and

2017) which are respectively, 6 and 16 years post-harvest (Table 4.2).

Positive pointer years for reserve trees that are non-synchronous with the control tree-ring
data suggest a significant growth release due to the removal of tree-to-tree competition.
However, other non-synchronous pointer years were detected for the post-harvest interval. This
included the inverse relationship, whereby control trees showed a significant growth release that
was not shared by reserve trees during the same time interval. A total of three growth release
events of this nature were observed, one at FN for 2002 (1-year post-harvest ) and two release
events 2009 (1-year post-harvest) and 2013 (5 years post-harvest) at WE (Table 4.2). LV was the
only site of the four that had no growth releases detected for the post-harvest interval for neither
the control nor reserve trees (Table 4.2). The complete pointer year analysis for all chronologies
from 1901-2018 are included in Appendix A and B, for the negative and positive event years,
respectively. Negative pointer years utilized for the resistance index and recovery period analysis

are reported in section 4.2.3 (Growth Response to Event Years).
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Table 4.2 Positive growth release events for post-harvest intervals at four harvest sites (PC=
Paturages Creek, FN= Findlay, LV= Lavington, WE= West Elk)

Harvest
Site  Treatment Year Positive Event Year After Harvest
PC Control - 2017
PC Reserve 2003 2014, 2017
FN Control - 2002
FN Reserve 2001 2007, 2017
Lv Control -
LV Reserve 2012
WE  Control - 2009, 2013

WE Reserve 2007, 2008

4.2.2 Pre- and post-harvest Radial Growth Chronologies

The visual comparison between radial growth trends for the pre-and post-harvest time
intervals revealed that three of the four sites demonstrated greater positive radial growth for
reserve tree chronologies within the post-harvest time interval. PC and FN had the most
distinctive positive growth trends. PC and FN had the longest post-harvest intervals, 15 and 17
years, respectively; both reveal a short 2-3 year lag prior to the substantial increase in radial
growth (Figures 4.4a and 4.4b). Although LV had one of the shortest time intervals post-harvest
(6 years) it also demonstrated a positive increase in radial growth 2 years post-harvest (Figure
4.3c). Furthermore, the reserve tree chronology for LV had lower annual tree-ring index values
during the pre-harvest period but surpassed the control chronology four years following the lag
response (2014 to 2018) (Figure 4.4c). However, the higher annual tree-ring index values for the
reserve trees by 2018 are also in conjunction with a negative growth trend for LV control trees

recorded for 2018. WE reserve trees indicate a gradual positive growth trend two years after the
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final harvest year. WE was the only site to have two consecutive years of harvest activity. In
addition, WE was the only site of the four to show asynchronous radial growth for the
pre-harvest interval. The reserve tree chronology departs from the control chronology before
harvest around 1998. The general growth trend between 1998 and 2010 was negative, however,
after 2011 the reserve tree chronology recovered with a gradual positive growth trend (Figure

4.4d).

In addition to the visual comparison between control and reserve tree master
chronologies, the radial growth differences between pre-and post-intervals for these four harvest
sites was quantified. PC and FN exhibited the largest difference between the control and reserve
tree chronologies. While the radial percent growth change for the PC control chronology was
7%, the reserve tree chronology was 77%. FN also indicated a substantial difference between the
percent growth change between the control chronology (16%) vs. the reserve tree chronology
(51%). LV indicated a less substantial growth gain, the control chronology had a radial percent
growth change of -1.7% whereas, the reserve tree chronology was 18%. WE was the only site
that resulted in a negative percent growth change in the reserve tree chronology -17.5% while the

control chronology indicated a 24% growth change after harvest.

43



2.0

- -
o a

Tree Ring Indices

0.0

rrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrid
MNODOTANNTOWONODNDOTTNMTIWONODDO - N®M OO
VOOV O OO0 00DO000 «—~ v ™ v v © « « «
LEORORoRoRoRONoNoRoRoSoRoNeNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoloNo N o)
Al iR R iR R T il Rl VAN S Vs VAR SV SV o VAR SVl < VAR SV SV VA VI U SV VA VA oVl S oY

Figure 4.4a Comparison of Paturages Creek standardized control chronology (black

solid line) with standardized reserve tree chronology (solid green line) for the time
period (1987 - 2018). The red vertical lines represent harvest years.
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Figure 4.4b Comparison of Findlay standardized control chronology (black solid line)
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4.2.3 Growth Response to Event Years

The two sample Welch t-tests revealed that only one of the four sites tested contained a
significant difference between the mean resistance index of reserve and control trees for the
associated harvest event year. WE indicated a significant difference in resistance index means for
the associated harvest event year of 2009 (t = 2.50, t = 50.72, p-value = 0.02). WE reserve trees
indicated greater radial growth reduction with a mean resistance index of 0.94, whereas the
control trees had a mean resistance index of 1.19 (Figure 4.5d and Appendix C). The remaining
three sites (PC, FN, and LV) showed no significant difference between control and reserve trees
for the resistance index with associated harvest event year. Furthermore, despite no significant
difference between resistance means for the reserve and control trees, the median resistance
index was substantially lower in reserve trees at Lavington (0.61) compared to control trees
(1.06) for the harvest event (Figure 4.5c). Both PC and LV also had large variability in growth
reduction according to the resistance index values (Figures 4.5a and 4.5¢). Results for the three
negative event years for each site indicated that there was a significant difference between
reserve and control trees for two negative event years; LV’s negative event year 2001 (t=2.47, t
= 28.92, p-value = 0.02) and WE’s negative event year 2010 (t = 3.40, t = 39.92, p-value >
0.001).

The two sample Welch t-test indicated that two of the four harvest events showed a
significant difference in mean recovery periods between reserve and control trees. FN reserve
trees indicated that recovery periods were significantly different between reserve and control
trees for the associated harvest year event (t = -2.14, t = 33.88, p-value = 0.04). The mean
recovery period for FN reserve trees for 2002 was 3.41 years, whereas the control trees had a

mean recovery period of 1.52 years (Figure 4.5b and Appendix D). WE also indicated a longer
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mean recovery period for reserve trees (1.85 yrs) compared to the control trees (0.56 yrs) (Figure
4.5d and Appendix D), which resulted in a significant difference (t =-2.16, df = 33.54, p-value =
0.04). WE was the only site to indicate a significant difference in mean recovery periods between
reserve and control trees for a negative event year; WE indicated a significant difference in mean

recovery period for the negative event year 2010 (t=-2.62, t=25.33, p-value = 0.01).
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Figure 4.5a Paturages Creek Resistance Index (left) and Recovery Period (yrs) (right)
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4.3 Growth-Climate Response

The residual master control tree chronologies for the four sites (PC, FN, LV, and PC)
indicated an expressed population signal (EPS) above the 0.80 threshold from 1901 to 2018
(with the exception of FN 1901 to 2017). The EPS indicates how well each site chronology given
the sample depth is representative of the hypothetical population (Wigley et al., 1984). Mean
sensitivity for the control chronologies used in the growth-climate analysis ranged from 0.162 to
0.218 (Table 4.1). Mean sensitivity is a metric commonly used in dendroclimatology to assess
the year-to-year variability of the tree-ring time series (Fritts, 1971). Comparison of annual
climate variables and mean summer SPEI, with the residual control chronologies showed no

significant correlation between all three variables (Table 4.3).

Table 4.3 Pearson Correlation Coefficients with residual control tree chronology and
mean annual temperature (MAT), mean annual precipitation (MAP) and Summer Mean
SPEI (PC= Paturages Creek, FN= Findlay, LV= Lavington, WE= West Elk)

Site MAP MAT =~ Summer mean SPEI
PC -0.05 0.16 -0.18
FN -0.04 -0.11 -0.10
LV -0.08 0.12 -0.11
WE 0.01 0.08 -0.10

Significant correlations were shown between all four WBP control chronologies and
current July SPEI (with a 6 month time scale) (Table 4.4). The correlation values for current July
precipitation indicated to be negatively correlated to radial growth at three of the four control

sites (Table 4.4). The remaining significant correlations were variable between chronologies and
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monthly climatic variables. Temperature was not consistently correlated to WBP tree-ring series
across sites for the same monthly climate variable. For example, FN was the only chronology to
have negative correlations to tree-ring widths for numerous monthly mean temperature (current
January, February, March and August) (Table 4.4). LV was positively correlated to current
September temperature and PC was positively correlated with previous July temperature.
However, PC and LV chronologies did indicate a common positive correlation to current July
temperatures. WE was the only site that did not record any correlations with temperature.

Aside from the three shared correlations to current July precipitation, the growth-climate
analysis also contained four additional asynchronous monthly correlations to precipitation: (1)
PC indicated a negative correlation with current May precipitation; (2) FN indicated a negative
correlation with current September precipitation; (3) LV indicated a positive correlation with
previous June precipitation; and, (4) WE indicated a positive correlation with current March
precipitation (Table 4.4). Additionally, the SPEI correlations include additional monthly
asynchronous correlations: (1) PC indicated a negative correlation with current June SPEI; (2)
FW indicated a negative correlation with current September SPEI; and, (3) WE indicated a

positive correlation with current March SPEL.
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Table 4.4 Correlation coefficients (r) between radial growth and monthly climate variables from
1901-2018 for four harvest control sites in southeastern British Columbia (PC= Paturages Creek,
FN= Findlay, LV= Lavington, WE= West Elk)

PPT Temp SPEI
PC current MAY -0.255 previous JUL 0.291 current  MAY -0.273
current  JUL -0.338 current JUL 0.379 current  JUN -0.179
current  JUL-0.385
FN current JUL -0.189 current JAN -0.256 current  MAY -0.181
current SEP -0.147 current FEB -0.244 current  JUL-0.184
current MAR -0.348 current  SEP -0.200
current AUG -0.172
LV previous Jun 0.234 current JUL 0.290 current  JUL -0.237
current JUL -0.235 current SEP 0.202
WE current MAR 0.162 current MAR 0.168
current  JUL-0.174
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Chapter 5: Discussion

In this thesis I chronicle the post-harvest mortality and growth rates of reserve trees in
variable retention (VR) cutblocks at five ESSF stands in southeastern B.C. In addition, I
examined the growth-climate relationship of four control sites. I demonstrated how forest
demography measurements and dendrochronology can be paired to assess the success of VR
silviculture strategies, namely, for conservation and restoration efforts related to endangered
whitebark pine (WPB). In the following sections, the key finding related to thesis objectives are

highlighted.

5.1 Mortality

The survivorship of WBP retained on low variable retention cutblocks in southeastern
B.C. showed an increased windthrow vulnerability within the first 5 years post-harvest with
subsequent attrition of mortality for several years post-harvest. These findings are similar to
those reported by Huggard et al. (1999) in an experimental ESSF variable retention study. They
found that variable retention at high-elevation sites led to increased windthrow mortality 2.7
years post-harvest. The results emphasize the need to monitor stands over longer time frames, as
the impacts of harvest were still observable on the landscape for several years after harvesting
activity was completed. This finding was consistent with previous work demonstrating mortality
rates remain active on the landscape for up to 10 years post-harvest in boreal forests (Thorpe et
al., 2007; Solarik et al., 2012).

The overall rates of mortality varied considerably between sites, with annual mortality

rates ranging from 3% to 80% in the initial post-harvest years. The trend of increased mortality
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in the initial years after harvest due to windthrow was strongly suggestive of ‘thinning shock’,
where the removal of surrounding trees exposed the reserve trees to heavier wind stress
(Kozlowski et al., 2012). The assumption that the observed windthrow mortality rates are
directly related to harvesting practices is highly feasible given that Temesgen and Mitchell
(2005) found that individual mortality rate models for complex stands in southeastern B.C.
ranged between 0.3 to 2.6%. In contrast, the mortality rates for FW suggest that the retained
density and refugia patch in this clear cut offered greater protection to windthrow. These findings
support previous reports that spatial distribution increases vulnerability as dispersed trees have
the least protection as isolated stems (Maguire et al., 2006).

Across the four harvest sites, windthrown trees exhibited significant directionality,
indicating that the majority of reserve trees were uprooted from prevailing winds. The common
windthrow direction tended to be northeasterly, indicating that fetch at these sites was primarily
from the southwest. During the winter, storm events that move eastward across southern B.C. are
commonly characterized by high winds from the southwest or west (Mitchell, 2013). These
findings are in agreement with earlier data for the southern interior of B.C., where southwesterly
winds were the primary influence for windthrown trees with a northeast azimuth (Huggard et al.,
1999).

The azimuths of windthrown trees that don’t reflect the prevailing wind direction suggest
an alternative mechanism, most likely associated with storm cells, during the summer months.
For example, thunderstorm activity during the summer months can produce strong downward air
flows called downbursts (Peterson, 2000). These strong vertical down drafts don’t necessarily
lend to a prevailing wind direction and could explain the occurrence of atypical windthrow

directions observed at the harvest sites.
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As a result of observing a commonality in the relative directionality of windthrow, it is
suspected that the topographic features of the four harvest sites influenced these outcomes. Ruel
(1995) indicates that landscape, site and stand characteristics are contributing factors to
windthrow. However, topography has a more pronounced effect when it comes to stand replacing
disturbances in contrast to small gap openings (Ruel et al., 1998). Topographic features such as
mountain valleys that influence local variation in wind behaviour (Dorner and Wong, 2003)
could explain similarities across all sites, as the major valleys associated with these sites share a

common North to South orientation.

5.2 Growth Rates

Similar long-term radial growth trends were observed across all site chronologies. All
control and reserve tree chronologies were representative of old-growth WBP in closed canopy
forests until harvest. Pearson correlation coefficients indicated that the control tree chronologies
were a good long-term reference for all harvest sites with reserve tree chronologies. Site
chronologies with the closest proximity, in the southeastern corner of the study area, indicated
similar long-term growth trends. This finding is suggestive of long lasting climate influences like
the Pacific Decadal Oscillation (PDO) which impacts the surface climate and hydrology of
western North America (Whitefield et al., 2010). Several synchronous pointer years suggested
that these stands responded similarly to climatic influences for the common pre-harvest time
interval. However, the only stand to suggest that growth trends between the harvest site and
control had incongruences prior to harvest was the WE site. Forest agents have been shown to
impact radial growth chronologies of whitebark pine stands across the distribution of this species

(Alfaro et al., 2003; Wong and Daniels, 2017). Therefore, the six-year radial growth reduction

60



period that began ten years before harvest for WE reserve trees suggests that biotic factors were
at play, since short-term climatic influences tend to display high-frequency variability.

The WE site continually showed that pre-harvest growth rates had a significant impact on
post-harvest growth responses. Although an upward growth trend was observed six years after
the initial decline in 1998, the reserve tree chronology was already in decline one year before
harvest (2006). WE was the only site that showed reserve trees that had a significantly lower
mean resistance index compared to control trees for the harvest event year plus a one year lag.
In addition, the recovery period comparison between reserve and control trees also indicated a
significant difference for reserve trees for both the harvest year plus one year lag (2009) and the
subsequent (2010) negative event year. These results suggest that tree vigor before harvest had
the greatest effect at the WE site and that the response to abiotic or climatic stressors
post-harvest had similar growth impeding effects.

Aside from the WE pre-harvest condition anomaly, the remaining harvest sites indicated
that there was no significant reduction in radial growth one year after harvest for reserve trees.
While post-harvest conditions have been shown to increase water stress (Bose et al., 2014) and
lead to greater irradiance levels (Harrington and Reukema, 1983), the results of this research
suggest that this was not the case for the majority of the reserve WBP sites that were closed
canopy forests prior to harvest. WBP have low shade tolerance and often cannot endure being
‘crowded’ out by Engelmann spruce. This trait compromises their survivorship in maturing
stands (Murray et al., 2000). Halpern and Urgenson (2021) describe how species-specific growth
responses are shaped by establishment traits defined by physiological tolerances and
requirements. The removal of neighbouring competitors for light appears to be favourable for

WBP given that it succeeds well as an early successional species. The adaptation to new canopy
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openings is suggestive of a physiological response in WBP to light acclimation (Lovelock et al.,
1994).

Although clearcutting practices with reserve trees created an immediate structural change
to the WBP of this study, the radial growth responses of reserve trees demonstrated a distinctive
one to three year lag. The lagged response was not associated with significant growth reduction
as highlighted by the results of two sample Welch t-test that showed no significant difference in
the mean resistance index between control and reserve trees one year after harvest in three of the
four sites examined. Growth response lags have been shown in other structural retention studies,
including a four year lag reported by Bebber et al. (2004) in mature white pine (Pinus strobus).
Trees can make other investments in response to newly acquired resources such as crown and

root development (Mitchell, 2013).

5.3 Growth-Climate Relationship

Overall my results show that the strongest response of tree-ring growth was negatively
correlated to July SPEI, indicating that the radial growth of mature whitebark pine in closed
canopy forests were more sensitive to excess moisture or pluvial events in July. Furthermore, the
negative correlation to July precipitation in three of the four tree-ring chronologies corroborates
this trend.

The importance of the soil moisture balance has been highlighted in previous WBP
studies. Dendroclimatic investigations of WBP in the northern Rockies indicated a positive
correlation to winter precipitation, coupled with cooler spring to early summer temperatures, led

to enhanced radial growth most likely as a result of a slow melting snowpack which regulated
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soil moisture into current growing season (Perkins and Swetnam, 1996). It is worth noting,
however, that Perkins and Swetnam (1996) sampled open stand trees at higher elevations on
steeper slopes. Therefore, the soil moisture regimes they reported on are not directly comparable
to those included in this study, as open stands are more reliant on the timing of melting snowpack
due to exposure compared to closed canopies that are heavily shaded.

The negative correlation to July precipitation may seem counterintuitive but other
subalpine studies have suggested that a negative correlation to precipitation suggests that tree
growth is inhibited when cooler temperatures and precipitation as snow shorten the growing
season (Villalba et al., 1994). Furthermore, the negative correlation between the tree-ring records
at PC and FN with current May SPEI indicates that WBP is less likely to support radial growth if
the growing season is delayed in early spring. My results do show a positive correlation shared
between PC and LV chronologies with current July temperatures suggesting that these sites are
more energy limited than moisture limited. Tree-rings in subalpine environments are more likely
to be sensitive to temperature in mesic conditions (Villalba et al., 1994). Since there is evidence
that some of my sites are responding positively to July temperatures it is unlikely these are
moisture limited systems. According to Fritts (1971) moisture limited tree-ring networks respond
poorly to increased rates of evapotranspiration. WBP, however, has been shown to be more
energy limited at higher elevations in the western Canadian Cordillera (Youngblut and Luckman,
2013). Similar findings were reported by Maher et al. (2018) who found that WBP sampled
between 2100-2560 m in Montana, Idaho, and Oregon were less sensitive to moisture availability
but were more sensitive to growing season temperatures. In contrast, Van de Gevel et al. (2017)
found previous summer, current spring and current summer precipitation promoted radial growth

of whitebark pine in the northern Rocky Mountains, USA. Likewise, Millar et al. (2012) found
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the whitebark pine responded poorly to moisture deficits in the Sierra Nevadas, USA. Malanson
(2017) points out that spatial heterogeneity in precipitation across regional scales could be

influencing mixed climatic signals for high-elevation trees.

5.4 Limitations
5.4.1 Mortality

A high degree of accuracy for tree-ring reconstruction is required to make inferences
about the stand dynamics. The analysis for mortality rate of reserve trees only used windthrown
trees that could be crossdated. The exclusion of non-dated cores results a partial omission of the
mortality time series at each study site. Although three of the five sites have negligible
differences in total windthrow vs total windthrow crossdated, the number of windthrown trees
excluded at PC and LV could alter the slope of the mortality time-course of these two sites.
However, the sample depth at these two sites is quite robust and the interpretation of the percent

of surviving reserve trees would not affect the overall trend of attrition substantially.
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5.4.2 Growth Rates

The dendrochronological sampling methodology for reserve trees consisted of collecting
one core per tree. This methodology was prioritized to ensure no unintentional consequences
impacted reserve trees as a result of sampling and to increase sampling over the population.
Dendrochronological methodologies typically employ two cores per tree to improve the accuracy
of cross-dating, as well as to compensate for differences in radial growth due to irregularities in
concentric growth patterns (e.g., compression wood) (Speer, 2010). Although reserve trees in this
research were sampled perpendicular to the fall line to specifically negate the impact of
compression wood, there still remains some degree of uncertainty as to whether ring widths were
partially biased due to the one core per tree sampling strategy. In addition, the low number of
reserve trees at the LV site (n =14) also introduces some questions as to how robust the results
are for all aspects of the radial growth analysis section. Most chronology development
methodologies employ a 20 tree minimum (Speer, 2010); however, various researchers have
undertaken dendroecological investigations with as few as ten trees (e.g., Baker et al., 2008,
Alfaro et al., 2018). The interseries correlation for the LV reserve tree-ring chronology, however,
was comparable with the other reserve chronologies which had greater sample depths, which is
an important diagnostic on the common signal among sampled individuals.

The pre- and post-harvest percent change in growth were based on equal time intervals
before and after the known disturbance date. Typically this approach is used to detect change
based on a moving average in order to identify abrupt changes attributable to the removal of
competition in disturbance ecology (e.g., Lorimer and Frelich, 1989; Fraver and White, 2005).
Nowacki and Abrams (1997) consider a 10-year interval as a robust time interval that would

sufficiently capture canopy release events while mediating the effects of short-term climate
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responses. LV was the only site that had less than ten years and is somewhat limited to an
inference as to the extent of change endured by reserve trees given its shorter (6-year) interval.
Furthermore, the use of a standardized master chronology for both reserve and control trees
limits the scope of elucidating the growth response variability at the individual tree-level, which
is why the pointer year analysis was applied to supplement this shortcoming. Cropper values
were calculated to quantify how many trees demonstrated a significant growth release at set
thresholds. However, Cropper values were set to detect notable differences for the normalized
mean growth within a 3-year moving window (Bijak, 2008), which means that if substantial
growth was occurring within a consecutive 3-year window the analysis would be less equipped
to detect these cumulative growth responses. Growth release detection works best with abrupt
changes (Schweingruber et al., 1990).

The two sample Welch t-test found no significant difference between the resistance index
of control and reserve trees one year after harvest in three of the four sites examined, suggesting
that radial growth reduction was negligible in these stands. However, the radial growth of
windthrown trees was not included in the analysis. Therefore, it is possible that windthrown

reserve trees had windfirm deficits due to significant radial reduction (Holgén et al., 2003)

5.4.3 Growth-Climate Relationship

Sampling for dendroclimatology requires careful consideration for both site and tree
selection in order to optimize climate signals within tree-ring records (Fritts, 1971).
Consequently, most dendroclimatic sampling focuses on trees located close to the edge of their
ecological range in order to acquire a sensitive climate signal (Speer, 2010). For example, trees

that are growing in moisture-rich environments tend to display complacent ring structures which
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reduces the interannual variability making climate signal detection difficult. Furthermore,
sampling for trees that reduce the effects of tree-to-tree competition can improve the climate
signals within the tree-ring record (Teets et al., 2018). Since the design of this study prioritized
for an evaluation of the outcome of specific silviculture practices, the control tree chronologies
that were developed from trees found growing in closed canopy mesic sites, were not ideal

candidates for a robust dendroclimatological analysis.
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Chapter 6: Conclusions

6.1 Summary

The rapid decline of WPB throughout its range is a pressing conservation issue. The
adoption of silviculture practices that focus on retaining cone-bearing trees has great potential to
meet land manager objectives of increasing the survivorship of this species and thus protecting
these endangered subalpine ecosystems. The research conducted in this study focused on: (1)
mortality rate; (2) growth rates of mature WBP reserve trees in low retention harvest sites; and,
(3) the growth-climate relationships of this high-elevation tree species. These objectives are
important components for evaluating the success of VR practices as a means to conserve this
endangered keystone species in high-elevation ecosystems.

My research indicated that VR in high-elevation ESSF stands in southeastern B.C.
intended to support endangered WBP had elevated mortality rates within the initial five-year
post-harvest period. Although no mortality rates were calculated in the adjacent control stands
the assumption that windthrow rates are a result of harvest disturbance has long been
acknowledged in VR literature (i.e. Coates, 1997). In addition, windthrow direction was not
randomly distributed which suggested that prevailing winds from Pacific storms had a significant
influence on windthrow mortality.

Overall, the tree-ring record for control and reserve WBP indicated similar long-term
radial growth patterns. The discrepancy in pre-harvest radial growth trends at WE, however,
highlighted that despite the close proximity of reference stands to harvest sites forest health
dynamics show fine-scale spatial variability. Pre- and post-harvest growth rate comparisons, as

well as the pointer year analysis, demonstrate that large-scale removal of competing trees can
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increase tree vigor for mature old-growth WBP but only when the pre-harvest conditions were
not impacted by reduced radial growth due to insect or pathogen infestations. Furthermore,
pointer year analysis indicated that significant growth releases at the stand level were not
detectable until at least six years following harvest. This result was mainly characterized by
post-harvest intervals greater than ten years at two of the four sites. The absence of positive
pointer years for reserve trees in the remaining two sites for the post-harvest interval was most
likely attributed to a limited post-harvest interval at LV (6 years) and the negative pre-harvest
growth trend at WE. No significant difference was detected between the mean resistance index of
control and reserve trees one year after harvest in three of the four sites examined. However,
examination of reserve tree chronologies indicate a common growth lag one to three years from
the harvest event year. Reserve trees indicated a significant difference in the recovery period for
the harvest event year with a one-year lag in two of the four sites. However, this result was
confounded by the following two occurrences: (1) one of the sites showed a negative radial
growth trend pre-harvest; and, (2) the pointer year analysis identified an inflated growth response
in the control trees for the same year for the second site.

WBP in closed canopy forests with mesic site conditions demonstrated to be
energy-limited systems and had a significant negative correlation to current July SPEI on a
6-month timescale. The WBP tree-ring network also showed to a lesser extent a significant

negative correlation to current July precipitation.
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6.2 Implications and Recommendations

In order to respond to the rapid decline of WBP, forest managers need to understand the
ecological and climatic elements that affect WBP tree mortality and growth in VR stands in
southeastern B.C. Adaptive management strategies for endangered high-elevation five-needle
pine species include silviculture as a stand-level intervention (Keane et al., 2022). My research
indicated that elevated windthrow post-harvest mortality and significant growth releases have
intersecting timelines at approximately 5 years post-harvest. These findings suggest an increased
probability of uncertainty as to the success of conserving cone-bearing WPB trees in VR stands.

On the one hand, my findings suggest that the levels and length of attrition of reserve
trees could potentially compromise the natural seed dispersal mechanism of WBP from the
mutualistic relationship of the Clark’s Nutcracker (Nucifraga columbia) by creating a deficit in
cone-bearing trees. High-elevation five-needle pine ecosystems that have dramatically fewer
cone-bearing trees can cause seed shortage for this obligate bird species because pine squirrels
(Tamiasciurus spp.) are able to outcompete for this food source (McKinney and Tomback, 2007;
Keane et al., 2022). Furthermore, the Clark’s Nutcracker will leave an areca with low cone
production because they are energy-sensitive foragers (Tomback et al., 2022) and, although they
have the ability to travel great distances to store seeds, they frequently behave locally (Lorenz et
al., 2011).

Significant post-harvest radial growth increases for reserve trees provided evidence of
increased tree vigor (Dobbertin 2005). Trees with increased vigor can expend greater resources
towards cone production, especially when tree-to-tree competition has been removed

(Gonzalez-Ochoa et al., 2004). Consequently, the reserve trees from this study show promising

74



opportunities to contribute to cone production since they were also representative of the optimal
age cohort (200 yrs old) for cone-bearing capacity (Keane et al., 2017).

These conflicting seed source dynamics have some long-term implications for the success
of WBP conservation/restoration strategies. Although this study didn’t examine the pre-harvest
tree vigor for windthrown reserve trees, it was postulated that these trees were less resilient than
those that did survive to the time of sampling. This seems a reasonable conclusion as there was
no significant difference for resistance index means between the control and surviving reserve
trees one year after harvest for the majority of the sampled stands. Therefore, VR treatments
have the potential to effectively alter the dominance of more resistance trees.

Morris et al. (2022) suggest that thinning practices that remove low-vigor trees have the
capacity to enhance the survivorship of legacy trees when faced with subsequent disturbances.
For example, increased tree vigor for reserve trees can mean enhanced tree defenses against
disease and insect attacks (Hansen et al., 2016). Specifically, the long-term survivorship of more
resilient trees can impact community dynamics that may fare better in the face of future
disturbances (Young et al., 2020; Morris et al., 2022). It is recommended that forest managers
return to these VR treatment stands in the future to identify and quantify how many of the
remaining reserve trees have WBP rust resistance genetic attributes. Trees infected with WBP
rust can potentially survive on the landscape for decades but cone production is quickly
compromised (McKinny and Tomback, 2007). Given the low success of WBP survivorship
among these VR sites, it is imperative that forest managers review and validate the fecundity of
WBP survivorship following silviculture practices. This information could have adaptive
management implications insofar as land managers could then implement effective tree-level

restoration strategies such as supplementing ingress trees with WBP rust resistant seed plantings.
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Given the limitations of this research and the possible implication of these preliminary findings,
this work can serve as a building block for future research. Employing an experimental study
design would ultimately be the best strategy to elucidate the finer processes and phenomena that
affect the survivorship of WBP in VR stands (Mabher et al., 2018). Keane et al. (2022) suggest
that statistically, reliable sample designs are vitally important to tailor restoration strategies to

local environments and specific treatments designed to increase efficacy.

6.3 Future Research

My research was intended to evaluate the success of variable retention as a tool for
conserving and restoring WBP within the ESSF of southeastern B.C. The findings of this

research suggest multiple avenues of future research:

1) The census methodology employed in my research serves as a strong foundation for
long-term programs. Key components include tagged trees with spatial referencing, as
well as, a comprehensive inventory of forest health agents, crown lengths and percent of
crown foliage at the time of sampling. Keane et al. (2022) indicate that long-term
programs that include comprehensive inventory and mapping offer valuable information
that can be incorporated into finer-scale restoration and conservation measures.

2) The tree-ring network archived in this study includes additional opportunities in the field
of dendrochronological investigations. An analysis of pre-harvest radial growth from
cross dated windthrown trees could illuminate the relationship between pre-harvest

growth and post-harvest mortality. Examining the radial growth of windthrown trees
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3)

4)

could quantify the magnitude of radial growth reduction as a result of harvesting
practices.

The growth-climate analysis was only done on control trees, leaving knowledge gaps to
how VR treatment might potentially shape growth-climate relationships post-harvest.
PC and FW are the best candidates for a more in-depth growth-climate analysis as these
sites have the longest post-harvest time-series and, provide adequate sample depths. In
addition, growth-climate stability should be taken into consideration in future work.
Silviculture treatments are studied for both short-term and long-term consequences. One
long-term influence of clearcutting practices is the impact it has on altering species
composition (Harplen and Urgenson, 2021). Bose et al. (2013) define recruitment as a
top consideration for evaluating silviculture practices. Therefore, there is an important
opportunity to examine regeneration on these cutblocks, especially since the nature of
this anthropogenic disturbance could foster early successional trees species (Clark and

Covey, 2012), such as WBP.
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Cropper Values

APPENDIX A: Identification of Negative Pointer Years for Control and Reserve Trees
for the common time period of 1901-2018 (FN:1901-2017)
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APPENDIX B: Identification of Positive Pointer Years for Control and Reserve Trees for the
Common Time Period of 1901-2018 (FN:1901-2017)
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APPENDIX C: Two sample Welch T-test on Resistance Index Means

Tree Sample Depth

Resistance Index Means

Event
Site Year Reserve = Control Reserve Control t df p-value
PC 1969 17 19 0.75 0.74 -0.19 24.54 0.85
PC 1972 17 19 0.71 0.82 1.94 32.88 0.06
PC 1982 17 19 0.72 0.71 -0.13 24.96 0.90
PC 2004 17 19 0.89 0.74 -1.52 22.36 0.14
FN 1972 20 18 0.88 0.89 0.32 32.92 0.75
FN 1997 20 18 0.86 0.86 0.03 36.00 0.98
FN 2002 20 18 0.92 1.16 1.67 33.13 0.10
FN 2010 20 18 0.88 0.78 -1.46 28.50 0.16
LV 1997 13 18 0.79 0.82 0.49 25.08 0.63
LV 2001 13 18 0.83 0.98 2.47 28.92 0.02*
LV 2004 13 18 0.86 0.86 -0.07 2414 0.94
LV 2013 13 18 0.87 1.09 1.42 14.81 0.18
WE 1972 36 18 0.84 0.88 0.66 25.70 0.51
WE 1997 36 18 0.83 0.87 0.46 25.83 0.65
WE 2009 36 18 0.94 1.19 2.50 50.72 0.02*
WE 2010 36 18 0.65 0.90 3.40 39.92 0.00*

Event Year’s in bold represent harvest event year with a one year lag
* indicates significant difference between mean resistance index
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APPENDIX D: Two sample Welch T-test on Recovery Period Means

Sample Depth Mean Recovery Period

Site Event Year Reserve Control Reserve Control t df p-value
PC 1969 13 18 1.49 1.10 -0.51 16.01 0.62
PC 1972 14 19 0.62 0.88 1.10 20.45 0.29
PC 1982 12 18 3.11 2.23 -0.72 18.28 0.48
PC 2004 17 17 1.78 1.64 -0.21 24.36 0.84
FN 1972 15 18 1.02 1.36 0.70 30.26 0.49
FN 1997 18 16 3.13 2.97 -0.11 31.22 0.91
FN 2002 18 18 341 1.52 -2.14 33.88 0.04*
FN 2010 20 18 0.61 1.63 1.98 30.36 0.06
Lv 1997 10 18 0.69 0.83 0.42 21.65 0.68
Lv 2001 8 17 1.88 1.31 -0.64 12.04 0.54
Lv 2004 12 16 0.80 0.71 -0.30 23.29 0.77
Lv 2013 10 13 1.01 0.29 -1.75 19.19 0.10
WE 1972 30 15 2.70 1.86 -0.88 26.83 0.38
WE 1997 26 14 0.43 1.10 1.06 13.33 0.31
WE 2009 23 15 1.85 0.56 -2.16 33.54 0.04*
WE 2010 21 14 2.42 0.92 -2.62 25.33 0.01%*

Event Year’s in bold represent harvest event year with a one year lag
*indicates significant difference between mean recovery period



