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Abstract

Understanding forest resilience to novel disturlearend how tree interactions will be affected lmbgl
change is critical for predicting future forest quusition. The widespread decline of the endangetdtebark
pine Pinus albicaulis) in the Canadian Rockies due to non-native whiite plister rustCronartium ribicola) and
native mountain pine beetlBéndroctonus ponderosae) andlps sp. permitted examination of interactions between
disturbances and tree responses in high-elevati@sts. Disturbance severity was high with 20-90% whitebark
pine mortality over 50 years in 16 stands. Basalial increment (BAI) of whitebark pines prior t@rality from
mountain pine beetles declined 46%, but only by 2684hose subsequently killed by blister rust pgisp..
Climate-growth relationships suggest blister rastéased sensitivity of whitebark pines to variaiio summer
precipitation, reducing resistance to beetles. mbeality of whitebark pine was used asiasitu experiment
simulating neighbour removal to test the stressligra hypothesis of tree interactions. Facilitatiotensity,
determined by comparing subalpine fb{es lasiocarpa) regeneration around live, top-killed, or deadladu
whitebark pines, increased with elevation but deéperon benefactor size and neighbourhood denkiyge-
diameter, top-killed whitebark pines were morelfetive than live trees, indicating thresholdsienefactor size,
below which live, healthy trees were facilitatorelaabove which they were competitors. Size thrielshwere also
found in interactions between adult trees wherepmiition intensity increased between trees of gredibmeter
differences as indicated in BAI releases of suln&lfir after the death of neighbouring trees. Gusely, the
importance of competition relative to other factimffuencing growth increased between trees mardlai in size
and with abiotic stress. My results refine thessrgradient hypothesis by demonstrating hieraathifluences on
tree interactions. The predominant release frompegdition doubled subalpine fir's BAI from the laawhpe
average pre- disturbances compensating for thénggatedicted by climate-growth relationships. ka¢
regeneration and growth release in surviving wiaitklpines and an abrupt shift in key variables sstg regime
shift to fir dominance and whitebark pine extirpati Whitebark pine resilience was higher at sifdsw abiotic

stress and disturbance severity, relationshipsuifmf conservation.
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Chapter 1: Introduction

Almost every whitebark pinéP(nus albicaulis) tree in high-elevation forests of Waterton Lakisgional Park,
Alberta, Canada, has died because of attacks hiptiieeluced species, white pine blister ri@&tgnartium
ribicola), the native mountain pine beet®@ehdroctonus ponderosae) or various ps species of bark beetles. The
few trees that remain alive are largely affectedlister rust. However, further north in Jaspetidial Park and
Willmore Wilderness Park, Alberta, there are mare &nd healthy trees than dead trees in high-gtevéorests
(Figures 1 and Figure 2). At lower elevationshiage northern locations in Alberta, an ongoing i@tk of
mountain pine beetle has caused morality of lodigepime Pinus contorta) in thousands of hectares since 2005,
and these beetles began to be observed in 200ghatr lelevations in subalpine forests containingetdark pine
(Dr. Joyce Gould, Alberta Parks Division Sciencef@iinator, pers. comm.., 2007). The conditionudfadpine
forests in Waterton Lakes National Park preserfitseshadowing of what to expect in these whitelnle forests
perhaps 30 years from now assuming the mountamipdetle outbreak concurs with blister rust. s th
dissertation, | examined the response of tressitialpine forests to the cumulative disturbandeaok beetles and
blister rust, first at a stand and then at a tegellin Waterton Lakes National Park. The studylts provided the
basis of my discussion on how these disturbancetsweill affect the resilience of whitebark pinegutations

across the Canadian Rockies.

Whitebark pine has been described as a foundati@aystone species in subalpine forests (Tombadk an
Kendall 2001, Ellison et al. 2005). It has a classociation with the Clark’s nutcrack&ugifraga columbiana),
since this bird species opens its cones and dispéne unwinged seeds (Tomback 1982). Also, thefal
protein-rich seeds are linked to the reproductivecsss of grizzly beart(sus arctus). In poor seed years,
grizzlies seek foods at lower elevations and ratésiman-bear conflicts and bear mortality is tedhree times
higher than in good seed years (Mattson et al. 1982&fortunately, whitebark pine is in severe deethroughout
its range in western Canada and the United St@aspbell and Antos 2000, Kendall and Keane 200glere
2002, Smith et al. 2008, Tomback et al. 2011). &yields have been reduced by outbreaks of mouptaa
beetle that kill mature trees and by the widespiefttion of cone-bearing branches by the intredublister rust
(Kendall and Keane 2001). Poor regeneration teastaen attributed to blister rust and also todikelusion
causing successional replacement of whitebark lpjn@ore shade-tolerant specjggane et al. 1990). Decline of
this species could mean significant changes tatifueture and composition of these ecosystemsapdpulations
of Clark’s nutcracker and grizzly bears (Tomback &endall 2001). In fact, in September 2009, therapt to
delist grizzly bears in the Yellowstone NationatlParea as a threatened species under the Unigef St
Endangered Species Act was overturned partly beaafuthe ongoing decline of whitebark pine. In @01
whitebark pine was designated as federally endadgarCanada and is soon to be listed under thei&pat Risk
Act (Committee on the Status of Endangered Wildlif€anada 2010).

Conservation of whitebark pine requires understaméivery step involved in recruiting new treesarests,
beginning with producing healthy cone crops, caglihseeds by nutcrackers, successfully estabtisbéedlings,

and, finally, transitioning to mature trees (Fig@)e By opening the canopy and exposing minerl fa@ has



been thought to be key for creating attractive @tk for caching of seed by Clark’s nutcrackend ¢hus
enabling whitebark pine regeneration (Tomback 19&&ne et al. 1990, Tomback et al. 2001). Firégnmeg are
highly variable across the range of whitebark fineare predominantly of mixed-severity (Campbthle2011).
Whitebark pine forests can be influenced by vargiombinations of low-severity fires and high-setyefires with
mean fire return intervals ranging from 13 to 4@@arns. However, as more of the range of whitebamk pas
received research, mounting evidence suggestthiia are several successional trajectories fontaiaing
whitebark pine in the canopy and not all dependiren particularly where fire return intervals domg (Campbell
and Antos 2003, Moody 2006, Larson et al. 2009, @zl et al. 2011). This evidence includes obg@raa of:
1) whitebark pine trees in the understory and deeyof late-seral stands (Campbell and Antos 202Bpositive
correlations between whitebark pine regeneratiahraartality of whitebark pine from mountain pinectie
(Larson and Kipfmueller 2010); 3) some unburneéssitith more whitebark pine regeneration than riéggen
burned sites (Moody 2006); and 4) whitebark pireds with very little evidence of fire (this studyEentral to
the question of how to conserve whitebark pinenisiaderstanding how whitebark pine was historicaigintained

on the landscape and how novel disturbance regameshanging those processes.

In my research, | used annual tree growth, spedificannual rings, to examine two key drivers Inehihe
composition and structure of whitebark pine foredisturbances and tree-to-tree interactions. cAith my
research is centered on whitebark pine, the eambtppics studied are more universal and of @litizirrent
interest, particularly: 1) resilience of ecosysseamnovel disturbance regimes (Darling and Co6t@820hrush et
al. 2009, van Nes and Scheffer 2009); and 2) ptasplant interactions and the stress-gradient Hygs (original
by Bertness and Callaway 1994; recent work featimesh issue of Journal of Ecology in 2009, see edview by
Callaway 2007, Brooker et al. 2008, Maestre e2@09).

With the introduction of the non-native blister rts North America in the early 1900s, the co-ocence of
mountain pine beetlépssp. and blister rust is a novel disturbance regonsubalpine forests containing
whitebark pine. Understanding how disturbance tg@teract among themselves and whether a foagstexover
to pre-disturbance conditions are key questionsrgihe potential for extraordinary mortality of wvdbark pine
(Paine et al. 1998, Buma and Wessman 2011). Hatlese disturbance agents depends Bmas host to
complete its life cycle. Blister rust is specificfive-needled pines and the mountain pine beetliesarily attack
lodgepole pine or whitebark pine to lay eggs altifooan use other speciesRdfius as variougps beetles do.
When all three disturbance agents concur, therseareral possibilities for interactions (Darlinglaété 2008):
they can act synergistically, such that one agesatkens a tree and thus lowers the physiologicastimids that
traditionally hold back another agent (e.g., bfistest can cause moisture stress in a tree, logeesistance to
mountain pine beetle; Six and Adams 2007), theyooempete for the same hosts, such that one agenbates
the presence of the other, or they can operat@éerdiently and be driven by other bottom-up contold cause

additive mortality.

The key to understanding disturbance agents ardaictions is identifying drivers of the severityegich
disturbance agent. Although all three disturbaaments rely on a pine host, in Chapter 2, | explovbether there

are bottom-up controls, such as local topograpgatures, that are important and distinct betweisteblrust,



mountain pine beetle angds sp. which control the severity of disturbance in WaiarLakes National Park in a
predictable manner. | also tested whether these tisturbance agents acted independently or gigtieally and

examined the role of climate.

In Chapter 3, | used evidence in trends in treemegation and radial growth to determine whetheatellark
pine forests are resilient to this “triple whamnof“disturbances. Ecological resilience has bedinet as the
capacity of an ecosystem to absorb disturbanc#esssand undergo change while maintaining itsrtisde
identity, functions, structures, and feedbacks [[HQI1973). In whitebark pine forests, low regilee could result
in a shift to another stable state where whitelpémke is extirpated and the more shade-tolerarg;datal species,
subalpine fir Abies lasiocarpa) dominates the canopy. | quantified resilienceeolaon the ability to recover to pre-
disturbance conditions (i.e., subalpine forestfiwdame whitebark pine component), which is ofteméal
engineering resilience (Pimm 1991) that can beidensd an indicator of the more difficult to measercological
resilience (van Nes and Scheffer 2009). | thetetewhether there is a relationship between resiéeand
disturbance severity and abiotic stress. Thesstigues have been asked of many different ecosysteciading:
subalpine forests (Buma and Wessman 2011), bayesdté (Rydgren et al. 2004, Johnstone et al. 20h®rtidal
zones (Allison 2004, Harley and Paine 2009), expenitally manipulated salt marshes (Slocum and Msadken
2008) and model simulations of arid ecosystems @&k al. 2011). Conclusions on whether resilierazebe
predicted from disturbance severity and abiotiesstrhave varied. This is likely due to the gradiémlisturbance
and abiotic stress studied relative to the impaetanf the diversity and composition of the commiesiprior to
disturbance (Bruelheide and Luginbihl 2009).

In Chapters 4 and 5, | examined plant interactiorsibalpine forests containing whitebark pine.e Blalance
between facilitative (positive) and competitive gatve) interactions among plants plays an impanale in
structuring plant communities, including subalpiogests containing whitebark pine (Callaway and k#all997).
The stress-gradient hypothesis predicts that tip@itance of facilitation increases along gradiefisicreasing
abiotic stress while the importance of competiti@ecreases (Bertness and Callaway 1994). Thiséxi@msion of
the influential work by Grime (1977) which preditkgt plant competition should increase with si@doictivity.
However, both field experiments and meta-analyaggest there are circumstances where the predsotibthe
stress-gradient hypothesis do not hold (Maested. @005, Lortie and Callaway 2006, Maestre e2@06).

Natural disturbances and the life stages of intergspecies may influence the stress-gradientioaiship
(Callaway and Walker 1997, Liancourt et al. 200&dker et al. 2006). Because most studies have sieart-
term experimental manipulations and limited by ogkamining two points at the extremes of stresdigras
(Lortie 2010, Malkinson and Tielborger 2010), teéationship between plant interactions and abitiess
remains unclear in many plant communities. | ubedwidespread mortality of whitebark pine from mtain pine
beetle and white pine blister rust in Waterton lsakiational Park as an-situ experiment to simulate neighbour
removal éensu Callaway 1998) across a large landscape. In Chdptecompared counts of whitebark pine and
subalpine regeneration around live versus dead adhitebark pine trees to determine whether livételdark pine
trees facilitate tree regeneration in a predictaldg with the conditions of the benefactor, neigimhood and

stand. In Chapter 5, | examined the responsedialrgrowth of adult subalpine fir trees to the ttheaf their adult
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whitebark pine neighbour using the same hierartfiiaenework. Note that in both chapters | call #uohlt
whitebark pine trees, focal trees, but in Chaptehd term includes live and dead trees and in @ndy the term

only refers to dead trees.

This dissertation is structured in the followingmmar. This chapter provides the context and ratefor the
guestions asked and researched in the followingdata chapters. Chapters 2 to5 are data cheguddressing the
research questions outlined above. Note thatuhaber of stands sampled differs between the ctapemause
the presence of snow in one stand prevented measut®f tree regeneration. Chapter 6 presentsahelusions
from Chapters 2 to 5 in light of current reseamnt discusses their limitations and implicationstlie

conservation of whitebark pine in the Canadian Rexck



Figure 1. Subalpine forests with whitebark pin&\iaterton Lakes National Park (top row), Jasperddat Park (middle) and in Willmore Wilderness Pévkttom).
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Figure 2. Stand-level mortality for whitebark pimees in protected areas in the southern (Watddéns
National Park, Canada, n=16 stands) and northenadian Rockies (Jasper and Banff National Parks and
Willmore Wilderness Park, n=19 stands). The bahdates the interquartile range, the solid linéhie box
indicates the median and the whiskers extend toirhés the interquartile range. Dots indicate dssand are

offset to prevent overlap for presentation purposes



Figure 3. Whitebark pine from seed to tree withdrgribution by the Clark’s nutcracker.




Chapter 2: Bottom-up controls and interactions among blister rust

and two bark beetles in whitebark pine forests

2.1 Introduction

Variation in disturbance severity creates a compigttern of forest structure across landscapes. sphtial
and temporal variation in the structural legacesuiting from disturbances have important ecoldgica
consequences in terms of fuels or hosts availableubsequent disturbances and seed sources dwddab
subsequent forest trajectories. While the drieémdisturbance severity are well studied for foffesss, less is
known about the drivers of the severity of fordsedses and insects at the landscape level, garticwhen they
concur and possibly interact (Turner 2010). Disaumce severity measures the degree to which prerlisice
forests have been impacted by the disturbancesaoitiein confused with disturbance intensity, whcthe
physical force of the event per unit area per tf{Riekett and White 1985). In subalpine foreststaiming
whitebark pine Pinus albicaulis) and subalpine firAbies lasiocarpa), the disturbance regime of white pine blister
rust Cronartiumribicola), mountain pine beetlégéndroctonus ponderosae) and species dps bark beetles
combines three disturbance agents which targeewdik pine, but not subalpine fir, and operateitfarént time
scales and attack different demographic stagdsegbopulation. In this chapter, | use disturbeégts containing

whitebark pine to infer the drivers of disturbaseserity and interactions between disturbances.

Natural disturbance regimes are bounded by top-dmmtrols acting at broad spatial scales, suchimsie,
and bottom-up controls acting at local spatialesasuch as local topography or forest compos#imhstructure
(Lertzman and Fall 1998, Peters et al. 2011). éxample, as a top-down control for fire regimesltiuecadal
variability in sea surface temperatures in the fRaahd Atlantic Oceans can synchronize droughtstans fires in
western North America (Kitzberger et al. 2007).cémtrast, local topography, such as small chamgaspect, can
act as a bottom-up control on fire severity byueficing the moisture content and the continuitfuefs
(Heyerdahl et al. 2001). Top-down and bottom-uptieds which drive a forest disease or insect femmdemic
levels to an outbreak have been well describeldeatree level. Predators are considered top-dorirae
resistance is a bottom-up control (e.g., Raffd.€2@05). At the landscape level, similar to fiegimes, top-down
controls on the occurrence and severity of outtgeak climatic. Precipitation has been linkedutbreaks of
Dothistroma needle blight (Woods et al. 2005), warmer tempeeatare conducive to univoltine life-cycles and
winter survival of mountain pine beetles (Bentale2011) and drought has been associated withreakb of
mountain pine antps bark beetles (Raffa et al. 2008). However, withiregion and within an outbreak, the
spatial variation is driven by factors other théimate such as forest composition and topograptgntifying
specific bottom-up controls on the disturbance sgvef blister rust and bark beetles when theyaorcan

improve our ability to predict whitebark pine mditia This is crucial for management activitiesnaid at



conserving whitebark pine which is considered ast@aye species (Tomback and Kendall 2001) and hars be
designated as an Endangered Species in Canada (@eenam the Status of Endangered Wildlife in Can2@10).

The contemporary disturbance regime in most subalfgirests containing whitebark pine is comprised o
white pine blister rust and mountain pine beetlargBbell et al. 2011). In this chapter, | do natsider fire
because of the lack of evidence of frequent firstamds containing whitebark pine in my study dgemerally
very old stands with no fire-scarred trees). Whitee blister rust (hereafter “blister rust”), anaoative fungal
disease introduced to North America in the earQ0K9 is specific to five-needled pines and dependemlternate
hosts ofRibes sp. andCastillgja sp. (McDonald and Hoff 2001). Whitebark pine trege directly killed or suffer
top-kill typically from the girdling of the stemtbier directly by the disease or by rodents feedimghe
spermagonial exudate (Smith et al. 2008). Bliaist can remain active in a stand for decades;taffi saplings
to mature trees and causing varying levels of nityt@ampbell and Antos 2000, Smith et al. 2008)ountain
pine beetles are found at endemic levels in forestsaining whitebark pine and at lower elevation®dgepole
pine Pinus contorta var.latifolia) forests, but populations can build to an outbresksing high levels of mortality
over a few years. Mountain pine beetles favougdarhitebark pines with bark and phloem thick erfmotagprotect
broods over the winter (Perkins and Roberts 20QBj)like blister rust, death of a tree by mountaimepbeetle is
relatively quick once a tree is attacked (Saframyild Carroll 2006). Outbreaks of mountain pinetlean
lodgepole pine forests are often preceded or fabblwy species dps bark beetles, such as the pine engraler (
pini), which target stressed trees and/or smaller tresthose favoured by mountain pine beetle (8gikaand
Carroll 2006). While outbreaks gfis species have not been widely reported in whitepar& forests, preliminary
observations oivhitebark pine mortality fronhps species in the study area indicates thasp. can also be a major
disturbance. Combined, blister rust, mountain jpi@etle andps sp. can cause mortality in almost all of the life-

stages of a whitebark pine population.

When disturbances from blister rust and mountaie fpieetle are examined separattig, influence of
bottom-up controls on severity has been obserBmtause both species tar§aus, one obvious candidate for a
control is the density of host species in a stafide probability of mortality from mountain pinedike was higher
in stands with relatively more, large whitebarkeptrees growing in clumps than in stands with senaflingle
trees in a study by Perkins and Roberts (2003).bkster rust, the configuration of hosts in anstanight be more
important. Campbell and Antos (2000) found thattaliy from blister rust was higher in relativatpen stands
than in closed stands hypothesizing that it wakeeé&s airborne spores to spread and land onlteenate host,
Ribes shrubs. Topographical features such as elevatiope and aspect may modulate the bottom-up daoftro
forest composition on disturbance severity. Fameple, the incidence of blister rust was founchtmeéase with
increasing summer moisture (Smith and Hoffman 20@hite et al. 2002) and decreasing elevations (Keand
Jacobi 2007) because blister rust depends on wmist conditions for spore production (Van Arsdedle 1956).
For mountain pine beetle, the severity decreasesliter environments because cold temperaturesedueetle

survival over winter and maintain a semivoltine Idycle (Shore et al. 2000, Logan and Powell 2001).

Understanding bottom-up controls is important fgirtg to predict when changes in the drivers ofutizance
severity may push the system outside the rangatofal variability (Peters et al. 2011). One sckchnge may be
the introduction of a new disturbance agent, swchliater rust, and subsequent interactions betwéesturbances.
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When blister rust, mountain pine beetle &psisp. concur, the question is whether the bottomeurols of each
agent act as they do when the agent operateslatiesy or, whether the interactions between disinces override
the historic bottom-up controls on disturbance sgveutlined in the previous paragraph. The légsof fire or a
bark beetle outbreak have been found to overriddtitom-up controls of topography on subsequeaiii
subalpine forests. For example, the severityfireaafter multiple disturbances was best predidtgdin
decreasing order of importance, stand structunaposition, previous fires, elevation, slope, sdyesf previous
beetle outbreaks and then aspect (Bigler et abRO0Brevious fires decreased the severity of the fire by
shifting vegetation to a less flammability fuel ¢/pnd also reduced the severity of subsequenebagtthreak.
Likewise, the severity of fire after a wind evemtsiubalpine forests increased with windthrow seyevith the
effects of elevation as a secondary predictor (kaheski and Veblen 2007). In contrast, the odda sfand
burning in the Yellowstone fires of 1988 were sfigpaintly increased by previous mortality from maaintpine

beetle, but this was minor relative to the influeie drought and aspect (Lynch et al. 2006).

| examined relationships between disturbance sgvenid bottom-up controls in forests containing tebark
pine in the Canadian Rockies which were affectedrputbreak of mountain pine beetle during 197841t
addition to blister rust anighs sp. | asked: 1) Which bottom-up controls explditiee severity of each disturbance
agent? 2) Did one disturbance agent enable andtsterbance agent? Or did climatic stress onefaaitk pine

enable certain disturbance agents?

For the first question, | tested the influenceha same bottom-up controls on the severity ofdlinist,
mountain pine beetle angs sp. However, | hypothesized that each disturbageat will be driven by a different
combination of forest composition and topograpluintmls even though each relies oRiaus host to reproduce
(Table 1). For the second question, | expectestdslirust infection to increase susceptibility toumtain pine
beetle andps sp. (Six and Adams 2007). At the stand level,tality as measured by the density of dead
whitebark pine killed by both mountain pine beettalIps sp. should increase with the severity of blistest r
because it weakens tree resistance. At the tveg bbe radial growth of whitebark pine trees ptmattack by
mountain pine beetle dpssp. should show a marked decline due to die-bagkezhby blister rust. Alternately, if
climatic stress due to drought played a role, #tgal growth of attacked whitebark pine should hdeelined with

decreasing spring or summer precipitation.

2.2 Methods

2.2.1 Study area

The study area was in Waterton Lakes National Pberta, Canada (42’ N, 113 57’ W; Figure 4). In the
Park, whitebark pine is found over 3775 ha of thpar elevations (1600 to 2000 m) of subalpine tsreaost
commonly associated with subalpine fir but alsdwvihgelmann sprucéicea engelmannii) or lodgepole pine at
lower elevations (Achuff et al. 2002). High levefsmortality of whitebark pine from blister rustdamountain
pine beetle have been recorded during monitorinBdmks Canada (Smith et al. 2008). Blister rufgtcition of
limber pine Pinusflexilis) was first observed in the Park in the 1958 (Depant of Forestry Canada 1963) and
early in 1939 in the adjacent Glacier National Harklontana, U.S. (McDonald and Hoff 2001). In I9@
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mountain pine beetle outbreak spread into the ffark adjacent areas in Montana, United States (\Mg81). The
outbreak ended around 1984 in the Park, affect88pha dominated by either lodgepole or whitebank p
(Hawkes et al. 2004).

2.2.2 Sampling

| sampled 16 stands containing whitebark pine beteeline (Table 2). Stands were selected using a
geographic information system (GIS) analysis oégisting vegetation inventory of the Park. Fordgielygons
were examined for where whitebark pine formed ntbam 10% of the canopy, were larger than one heciaad
were accessible by foot. Furthermore, to ensuresanypling covered a wide range of environmentaflitmms,
the stands suitable for sampling were stratifieleiag on either warm (91°- 270°) or cool (270°2)éspects.
Because the majority of stands were on warm aséé¥), 12 stands were randomly selected from twarw

stratum and four from the cool stratum.

In each stand, | sampled at four to six pointsfoBeentering the field, the coordinates of thetffoint were
selected close to the center of the stand usintpadzavoid sampling at altitudinal treeline. Thésequent
sample points were established at distances rarydeetdcted between 40 and 100 m along a beariraiglawith
the slope contour. For each stand, net solartiadiwvas modelled from digital elevation modelsngsihe GIS-
based solar radiation model, ArcView Solar Analyat and Rich 1999) to account for the influencethef
viewshed, surface orientation, elevation, and aprhesdc conditions (D. Zell, GIS specialist, Parkan@da,
unpublished data). The raster values were averagedeach stand for January and June to represative

winter and summer net solar radiation.

At each sample point, | recorded the elevationslope angle and for other measurements establtbheel
nested, circular plots. The radius of the smajst was 3.99 m. For dense stands (> 4,000 tragghe radii of
the medium and large plots were 5.66 and 8 m;efes Hense stands, the radii were 8 and 12.66 e Ismall
radius plots, | visually estimated the percent c@fearea which was not vegetated but was rocleesor soil;
indicative of poorly developed soils. In the meaditadius plot, the species and diameter at breaghh(1.3m,
DBH) of all live and dead trees taller than 1.3 ithva DBH larger than 4 cm were recorded. In Hrge radius
plots, only live and dead trees with a DBH equdboger than 15 cm and were not whitebark pine wegasured.
Estimates of the density and basal area per heatdiree and dead stems for each tree species aetsFmined

from the medium and large fixed-area plots.

Because the density of mature whitebark pine wasssprelative to subalpine fir and could be highayiable
both within and between stands, estimates of derel-whitebark pine density based on fixed-areasptould
have low precision (Pielou 1977). Therefore, ldudistance sampling. Although distance samplirgldeen
criticized for producing biased estimates of déasitvhen populations do not have a random spaditém (Pielou
1977), simulation tests suggest methods that stardies to at least the third closest individuahfia random
point perform well (Engeman et al. 1994). Distasampling also guarantees a minimum number of Waite
pine trees at each sample point independent oftgierisused the distance to the fourth tree (RdIEO71) to
estimate the densities of large (DBH5 cm) live and dead whitebark pine trees. Igreater effort into obtaining
accurate estimates of whitebark pines with a DB¥b cm, because medium-sized trees from 4 to 1BBH

were relatively scarce (e.g., six stands had nd déstebark pines in this size class). At eacharpoint () and
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for each category of whitebark pine (large liveeglarge dead trees), | estimated the averagé@ylenstems per
ha (SPH) per stang){(

Zm: n; where A :{LJL(RNZ)

: n -1/ 10000

>

3|k

and wherem is the number of sample points in a stamds the number of individuals measured around @adft,
andA; is the area in hectares sampled around each paiea was corrected for the expected radius under a

Poisson distribution usingn —1)/n andR,;, the distance in metres to the fourth closest imftial to poini

(Moore 1954, Eberhart 1967). The maximum distasa@ched was 30 m from each sample point. For&a¥o
3% of sample points for live and dead trees, raspyg, a fourth individual was not found within 80and
estimates of average stand density were correotatiiE maximum search distance by substitutingn38sR,; in
Eq. [1]. Less than half of whitebark pine tree4%) grew in clumps of more than one stem (median:gtems,
maximum: five stems). Because it was difficultistinguish whether these clumps were individusé¢s$ror the
same tree with multiple stems, | considered thedmetone tree. For trees with multiple stemssthen that was

most dominant in the canopy was measured.

The potential cause of death for the four closdstalark pines to a sample point was determineih fro
evidence on the stem. | identified the likely bespecies based on the following characteristiegg and larval
galleries in the subcortical tissue: J-shaped geflevere indicative of mountain pine beetle, staaped galleries
emanating from one nuptial chamber indicdfesiini, and curved galleries with fine saw-toothed edgdgated
I. integer (Furniss and Carolin 1977). Each whitebark piee tvas also examined for signs of blister rusthsas
dead tops, branch and stem cankers and eviderstpiinfel feeding on the phloem and spermagoniatiata.
(Tomback et al. 2004). Because these symptomkstéibrust are not evident on the stem for longeotie tree
dies, | suspected blister rust as the cause ohdeatiead trees with no beetle evidence along thdire stem
which died after 1940 (the year blister rust wasested nearby in Montana). When estimating theitieof a
particular subset of trees, for example, the dgmsitrees killed by mountain pine beetle, Eq [@nained the

same. Howeven; in Eqg.[1] was reduced to the number of trees witit tharacteristic.

2.2.3 Differentiating bottom-up controls on disturbance severity

| identified which bottom-up controls best explairtee variability in disturbance severity (stemagfigead
whitebark pine DBH> 15 cm) using an information-theoretic approachr@am and Anderson 1998). | used the
density of dead trees and not the proportion whiere dead to define disturbance severity. Notedhadidate
models for explaining the variability in disturb@nseverity included the density of all whitebarkeptrees to
account for different pre-disturbance densitiewbitebark pine. Bottom-up controls were variabigsresenting
either forest composition or topography (Table lleveloped a set of candidate models using aesuwbvariables
describing topography, another subset of variaddssciated with forest composition and a third subsmprised
of a combination of topographic and forest compasivariables. All variables were calculated asrages over
all points in each stang £16). Candidate models used primarily variabies tvere significantly correlated to the

density of dead whitebark pine determined from &pea rank correlations (Zar 1999= 0.05, Table 3). Models
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also were parsimonious, met the assumptions dodiliregression and had no highly correlated exptapat
variables to avoid models where the significanceraf variable depended on the presence of anatbiin€arity).
Three linear models were fit using Im function lie R Base package v.2.11.1 (R Development Core P&AID)
to predict the averagéh stand density of dead whitebark pine (DBHL5 cm) killed by mountain pine beetid) (
likely blister rust ¢), orIps sp. (v) or all agents collectivelyz):

[2] Uj ory; orw; or z, =ﬁo+ﬁ1le+ﬁ2xj2+ﬁ3xjs+‘9]

wherep, is the intercept ang to S5 are the coefficients associated with variabdet® x; from the list in
Tablel. Note that the response variable was theulative density of dead whitebark pine due to adisturbance

agent as recorded at the time of sampling and gaare root transformed.

Since all models met the regression assumptioadetst squares solution is also the maximum hkeld
solution. Therefore, | evaluated models usingAkaike’s information criterion adjusted for a smsdimple size,
AIC.(Burnham and Anderson 1998). | included interardibetween variables in Table 1 only if they reduibe
AIC.. | then quantified the empirical support for eaotdel (i.e., quantifying support for different twh-up
controls on whitebark pine mortality) using Akaikeights (v) where models with high support had higher
(Burnham and Anderson 1998).

2.2.4 Death dates and radial growth of whitebark pine

To examine whether one disturbance agent enablatiemand the role of climate, | reconstructed the
distributions of the years of deaths and chroneegif basal area increment of live and dead whikehiae trees
using crossdated increment cores. | took incrermergs from each of the four dead whitebark piaespded at
every point (n=290). | cored the stem parallehi® slope contour in locations where the outersringre best
preserved, i.e., those with solid outer wood armt bawith mountain pine beetle galleries whichigaded the
presence of the subcortical region. In effortelitain the most recent outer ring, | was able t@aiolkcores where
the outer ring was thought to be well preservedi®o of the trees and quality cores from both saféke stem on
55% of the trees. Ring widths of well-sanded covese measured to the nearest 0.01mm using a Vedfitéxg
stage interfaced with a computer. | estimatedigregh date of each whitebark pine by crossdatinf eag-width
series with a master chronology of ring-widths gdime program COFECHA (Grissino-Mayer 2001). Thedian
difference between pairs of cores from the same tlea was 4 years (average = 12) possibly duartbal
dieback, wind erosion or decay occurring at asymoatrates around the stem. There were 57 thetshad
mountain pine beetle galleries with outside dafegeath prior to 1977 when the last outbreak stiatecording to
independent records. The median difference betd8&i and the death dates of these trees was § (garage
=13), which suggests a low level of decay. Thersfto account for the level of uncertainty in treath dates, |

examined distributions of death dates using 10-gkmses (Wong and Lertzman 2000).

To develop chronologies of growth from each cros=dlaing-width series, | calculated the annual bassa
increment to remove the progressive decline in widith due to the increase in circumference asagrows. |
did not detrend each series to remove an age-tiedgavth decline for three reasons: 1) most treeewld (274 £
84; average + std. dev.) and | was examining regewth since 1940; 2) in the presence of distucbahere is
no clear model for detrending; and 3) | was lookimgsudden changes in tree growth (Biondi and @e&008).
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However, for subsequent analysis with climate nmalized each time series into a dimensionless iBé&xX) by
dividing annual increments of basal area by theagyeincrement for each tree. | developed foukédde
chronologies for whitebark pine (one for live treeses killed by mountain pine beetle, trees Wikhsp. evidence,
and trees suspected to have been killed by bliggty with a Tukey's biweight mean to reduce thectfof outliers
(Cook and Kairiukstis 1990). Each chronology corgd trees from all 16 stands and had more thaam tnées for
any year and was created using the dendrochronglaxgram library in R (dpIR; Bunn 2008).

I examined interactions between the three distubagents by: 1) Spearman rank correlations betiigen
severity of one agent to another; 2) two-samplent@orov Smirnov tests for comparing the distributad death
dates of whitebark pine between agents; and 3glaions between the four chronologies of BAI watimate. |
correlated BAI in the live whitebark pine chronagjogp to 1950 prior to the disturbances with 36 eliim
variables: the average monthly temperatures froml Apthe year prior to tree-ring formation to $ember of the
year current to ring formation. Temperature aretipitation records came from a weather statidreithbridge
(~100 km away, 49.634, 112.8CW) which had complete records from 1903 to 198&dmperature and 1903 to
2004 for precipitation (Adjusted and Homogenizes&han Climate Data; Mekis and Vincent 2011). stéd for
a non-zero Pearson correlation by randomly arrantia sample data using1000 bootstrapped samtitsning
the 2.5 and 97.5 quantiles of the 1000 estimatessaeing if the observed correlation was outsfdbese limits
using DendroClim2002 (Biondi and Waikul 2004). o climatic variables significantly correlatedhwi

whitebark pine growth, | tested for significantrids over time using the Mann-Kendall test.

2.3 Results

2.3.1 Disturbance severity varied with agent and location

Most (72%) large whitebark pine trees in the Pagkendead (Table 2). Although evidence of mortdikgly
from blister rust or mountain pine beetle was obaseiin all the sampled stands, the percent of ityrtzaused by
each was highly variable (Table 2, Figure 5). @erage, 44% of dead whitebark pine had no evidehce
mountain pine beetle dps sp. and were considered to have died from blrsigty 32% had egg galleries
characteristic of mountain pine beetle, and 27%hefdead whitebark pine showed only evidencspini orl.

integer.

Live, large whitebark pine formed a minor compongndividual stands (2& 20% (average: one standard
deviation), Table 2). Although these trees weneeamost were in poor health; 12% had active Siatian of
blister rust and 65% were reproductively dead beead dead tops resulting from blister rust. Semallve

whitebark pine trees (@ DBH <15 cm) were also scarce (#&1 trees/ha).

Cumulatively, most of the mortality of whitebarkngi occurred over a relatively short period of time
(interquartile range of 17 years between 1966 &881Figure 6). Mortality from mountain pine beettas more
episodic than that from blister rusti@s sp.. This was indicated by the shorter interdigaranges between death
dates for trees killed by mountain pine beetle thigster rust ofps sp. (11 versus 24 or 18 years respectively) and
significantly lower variance between blister rustlanountain pine beetle (F = 1.64, numeratgfdf.,s:= 130,
denominator dfountain pine beete 87, P-value = 0.014). Mortality from all disbhance agents was higher than the
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estimated background rate of mortality of whitebgirke prior to 1940 due to senescence — the miyrtalie due to

blister rust over 60 years was about 11 timesdh#te background rate (Figure 6).

2.3.2 Different models explained severity of different disturbances

The variability in disturbance severity could b@lined by different models for each disturbanoenag
While | cannot directly conclude the causal mecérbehind each type of mortality, there were gteadictors of
disturbance severity, distinct for each disturbaagent, from the set of models that | tested. Seheerity of blister
rust was higher in stands which had relatively &mhar radiation in the summer: the best model 6d®o
candidates had one explanatory variable, the agesalgr radiation in July (Akaike weight of 0.40®&ble 4,
Figure 7). The severity of mountain pine beetléased with increasing elevation and proportiogrotind
vegetated (Akaike weight of 0.460, variance inflatfactor =1.003; Table 4, Figure 7). For mornyaliom Ips sp.,
there were two possible models. The best modebhafikaike weight of only 0.325 and included thesity of
whitebark pine as an explanatory variable (Table®)e severity of mortality caused kps sp. increased with the
density of all whitebark pine. The next best mddeluded the addition of solar radiation in Jul\ké@ike weight
of 0.214, variance inflation factors of 1.000, Tahb). The severity of mortality causedlpg sp. was also higher
in stands which had relatively high solar radiatiothe summer. No model adequately predicted ¢atie

mortality from all three agents.

2.3.3 Disturbance interactions and decline in BAI before death

There was evidence of interactions among distusmafrom the analysis of the dates of death and
chronologies of radial growth but not from the etations of the three disturbance agents. Moytaljtmountain
pine beetle was not correlated to mortality likeused by blister rust ops sp.. Mortality bylps sp. was not
correlated to mortality likely caused by blistestu This analysis was confounded by not being &btéstinguish
between trees which may have been affected byebligst in addition to another agent. However diséributions
of death dates significantly differed between wiétek pine killed by mountain pine beetle and biistest (two-
sample Kolmogorov Smirnov test, D = 0.30, p-valu@80014) andps sp. (D = 0.41, p-value = 4.17e-06). In
particular, the peak of mortality frofps sp. lagged that from mountain pine beetle sugggstisecondary role for
Ips sp. (Figure 6). The distribution of death datesflps sp. and blister rust did not significantly diff@ = 0.14,
p-value = 0.31; Figure 6), suggesting that they e acted at the same time.

BAI of whitebark pine trees began to decline aro80; evident in both live trees and those sulesetty
killed (Figure 8). By 1980, there was a significdecline in growth (all chronologies had signifitgp< 0.05)
values of Mann-Kendall’s tau). | suggest thatdkeline was primarily due to infection by blistest and partly
enabled by a change in the climatic drivers of BAlich may also be linked to blister rust. Blistest was first
observed in the Park in 1958 (Department of FoyeSamada 1963) and negatively impacts the rad@aitr of
infected trees. Blister rust could also explai decline of live trees because most were unhealitiydead tops
and/or had active infection by blister rust attinge of sampling. Live trees did somewhat recomehe following
decades which could be a response to the releassairces as neighbours died or to a change iclithatic

drivers as outlined below.

From 1903 to 1950, the BAI of live whitebark pimeds was positively correlated to average tempesin

May in both the year prior and the year currenirig formation and to average precipitation in Jagwand March
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in the year of ring formation (Pearson correlatoefficients (r) = 0.420, 0.391, 0.351, 0.440, exsjyely).
Between 1950 and 1980, neither May temperaturdaouary or March precipitation significantly chaddg®ann-
Kendall's tau = 0.111, 0.065, -0.03; p =0.401, @,82812, respectively). The only climatic varehblhich
significantly declined between 1950 and1980 wa® jurecipitation (tau = -0.297, p =0.022). Afte50%nd up
until 1980, BAI of live trees and those eventuéiljed by blister rust andips sp. were positively correlated to
average precipitation in June in the year of riogrfation (r = 0.545, 0.554, 0.527, respectivelgure 8) in
addition to February precipitation. The switcheaft950 to June precipitation being a driver of BA&ll

whitebark pine trees but those eventually killedhiyuntain pine beetle is notable in Figure 8.

2.4 Discussion

2.4.1 Disturbance interactions

A “triple whammy” of disturbances, which includetisker rust, mountain pine beetle aips sp., formed a
distinct disturbance event in the subalpine fores#aterton Lakes National Park. Cumulativelye #vent was
specific toPinus, widespread, long in duration (at least 50 yeans) of mixed severity (range of 20 to 90%
mortality of whitebark pine). Blister rust and nmbain pine beetle have co-occurred in other forestdaining
whitebark pine in British Columbia, Idaho, Montaarad Wyoming (Campbell and Antos 2000, Perkins and
Roberts 2003, Six and Adams 2007, Logan et al. ROTI0 the best of my knowledge, this is the finste Ips sp.
have been reported as a significant disturbanéerésts containing whitebark pine. Althoulgis sp. are
traditionally thought of as only locally eruptivatherlps species have recently proven capable of widespread
mortality. For exampldps confusus caused over 1.5 million ha of mortality of pinypime (Pinus edulis) and
juniper species woodlands in southwestern UniteteStin 2003 (Raffa et al. 2008). Similar distuxdss when
multiple agents concur are found in other foregetywhen bark beetles, disease, and/or defoliatsagts
coincide (e.g., in interior Douglas-fiPgeudotsuga menziesii) forests with western spruce budwor@h¢ristoneura
occidentalis) and Douglas-fir bark beetl®éndroctonus pseudotsugae); Hadley and Veblen 1993). | discuss
further the inferred bottom-up controls to thistidist disturbance event in the Park, the role whate and

disturbance interactions and implications for covisg whitebark pine.

2.4.2 Bottom-up controls: forest composition and local topography

Local topography acting as a bottom-up control éndahe presence of interactions between the diance
agents was a key result. A fairly large proporiibithe variation in mountain pine beetle sevefiyj. R? = 0.43)
was explained by bottom-up controls of local toginy (elevation) and forest composition (percenecof non-
vegetated ground). The amount of solar radiattmeived in a stand in the summer explained a smaitgortion
of the variation in blister rust severity (Adj?R 0.27). The absence of host density in modelexXplaining the
severity of mountain pine beetle and blister rustuibances implies that the prime bottom-up cdrtno
disturbance severity was not the density of hostsite conditions which reduced trees’ resistandeeetle attack
or were favourable for spore development. Theri#gvaf mountain pine beetle is predicted to bedown sites
with higher percent cover of rock or soil. Thisutbbe because stands with low cover of undergitamts tend to
be on steep slopes (highly correlated) and repteases too cold or unproductive where whitebarkeps not

dense enough for mountain pine beetle to be suttedshe severity of mountain pine beetle is gisedicted to
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increase with elevation which contradicts reswtai by others (Shore et al. 2000, Logan and P@&G€IL) but
may reflect the density of hosts in this case. Bister rust, cool temperatures and moisture énftimim of rain,

dew or high humidity are required for basidiospdredevelop orRibes, survive dispersal by wind to five-needled
pines and then germinate in the late summer (Vaderet al. 1956). This supports the relationsffiqund where
blister rust mortality was higher in stands whieheived relatively low amounts of summer solaratdn. The
lack of a relationship between blister rust anddéesity of hosts, combined with positive relatiaips with
summer moisture, has also been found in whitebiak forests in Idaho and Wyoming (Smith and Hoffri2801).
Nearby to my study area in Montana, U.S., a highadence of blister rust infection on whitebark@itrees was

found in moister sites (Smith et al. 2011).

While the severity of disturbance bys sp. increased with the total density of host sgediopography was
also influential. | found thdps-caused mortality increased with increasing sddration, implying warmer or
drier conditions facilitatetips sp.. Elsewhere outbreaks of otHgs species, such aspini andl. confusus, have
been observed after droughts (Safranyik and Cazadlb).

2.4.3 Interactions among disturbances and with climate

| propose that the introduction of blister ruseedid the expected relationship between precipitatial
whitebark pine growth. The stress then causedibtebrust and/or summer drought reduced the dppaftrees
to resist bark beetle attack, amplifying the moimpane beetle outbreak at elevations traditionetipsidered too

cold for beetle development.

Prior to 1950, whitebark pine growth was positivetyrelated with precipitation in the winter wheeeper
show packs increase soil moisture at the beginoirnilge growing season. The lack of relationshithwiune
precipitation prior to 1950 is notable becausertiygon experienced one of the most severe summegtts at
low elevations between 1917 and 1941 (Watson a@than 2004, Pederson et al. 2006) and yet whiteiagk
trees did not appear affected (Figure 8). It isgilde that warmer temperatures which are assdcwite drier
periods caused favourable growing conditions ah leigvations (Kipfmueller 2008). After 1950, pigtation in
June in the year of ring formation was highly andipively correlated to the growth of all whitebaie trees,
except those eventually killed by mountain pinetleeeWhat could have caused this change in clirgadevth
relations specific to a subset of trees? | proplatthe introduction of blister rust to the Paiks earlier than the
first recorded observation in 1958 because bliststr was observed on whitebark pine earlier in 1i&83Slacier
National Park, Montana which borders the Park (Mic&ld and Hoff 2001). Because blister rust redsegsvood
moisture and negatively affects water relationdinita tree (Six and Adams 2007), infection couldeha
heightened the sensitivity of whitebark pine tre'esummer moisture. June precipitation signifibadéeclined
between 1950 and 1980, although there were rebativet periods in the 1970s and from the 1990sr&sent.

Whitebark pine trees which were killed by mountaiime beetle were stressed as shown by the decliBAli
for at least 20 to 30 years prior to their dearthis reduced the capacity of trees to resist bedtiek, ultimately
reducing the threshold number of beetles nece$sagysuccessful mass attack. Indeed, the BAle& prior to
being killed by mountain pine beetle declined theatest (46%) from 1950 to 1980 relative to thdide®f live
trees (9%) and trees killed by the other two ageéf?§%). There is evidence from other studies thatintain pine

beetles preferentially attack whitebark pine tredgh have more severe blister rust (Six and Ad266v,
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Bockino 2008). The decrease in June precipitatmuid have also directly affected the dynamicshefautbreak.
Drought stress in the spring or summer has be&rdito the eruption of mountain pine beetle outkséa
lodgepole pine forests (Safranyik and Carroll 20R&ffa et al. 2008) and spruce bark bedilenflroctonus
rufipennis) outbreaks in southern Alaska (Sherrif et al. 20Troughts are usually accompanied by higher
temperatures which can accelerate the life cyckelmdrk beetle because the rate of moving betweeelapbmental

stages are temperature dependent (Bentz et al).2010

The introduction of blister rust and the heightesedsitivity of infected whitebark pine trees torsner
moisture may have also permitted novel dynamidep®$p.. Ips sp. are traditionally considered secondary bark
beetles, arriving after another disturbance agenlimate have stressed trees (Furniss and Cak6lii@). I. pini
beetles have been observed to kill large numbepineftrees one to three years following the celtapf mountain
pine beetle outbreaks (Safranyik and Carroll 20063.host trees usually have smaller diameters thas tree
attacked by mountain pine beetle (Safranyik anddll&2006). Indeed, | observed that the peak nlibytitom Ips
sp. lagged that from mountain pine beetle (Figyrandl that trees killed biys sp. were on average significantly
smaller than those killed by mountain pine bedth® (sample t-test: t= -8.830, df= 206, p < 0.000Hpwever, it
also appeared thits sp. was able to build in numbers and operate eidgntly of mountain pine beetles as
shown by very few trees had both mountain pinelbestdips sp. galleries. This may have been possible throug
trees’ resistance being lowered by blister rusf@slimmer drought. Indeed, the growth of treéar o being
killed by Ips sp. and their dates of death were highly corrdlaeghose killed by blister rust. However, theselo
dynamics oflps sp. is not simply of working hand in hand withstdir rust. Different bottom-up controls suggest
partial independence from blister rust - the infice of summer solar radiation s sp. was positive and that on
blister rust was negative (Table 3). The dualitghilf |ps sp., to be a follower or an independent cause of

mortality, likely made it difficult to model morti&y based on the bottom-up controls | examined.

2.4.4 Conclusions

Although the combination of the three disturbangeras is a novel disturbance to whitebark pinedisie
traditional bottom-up controls on disturbance sityaf forest composition and topography, similarthose found
by other research that addressed each disturbamsgation, remained in place for each agentpdnicular,
having a bottom-up control of local topography neetrat even in the face of climate change anddhnitton of
new disturbances, disturbance severity remains whatepredictable. To help the restoration of theagered
whitebark pine, | recommend that the bottom-up @stdentified in my work be used to map the ptsn
susceptibility of stands containing whitebark piodlister rust, mountain pine beetle dpdsp.. Valued
whitebark pine stands with predicted high suscdjilshould be prioritized for protection from motain pine
beetle using the inhibitory pheromone, verbenoren{Bet al. 2005). | expect additional mortalityrh other
disturbances such as blister rust fpsisp. and the probability of these two types of @iyt may be predicted

from the level of net solar radiation received kstand.

My work presents another example in which bark leesruptions have been amplified with the anthramig
introduction of a new disturbance agent, blistat (Raffa et al. 2008)Infection by blister rust stressed whitebark
pine trees, leading to heightened sensitivity toser moisture. Combined, these factors may expl@iynrecent
outbreaks of mountain pine beetle caused so muctality at elevations typically thought to be tamlat for beetle
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development and whiyps sp. was able to cause widespread mortality althdtugds not been reported as a major
disturbance agent in whitebark pine forests preslipo(Logan et al. 2003, Logan et al. 2010). Watettakes
National Park presents an example of where coniptexactions between disturbance agents and clioratged

an unprecedented triple whammy disturbance in Wwhitepine forests.
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Table 1. Candidates for explanatory variabledifar models attempted to assess relationshipeceet

disturbance severity and characteristics of topgutgyand forest composition. All values were averhgver the

points sampled in each stand.

Type Variable Description
name
Elevation Elevation (meters above sea level)
Slope Slope (radians)
Topography o . )
Jan_mean Modelled average solar radiation during January (WH/m")
July_mean Modelled average solar radiation during July (WH/mz)
Total_pine Density of all live and dead whitebark pine DBH > 15 cm as an estimate of pre-
Stand disturbance stand composition of whitebark pine (trees/ha)
composition
Live_pine Density of live whitebark pine DBH = 15 cm
Nonveg Percent cover that is rock, scree or soil and is not vegetated; indicative of poorly

developed soils
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Table 2. Characteristics of sampled stands in Watdrakes National Park. Locations are in UTM, NAD&one 11 except for Stands 3, 7, 10, and 16, Z@ne

July solar

% cover

Density of

% of dead

Density of

Stand Name Easting Northing Nfunl1bter (Ele)vation (S;ope ) radiation not dead pine pine from live pine’ %;,Of pine
of plots m egrees (Wh/mz) vegetated (stems/ha) MPB* (stems/ha) alive
1 Bauerman 708842 5445349 5 2066 39 201,429 39 107 42 45 30
2 Castle Divide ~ 708309 5448788 5 2032 28 200,437 26 152 16 95 39
3 Coppermine 283498 5445471 3 2043 43 182,316 13 156 24 30 16
4 ;f’ d“;: Avion 509508 5449065 4 2124 36 189,363 14 305 54 74 19
5 ;‘;ts'if] Craue 17303 5434859 5 2006 36 175,777 17 76 22 107 58
6 Rowe Lakes 714135 5438529 4 2249 31 203,729 18 101 55 22 18
E‘;ﬁ:‘;”on 281777 5438341 3 2011 48 171,286 68 198 0 112 36
Upperlone 710656 5442860 5 2114 42 204,367 33 117 36 97 45
Blakiston Mid 713526 5444699 5 1812 31 192,569 43 53 1 195 79
10 Crypt Lake 292256 5431849 5 1948 6 186,479 5 54 73 2 3
11 Glendowne 716304 5447969 6 1913 19 190,519 16 226 22 93 29
12 Lower Lone 709061 5442244 6 2124 13 200,633 3 197 68 120 38
13 Toe of 715522 5446139 5 1931 24 168,181 3 135 52 10 7
Anderson
14 Tamarack 711316 5439307 2056 27 180,417 5 195 11 72 27
15 Blakiston 708693 5444486 6 1887 25 195,709 3 201 32 16 7
Junction
16 Carthew 283413 5436453 6 1855 24 181,314 0 202 0® 5 2
Alderson

! Percent all dead whitebark pine killed by moumfgine beetle (MPB)
2>= 15 cm dbh

® Observed evidence of mountain pine beetle at@ratibn in the stand, but did not form the sampleds.
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Table 3. Spearman’s rank correlation coefficidrgsveen live and dead whitebark pine stand deasitlyvarious

topography and forest composition variables (nta6ds). Dead_rust, Dead_Ips, Dead_MPB and Dead_pin

represent density of whitebark pine killed by Eistust,|ps sp., mountain pine beetle and all agents respsygtiv

Numbers in bold indicate correlations that weraiigantly different from O whei = 0.05.

Variable Live_pine Dead_rust Dead_lps Dead_MPB Dead_pine
Elevation 0.162 -0.443 0.314 0.437 0.004
Slope 0.357 0.019 0.275 -0.285 -0.113
Jan_mean 0.203 -0.406 0.409 0.364 -0.174
July_mean 0.168 -0.606 0.405 0.381 -0.168
Nonveg 0.561 -0.278 0.327 -0.323 -0.415
Total_pine 0.609 0.282 0.490 0.068 0.674
Live_pine -0.174 0.456 -0.191 -0.065
Dead_rust -0.381 -0.324 0.535
Dead_Ips 0.398 0.330
Dead_MPB 0.235
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Table 4. Best linear models for estimating thedtdensity of whitebark pine killed by blister rustountain pine

beetle olps sp. (n = 16 stands), is the intercept anp, to B; are coefficients for explanatory variables in .

(standard errors in brackets). Fir_sph is squasetransformed for modelling mortality from mouint@ine

beetle. Adj. R= adjusted R K = number of model parameters including onesforAlCc = Akaike’s information

criterion for small samples, and w = Akaike weigtlative to the other 17 models (see Table 16 ipefyulix).

Response Explanatory Bo B. B, Adj. R’ AlCc w

variable variables

Blister rust Bo+ ByJuly_mean 39.457 -1.685%10™ 0.269 38.811 0.406
(12.498) (6.600%107)

Mountain Bo+ B;Elevation+ -25.940 0.017 -0.096 0.427 38.598 0.460

pine beetle B,Nonveg (12.392) (0.006) 0.038

Ips sp. Bo+ BiTotal_pine 0.648 0.022 0.216 40.960 0.325
(2.331) (0.010)
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Figure 4. The locations of the 16 stands sampiafaterton Lakes National Park, Alberta, Canada QB0 ha;

the inset shows the location of the park (pinkatige to the range of whitebark pine in North Aroar{hatched)).
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Figure 6. Distributions of the year of death ofiwhark pine trees killed by the three disturbaagents and those

killed by unknown causes of death prior to thedadtrction of blister rust in the area ~1940.
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Figure 7. Observed versus predicted whitebark pingality from the three disturbance agents, linecate 1:1

relationship. Predicted values are from modelBahle 4.
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Chapter 3: High disturbance severity and site stress lowers whitebark

pine resilience

3.1 Introduction

Certain forest diseases and insects have recestilyried with unprecedented severity and extentleddiy
climate change (Dale et al. 2001, Raffa et al. 2@@tz et al. 2010, Sturrock et al. 2011). Theag of non-
native pathogens to North American forests fronepttontinents has also resulted in novel disturbaagimes
(Chapter 2). Whether forests are resilient toghresent outbreaks, which are outside their rafigieeonatural
variability (Raffa et al. 2008), is unknown. Indtstudy, | determine how regeneration and surg¥iees in
subalpine forests of the Rocky Mountains in south&berta, Canada containing whitebark piRen(s albicaulis)
respond to the interactions of three pine-spedifiturbances, one of which is non-native. Becausebark pine
is designated Endangered in Canada due to extetsolime throughout its range (Committee on theuStaf
Endangered Wildlife in Canada 2010), | then examhether the cumulative impact exceeds whitebank’pi

resilience to disturbance.

Ecological resilience is the capacity of an ecamysto absorb disturbance or stress and underg@ehahnile
maintaining its essential identity, functions, stures, and feedbacks (Holling 1973, Peterson @198I8).
Ecosystems can shift from one stable state to anattiggered by a combination of gradual changedrivers and
disturbance that forces the ecosystem to croseattbld (Scheffer and Carpenter 2003). High eéodbg
resilience prevents such regime shifts. Howeasilience is challenged when novel disturbancemegicreate
conditions for which tree species are not adagenn@ and Wessman 2011). In forests, there are@ranhere
multiple disturbances in quick succession haveddetie failure of tree regeneration and a shifjtassland,
parkland, or dominance by deciduous trees (PagadeDelwaide 2003, Johnstone et al. 2010, BumaNssman
2011).

Changes in ecological regimes are difficult to eeds is measuring ecological resilience (Thrusil.e2009).
Inferring a regime shift requires several linegwifdence including: a slowing down in the recovaiter a
disturbance (van Nes and Scheffer 2009); increaagdnce or an abrupt shift in a driving variabtesgstem
behaviour over time (Carpenter and Brock 2006j1dseof decreasing abundance of a key speciesghadges in
recruitment and juvenile mortality (Thrush et @08). The response in subalpine trees to a chargjsturbance
regime, both in terms of regeneration and growtbusfiving trees, is expected to be complex. Tiauwative
disturbance varies in severity across the landsaageegeneration and growth can be affected bietie of
abiotic stress at a particular site. High levdlalmotic stress for subalpine trees is causedxingmely low
temperatures causing photo-inhibition, poor salgsing moisture or nutrient limitation, and windsigeation and
abrasion (Callaway 1998, Germino and Smith 199%hévi&t al. 2005, Baumeister and Callaway 2006 atiSip
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and temporal variation in disturbance severity abidtic stress can lead to different successioativgays in
different locations on the landscape (Shenoy €2Gil1). If the rate of recovery to conditions ptio the
disturbance (also termed engineering resiliencahimdicator of ecological resilience (van Nes Satieffer
2009), then ecological resilience on the landscheelld be predictable from pre-disturbance conaljtio
disturbance severity and level of abiotic stress site (Rydgren et al. 2004, Bruelheide and Lughi2009). For
example, in boreal forests of Yukon, recruitmentreés after a high-severity fire illustrated this¢s experiencing
greater abiotic stress showed the lowest resiliemcksturbance (Johnstone et al. 2010) and, tmsaishes of
Mississippi River Delta, more stressed locatioss aécovered more slowly from experimental herlgicid

disturbances (Slocum and Mendelssohn 2008).

It has been suggested that forests containing ldnikepine are undergoing a regime shift in whicliteldark
pine may be extirpated and replaced by late-seraldpecies and that these forests will be unaliecover from
this change (Keane et al. 1990, Logan et al. 20I8)s has been attributed to a marked changecimatural
disturbance regime in which the non-native whitgeghlister rustCronartiumribicola, hereafter termed “blister
rust”) has been introduced, fires have been exdaahel warmer temperatures and drier growing sedsae
facilitated the population growth of mountain pleerk beetles@endroctonus ponderosae), resulting in increased
mortality and reduced reproductive capacity of maiwhitebark pine trees (Logan and Powell 2001 faRetf al.
2008, Logan et al. 2010). The axiom that thistshiflisturbance regime leads to an unrecoverdbfets late-
seral species remains untested, particularly wheg were historically infrequent. While mountgime beetle is
generally considered detrimental because it kibgure whitebark pine trees, gaps created in themaalso offer
opportunity for whitebark pine regeneration (Larsod Kipfmueller 2010). It is possible that thesa threshold
at which cumulative mortality of whitebark pine finche contemporary disturbances of mountain pirti®and
blister rust represents either an opportunity netloss to whitebark pine recruitmeBelow this threshold,
mortality of adults and infection of saplings byster rust would be low enough that the releasesdurces would
represent a regeneration opportunity for whitelpanie. Above this threshold, high mortality of asureducing

the seed source, and high infection of saplingBlisyer rust would represent a net loss.

The contemporary disturbance regime in subalpineste with whitebark pine contains disturbance tgen
which operate on different time scales and affé@@tmnt demographic stages of the population (@&&). In this
chapter | do not consider fire because of the tdakvidence of frequent fire in stands containirgtebark pine in
my study area which generally are very old stanitls mo fire-scarred trees. Blister rust is a furdjaease specific
to five-needled pines introduced to North Americdhe early 1900s (McDonald and Hoff 2001). Ondedted by
blister rust, a tree dies slowly as the diseas#legirthe stem. Often the top half or more of tke s killed, leaving
the lower stem and branches alive. Unfortunatetywhitebark pine, cones are produced only ondpeew
branches, meaning that top-killed trees, althodiyke care reproductively dead. Blister rust camaén active in a
stand for decades, affecting saplings to matuestasd causing varying levels of mortality (Campaetl Antos
2000, Smith et al. 2008). Mountain pine beetlesfaund at endemic levels in whitebark pine forests at lower
elevations in lodgepole pin®ifus contorta var. latifolia) forests, but populations can build to an outbresksing
high levels of mortality over a few years. Mountgine beetles favour large whitebark pine tredb phloem
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thick enough to protect broods over the winter kipsrand Roberts 2003). Unlike blister rust, desth tree by
mountain pine beetle is relatively quick once & igeattacked (Safranyik and Carroll 2006). Oudkigeof
mountain pine beetle in lodgepole pine forestsoften preceded or followed bps sp. bark beetles, such as the
pine engraverl( pini), which target stressed and/or smaller trees tiase favoured by mountain pine beetle
(Safranyik and Carroll 2006). Combined, blistestrumountain pine beetle ahgk sp. can cause mortality in

almost all of the life-stages of a whitebark pimpplation (Chapter 2).

The response of whitebark pine forests to the catival disturbance of blister rust and bark beaede®t well
understood. Variation in disturbance severity wiate gaps of various sizes in the canopy, tigdreking up
resources (Pickett and White 1985). This distuckanay trigger additional regeneration and/or engieles in the
understory to release as has been found in lodggpoé forests after mountain pine beetle outbré@ksnme et
al. 1986, Dordel et al. 2008, Axelson et al. 201W)hitebark pine is thought to establish best atére (Keane
2001, Tomback et al. 2001); however, it can toesltade and regenerate under a range of lighttemmglin the
understory of mature forests (Campbell and Antd332®1oody 2006). The late-seral species, subalfiirf@bies
lasciocarpa) is very shade tolerant but also responds to gafte forest canopy (Coates 2000). It is inhithibey
low temperatures more than whitebark pine (Arno ldonff 1989, Germino et al. 2002). Unlike subalpfirethe
seed of whitebark pine cannot be dispersed by viintirather depends on the caching behaviour dbitie
Clark’s nutcrackerNucifraga columbiana). This means that the regeneration response itélpdrk pine to
disturbance gaps can be limited when the mortafitye local seed source is too high (McKinneyle@09).
Thus, while increasing disturbance severity mayeaase the opportunity for regeneration of both igsec
successful establishment of subalpine fir may inééid on more abiotically stressful sites and tdfathitebark

pine regeneration may be limited by seed availgbili

There are several possible models for predictiegéisponse of regeneration after the cumulativtertiance
of blister rust and bark beetles in whitebark gimests. | hypothesize that disturbance severiliybs a strong
predictor; however, the relationship between regaien and disturbance severity can be confoungeatter
factors. For example, in lodgepole pine forestsrad mountain pine beetle outbreak, browsing lyulates on
seedlings confounded the relationship between exgéion and disturbance severity (Dordel et al.8300n
whitebark pine forests, blister rust may play aisinmodifying role, although the dynamics of béistust itself,
may be affected by disturbance severity and thecéted change in humidity at the microsite (Vasdal et al.
1956). Thus, | compare the support for a modepfedicting regeneration density from disturbareessity with
various other models which include explanatoryalales of local topography, seed source and sitdittons, and
interspecific interactions such as facilitation/quetition with other seedlings, shrubs or herbacexdasts (Table
5).

The responses in surviving trees in whitebark fpamests after the cumulative disturbance of blistest and
mountain pine beetle will likely follow those obsged in lodgepole pine forests after a mountain pieetle
outbreak. It is expected that surviving treeshim tanopy and understory will accelerate in groavtti that there
will be a shift to late-seral, non-host tree spgdaiethe canopy (Hawkes et al. 2004, Axelson e2@09). Growth

releases of 20 to 70% in canopy trees and 60 t&cZ6Qunderstory trees have also been observedafteuntain
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pine beetle outbreak in lodgepole pine forestglyikn response to the increase in availabilityigtit and other
resources (Romme et al. 1986). However, the laigyr not be maintained, since gaps in the canapy fthe
mortality of mature trees may also trigger the regation of early-seral species and subsequentradome of
these species in the canopy (Dordel et al. 2008|sx et al. 2010). Thus, the rate of a shifate-keral species
will depend on how strongly the regeneration oftefiédrk pine and the rate of infection by blistestrare related

to disturbance severity.

In the Rocky Mountains of southern Alberta, Candla,interactions of blister rust, mountain pinetteeand
Ips sp. formed a distinct disturbance event in theatpibe forests of Waterton Lakes National Park mGiatively,
the event was host-specific, widespread, long matilon (at least 50 years) and of mixed severange of 20 to
90% mortality of whitebark pine; Chapter 2). | gded 15 randomly selected stands containing whitepme and
subalpine fir approximately 30 years after the miaimpine beetle outbreak in Waterton Lakes Nati®aak and
asked: 1) Does the cumulative disturbance creat@mpen opportunity for tree regeneration? Dbegiease
the incidence of blister rust on whitebark pineemegration? 2) How did mature subalpine fir and isimyg
whitebark pine predating the disturbances resportbet cumulative disturbance? and 3) Can | pradect

ecological resilience of whitebark pine from distance severity and level of abiotic stress?

3.2 Methods

3.2.1 Study area

The study area was in Waterton Lakes National Paberta (49 2’ N, 113 57° W; Figure 9). In the Park,
whitebark pine is found over 3775 ha of the uppevations (1600 to 2000 m) of subalpine forestsne of four
plant communities: 1) subalpine fir and bear g{x®sophyllum tenax (Pursh) Nutt.); 2) subalpine fir, Hitchcock’s
woodrush (uzula hitchcockii Hamet-Ahti) and low bilberry\Maccinium myrtillus L.); 3) Engelmann spruc®icea
engelmanni Parry ex Englem.), false azaléddhziesia ferruginea Sm.); common juniperJ(iniperus communis L.)
and white-flowered rhododendroRhododendron albiflorum Hook.); and 4) common juniper, soapberry,
(Sheperdia canadensis (L.) Nutt.) and kinnickinnick Arctostaphylos uva-ursi (L.) Spreng.) (Achuff et al. 2002).
High levels of mortality of whitebark pine from ster rust and mountain pine beetle have been redaidring
monitoring by Parks Canada (Smith et al. 2008)nhér pine Pinusflexilis) infected by blister rust were first
observed in the Park in the 1958 (Department oégtoy Canada 1963). In 1977, a mountain pine éeetbreak
spread into the Park from adjacent areas in MontdB8aWatt 1981). The outbreak ended around 188dgcting
1835 ha of forests dominated by either lodgepolehitebark pine (Hawkes et al. 2004).

3.2.2 Sampling

| sampled 15 stands (average = 31 ha) containingeldrk pine below treeline. Stands were seleasialg a
geographic information system (GIS) analysis oéristing vegetation inventory of the Park interpcefrom
aerial photographs. Stands were randomly seldateda population of forested polygons where whatétpine
formed more than 10% of the canopy, were largar thee hectare and accessible by foot. To ensersaimpling
covered a wide range of environmental conditions,dopulation of stands was stratified as eithedpminantly
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on warm (91°- 270°) or cool (270°- 90°) aspectsoskbf the whitebark pine stands were on warm dsgé6%);

12 stands were randomly selected from this stratodithree stands from the cool stratum.

In each stand, | sampled at four to six pointsfoBeentering the field, the coordinates of thetfpoint were
selected close to the center of the stand usintpadzavoid sampling at treeline. The subsequamping points
were established at distances randomly selectetebet40 and 100 m along a bearing parallel withstbpe
contour. For each stand, net solar radiation wadethed for each month from digital elevation madas$ing the
GIS-based solar radiation model, ArcView Solar Ast(Fu and Rich 1999) to account for the influenckthe
sun’s position, viewshed, surface orientation, &lien, and atmospheric conditions (D. Zell, GIScéakst, Parks
Canada, unpublished data). The raster values avenaged over each stand and | used the averagde fmonths

of January and June in further analyses.

At each sampling point, | established three negtieciilar plots. The radius of the smallest plaisv@.99 m.
For dense stands (> 4,000 trees/ha), the radieofrtedium and large plots were 5.66 and 8 m; &x tkense
stands, the radii were 8 and 12.66 m. For thelgadilus plots, | recorded the elevation and slapgle. | also
visually estimated the percent cover of shrubshdidichen, moss and non-vegetated area and avkaageual
estimate of the percent of canopy closure from focations approximating the four cardinal direnidrom the
sampling point. | recorded subalpine fir and wiétek pine regeneration as the number of germinaaesjlings
and saplings which were less < 4 cm diameter asbteeight (1.3 m above ground; DBH). To estintladgedates
of establishment of subalpine fir regeneratiorystematically sampled subalpine fir to obtain cresstions of five
trees in each of the three height classes attstesimpling point in each stand (n=191). For bg&iminants
where a cross-section was not possible, | collette@ntire seedling. To limit impact on whitebarke
recruitment, | only destructively sampled whitebpike regeneration that was infected with blistest (n=62). In
the medium radius plots, the species and DBH dfedis taller than 1.3 m and larger than 4 cm DBew
recorded (n=1326). In the large radius plots, drdgs with a DBH equal or larger than 15 cm weeasared
(n=958). Estimates of the density and basal aee&gctare for each tree species were determinedtfrese

fixed-area plots.

Because the density of mature whitebark pine wassgprelative to subalpine fir and could be highly
variable within and among stands, estimates ofeklaitk pine density based on fixed-area plots cbala: low
precision (Pielou 1977). Therefore, | estimatezldlierage stand density of whitebark pine usinguadce
sampling. Although distance sampling has beerciaéd for producing biased estimates of densitieen
populations do not have a random spatial patteeiq® 1977), simulation tests suggest methodsubatdistances
to at least the third closest individual from adam point perform well when trees are spatiallyraggted
(Engeman et al. 1994) as can be the case in whikglrze forests. Distance sampling also guarardeamimum
number of measured whitebark pine trees at eacplegmint regardless of density. | used the distan the
fourth tree (Pollard 1971) to estimate the densibietwo categories of whitebark pines: large (DBH5 cm) live
trees and large dead trees. | put more effortobtaining accurate estimates of whitebark pingb iDBH> 15
cm, because medium sized trees from 4 to 15 cm Bk relatively scarce. At each sample painafd for

each category of whitebark pine, | estimated tfeaye density or stems per ha (SPH) per sfangsifhg Eq. [1] in
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Chapter 2 wheray is the number of sampled poinigi( a standjj, n is the number of trees measured around each

point (0 = 4), andAj is the area in hectares sampled around each pasetlon the distance (i.e., radigs) to the
fourth closest tree. Area was corrected for thgeeted radius under a Poisson distribution uging-1) /n

(Moore 1954, Eberhart 1967). The maximum distaeegeched was 30m from each sample point. For 22938
of sample points for live and dead trees, respelgtia fourth individual was not found within 30mdaestimates
of average stand density were corrected for thisimmam search distance by substituting 30nRasn Eq. [2].

Less than half of whitebark pine trees (44%) gnewlumps of more than one stem (median: two stemagjmum:
five stems). Because it was difficult to distingluivhether these clumps were individual trees @isime tree with
multiple stems, | considered these to be one tFee.trees with multiple stems, the stem that wastrdominant in

the canopy and closest to the sample point wasumes

The potential cause of death for the four closdstelark pines to a sampling point was determimerhf
evidence on the stem. The likely beetle speciesh@maed on characteristics of egg and larval gedlén the
subcortical region (Furniss and Carolin 1977) agdssof blister rust included dead tops, branchstach cankers
and evidence of red squirrdlgmiasciurus hudsonicus) feeding on the phloem and spermagonial exudate
(Tomback et al. 2004). Because these symptomssofre not evident on the stem long after a tieg dl
suspected rust as the cause of death on deadiitbe® beetle evidence. When estimating the dgiodia
particular subset of trees, for example, the dgmditrees killed by mountain pine beetle, Eq @inained the

same. Howevenin Eq.[1] was reduced to the number of trees (maximnof four) with that characteristic.

3.2.3 Death dates and radial growth

To estimate the death date and growth of whiteparé, | took increment cores from each of the fdead
whitebark pines sampled at every point (n=290orkd the stem parallel to the slope in locatiohene the outer
rings were best preserved, meaning those with solidr wood and bark or with bark beetle gallevitagch
indicated that the subcortical tissue was presemas able to obtain cores where the outer ring thaught to be
well preserved in 74% of the trees and high-qualises from both sides of the stem on an avera§&%f of the
trees. To examine growth responses of subalpinedktracted increment cores from one smak (@BH <15
cm) and one large (DBH15 cm) tree randomly selected within a 2 m radiube targeted whitebark pine tree.
To increase the probability of selecting a large tthe third tree was randomly selected from thagen a
variable radius plot (i.e., trees selected withbataility proportional to DBH) around the dead whiek pine using

a prism of basal area factor 2.6/ha.

3.2.4 Determining the role of disturbance severity in regeneration dynamics

| determined whether the variability in disturbaseserity could explain the variability in the regeation
density better than variables representing inflesraf local topography, seed source or interspeitiferactions. |
used an information-theoretic approach to attrilsuigport to models representing various hypothestimed in
Table 5. | substituted candidate explanatory Wemassociated with the hypotheses in Table & ftorxs in the

following generalized linear mixed-effects model:
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[3] W; or Yii or Z; = g'l(uij) * f(pij)+£ij where g(uij) = :80 +:81X1ij +182X2ij +:83X3,' +5j

where the density of subalpine fir regeneratiwf) (total whitebark pine regeneratiog) or whitebark pine
regeneration infected by blister rugf)( is that in ploti) in stand ). All were modelled as negative binomial
distribution with the log-link functiog(u;) (whitebark pine mean: 478 trees/ha, variance; @88 subalpine fir
mean: 4121, variance: 1,2163,313). Because zero®tl 4% and 24% of subalpine fir and whitebarlepin
regeneration counts respectively and could be ab®th true zeros and observation error, | alsoeted a
constant probability for zero-inflation with thegit-link functionf(p;) = (1-exp"/(1+exp")). Between-stand and
within-stand variances were partly explained byftked-effects part of the model (i.e., coefficieff to 3
associated with explanatory variablego x3), and the remaining residual between-stand vagiamcl within-stand

variances (i.e., random-effects) are represented byde ;; respectively.

For a reasonable number of candidate models, tddréxplanatory variables to those which had nedéti
high Spearman’s correlation coefficients with tregeneration (this was set as > 0.150 for subaliyired >
0.350 with whitebark pine regeneration). | alsstrieted models to three explanatory variablegpamsimony
except where interactions or quadractic terms iwvgaddhe Akaike’s information criterion adjusted tosmall
sample size (Alg. |included quadractic terms for elevation fabalpine fir regeneration and disturbance
severity for whitebark pine regeneration becausgpbthesized that there were thresholds to theorespof
regeneration to these variables. The correctiotofdor small sample sizes for AICc was basedhennumber of
plots and the number of estimated parametersr(&)ding the fixed-effects parameters, two erromteand a
zero-inflation factor. For subalpine fir, four pdowhere regeneration densities exceeded 20,088/ lvee were
excluded because they were five times greaterttimoverall average (subalpine fi67 plots,j=14 stands). For
whitebark pine, four plots exceeding 5000 treesitene stand, which was 15 times larger than tlealvaverage
and suspected to be due to a recent surface fine @xcludedi€ 68 plotsj=14 stands). Model coefficients were
estimated using maximum likelihood methods withgllamadmb function from the package gimmADMB
(version 0.6.3; Skaug et al. 2011) in the R languagd environment (v.2.11.1, R Development Coran2a10).
| used the associated Akaike weights to quantigrtiative support for each hypothesis (BurnhamAamdierson
1998).

3.2.5 Timing of regeneration

I examined how the timing of regeneration corregfgahwith the timing of mortality. | estimated ttieath
date of each whitebark pine by crossdating eadwiidth series with a master chronology of ring-ti&l To do
so, | counted well-sanded cores under a stereostope. Ring widths of all cores were measuretiémearest
0.01mm using a Velmex sliding stage interfaced wittomputer. | created a master chronology ofwidths for
each stand using the program COFECHA (Grissino-va081). The median difference between pairs oéso
from the same dead tree was 4 years (average anti2jould have been due to cambial dieback, wiosi@n or
decay occurring at asymmetrical rates around #m.stThere were 57 trees that had mountain pindebgalleries
with outside dates of death prior to 1977 whenldlsé outbreak started according to independentrdscoTl he
median difference between 1977 and the death datbsse trees was 6 years (average =13), whicfestigja low
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level of outer-ring decay. Therefore, to accoantthe level of uncertainty in the death datesdneined

distributions of death dates using 10-year classes.

To estimate years of establishment for subalpimkvemitebark pine regeneration, | counted well-sand®ss
sections under a stereomicroscope. Because shtitetime series, | did not crossdate seedlingsnistead
accounted for missing rings by counting two rattli¢ longest and an adjacent one separated by 48edegn half
of the samples (the difference between radii avadtdgo years for subalpine fir and one year fortaltark pine).
For seedlings that were too small to examine ascsestion, | counted terminal bud scars along téna $10% of

samples).

| inferred how the timing of whitebark pine mortglimay influence the timing of subalpine fir esiabiment
by first visually inspecting histograms of deathesaof whitebark pine versus establishment datssilodlpine fir.
| determined whether regeneration was continuoepimodic based on the distribution of establishrdates and
whether it occurred prior or after peak mortalityeiach stand. The year associated with tffeq@fartile of dates of
whitebark pine mortality in each stand was ideatifi | calculated the difference between the nurobsubalpine
fir seedlings which established within 25 yearsobefand after this date. | tested whether the rdééarence
across the stands was zero using the Wilcoxon gigarek test. | did not do the same analysis foitedark pine
regeneration because my sampling was limited bgemation concerns and thus biased towards saphiagsvere

dead or infected with blister rust.

3.2.6 Determining the response of mature subalpine fir to disturbance

| determined whether there was a response in thstrof mature subalpine fir and surviving whitdbpine
to the cumulative mortality of whitebark pine. Med trees were those larger than 4 cm DBH and kstied
before 1960. To develop chronologies of growttaltulated the annual basal area increment for edsdated
ring-width series. | then normalized each timeeseinto a dimensionless index (BAI) by dividingnaal
increments of basal area by the average increroeeich tree using the dendrochronology progrararjbin R
(dpIR package Version: 1.3.8; Bunn 2008). | didlaetrend each series to remove an age-relatedlytosnd for
three reasons: 1) most trees were old (subalping30 + 58 years, pine: 274 + 84; average +@&l.) and | was
examining recent growth since 1940; 2) in the @nes of disturbance there is no clear model faredeting (e.g.,
most subalpine fir exhibited an increase, not aebese, in growth with age); and, 3) | was lookiogfudden
changes in tree growth (Biondi and Qeadan 2008gveloped a Park-wide chronology of BAI for suliradpfir
and four chronologies for whitebark pine (one fee ltrees, trees killed by mountain pine beetkeggrwithlps sp.
evidence, and trees suspected to have been killbtidber rust) using a Tukey’s biweight mean tduee the effect
of outliers (Cook and Kairiukstis 1990). Each atology contained trees from all 16 stands and hackrihan

eight trees for any year.

| identified abrupt shifts in the growth of survig subalpine fir and whitebark pine using piecewise
regression. | fitted segmented linear modelsHerahronologies of BAI versus year and searched faneakpoint
in the model between the years 1940 and 1990 timiiized the residual standard error using R saftwa
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(Crawley 2007; version 2.8.1). To avoid disconiies in the model, the predicted value was coistihto be

equal for both segments at the breakpoint.

| examined how climate was related to subalpingriawth prior to the disturbances. | correlates Bark-
wide chronology of subalpine fir BAI with 36 climatvariables: the average monthly temperaturestat t
precipitation from April of the year prior to tresg formation to September of the year currenhwiibg
formation. Temperature and precipitation reco@®se& from a weather station in Lethbridge (~100 kvayg
49.63°N, 112.8C°W) which had complete records from 1903 to 200dj@ated and Homogenized Canadian
Climate Data; Mekis and Vincent 2011). To avoid potential response in growth due to the distuwwbavent, |
truncated the data so that the last year useckindlrelation was 1950. | calculated the Pearsorelation
coefficient for BAlI and each of the 36 climatic iales. | tested for a non-zero correlation bydanly arranging
the sample data using 1000 bootstrapped samplesnivly the 2.5 and 97.5 quantiles of the 1000vees, and
seeing if the observed correlation was outsiddesé limits using DendroClim2002 (Biondi and WaiRQD4).

I examined whether the year of any identified abalifts in subalpine fir growth corresponded te geak
period of cumulative whitebark pine mortality andéhifts in climatic variables. | determined theak period of
cumulative whitebark pine mortality as the intendilarange of death dates. For those climaticades that were
deemed significantly correlated to subalpine firlBXested for significant temporal trends andtshiising linear

regression and/or piecewise regression over thieeénstrumental record.

3.2.7 Assessing resilience

| quantified the resilience, or the potential remgy of whitebark pine at each sample point agdkie of the
density of healthy whitebark pine regeneration avadure trees to the density of mature whitebark friees prior
to disturbance. | reconstructed the historicalsitgrby summing that of live and dead mature trees: analyses, |
added one to this ratio and then took the natoral [Stands were considered resilient if this indexs greater than
0.694, meaning that the density of healthy regdivgrand trees was equal or more than that in thiira canopy
prior to disturbance. Because the rate of moytalitregeneration and trees in the understory veagmown, | also
recalculated the resilience index assuming 109086 ghortality will occur before these trees reaahdhnopy. |
then evaluated the influence of disturbance sevaritl stress (using topographic surrogates of gteyaslope and
average solar radiation in January and July as heolieEom a digital elevation model) on the resilie of

whitebark pine using a linear model fitted usingltiple linear regression in R (base package Ver2idi.1).

3.3 Results

3.3.1 Regeneration: few pine, many fir and both relatively old

The density of whitebark pine regeneration was lyighriable between stands from no regeneratiamia
stand to a maximum of 7659 seedlings per hectaaaather. Whitebark pine regeneration (26819 trees /ha,
averaget one standard deviation) was sparse relative talpire fir regeneration (52384282 trees/ha) and the

regeneration density of these two species wasarotlated (Spearman’s rho=0.13, p=0.64). Elevengm of
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whitebark pine regeneration had some damage atbbaito blister rust. Both whitebark pine 8865 years) and
subalpine fir regeneration (6§54 years) were relatively old and establishedverg decade since 1850 (Figure
10). Only 22% of subalpine fir established aft87 1, the recorded onset of the mountain pine beetlereak.
This indicates that most of the subalpine fir regation was not triggered by this outbreak. Onily & the
sampled whitebark pine regeneration established tfe outbreak but this sample was limited to kegslinfected

by blister rust and may not reflect the healthyylafion.

3.3.2 Disturbance severity partly explained regeneration

Most large whitebark pine trees in the Park wer@dd@ 2%, range 20-90%, Chapter 2). On average,af4%
dead whitebark pine had no insect evidence and eamsidered to have died from blister rust, 32% éggl
galleries characteristic of mountain pine beettel 27% of the dead whitebark pine showed only exédeof the
bark beetlesps sp (Chapter 2). The variability in disturbanceeséy explained some of the variability in
regeneration density for both species; howeverb#st models also included elevation (Table 6 aalule 7).
Either an indirect outcome of disturbance sevetitg,density of live mature whitebark pine, or gdi outcome of
disturbance severity, the density of dead whitelpémke killed by blister rust anighs sp. were present in the top
models for subalpine fir and whitebark pine regatien (Akaike weights = 0.597, 0.250; Table 6, Eabp).
Subalpine fir regeneration increased with the ggvef cumulative disturbance by blister rust dpdsp. to the
whitebark pine overstory until a certain elevatiathaeshold (Figure 11a). Subalpine fir regenemtlso
decreased with increasing density of mature whitepane. Whitebark pine regeneration first decesgbhand then
increased with the severity of disturbance by éfistist once a certain threshold of disturbancersgwas
exceeded (Figure 11c). This threshold decreasetkaation increased. Models for predicting whétdbpine
regeneration were relatively weak. Model [1] walevation and the density of live whitebark pineswat clearly
better than Model [5] with elevation and the quéidreerm of density of whitebark pine killed by &tér rust
(Akaike weights of 0.248 versus 0.244). Seed snus represented by the amount of mature congpteiés and
as hypothesized in Table 5, was important for vitaitk pine models but not for subalpine fir. Inpeysific
interactions between seedlings and shrubs/herbes magrimportant for explaining either subalpinediirwhitebark

pine regeneration.

In contrast, the incidence of whitebark pine regatien infected by blister rust reflected site citiods and
not disturbance severity (top Akaike weight 0.4%able 7). Infected whitebark pine regeneratioméased with
the percent cover of non-vegetated area and withlpine fir basal area (Slopes (standard erro@t ®(0.008);
0.034 (0.013)).

Although disturbance severity explained some ofvidxéability in regeneration density, the dates of
regeneration of subalpine fir in all stands, exc®ainds 7 and 14, were continuous rather than dipi¢bigure 10
and Figure 12). All stands except Stand 7 hadivels old subalpine fir regeneration that estdimid before the
reconstructed whitebark pine mortality. There wasignificant difference in the number of subadpfin which
regenerated 25 years prior versus after the ddathitebark pine (Wilcoxon test: V=40, p=0.987, 4tands).
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3.3.3 Mature subalpine fir grew faster after disturbance

The high level of whitebark pine mortality appeatedffect the growth of already established subalfir
but not surviving whitebark pine (Figure 13). Sirk750, the annual basal area increment of suleafjsin
gradually increased until 1969 when the rate ofdase became 10 times greater (Figure 13). Thiease was
present in both overstory and understory subalfirend subalpine fir older than 1900 and youndrant1900 (not
shown). | found that the best model for pieceweggression between time and BAI for all subalpinddd a
significant break at 1969 (Figure 13; residual d&ad error = 0.15, Adj. 20.94, p < 0.001, df=251; year< 1969:
BAI = -7.96+ 0.0045 year; year> 1969: BAI=-95.7D.047 year). There was some ambiguity aroungé¢iae at
which the breakpoint occurred because the resgtaabard error was low for alternate breakpoint®ofiyears
between 1969 to 1977 (0.149 to 0.153). The shifiuibalpine fir growth that occurred between 1968 2977 was
within the period of time between 1966 and 1983m&@% of the pine died and included 1977, the nredfa
death dates. | did not find a significant breakp@i the BAI of surviving whitebark pine betwee®4D and 1990.

The distinct increase in the growth of subalpimeafier 1969 was not due to climate. Althoughurid
significant climate-growth correlations, none of ttlimatic variables exhibited a shift which coslebport the
abrupt increase in subalpine fir growth. BetweB@3land 1950, BAI was significantly and positivetyrrelated to
the average temperatures in May (Pearson correlatiefficient=0.239) in the year prior to ring faation and in
July (Pearson correlation coefficient=0.274) angdt&aber (0.259) in the year current to ring forimati BAl was
also significantly and positively correlated toalgprecipitation in January (0.317) and March (8)36 the year
current to ring formation from 1903 to 1950. Narfeéhe temperature variables shifted abruptly adoL®69, nor
did any have strong linear relationships with tifAd]. R? values: -0.007 to 0.05). Precipitation in Janusrg
March did significantly shift in 1971 and 1967 respively from increasing to decreasing over timigFe 13).
However, because precipitation in January and Mesete positively correlated to BAI prior to 197higt shift to

drier winters does not support the abrupt incré@asebalpine fir growth.

3.3.4 Resilience

Live, large whitebark pine formed a minor componafindividual stands (2& 20%). Although these trees were
alive, most were in poor health; 12% had activergiation of blister rust and 65% were reproductvedad
because of dead tops resulting from blister r@shaller, live pine trees @DBH <15 cm) were also scarce (#8
61 trees /ha). Resilience of whitebark pine vageshtly across the landscape (Figure 14). Whitepae were
not resilient at 57% of the sample points at theetof sampling (median index of resilience =0.494) the stand
level, whitebark pine were not resilient in 47%tloé stands at the time of sampling (median indenesifience
=0.721). Average resilience at the stand level passtively explained by average solar radiatiodanuary (Adj.
R?=0.336, [;5=8.074, p=0.014) and elevation (Adj> R0.222, k154.989, p=0.044; Figure 14) but was not
related to slope or solar radiation in July. Resite was also related to the severity of blistet (Adj. R = 0.296,

F1176.892, p=0.021) but not to the severity of cuniutatisturbances.
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3.4 Discussion

3.4.1 Regeneration response to disturbance

I made three key observations about the responsebalpine fir and whitebark pine regeneratiorhimlilister
rust and bark beetle disturbances in Waterton Lakd®nal Park. First, while multiple factors inéinced tree
regeneration in these subalpine forests, cumuldisteirbance to mature whitebark pine in the focestopy by
blister rust andps sp. played a role. | had hypothesized that distuce severity would be a strong predictor;
however, models with solely disturbance severitgm&xplanatory variable were poor, indicating tiegeneration
response is complex and conditional on other fact®ior subalpine fir, regeneration increased imitheasing
severity of blister rust anighs sp.; however, regeneration decreased with inargadevation after 2100m, likely
because sites above this threshold were too adligtitressful for seedling survival (Figure 11ahdson et al.
2004). For whitebark pine, low- to moderate-sdydslister rust dampened regeneration possibly iiszshe
release of resources from the death of mature tduikepine was small relative to the impacts oftbtisust
directly on whitebark pine seedlings. However, wheortality of mature whitebark pine was high, tekease of
resources was likely enough to create an oppoytdmitwhitebark pine to regenerate. In additidre bpening of
the canopy likely decreased humidity enough to niak#ospitable for spores of blister rust to depeand
survive (Van Arsdel et al. 1956). The availabilifiyseed source obviously limits whitebark pineenegration
which was not captured by this model. Equally supgsl by the data was another model which inclutied
density of live mature whitebark pine and eleva{idable 7). The lack of strong support for anytigatar model
for predicting whitebark pine regeneration mayeaetlan incomplete record of the density of whit&lgne
regeneration because | did not count dead whitebiark seedlings or it may reflect the absence aletlimg the

import and caching of seed by Clark’s nutcracker.

Second, the type of disturbance was important. éoahich included either the mortality from motinta
pine beetle or the cumulative mortality from allgl types of disturbances were not well supporegrfedicting
subalpine fir or whitebark pine regeneration. @thHeave suggested that when fires are infrequemintain pine
beetle, by creating gaps and opportunities formegaion, plays an important role in self-perpetrabf whitebark
pine forests (Larson and Kipfmueller 2010) and kyulgje pine forests (Stuart et al. 1989, Axelsoal.€2010).
Prior to the introduction of blister rust to Noimerica, mountain pine beetle may have playedrtiiesin the
study area, especially because most stands weandlthcked fire-scarred trees. Aside from theOQutbreak, |
have evidence from good quality increment coresatality in the late 1920s (two stands) and 16880k (four
stands) due to mountain pine beetle. Howevehémresence of blister rust, my results do not stghe
hypothesis that mountain pine beetle is the solehar@ism triggering regeneration of either subalfiiner
whitebark pine. Additionally, although the scawidence of fire in my study area suggests it wagquent, it
could have historically played a role in triggeriregeneration in the one stand omitted in the ssjpe analyses
because of high whitebark pine regeneration vallieshis stand, all the whitebark pine in the ®tery predated
1700 but a crossdated fire scar indicated a firaduliin 1834. A low-severity fire could have butrence then

because the average date of establishment of snbdipand whitebark pine regeneration was ~1950.
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| present a conceptual model relating disturbaewerity to the amount of subalpine fir and whitdtjine
regeneration after a mountain pine beetle outbwatkand without the cumulative disturbance of tglisust in
Figure 15. Because subalpine fir is relatively ensihade tolerant than whitebark pine (Alexandat.€t990), it
could regenerate better than whitebark pine whistentbances were small and low-severity, such aslsggaps in
the canopy caused by an endemic mountain pinecbagtticks. Subalpine fir would only respond upl antertain
level of disturbance. After disturbances of veighhseverity, regeneration may be limited by segdlability,
low-temperatures and/or poor seedbeds. This typeeshold has been observed in experimentastvidiere
subalpine fir naturally regenerated 10 times moremall gaps than in clearcuts (Eastham and JAB19In the
absence of blister rust, the amount of whitebanke gieedlings would increase with disturbance seveniil a
threshold where disturbances of very high sevelitpinate viable seed sources. In the presenbéistér rust,
while gaps are being created by mortality of matin@ebark pines by mountain pine beetle, blistest and ps
sp., blister rust is subsequently killing whitebaike seedlings and saplings and reducing competitith
subalpine fir regeneration. While there may be esqasitive response of whitebark pine regeneratarlatively
high levels of blister rust, overall, the introdoct of blister rust dampens whitebark pine regetemaand possibly
accelerates the response of subalpine fir regdaeralhe introduction of blister rust, thus, shiffluccession after

mountain pine beetle to dominance by subalpine fir.

Finally, while disturbance by blister rust als sp. may trigger some new regeneration, particula|
subalpine fir, the regeneration of whitebark pind aubalpine fir can occur in these stands witthagit-severity
disturbance. There was no distinct post-disturbarhort because regeneration of both specieoatsored well
before the peak of whitebark pine mortality in 14#®edian date). Furthermore, because “seedlingstelatively

old, the lag time for establishment is long in dplvee forests.

3.4.2 Evidence of regime shift and low resilience

Since the triple whammy of disturbances, the sgeminposition of stands has shifted from a statehich
whitebark pine formed approximately 40% of standabarea (22% of stand density) to the curreng statvhich
whitebark pine forms less than 14% (8% of standsitgn There is little indication that whitebarkap will be able
to regain its previous proportion of stand compeosibased on the following observations: 1) resde of
whitebark pine was quantified to be low; 2) blistest was observed on whitebark pine regenerati@inost
every stand; and 3) the growth of surviving whitdtaine did not respond to the triple whammy otulisances.
In contrast, regeneration was dominated by subalfyirand there was a pronounced growth releasealalpine fir

trees in the understory and overstory, both furtteeelerating the dominance of subalpine fir indaegopy.

These observations provide evidence that a shifhtalternate stable state, in which whitebark gne
extirpated and subalpine fir dominates the canpgccurring. The first two observations illustrdhat there is a
slowing down in the recovery of whitebark pine lte mountain pine beetle outbreak. While mountaie peetles
were a natural disturbance in the past, the aduditieffects of blister rust ari@s sp. are decreasing the abundance
of seed-bearers and blister rust is increasingnjileenortality. Successive disturbances and tingractions have
dampened tree regeneration enough to cause dcshlfernate stable states in other forests. BamnmgBWessman

(2011) found that structural legacies from a windih event in a subalpine forest furthered the distao seed
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bearers and increased the residence time of acuasiefire and the likelihood that seed banks wiesgroyed.
This slowing in recovery has been found in othestesys just before catastrophic change (e.g., thapse of arid

shrub-dominated ecosystems to desert; Dakos 20al).

The third observation on the response in radiavtjido cumulative disturbance to the canopy suggstt
there has been an abrupt switch in the drivingakdeis of the system. The death of whitebark paceiced
competition for limited resources and increasedgtteevth of subalpine fir. The average BAI of ma&tsubalpine
fir of the last 30 years is 100% more than the agergrowth between 1945 and 1975. This growthorespwas
notable as it overrode the expected decline in gramresponse to decreasing precipitation in Jagnaad March
(Figure 13). Prior to disturbance, the growth wfapine fir was positively correlated to winteepipitation.
However, after disturbance, the correlation becsigeificantly negative (-0.432 and -0.256 for Jaguend March
precipitation respectively). Thus, the climategtio relationship for subalpine fir appears to haeen decoupled
by the triple whammy of disturbances. This swichplifies the shift to domination by subalpineifithese

forests.

Resilience of whitebark pine to the triple whamnfiglisturbances was, on average, low; however, thvere
locations on the landscape considered resiliefaund that resilience of whitebark pine increaséith decreasing
severity of blister rust and with decreasing abistress at a site. Buma and Wessman (2011)@lsad that the
dampening effects of fire on tree regeneratiorulmadpine forests increased with the severity abpwind
disturbance and then with elevation or slope. Télgtionship between resilience and disturbantangity has
been demonstrated in other systems such as boreats (Rydgren et al. 2004) and intertidal magalal
communities (Allison 2004). The relationship betweaesilience and level of abiotic stress at atstealso been

found in boreal forests of Yukon (Johnstone e2@ll0).

In the future, it is possible that additional samgh of whitebark pine will be recruited in the Rahus
increasing the potential resilience of whitebankepi However, McKinney et al. (2009) estimated gtahds of
whitebark pine need to produce ~1000 cones/ha ithective to Clark’s nutcrackers to elicit seéspdrsal and
that this level of cone production may be met wtienbasal area of healthy whitebark pine exceetig®ha.
Even based on the most optimistic estimate, whislumes that all live whitebark pine were healtliye mut of
the 16 stands | sampled in the Park did not méethiheshold. The real situation is likely workan this
optimistic estimate because the landscape avefaugsal area of live whitebark pines (4.8ma) was below the
threshold of 5.0 Atha and 67% of live trees had dead tops meaningwieee reproductively dead. The low
abundance of live mature trees and regeneratios,the impact of blister rust, may mean that whitklpine

might disappear completely in the Park without\getlanting of rust-resistant seedlings.

3.4.3 Recommendations for whitebark pine’s future

Whitebark pine is considered a foundation or keystspecies in subalpine forests (Tomback and Kéndal
2001, Ellison et al. 2005). The triple whammy ofnciding host-specific disturbances has profourndignged the
composition of the subalpine forests in WatertokdsaNational Park. My results, 30 years after amb@in pine

beetle outbreak, are dire forebodings for othertettasirk pine forests where blister rust, mountane fieetle and
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Ips sp. may concur. | provide three recommendati@seth on my work to help the restoration of the agdeed
whitebark pine after a mountain pine beetle outhrdgrst, because cumulative disturbance sevedtypartially
explain the variation in whitebark pine regenemtide severity of mortality during the outbreaksld be mapped
using aerial surveys in the year following the oe#tk. Second, although the density of survivingtetdark pine
trees is positively associated with successful eld@tk pine regeneration, there are potential cortfing
influences from blister rust. Moreover, | shoulgbect an increase in subalpine fir regenerationtaadyrowth of
mature subalpine fir particularly to prolonged disiance. Thus, the regeneration response of varkgtine and
subalpine fir should be monitored after an outbiieak sample of stands representing a gradiensinrtbance
severity. Planting of rust-resistant whitebarkepghould be targeted in stands of very high meytalhere live,
healthy whitebark pines are less tharffa. Third, the relationship that | found betwéles resilience of
whitebark pine, severity of blister rust and sekatiation in January as modelled from a digitalateon model can
be used to map the resilience of whitebark pinessclandscapes and prioritize planting activitiehese

recommendations offer hope for increasing theieggie of whitebark pine to multiple, concurrenttdibances.
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Table 5. Hypotheses and accompanying set of catel&kplanatory variables for models used to emyite
variation in subalpine fir (Fir_regen) and whitdbaine (Pine_regen) regeneration densities (tragsBpearman’s

rank correlation coefficients (rho) in bold arersfigantly different from zerog = 0.05,i = 67 plots.

Hypothesized influences on Spatial Explanatory Subalpine Whitebark Infected
regeneration scale Variables fir pine rho whitebark
rho pine rho
Local topography: Stand- Elevation (metres, 0.158 0.455 0.169
Subalpine fir regeneration level logarithmic transformed)
decreases whereas whitebark Slope (radians) -0.086 0.409 0.465
pine regeneration increases Jan_mean (Modelled solar 0.043 0.460 0.311
with increasing elevation, radiation, monthly mean;
slope and solar radiation. WH/m?)
Disturbance severity: Point- Live_pine -0.350 0.483 0.377
Regeneration density level
increases with increasing Dead_pine (Density all dead 0.370 0169 0.113
mortality (disturbance) of the whitebark pine DBH2 15 cm)
forest canopy. Whitebark Dead_ beetle (Density 0.109 0.107 -0.138
p'ne.V\.”” be limited by whitebark pine DBH = 15 cm
surviving level of seed source. killed by mountain pine
beetle)
Dead_lps (Density whitebark 0.107 0.381 0.353
pine DBH > 15 cm killed by /ps
sp.)
Dead_rust (Density of 0.149 -0.444 -0.162
whitebark pine DBH 215 cm
likely killed by blister rust)
Dead_rust_lps (Dead_Ips + 0.273 -0.189 0.061
Dead_none)
Seed source and site Point- Live_pine (Density live -0.350 0.483 0.377
conditions: level whitebark pine DBH > 15 cm;
Regeneration density trees /ha)
increases with increasing Nonveg (Percent cover of -0.268 0.480 0.420
density/basal area of mature non-vegetated area)
trees. For whitebark pine, Fir_ba (Basal area live 0.387 -0.474 -0.234
opportunities increase with subalpine fir DBH > 4 cm;
increasing mineral soil m2/ha)
exposure.
Interspecific interactions: Point-  Fir_regen n/a -0.045 0.072
Regeneration increases 1) if level
facilitated by other seedlings, Pine_regen -0.050 n/a 0.391
shrubs or herbs, or 2) if Shrub (Percent cover) 0.043 -0.292 -0.229
seedlings are better -0.075 0.139 0.059

competitors.

Herb (Percent cover)
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Table 6. Summary of generalized linear mixed-affesodels for the plot-level density of subalpiite f
regeneration (i= 67 plots, k = 14 stands). Shadedels indicate the best models based on Akaikght&iw).
Explanatory variables are described in Table Ss ke number of model parameters plus one for-dlation
parameter, AlCc is the Akaike’s information critamifor small samples and diff is the differencenirthe

minimum AlCc.

13 Fir_ba + Dead_rust_IPS 1225.174 10.764 0.003

14 Dead_pine+ Live_pine 1220.038 5.628 0.036

15 Dead_pine + dead_rust 1224.984 10.574 0.003

No. | Model k AlCc diff w
1 Elevation + Elevation® + Mineral 7 | 1225.558 11.148 0.002
2 Elevation + Elevation” + Fir_ba 7 | 1224.816 10.406 0.003
3 Elevation + Elevation® +Dead_pine 7 | 1222.782 8.372 0.009
4 Elevation + Elevation” + Live_pine 7 | 1216.160 1.750 0.249
5 Elevation + Elevation” + Dead_rust_IPS 7 | 1224.788 10.378 0.003
6 Elevation + Elevation” + Live_pine* Dead_rust_IPS | 9 | 1214.410 0.000 0.597
7 Mineral+ Fir_ba 6 | 1226.894 12.484 0.001
8 Mineral+Dead_pine 6 | 1223.968 9.558 0.005
9 Mineral + Live_pine 6 | 1222.330 7.920 0.011
10 Mineral + Dead_rust 6 | 1225.958 11.548 0.002
11 Fir_ba+Dead_pine 6 | 1222.034 7.624 0.013
12 | Fir_ba+ Live_pine 6 | 1220.864 6.454 0.024

6

6

6

6

16 | Live_pine+ Dead_rust_IPS 1219.888 5.478 0.039




Table 7. Summary of generalized linear mixed—¢$fecodels for predicting the plot-level densitywdfitebark pine regeneratior=68 plots,j = 14 stands). Shaded

models indicate the best models based on Akaikghi&i{v). Explanatory variables are described in Tablé&3s the number of model parameters plus oneéoo-

inflation parameter, AlCc is the Akaike’s informati criterion for small samples and diff is the éi#fnce from the minimum AlCc.

Total whitebark pine Blister rust infected whitebark
regeneration pine regeneration

No. Model k AlCc diff w AlCc diff w

1 Elevation + Live_pine 6 744.113 | 0.000 0.248 284.467 5.062 0.036
2 Elevation + Nonveg 6 746.369 | 2.256 0.080 284.321 4.916 0.039
3 Elevation + Fir_ba 6 746.343 | 2.230 0.081 282.191 2.786 0.112
4 Elevation + Dead_IPS + Dead_IPS’ 7 748.409 | 4.296 0.029 329.897 50.492 0.000
5 Elevation + Dead_rust + Dead_rust2 7 744.143 | 0.030 0.244 475.445 196.040 0.000
6 Jan_mean + Live_pine 6 748.183 | 4.070 0.032 388.599 109.194 0.000
7 Jan_mean+ Nonveg 6 750.459 | 6.346 0.010 283.291 3.886 0.065
8 Jan_mean + Fir_ba 6 750.437 | 6.324 0.010 282.111 2.706 0.116
9 Jan_mean+ Dead_IPS + Dead_IPS2 7 750.509 | 6.396 0.010 333.537 54.132 0.000
10 Jan_mean + Dead_rust + Dead_rust2 7 747.113 | 3.000 0.055 474.459 195.054 0.000
11 Live_pine+ Nonveg 6 748.865 | 4.752 0.023 285.227 5.822 0.025
12 Live_pine + Fir_ba 6 747.767 | 3.654 0.040 281.913 2.508 0.129
13 Live_pine+ Dead_IPS + Dead_IPS’ 7 752.325 | 8.212 0.004 317.439 38.034 0.000
14 Live_pine + Dead_rust + Dead_rust2 7 747.715 | 3.602 0.041 385.497 106.092 0.000
15 Nonveg + Fir_ba 6 750.711 | 6.598 0.009 279.405 0.000 0.451
16 Nonveg+ Dead_IPS + Dead_IPS’ 7 752.549 | 8.436 0.004 334.851 55.446 0.000
17 Nonveg+ Dead_rust + Dead_rust2 7 748.151 | 4.038 0.033 475.709 196.304 0.000
18 Dead_IPS + Dead_rust + Dead_rust2 7 747.511 | 3.398 0.045 284.881 5.476 0.029
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Figure 9. The locations of the 15 stands sampiatfaterton Lakes National Park, Alberta, Canada @80 ha;
the inset shows the location of the park (pinkatige to the range of whitebark pine in North Amsar{hatched)).
Photographs of Stands 6 (left, dead trees are bdrikepines) and 11 (right) illustrate the rangearfditions found
in the Park.
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Figure 10. Distributions of dates of the outer trosy of dead whitebark pine killed by three dit@nce agents

along with dates of establishment of whitebark @nd subalpine fir regeneration. Years on theiz-exlicate

upper date for date-class
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Figure 11. a) Subalpine fir regeneration (tredsithereases with the severity of cumulative disturte by blister

rust and ps sp. to whitebark pine overstory until a certaievaitional threshold (using fixed coefficients from

Model [6] in Table 6 where density of live whitekarine was kept at the average of observed valugdoav and

high disturbance severity are thé"2td 7%' quartile of observed values). b &d) Observed vgnditional

predicted densities (trees/ha) from best models vatiation around 1:1 lines indicating unexplainedability in

subalpine fir regeneration and whitebark pine regation. c) At relatively high levels of mortalitsom blister

rust of whitebark pine in the overstory, whitebpike regeneration increases (using fixed coeffisiéom Model

[5] in Table 7 where low and high elevation are 288 and 7%' quartile of observed values).
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Figure 12. Distribution of estimated dates of Hetwhitebark pine (shown as negative values) frountain pine beetle (black) and from other agehtaortality
(grey) with dates of establishment of subalpiné\inite, positive values) in each stand. Note suditalpine fir seedlings were observed in Standt®Jere sparse
enough to not be encountered in plots.
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Figure 13. Comparison of whitebark pine and subelfir growth relative to the cumulative mortaliby
whitebark pine (boxplot of 290 trees) and trenddanuary precipitation during the 20th centuryclEgrowth
chronology was normalized where y=1 representatieeage basal area increment. Sample depth givthie i
legend was that for 1900 and both chronologiesvemeh the sample depth decreases to nine treesl Tot
precipitation in January was from station recordkéthbridge, Alberta and was plotted as a fiveryaaving
average. The heavy black lines show the piecelimisar models with a breakpoint at 1969 for subsfir
growth (solid) and a breakpoint at 1971 for prdaigdon in January (dotted). The box indicatesitiverquartile
range of estimated death dates of whitebark paesirthe solid line in the box indicates the mediachthe

whiskers extend to 1.5 times the interquartile eang
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Figure 14. Resilience of whitebark pine increasite warmer sites and decreases with increasirtgrttiance
from blister rust. Left and mid: Linear regressiaf the average resilience versus solar radiatidanuary and
severity of blister rust at the stand-level wit®8onfidence limits around the predicted valuedatted lines
(j=15 stands). Right: Boxplots of index valuesadfitebark pine resilience assuming 0, 10 and 20%atity of
whitebark pine regeneration and trees in the undigrém=67 sample points). Resilience is definedhe natural
log of one plus the ratio of the density of healiftyitebark pine regeneration and mature treesgalémsity of
mature whitebark pine trees prior to disturbanBtands were considered resilient if this index gr@ster than
0.694; i.e., the density of healthy regeneratioth tn@ees was equal or more than that in the mamepy prior to
disturbance.
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Chapter 4: Facilitators versus competitors: size, density, and stress

thresholds in subalpine forests

4.1 Introduction

Shifts from net facilitative to competitive intetams have been observed at the plant level, peatiy for
young plants as they outgrow their older and largéghbouring nurse plants (Miriti 2006, Sthultza&t2007).
Shifts from net facilitative to competitive intetmmns have also been observed at the stand lewedjal
environmental gradients from high to low stress @richown as the stress-gradient hypothesis (Bestaad
Callaway 1994); this shift in plant interactionsrg a stress gradient can be affected by the gevfgilants in the
neighbourhood (Canham et al. 2006, Fajardo and tWlel@010). Together, these observations suggesirishical
influences on plant interactions at the plant, hea@irhood and site levels. However, incorporatimege
hierarchical influences to predict net interactiansong plants has received little attention. kniswledge gap
likely exists because many studies have used arpets with limited ranges of treatments, smalligpatales and
smaller plants to study plant interactions. Agsuit, incorporating influences operating at midtigpatial scales,
and in particular, a complete stress gradientpleas difficult (Lortie 2010). In this study, | usthe natural death
of whitebark pineRinus albicaulis) in subalpine forests as a surrogate for experiad@amoval ¢ensu Callaway
1998) to model this hierarchical process of inficeshon plant interactions. Specifically, | exardimehether the
condition (alive versus dead) of whitebark pine#;ea pioneer species capable of establishing 1w Isétes
(Tomback and Kendall 2001), facilitated or inhiblitthe establishment of seedlings and saplings detvérk pine
and a late-seral species, subalpineAbi¢s lasiocarpa), across a range of stands using information acspatial
scales.

Mature trees in subalpine forests, such as theslvairk pine trees in my study, can facilitate thergeation,
survival and growth of smaller trees beneath tbeiwns by providing shade and moderating extremmpézatures
to prevent moisture stress and photoinhibition lapteeward shelter from wind desiccation and abrasi
(Callaway 1998, Germino and Smith 1999, Maher .€2@0D5, Baumeister and Callaway 2006). In cont@spen
areas, mature trees contribute litter and retadrsttowpack which prevents soils from freezing duthre winter,
both of which increase soil nutrients below theag@an(Van Miegroet et al. 2000). Mature trees dap he a
source of beneficial ectomycorrhizal fungi (Hassétet al. 2005, Cripps and Antibus 2010). Thesehanisms
enhance the survival and growth of seedlings aptinggs, resulting in higher regeneration success neature
trees than in openings close to the altitudinaline (Callaway 1998, Maher et al. 2005). At thene time, mature
trees can inhibit the survival and growth of snraks by competing for available nutrients and wartel by
intercepting sunlight (Canham et al. 2006). Whethe net interaction between large, live treessmdller trees
is facilitative, competitive or neutral is conditia on several factors including the sizes of the interacting

plants, the neighbourhood density of trees anddstanditions related to the level of stress.
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The net competitive effect of a tree on the groefth neighbouring tree has long been assumed and
demonstrated to vary as a direct function of tke sif the neighbours (e.g., Bella 1971, Weiner 1@8hham et
al. 2006). Itis reasonable to assume the saratiaes$hips for facilitative effects of larger plamn tree seedlings.
For example, seedlings are initially facilitatedlagger trees (Kellman and Kading 1992, Erdnenkaoziov
2008), shrubs (Rousset and Lepart 2000, Sthuliz 8007) and even herbs (Simard et al. 2006) thede
seedlings reach a threshold size when the bemeéitaded (e.g., shade, moisture retention, pratediiom
herbivores) are outweighed by competition for ljghbisture and nutrients. Increased density @fstia the
neighbourhood is traditionally thought to increasenpetition through additional pressure on resau(@éeiner
1984, Canham et al. 2006). However, dependindnersize of trees in question, there are potengiaéfits.
Fajardo and Mcintire (2010) found that the dengitgonspecific trees facilitated seedlings growimgtressful
open spaces. Facilitation could dominate plargléot interactions where there is a large diffeecimcplant sizes,
whereas competition could be more important betwaants of similar size (Callaway and Walker 1987nen
and Kozlov 2008).

The stress-gradient hypothesis predicts that tip@itance of facilitation increases along gradiefits
increasing abiotic stress while the importanceashpetition decreases (Bertness and Callaway 199d)jaway
and Walker (1997) incorporated the effects of bactelr size and neighbourhood density by predidtiad, under
harsh conditions, increasing benefactor size ositieimcreases the relative strength of facilitatidJnder low
stress, increased benefactor size or density veagtt to increase the relative strength of comipetit Callaway
and Walker (1997) showed that the densities ofllputm fir seedlings, saplings and mature treesdidincrease
with the area of the canopy of individual whitebpikes at low stress sites but did show a positlationship
with canopy area at high stress sites. This efitstt has been demonstrated with the size of l@aeés in arid
woodlands (Sthultz et al. 2007). The survivalwfgnile pinyon pine tree®inus edulis) of all sizes was facilitated
by shrubs at high-stress sites but, in contrasy, #mall seedlings were facilitated by shrubs at-Biress sites.
Both examples support parts of the stress-gratiigmthesis, but the effects of benefactor/beneficiize have
not been tested over varying neighbourhood denrgiide over an entire stress gradient. In othesystems, field
experiments and meta-analyses suggest there awensitances in which the stress-gradient hypothiesis not

apply (Maestre et al. 2005, Lortie and Callaway&Q@aestre et al. 2006).

When do the benefits of a live large tree on nedginimg regenerating trees outweigh its competitiosts?
How do neighbourhood density of large trees anddstavel stress affect this size-interaction relaship and the
thresholds distinguishing facilitative from compiet interactions? In this study, | used geneealiinear mixed-
effects models to predict counts of subalpineriil avhitebark pine regeneration in the vicinity afge whitebark
pine trees, hereafter termed “focal trees”. | expa@ no relationship between regeneration courdstansizes of
neighbouring dead focal trees. | expected theneggion counts to increase with the sizes offibgal trees
because of the increasing benefits of larger casoipi stressful conditions in subalpine forestsuris of
regeneration around unhealthy but live focal tieese expected to be intermediate between thosedrowe
versus dead focal trees. Further, given thatiteerelationship around dead focal trees is neutineh the point at
which regeneration under live focal trees equads fitr dead focal trees is the size threshold donetition
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(below the threshold) versus facilitation (above threshold). Because whitebark pine is more taggtishan
subalpine fir of low temperature-photoinhibition &ifer et al. 2005), | expected that facilitatiowbitebark pine
regeneration by focal trees would not be as eviderhat for subalpine fir. Finally, | hypothesizéat the density
of large trees in the neighbourhood of the focat ttould facilitate or compete with tree regeneratidepending on

stress levels.

4.2 Methods

4.2.1 Sampling

The study area was in the upper elevations (16@25@m) of subalpine forests containing whitebanemnd
subalpine fir in Waterton Lakes National Park, AtheCanada (49° 2' N, 113° 57' W). Over the BBtyears
mountain pine beetlddendroctonus ponderosae), species ofps bark beetles and white pine blister rust
(Cronartiumribicola) cumulatively caused the widespread mortality bftabark pine of mixed-severity (range of
20 to 90% of whitebark pine density, Chapter 1 ehsure the sampling covered a wide range of e@mviental
conditions and yet avoid subjectively defining @ss$ gradient for immature trees, | stratified @satontaining at
least 10% whitebark pine into either warm or cagects using a geographic information system (@faJysis of
an existing vegetation inventory of the Park pt@sampling. Fourteen stands were sampled usiogpptional

allocation by area, resulting in 11 stands fromvlaem aspects and three from cool aspects.

Four to six sampling points were randomly locatBdl®0 metres apart in each stand. At each point, |
identified and measured the distance to the faasedt live and the four closest dead whitebark paes with
diameter at breast height (DBH; 1.3 m above groant$) cm (i.e., focal trees, n=445). If focal treesurred in
clumps of multiple stems, | considered each clumpe one tree with subsequent measurements bashd stem
that dominated the canopy within the clump. Withiradius of 2 m around each focal whitebark pieunted
the number of whitebark pine and subalpine fir isgd and saplings (DBH < 4 cm). A radius of 2 m
conservatively sampled the direct zone of influeoftcthe canopy of mature whitebark pines since crowdths

were often more than this distance.

Variables that could explain net tree-to-regenerainteractions were measured at three spatiadscaiee,
neighbourhood and stand, centred on the focal Witepines (Table 8). For each tree, | measured®H. For
focal trees, | estimated the year of establishrfier® and dead focal trees), and the year of dédehd focal trees)
based on two increment cores per tree taken ataiggles, on average 34 cm above ground. Eachwiii
series was cross-dated using a master chronologafth stand. The condition of each focal tree alss
classified as: Condition 1: live; Condition 2: libeit dead tops from top-kill by blister rust; Cotnoii 3: died
within the last 20 years; or Condition 4: died betw 21-40 years ago. | used two categories of tlead because
the influence of a dead tree on soil moisture amdents decreases with time (Facelli and Brock®@00 also only
used dead focal trees that died less than 40 gg@arbecause | wanted to avoid long times sincehdeaere other

trees might establish and grow into medium-sizedgiwhich influences regeneration dynamics. Deténgn
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whether regeneration counts differed with the ctowliof the focal trees was critical for interpregitree-

regeneration interactions and is described furdiner

To measure the level of competition or facilitatiomm other trees in the neighbourhood of the fags, |
recorded the density of live, mature (DBH > 4 cres within a 2 m radius of the focal tree. | atemasured the
basal area per ha of all live trees around eadl foee using a variable radius plot and basal faretar 2.0 i /ha
(i.e., each tree was selected for inclusion wigli@bability proportional to size, and, thereforagle selected tree

represented a constant 2.6/ma).

Although stress is a composite of environmentatofieclimiting plant germination and success, tHaseors
are difficult to measure and often surrogates aselusuch as elevation (Callaway 1998), overalitgdeoductivity
(Lortie and Turkington 2008) or abiotic or biotitstlirbance (Kawai and Tokeshi 2007, Smit et al.7Z200n this
study, | measured several surrogates for stredd¢ B because stress gradients for subalpinadinehitebark
pine regeneration were not knowampriori. At each sample point, | recorded the elevatimh glope angle. | also
established three nested, circular plots. Theausadi the smallest plot was 3.99 m. For denselstén 4,000 trees
/ha), the radii of the medium and large plots w6 and 8 m; for less dense stands, the radii &/ared 12.66 m.
In the small-radius plots, | visually estimated gezcent cover of bare ground (i.e., an inverseegetation
productivity and indicative of poorly developedlIsavith low nutrient and water retention levelsldayering by
subalpine fir (i.e., a growth form more commonlygoring in harsh growing conditions). In the mediuadius
plots, the species and DBH of each live tree wid3él was between 4 and 15 cm were recorded. |tatige-
radius plots, large, live trees with DBH valuelkb cm were measured. Total basal area per haaladated for
each sample point using medium-radius and smail:sguiots, and averaged over all points in a starmbtain
stand-level average basal areas per ha. Stanthbswbfir basal area was used as an index of ptddiyc As an
index of disturbance severity to the forest candpg to whitebark pine mortality from blister rustpuntain pine
beetle andps sp., the density of dead whitebark pine was eséithasing the 4-n distance method at each sample
point (Pollard 1971). Further to field measurersdot surrogates of stress, the amount of net satfiation
incoming to each stand for January and June wairddrom digital elevation models using the Gl&séd
model, ArcView Solar Analyst (Fu and Rich 1999)atxount for viewshed, surface orientation, elevatind
atmospheric conditions (D. Zell, Parks Canada, bhiglied data).

4.2.2 Analyses

To evaluate the relative importance of tree-, neggithood- and stand-level variables, | built foengralized
linear mixed-effects models to predict counts dfedpine fir regeneratiory{) and whitebark pine regeneratiag)(
around the focal tree§) (n each stand) (Table 9). For each species, a negative binodisatibution with the log-
link functiong(u;) was used (whitebark pine mean: 1.286, variand&t3 subalpine fir mean: 5.046, 17.880).
Because zeros formed 18% and 59% of subalpinadinéhitebark pine regeneration counts, respectj\aig
could be due to both true zeros and observatiar,dralso included a constant probability for zerfiation in the
models. For model building, | commenced with erplary variables representing tree-level influermes
regeneration survival and establishment and themrementally included variables influential at thedghbourhood

and stand levels to evaluate their relative impurta(Table 9). Specifically, | started with thees{DBH) of the
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focal trees in Model [1], and then tested for imments using likelihood ratio tests by addingftilowing
variables: the condition of the focal trees andérattions with DBH in Model [2]; the density of @& DBH> 4 cm
and the presence of bear graser¢phyllum tenax) in the neighbourhood of the focal trees in Modé] §8and-
level surrogates for stress in Model [4]; and the af the stand (average age of focal trees) inéMfx]. This
order of variables allowed me to evaluate the hypsis that factors which influence regeneratiorcesses are
hierarchical in importance beginning at the treel@nd decreasing in strength to the stand leido, to avoid
including very highly correlated explanatory vategthat can cause instability in parameter estémdtexcluded

seedling density and total live basal area in #ighbourhood.

For each model predicting counts of regeneratiogfficients were estimated using maximum likelihood
methods with the gimmadmb function from the packglpemADMB (version 0.6.3; Skaug et al. 2011) in the
language and environment (v.2.11.1, R Developmen¢ Team 2010). Because the models are nestedtirf
the hypothesized hierarchy of influences on tréeractions, | used likelihood ratio tests to tést significance of
adding variables to Model [1] (Zuur et al. 2009he degrees of freedom were estimated from theldtarel
(fixed) effects because | kept the random effdutssame for each model. | also examined goodridésaad
evaluated whether models met assumptions usinduasplots. Initially, residual plots showed thaty high
counts of subalpine fir regeneration were poortynested. Therefore, dataset was truncated to st

regeneration < 30 (98% of records) for subalpinenfddels only.

The best-supported model was used to depict hesedtions between focal trees and regenerating tree
changed along gradients of benefactor size, neigtilood density and stand-level stress. | usedifference
between predicted counts of regeneration arourdftizal trees (Condition 1) versus long-dead foresds
(Condition 4) to determine whether net facilitatimncompetition was occurring. Where differenceszositive,
growing around live focal trees is beneficial (faatilitation); whereas, where differences are negagrowing
without the influence of live focal trees is betfeet competition). | assessed how these intenagtinight change
with the health of the focal trees and whether inéeractions extend beyond the death of the fveaks by also
comparing predicted values of regeneration aroondlftrees of Conditions 2 (unhealthy but alivej 8nrecently

dead) with those around long-dead focal trees oid@ion 4.

4.3 Results

For subalpine fir regeneration, the sequentighfitof Models [1] through [5] and the significamiprovement
of each upon its predecessor (Table 10) illustrétiegk results. First, it showed that live focaks were
influencing subalpine fir regeneration differenthan dead focal trees because the addition ofahable of focal
tree condition and its interaction with DBH in Md{i2] significantly improved Model [1]. Second,ishinfluence
was affected by the levels of competition/facilidatin the neighbourhood as represented by theitgesfsmature
trees because its addition in Model [3] signifidpaimproved upon Model [2]. Third, elevation ofetlstand when
included in Model [4] significantly improved uponddel [3]. Other surrogates for stress at the stawvel and the
age of the stand in Model [5] did not significanitiyprove Model [4].
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For the final model for predicting subalpine figemeration, Model [4], the interaction term betw&&8H and
Condition was significant (likelihood ratio betweklodel [4] and a model where the interaction teraswemoved
= 7.86, df=3, p=0.049). The size of long dead fftreges (Condition 4) did not affect the numberexeneration
subalpine fir in its vicinity (confidence intervaf slope with DBH included zero; Table 11). In tast, the size of
focal trees of the three other conditions did affeteractions with regenerating subalpine fir (Fig 16).
Facilitation decreased with the increasing diametdrealthy, live focal trees (Condition 1) wherélas inverse
occurred for unhealthy (Condition 2) or recenthaddocal trees (Condition 3). This was not anfadieof trees
with dead tops being larger than healthy treesa(@pde t-test = -0.3461, p=0.730, df=161). Asymipttitresholds
in DBH occurred at which there were no interactibasveen focal trees and subalpine fir regeneratég.,

predicted differences from Condition 4 trees werezat ~40 cm DBH for live, healthy focal treesgiiie 16).

The size and condition of the focal tree affectezlrelationship of tree interactions with neighthmad
density and elevation. Facilitation increased wittreasing neighbourhood density if focal treesenWire
(Condition 1) and relatively small; whereas the samlationship only occurred for larger focal trééecal trees
were alive but with dead tops (Condition 2) (Figli®. Facilitation increased with increasing etemif focal
trees were live (Condition1) and 30 cm in DBH ofadler (Figure 17c). At larger diameters, neutratompetitive
interactions increased with increasing elevatibmcontrast, for focal trees with dead tops, féiive interactions
increased with elevation and tree size. Thesdtsesuilectively indicate that there were size ghrelds
distinguishing between facilitative and competitimgeractions depending on the condition of theafdrees,

neighbourhood density and elevation.

In contrast to subalpine fir regeneration, the sizé the condition of focal whitebark pines werg significant
explanatory variables in models to predict whit&hgine regeneration. There was no benefit or st
regenerating whitebark pine to be near a live foesd when compared to a dead focal tree (Table L6¢ation of
whitebark pine seedlings likely reflects site satecfor seed caches by Clark’s nutcracker. THg significant
explanatory variables were the density of neighimgumature subalpine fir and elevation. Whitebgirie
regeneration significantly decreased with incregisieighbourhood density and decreasing elevatiamther, for

predicting whitebark pine regeneration, Model [4smnot improved by including stand age.

4.4 Discussion

My results add to the growing body of refinemerftthe original stress-gradient hypothesis, by destraing
that plant-to-plant interactions: 1) are conditioma benefactor size and health, and beneficiaegigs; 2) occur at
local as well as larger spatial scales and thegelacales are important; and 3) are potentialhlinear

relationships. | discuss each of these main ohsens further.

I demonstrated that smaller live focal trees weoeatacilitative than larger live trees of subaipfir
regeneration at high stress as represented byeheghtions (Figure 16). This result does not suppallaway and
Walker's (1997) conceptual model which predicteat flacilitation would increase in intensity withetgize of the

benefactor in abiotically stressful environmenitslid find that facilitation increased with the sief focal trees of
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Conditions 2 and 3 with increasing stress (Figue)1 Focal trees of these conditions were eitliee avith dead
tops or recently dead. This difference betweealftrees which were healthy and those which weapekitbed or
dead suggests a size threshold which indicateshwhé&ical trees were facilitators or competitovghen trees
were top-killed, the competitive costs of largeetoanopies on seedlings were removed and otheaiatbastics
related to tree size became more important. Sirmafiy seedlings benefit from protective tree aovecause
exposure to sunlight in combination with cold temgperes can increase photoinhibition (Germino amitts
1999). Tree cover decreases solar radiation amrdases minimum daily temperatures because theinguahthe
canopy during the day enhances longwave irraditmtige ground at night (Maher et al. 2005). Howeaesome
size of tree canopy, shade can limit the heightvtf regenerating trees (Canham et al. 2006)imcr@¢ase snow
interception such that seedlings beneath the caampyot protected from desiccating winds nor firggezoils
(Rochefort et al. 1994, Varhola et al. 2010). kilfed trees can still benefit seedlings by inciegsnow
accumulation, providing shelter from the wind odarground benefits such ectomycorrhizal infectibaezdling
roots or nutrient accumulation and these beneditsincrease with tree size (Facelli and Brock 200%)some
point, there is a trade-off where the canopy d¥@focal tree becomes too large and the costhaddiag or snow
interception outweighs the benefits of protectigaiast low-temperature photoinhibition. Using Figd6b, a

DBH of ~ 30 cm was the size threshold where thizuoe for these study data.

In other ecosystems, competition, not facilitatiahthe very extremes of stress gradients have bleserved
(Maestre et al. 2009) and thought to reflect coitipatfor very scarce resources. Maestre et 8092 proposed
that predictions of the stress-gradient hypothesigd be improved by classifying the life historfyieracting
plants as either competitive or stress tolerartmfetitive interactions at the extremes of a stgeadient where a
resource is lacking could be explained by the atting species having similar competitive or sttessrant life
histories. | further suggest that when conspexii® involved or where there are plants which lzarange of

sizes, that interactions can be predicted by simesholds in benefactors.

Few studies of plant facilitation have incorporspatial scale into their design (Brooker et al. 0By solely
examining plant-to-plant interactions without calesing the effects at the neighbourhood or sitellehe
interpretation of how important plant interacticare relative to other factors affecting plant growtay be biased
(Lortie et al. 2005). For example, Tewksbury ahalyd (2001) found that the facilitative effectsafree on
diversity of understory plants in the Sonoran Deaere only evident when topographic effects onewat
availability were controlled. By using a hierarcdli approach to modelling, | demonstrated thatviddial focal
trees, in combination with factors operating agji¢aspatial scales, facilitated subalpine fir regatien.
Neighbourhood density was positively related toadpine fir regeneration, suggesting either fadilita
interactions with the neighbourhood such as campopiection from low-temperature photoinhibitiontbe
availability of seeds and suitable site conditioscontrast, for whitebark pine regenerationurid little evidence

for facilitative interaction with the focal treelaéive to the influences of neighbourhood densitg alevation.

The original form of the stress-gradient hypothesisumed linear and monotonic change of net interac
intensity along a stress gradient (Bertness anth@ay 1994). Malkinson and Tielborger (2010) artha

physiological responses of plants to changes adtnegs gradients are not linear and this shoulslaige into non-
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linear functions for describing plant interactiarieng stress gradients. The majority of field stadesting the
stress-gradient hypothesis have sampled only ctirtgalow- versus high-stress positions along aigra and can
not specify the shape of the interaction functisaradhe entire gradient (exceptions: Foster 199Ryilze et al.
2005, Kawai and Tokeshi 2007, Smit et al. 2007y Stidy design permitted me to model a range ebstr
conditions. 1 did not test different non-linear adeds but the modelled exponential relationshipaviag-link
illustrated that there are asymptotic thresholdgpfant interactions influenced by tree size, nbigirhood tree

density and elevation.

I did not subjectively select a single stress grath priori, for two reasons. First, | assumed that the plelti
gradients of stress on plant survival and growtldestified by others (e.g., EImendorf and Moor®&20would
apply to whitebark pine and subalpine fir regerierat Second, prior to sampling, | did not know thistribution
of whitebark pine stands, the range of stressotleir relative influence. Elevation was signifitéan the models
for predicting both subalpine fir and whitebarkiegeneration. Elevation has been used by otaet p
interaction studies as an index of stress (e.dla®@ay et al. 2002, Sthultz et al. 2007, Lortie andgkington 2008),
including research on interactions between whitepare and subalpine fir trees (Callaway 1998) subalpine
forests, higher elevations are associated withtgretress caused by lower mean annual temperasinalfower
soils, poorer water retention, higher wind speeuktdowing snow and ice relative to lower elevasi¢@allaway
1998, Xu et al. 2004).

Because of the landscape scale, large samplersizeaadom selection of stands and trees in my stugly
results present strong evidence for the conditipnaf the stress-gradient hypothesis. While resefas
demonstrated that facilitative benefits increasth wie size of benefactors (e.g., Kellman and Kadi®92, Facelli
and Brock 2000, Tewksbury and Lloyd 2001), to thetlof my knowledge, this is the first time theat@nship
between benefactor size and plant interactiondbbas empirically modelled over a stress gradiett thie
influence of neighbourhoods. However, the choicasifig a landscape scale and random selectiomdy sites
meant that | forewent other more intensive measargswhich could help elucidate mechanisms. Famgte,
my results suggest that recently dead focal tr€esdition 3) influence subalpine fir regeneratiamikar to live
focal trees with dead tops. Without more resedrchnnot distinguish between whether this reflecksng
residence time of soil nutrients under trees orthdethis was an artefact of a small sample $iz42)) for focal
trees of Condition 3. Further, unexplained vapiatiemains in the models (e.g., inability to predigh densities
of subalpine fir regeneration) which might be natigd by including variables which better represeethanisms

of facilitation, such as canopy size.

Whitebark pine is labelled a keystone species lrakaine forests (Tomback and Kendall 2001). In higly, |
presented evidence that living mature whitebarlegifacilitate regenerating subalpine fir, conditibon the size
and health of the benefactor, neighbourhood deansitlthe level of stress at a site. The size tiotdsof
benefactors has particular implications for pradicthe response of subalpine forests containingelark pine to
outbreaks of mountain pine bark beetle which peaféally attack larger pine trees (Logan et al.®01n the
study area, if large whitebark pine trees are djlleet interactions with regenerating subalpinevfil shift from

competitive to facilitative. The presence of sarel stress thresholds which dictate whether cotipetiersus
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facilitation prevail suggest that subalpine foresiald exhibit tipping-point behaviour towards egsiem
reorganization (Scheffer et al. 2001). Mortalifyarge whitebark pine from subalpine forests dublister rust
and bark beetles as observed in my study area ang other locations such as the Greater Yellowstoea, U.S.
(Logan et al. 2010), means rates of recruitmesubflpine fir seedlings to saplings to understoegs may
increase due to increased net facilitation, whelernitment of whitebark pine will be impacted be tbss of seed
sources. Without mature whitebark pine presentuignent of regenerating whitebark pine will bepardized
and subalpine forests will shift towards dominahgesubalpine fir.
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Table 8. Explanatory variables considered fomtoelels and their correlations with counts of suio&fir and
whitebark pine regeneration around focal whitelgnes (n=445). Significant£0.05) Spearman rank correlation

coefficients (rho) are highlighted in bold.

Variable Description Range of Sub- Whitebark
values alpine fir pine rho
rho
Tree level: Variables of focal whitebark pines
DBH DBH (cm) 8-63 0.027 0.004
Condition Class variable indicating whether focal tree was, 1: live, 2: n/a n/a n/a

live with dead top, 3: dead within the last 20 years, 4: dead
between 21-40 years ago.

Neighbourhood level: Variables of competition or facilitation from neighbouring plants

Local_ba Total live basal area (mz/ha) in the neighbourhood of focal 0-60 0.217 0.009
whitebark pine estimated with variable radius plots

Density Count of all live trees DBH >4 c¢cm in 2 m radius of focal 0-10 0.340 -0.239
whitebark pine

Density_pine  Count of all live whitebark pine DBH >4 cm in 2 m radius of 0-2 -0.003 0.034
focal whitebark pine

Xero Binomial variable indicating presence or absence of n/a n/a n/a
Xerophyllum tenax

Seed_fir Count of seedlings of subalpine fir regeneration DBH <4 cm 0-36 n/a 0.160
in 2 m radius of focal whitebark pine

Seed_pine Count of seedlings of whitebark pine regeneration DBH < 4 0-14 0.160 n/a

cm in 2 m radius of focal whitebark pine

Stand level: Variables of abiotic stress at the stand-level

Elevation Elevation (m) 1812 - 0.175 0.345
2249
Slope Slope (degrees) 13-48 0.046 0.244
Jan_insol Net solar radiation in January (Wh/m?) 8,566 — 0.027 0.162
29,083
July_insol Net solar radiation in July (Wh/m?) 168,181 — 0.003 0.175
204,367
Nonveg Percent cover that is rock, scree or soil and is not vegetated; 3-68 -0.174 0.134
indicative of poorly developed soils
Layer Percent cover that is subalpine fir layering, indicative of 0-11 0.024 0.220
stressful conditions for subalpine fir
Stand_fir_ba  Basal area (m°/ha) of live subalpine fir DBH = 4 cm 0.75 - 0.267 -0.302
40.27
Density_dead Index of disturbance; density of all dead whitebark pine 53-305 0.179 -0.017
(trees/ha)
Successional stage
Stand_age Average age of whitebark pine in stand (yrs.) 162- 346 0.106 0.044
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Table 9. Models tested to predict the counts bafpine fir and whitebark pine regeneration arofoudl

whitebark pine trees,in standj, where explanatory variables fdeighbourhood andStress are taken from Table 8
and between-stand variance is representeg lapd within-stand variance is represented;pyBoth were
modelled as a negative binomial distribution whk tog-link functiong(u;) and logit-link functiorf(p;) = (1-

exp’/(1+exp")) to model zero-inflation.

Subalpine fir: Y, = g"l(uij) “f(p)+e

i=436, j=14 stands

Whitebark pine regeneration: Z; = g'l(uij) *f(p) g
i= 445, j=14 stands

1 gWu;)=p, +BDBH; +¢,

g(y;) = B, + BDBH; + S,(Condition; =1) + B;(Condition; = 2) + S,(Condition; = 3) + 5;(Condition, =4)
+ Bs((Condition; =1) * DBH,;) + ,((Condition;, =2) * DBH,;) + 5,((Conditior; =3) * DBH,; )
+ f3,((Condition; =4) * DBH,;) +&;

g(u;) = B, + BDBH,; + B, (Condition, =1) + B,(Condition, = 2) + 3,(Condition; = 3) + S;(Condition, = 4)
+ s((Condition; =1) * DBH,;) + 3,((Condition, =2) * DBH,; ) + 5((Condition, =3) * DBH,; )
+ f3,((Condition; =4) * DBH,;) + 3,,Neighbourhood; +¢;

g(u;) =B, + B,DBH; + B,(Condition, =1) + ,(Condition; =2) + 3, (Condition; =3) + 5;(Condition,
+ B ((Condition; =1) * DBH,; ) + 3;((Condition; =2) * DBH,;) + S;((Condition; =3) * DBH,; )
44 Bs((Condition; =4) * DBH, ;) + 3,,Neighbourtood; + j3,,Stress; +¢,

a;) =B, + ,DBH; + S, (Condition =1) + 3,(Conditior) =2) + S,(Conditior) =3) + 5;(Conditior
+ Bs((Conditior) =1) * DBH,;) + 5, ((Conditior) =2) * DBH,; ) + 5;((Conditior) =3) * DBH,;,)
+ f3,((Conditiory =4) * DBH,; ) + B,,Neighbourlood; + S,,Stresg + 3,Stand_age +¢;
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Table 10. Evidence that predictions of densitgudfalpine fir regeneration but not whitebark pigeMndel [1]
was significantly improved by adding explanatoryiables related to the condition of the focal whéek pines, as
well as the neighbourhood and stand-level str@ssalues result from likelihood (logL) ratio testih the model

on the row above. Bold values were significantffedent (@ =0.05). K is the number of estimated parameters.

Model k Subalpine  Subalpine Whitebark Whitebark
fir fir pine pine
logL logL loglL logL
ratio (df) ratio (df)
p-value p-value
DBH 5 1230.500 -571.498
DBH + Condition + Condition*DBH 11 -1222.920 15.160 (6) -569.548 3.900 (6)
0.019 0.690
DBH + Condition + Condition*DBH +Density 12 -1219.380 7.080 (1) -562.262 14.572 (1)
0.008 0.0001
DBH + Condition + Condition*DBH +Density 13 -1217.270 4.220 (1) -559.136 6.252 (1)
+ Elevation 0.040 0.012
DBH + Condition + Condition*DBH +Density 14 -1216.300 1.94 (1) -558.383 1.506
+ Elevation +Stand_age 0.164 0.220
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Table 11. Estimated coefficients for Model 4 irbleal0 for predicting subalpine fir regeneratioalard focal

trees where Condition 1 was considered level hefcategorical variable and * is significantia0.05.

Coefficient Estimate Standard Error P-value
Bo -5.533 3.627 0.127
B, -0.018 0.013 0.188
Bs -0.994 0.376 0.008*
Ba -0.985 0.482 0.041*
Bs -0.512 0.383 0.181
B, 0.031 0.015 0.034*
Bs 0.034 0.019 0.073
Bg 0.010 0.015 0.500
B1o 0.058 0.022 0.009*
B1y 0.004 0.002 0.030*




a) Condition 1: Live

Facilitation

Competition

b) Condition 2: Live with
dead top

c) Condition 3: Recently gead

Difference in subalpine fir regeneration from Condition 4

10 20 30 40 50 60
Diameter at breast height (cm)

Figure 16. If alive and healthy, smaller focal tebiark pine trees are better facilitators thandafgcal trees,
particularly at high elevations. The oppositeigtif they are alive but with dead tops or regeddad.
Differences are between the predicted counts ddipire fir regeneration around focal whitebark gioé
Conditions1 (live), 2 (live with dead top), 3 (retly dead) versus dead focal whitebark pines ofdtam 4.
Where differences in predicted counts are positivewing around focal whitebark pines of Conditidn® or 3 is
beneficial (net facilitation). Where differences aegative, growing without the influence of fotales of
Conditions 1, 2 or 3 is better (net competitioRYyedicted counts are from Model [4] where the nietgithood
density of subalpine fir trees was 796 trees/heee®, blue and red lines indicate differences ptediat low,

moderate and high elevation (minimum, average aaximum observed values).
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Figure 17. Interactions between focal whitebarlegrees and subalpine fir regeneration generaltpime more
facilitative with the increasing elevation and ridigurhood density depending on the size and condit focal
trees. Differences are between the predicted safrdubalpine fir regeneration from Model [4] fiwe focal
whitebark pines of the conditions indicated verdead focal whitebark pines of Condition 4. Thevat®n for
Figures 2a and 2b and the density of neighbourewstfor Figures 2c and 2d were kept at the aveyhgbserved

values.
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Chapter 5: Size then climatic stress: hierarchical influences on adult

tree interactions

5.1 Introduction

The original stress-gradient hypothesis predias thcilitative interactions between plants shdoktease
with increasing abiotic stress (Bertness and Calla®094). Recent refinements to the hypothesigestghat
interactions depend on the type of stress andeflagive competitiveness or stress-tolerance ofaatéeng plants
(Maestre et al. 2009). Stress and resulting lioites to growth can be caused by a shortage c@uree like
water or variations in a non-resource like tempggabr soil quality (Maestre et al. 2009). Sonmesstes are
directly controlled by climate. Evidence of interaal variation in precipitation (e.g., Greenled &allaway
1996, Kitzberger et al. 2000, Tielborger and Kadr@6a0, Sthultz et al. 2007) and temperature (Begtad
Ewanchuk 2002, Callaway et al. 2002) causing swidbetween facilitation and competition have beemd.
Interactions also depend on the size (Chapter Haway and Walker 1997), life stage (Miriti 2006p1tie and
Turkington 2008), and life strategies (competitiesus stress-tolerant; Maestre et al. 2009) efaating plants
and neighbourhood density (Canham et al. 2006, #amet al. 2011, Mclintire and Fajardo 2011). Tduggests
that multiple gradients of abiotic stress and oth#uences exist, varying in time and space, anad affect plant
interactions in opposing directions. This makesdpations of the intensity and importance of trgteriactions
challenging. Identifying a hierarchy of influenaas plant interactions would be a useful additiothie stress-
gradient hypothesis, but such hierarchies areyra@einonstrated. This gap exists because it ikdiffto test plant
interactions over multiple gradients of factorsitigalarly since most plant studies have been baseshort-term
experiments. In this study, | treated the natdealth of whitebark pind{nus albicaulis) in high-elevation forests
like an experimental removadehsu Callaway 1998) and examined the radial growth rasp®f subalpine fir
(Abieslasiocarpa), a late-seral and shade-tolerant tree specida ébal. 2001) over 10 years. | examined the
relative importance of temporal variation in pré@pon and temperature versus tree-, neighbourhand stand-
level factors in explaining the variation in theeinsity (absolute magnitude and direction) and ingrze (impact
relative to other factors; Welden and Slauson 1@8@pmpetition and facilitation between trees asra

landscape.

In the last decade, evidence of variations in pilatetractions due to interannual variation in ppéetion and
temperature has increased, but equivocal suppotiiéostress-gradient hypothesis remains. Fadilitaluring
stressful climatic periods and competition duritg+stressful periods has been observed. Greente€allaway
(1996) found that during a wet year, grasses ctadpeith herb seedlings, but during a dry yearsgea
facilitated the survival of herb seedlings in asgtand in Montana, U.S.. Competition between gaasisshrub
seedlings increased with increasing spring preatipm on south-facing slopes, but no relationshgs ¥ound on
north slopes in open steppe ecosystems in cemieah $Soliveres et al. 2010). Additionally, mulagshifts
between facilitation and competition were obserfedughout the life stages of the shrub. Facilitainteractions
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of tree seedlings by shrubs have also been obsemiadrease during seasonal dry periods in drydiaals in
southwestern United States (Sthultz et al. 200 hese observations can be explained by the shablmaisture
retention provided by the benefactor during dryrg&mmpensating for the cost of shading on the tr@fithe
beneficiary which is expressed during wet yearscdntrast, Tielborger and Kadmon (2000) found thaing a
wet year, Negev desert shrubs had a neutral effdetilitated the fithess of understory plantstigh possible
nutrient accumulation but, during a dry year, theubs inhibited understory plants by interceptiamfall. In
northern Patagonia, facilitation of tree seedlibgshrubs through shading did not occur duringegls of
extreme drought stress but only during moderatghperiods (Kitzberger et al. 2000). Maestre alwdti@a (2004)
also found facilitation of shrub seedlings by tudsgrass ®ipa tenacissima) prevailed at intermediate levels of
rainfall, but that net competition dominated attbextremes of the precipitation gradient. Thegedistress-
gradient hypothesis attempts to reconcile thesdtselsy distinguishing between the type of streesdqurce versus

non-resource) and also the life history of theratéing plants (Maestre et al. 2009).

Most research on the relationship between plaetastions and gradients of abiotic stress has beeducted
on herbaceous plants, shrubs or juvenile treegieferal, facilitation is more likely to be foundh@n a beneficiary
is small/lyoung and a benefactor is large/old (M2@06). However, my work in Chapter 4 demonsttdtet there
are diameter thresholds in adult trees below wifiely facilitate tree seedlings and above whichcthsts of larger
canopies to seedlings in terms of shading and pitetibn interception become apparent. By extangiifferences
in the size of adult trees could affect the intgnsf their interactions along a stress gradidntdry Mediterranean
forests, Gomez-Aparicio et al. (2011) demonstraéted the intensity of competition of 15 tree spsaecreased
with the increasing abiotic stress due to predipitaand that trees of the smallest diameters west impacted by
neighbourhood competition. Coomes and Allen (2@@rfcluded that the intensity of competition fahli
decreased but competition for nutrients increasigld imcreasing elevation in mountain beeblothofagus solandri
var. cliffortioides) in New Zealand. Competition for light affectdetgrowth of only small trees whereas
competition for nutrients affected the growth @es of all sizes. Kunstler et al. (2011) repodrdasing
importance of competition with increasing abioti@ss, but no relationship for interaction intepéitr adult trees
of 16 species across a wide gradient of growingekedays and a water availability index in Fran€aey found
much higher importance values of competition fadstintolerant species versus shade tolerant speltie
contrast to these competitive interactions, Calla@@®98) reported facilitation of the radial grovahadult
subalpine fir by adult whitebark pine trees in dplvee fir forests in the southern Rocky MountaingMontana,
U.S.. However, he only found evidence of faciidatat one of two sites and his dendrochronologcallyses
made numerous assumptions which may not be valid, (& examined growth response in subalpinedist 40
years after the death of whitebark pine trees usilg measurements from the first and last yeats)emains
unclear how the relative size of trees may affest-tree interactions and whether facilitation kestwadult trees

exists and the stress-gradient hypothesis holds.

The revised stress-gradient hypothesis posed bgtkaet al. (2009) attempts to accommodate thaseus
discordant results by proposing that the importasfa@mpetition versus facilitation depends on \kkethe stress

is caused by a resource versus a non-resource laetthav life histories of the benefactor and belegfjcare stress-
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tolerant versus competitive (following the CSR slisation of Grime 1977). Because trees coveidewange of
sizes, it is possible that larger trees are maessttolerant than smaller trees. The revised thgsis predicts that
when the benefactor is stress-tolerant and thefioéarg is competitive and where the resource sasfwvater is
abundant, there would be little interaction becabsebenefactor is not a good competitor. At imeediate levels
of water availability, facilitation would prevaildgause of the effects of shading and reduced enzayspiration
near the benefactor. At high stress caused bygtitpagompetition would increase because the wateswmption
of the benefactor would outweigh its benefits te feneficiary. If abiotic stress is caused by @-resource such
as temperature, facilitation will be more importahhigh levels of stress. If the beneficiarydkatively more
stress-tolerant than competitive, then competitionild dominate during a drought and less facititativould be
expected at high levels of stress from a non-resouMaestre et al. (2009) hypothesized varioudigtiens for a
matrix of scenarios; however, no evidence was faante literature on quantifying the relative innfamce of life
histories versus different abiotic stresses inrdetgng the magnitude and direction of plants iat¢ions. In other
words, is there a hierarchy of influences on piatgractions? In order to understand how enviramalechange
will affect the composition of plant communitiesdtcritical to quantify the relative importancediimatic stress

on determining plant interactions (Brooker 2006).

Here, | used linear mixed-effects models to exarsungport for the refined stress-gradient hypoth@dmestre
et al. 2009) and test the hypothesis that factdiswinfluence the response in radial growth ofadpime fir after
the natural death of neighbouring large whitebanle prees (hereafter termed “focal trees”) aredrigrical in
importance beginning with tree-level factors andrdasing in strength to those operating at theoregilevel.
This hierarchy included the natural variation ie #ize differential and distance between intergdtiees, the tree
density and basal area in the neighbourhood, alsttess at the stand level and regional climatess. |
randomly selected stands across a large landscapgyatematically selected focal trees within iatoid
sampling subjectively chosen pairs of plants alpregonceived stress gradients based on incomptetsl&dge of
stressors. Because | sampled focal trees dyingainy different years, | was able to compare tresractions over
a range of climatic conditions. | expected thatititensity and importance of interactions betweeal and
subalpine fir trees to be negatively related tortiative size of subalpine fir trees and to thetatice between
interacting trees. Following Maestre et al. (20@8¢ importance of competition is hypothesizethtoease with
abiotic and climatic stress if it affects water ibaaility; otherwise, facilitation is expected towehinate. | also
hypothesized that the density of trees in the ri@ghhood could facilitate subalpine fir trees ansis of high

abiotic stress, whereas, at low levels, competitvonld dominate.

5.2 Methods

5.2.1 Sampling

| studied 15 randomly selected stands from the uplewations (1600 to 2250m) of subalpine forests
containing whitebark pine and subalpine fir in Bigcky Mountains in Waterton Lakes National Parkyeita,
Canada (49° 2" N, 113° 57' W). Disturbances overlast 50 years by white pine blister ruStgnartium ribicola;

hereafter “blister rust”), mountain pine beeflEgdroctonus ponderosae) and species dps bark beetles
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cumulatively caused the mortality of whitebark pimeich was widespread and of mixed-severity (raofg20 to
90% of whitebark pine density, Chapter 2). To easuy sampling covered a wide range of environnienta
conditions and yet avoid subjectively defining @ss$ gradient for immature trees, | stratified dsatontaining at
least 10% whitebark pine into either warm or cagexts using a geographic information system (@h)ysis of
an existing vegetation inventory of the Park ptisampling. Stands were sampled using propoftalfacation

by area, resulting in 11 stands from the warm aspaed four from cool aspects.

Four to six sampling points were randomly locatBdl®0 metres apart in each stand. Before entéhnimg
field, the coordinates of the first point were sédel close to the center of the stand using a GEvoid transitions
from forest to alpine tundra at treeline. At e@dint, | identified and measured the distance éofthur closest
dead whitebark pine trees with diameter at breaigthiht (DBH; 1.3 m above ground)15 cm (i.e., focal trees). At
11 points | could not find a fourth focal tree wiiBH > 15 cm so | sampled trees DBHLO cm. If focal trees
occurred in clumps of multiple stems, | considezadh clump to be one tree with subsequent measuntsinased
on the stem which dominated the canopy within thenp. To examine growth responses of subalpin® fihe
death of the focal whitebark pine trees, | randosdlected one small (DBH 4-15 cm) and one largeHDR5 cm)
subalpine fir tree within a 2 m radius of each fdose. To increase the probability of selectingrge subalpine
fir, a third tree was selected within a variableina plot using a basal area factor 23 (i.e., each tree was
selected for inclusion with a probability proport# to size resulting in each sampled tree reptegpa constant
basal area per ha), but within 4 m maximum distdram the focal tree. | had wanted two subalpinérées of
different sizes for each focal tree, but this waspossible to achieve for most (70%) focal treesdoise many
focal trees only had one neighbour or crossdatfrepme ring-width series was not possible. Increteeres were
taken from each of the focal whitebark pine andsiflected subalpine fir trees. For each spectepiendently,
each ring-width series was cross-dated using aamaktonology for each stand and the software COHEC
(Grissino-Mayer 2001). To increase accuracy oniifging the year of death (hereafter termed “dedste”), |
took two increment cores per focal tree in locagion the stem where the outer rings were best wextemeaning
those with solid outer wood and bark or with baglethe galleries which indicated that the subcolrtisaue was
present. | only used focal trees in subsequenysesif the ring-width series could be crossdated the outer
ring was thought to be well preserved (74% of teeg) or high-quality cores from both sides ofdtean were
obtained (55% of the trees), which yielded 184 fedztebark pine. The median difference in deadted between
pairs of cores from the same focal tree was 4 ymadscould have been due to cambial dieback, wiosi@n or
decay occurring at asymmetrical rates around #r.stWhere the two increment cores yielded diffedattes of

death, | used the most recent year.

Variables that might explain the variation in théensity and importance of interactions betweerakuibe fir
and focal trees were measured at four spatial scabe, neighbourhood, stand and region (Table AR}he tree
level, | measured the DBH and the distance betwsenacting trees. To measure the level of cortipator
facilitation from other trees in the neighbourhaddhe focal trees, | recorded the density of ma(ldBH > 4 cm),
live trees within a 2 m radius of the focal treel ameasured the total basal area per ha of live tielmg variable

radius plots with basal area factor 2.8hm.
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| measured several surrogates for stress at thd &sel (Table 12) because stress gradients fmalpine fir
were not knowra priori. At each sample point, | recorded the elevatiwh slope angle and established three
nested, circular plots. The radius of the smalst was 3.99 m. For dense stands (> 4,000 tragshe radii of
the medium and large plots were 5.66 and 8 m;gfes Hense stands, the radii were 8 and 12.66 e lsmall-
radius plots, | visually estimated the percent cafdbare ground (i.e., an inverse of vegetatiardpctivity and
indicative of poorly developed soils with low netnt and water retention levels) and layering byatpihe fir (i.e.,
a growth form more commonly occurring in harsh grapwconditions). In the medium-radius plots, thedes
and DBH of each live tree where DBH was betweendl 5 cm were recorded. In the large-radius platge,
live trees with DBH values15 cm were measured. Stand averages for subdipleesal area (used as an index of
productivity) were estimated by averaging valuesififixed-area plots. As an index of disturbanogesgy to the
forest canopy due to whitebark pine mortality frblister rust, mountain pine beetle apg sp., the density of
dead whitebark pine was estimated using the 4tamlie method at each sample point (Pollard 19Al50, the
average net solar radiation incoming to each standanuary and June was modelled from digitalaien models
using the G1S-based model, ArcView Solar Analyst éd Rich 1999), to account for viewshed, surface

orientation, elevation and atmospheric conditidhsZell, Parks Canada, unpublished data).

| included regional climatic stress by calculatiagjos of temperature and moisture for the 5-yesmiogl
before the death of each focal tree relative tdahg-term averages based on the 30-year prioogerin
particular, | calculated these ratios for averagatily temperaturestress temp, and for total monthly
precipitation,Sress_ppt, where ratios less than 1.0 indicated that the&-period was cooler or drier than average
(i.e., higher climatic stress). To account for dfiect of climate on the growth response of theafpine fir trees, |
also included concurrent average monthly tempegatand total monthly precipitation values definedlanatic
measures corresponding to each year following foeal deathTemp, Ppt). Records of the average monthly
temperatures were from a weather station in Pin€neek (~45 km away, 49.5®, 113.9¢\W) and those of the
total monthly precipitation were from Lethbridgelparta (~100 km away, 49.63° N, 112.80 °W; Adjdsséad
Homogenized Canadian Climate Data; Mekis and Vin2ed1).

5.2.2 Analyses

To assess the growth of subalpine fir trees bedodeafter the death of their neighbouring focatdrd first
converted tree-ring widths into basal area incram@Al) to reduce the circumference effect (therdase in ring
widths due to the geometrical constraints of addingual increments of wood to an expanding surfae®)di and
Qeadan 2008). | did not detrend BAI for age-depangrowth because the curvilinear age effect oh\Bas
considered minimal given the slow-growing naturswbalpine fir in these high-elevation forestsrtkermore, |

was only examining a relatively short time peridd.0 years after the death of the focal trees.

| calculated the relative interaction index, RArmas et al. 2004), as a metric of the intensftinteractions

between subalpine fir and focal whitebark pinedrekefined as:
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BAI prajiq is the average BAI of a subalpine fir tijeef the five years prior to the death of its neighbng focal

whitebark pine tree in neighbourhokaf stand, and BA|postijkl is the BAI of subalpine fir tregin neighbourhood

k and stand at year up to 10 years after the death of a focal treeonkidered five years prior an adequate
reflection of growth prior to the death of whitekqine because growth in this time period (mean663;
sd=1.957) did not significantly differ from thatl® years prior (mean= 1.483 (sd= 1.711); Wilcoxest:tW=

19417, p=0.276~192). If Nimpijkl is negative, resulting in a negatiy|.

i then the subalpine fir tree is growing

better after the death of the focal tree whichdatis that the interaction between the two treesocompetitive. |If

N is positive , resulting in a positiy|,

e then the death of the focal tree results in stagvewth of the

imp ikl
subalpine fir tree and the interaction betweentweetrees prior to the death of the focal tree feaditative.

| calculated the importance indéx, as a metric of how the magnitude of the growtipoese for each year
since the death of the focal tree compares to pienam growth recorded for subalpine fir in staSeifan et al.
2010):

[ ] | _ Ninpijkl
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Nimpijkl is the influence of the neighbouring focal treesabalpine fir growth, antEimpnkI is the relative influence
ij

of other environmental factors such as site praditgiaffecting optimum growthmax_BAI, , of the subalpine fir
tree. Seifan et al. (2010) acknowledged thatrhe value of optimum growth is difficult to detemmaiand
suggested that when doing neighbour-removal exgaris) the maximum observed growth in the absence of
neighbours could be used as a proxy measure ahaptjrowth. For this study, | definedax_BAI, as the
maximum value found over all sampled subalpinéréies in stantiover the 10 year period. Thusax BAl, is
considered to reflect the maximum growth possiliéeun the levels of abiotic stress and climatic ¢mas during
the 10 years after potential competing trees wegmoved”. Similar to Rlllim, values are limited to values
between -1 and 1 and are positive when facilitatiominates, negative when competition prevailszerd when

there are no interactions.
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To evaluate the relative importance of tree-, neggithood-, stand- and regional-level explanatorjatdes
on tree interactions (Table 12), | built linear eixeffects models to predigll andli, for each subalpine fir tree

for each year after the death of the focal treéowgear 10:

RIl, orl =B, + BYear, + f,(Tree, ) + f,(Neighborhood, ) + f,(Stand)

impjji
(6] N :
+ f,(Climatic stress), + f;(Concurren climate, ) + & +&, + & + &4

where f, to f. are linear functions of tree, neighbourhood, staeldtive climate, and concurrent climate

variables, respectively (Table 12). Between-stéetiveen-neighbourhoods and within-tree varianca® \partly

explained by the fixed-effects part of the mode.(iyears-since-death afidto f,) and the remaining residual

variances were represented by error teemsy, &, ande; respectively. Within tree correlations over timeres

modelled using AR(1) as the residual correlationcitire.

In model building, | commenced with years-sincettleand then sequentially added explanatory vaggbl
measured at the tree, neighbourhood, and stanakebadiding in climatic variables (termed regioeal in this
paper). This order of variable inclusion allowed ta evaluate the hypothesis that factors whicluémfce the
response in radial growth of subalpine fir treeskerarchical in importance beginning with treeelefactors and
decreasing in strength to those operating at thiemal level. Because the models are nested teftgthe
hypothesized hierarchy of influences on tree inttiivas, | used likelihood ratio tests to determivieether the
subsequent addition of each explanatory varialgieifséantly improved upon previous models. Explang
variables were only retained in the model if the@lusion improved the model. | also tested whetheluding
guadractic terms of the climatic variables, intémacterms between climatic variables, the diamditerential
and distance between interacting trees improvednbaels. Also, to avoid including very highly celated
explanatory variables which can cause instabititparameter estimates, | excluded total live baszd in the
neighbourhood in lieu of neighbourhood density. ddiccoefficients and random effects were estimatdg
maximum likelihood methods in the Ime function froime package nime (version 3.1-96; Pinheiro e2@09) in
the R language and environment (v.2.11.1, R Devatort Core Team 2010). Once the best supportedimade
determined for predicting Rl arlgh,, | removed each explanatory variable from thisiubdel and used the

likelihood ratio between the full and nested mddedetermine the relative importance of each végiab

5.3 Results

Competition dominated interactions between focdl subalpine fir trees prior to the death of focees as
indicated by the negative values of the overall iae®Il (Figure 18). However, 36% of subalpinetfees
decreased in BAI within five years of the deathhef focal tree, meaning these interactions betwebalpine fir

and focal trees were of net facilitation (positRE; Figure 18).

Variation in the intensity of interactions (RII) waest explained by the years-since-death of ttel foee, the
diameter ratio between interacting trees and twwagent climatic variables. Variables represantibiotic or
climatic stress were not significant. The intensit competition significantly increased (i.e., RHlues decreased)
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with the years-since-death of the focal tree (lh@bd ratio from comparing full model with nestedael: 48.960,
df=1, p-value < 0.0001). The model with years-sideath (Model 1 in Table 13) was significantly noyed by
the addition of the ratio of subalpine fir DBH twat of the focal tree (Model 2 in Table 13). Mo#@dekas not
improved by the density or basal area of treebémieighbourhood (density: logL= 0.417, df=1, p2@)%nor by
any stand-level variables representative of abgttiess. Including concurrent total precipitatiomhe spring in
Model 3 and then concurrent average temperatuseptember in Model 4, resulted in significant impgnments
(Table 15). Quadractic terms of the climatic viblgs and interaction terms between climatic vaesldid not
further improve the final model, Model 4. The tala importance of variables in the final model wasirs-since-
death, followed by concurrent average temperatufeptember, the concurrent total spring precipitaand the
ratio of subalpine fir DBH to that of the focal érdikelihood ratios from comparing full model wittested model:
48.960, 42.681, 11.315, 7.519; Table 13).

Predicted values @RIl were negative when subalpine fir trees were smtiken focal trees under average
climatic conditions after the death of the focakt(Figure 19). This indicated that competitiomdwated the
interactions between small subalpine fir treeslange focal trees and subalpine fir trees were eosntly
releasing in growth. If the climate after the dheat the focal tree was cool in September or drggring, the
growth response of subalpine fir trees was dampéfigdre 19). In contrast, if climate was warnSeptember or
wet in spring, this growth response was enhandégk intensity of competition and, thus, the grovdalease
decreased when interacting trees were more similsize. When subalpine fir trees were larger thenfocal tree,
the predicted relationship with RIl reached an gsgite close to zero indicating neutral interactioltie predicted
RII values for these trees could be positive bigt dimly occurred when Septembers were cold and daing

BAl .« and would not indicate facilitation of large sytiak fir trees by smaller focal trees.

The importance of competition relative to othertdas affecting the growth of a subalpine fir tregswow
(averagdin, = -0.078 ten years after the death of focal pitigure 18). The importance of competition did
significantly increase (i.elin, values decreased) with the years-since-deathedbttal tree (likelihood ratio from
comparing full model, Model 9, with nested moddl; 159, df=1, p-value < 0.0001). The best model for
explaining the variation ify, over 10 yearscluded the years-since-death of the focal tiee diameter ratio
between interacting trees and relative and conotiolenatic variables. Model 5 in Table 14 wasngligantly
improved by the addition of the ratio of subalpfinddBH to that of the focal tree, but not by thistdnce between
trees. Model 6 was not improved by density or bassa of trees in the neighbourhood (density: L929,
df=1, p-value= 0.335) nor by any stand-level vagalyepresentative of abiotic stress. Climatiessrof relative
annual precipitation and two concurrent climaticiafles did significantly improve Model 6 (Table)14
Quadractic terms of the climatic variables andraxtéon terms between climatic variables did nethier improve
the final model, Model 9. The most important valéaéxplaining the variation ihy, Was years-since-death,
followed by concurrent average temperature in Sepég, then concurrent total precipitation in Marsizge ratio
between interacting trees, and then the relatitad &mnual precipitation (significant likelihooctias from
comparing full model with nested model: 21.176 252, 13.269, 9.701, 4.215).
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In contrast to the intensity of competition, thepomntance of competition relative to other factoessvow for
small subalpine fir trees but increased as subalfiirirees were similar or larger in size to thedl trees (Figure
20a). The importance of competition also increasggbars that were relatively dry (climaticallyestsful; Figure
20). When it was a relatively wet year, facilit&tinteractions became more important for smalbibe fir trees
next to large focal trees. This suggests treettteeactions were not important influences ongrmwth of small
subalpine fir trees, unless it was a relatively yesir, when being next to a large focal tree waefieial. Other
influences may include cool Septembers which dantipemesponse in BAI after the death of the foese {Figure
20d).

5.4 Discussion

| have multi-year and landscape-wide evidencetti@tntensity of interactions (RII) between adtdiets was
influenced primarily by the relative size of tresesd not by abiotic or climatic stress. The impoctof
competition relative to other factors affectingetigrowth (i) Was also influenced by the relative size of traed
increased with climatic stress. The patterns hébprovide support for: 1) some predictions of bsed stress-

gradient hypothesis (Maestre et al. 2009); andHgrarchy of influences on plant interactions.

5.4.1 Revised stress-gradient hypothesis

I did find evidence of facilitation in adult tregsositive RIl values in Figure 18), but no evidericat it
increased with abiotic stress as predicted by thgnal stress-gradient hypothesis (Bertness arlth@ay 1994).
Subalpine fir trees were obviously sensitive tetiliations in precipitation and temperature as agid by
concurrent climatic variables being the strongestligtor of RIIby affecting the BAI in subalpine fir trees aftbet
death of the focal trees. However, focal trees natybe able to mitigate water availability or ctédnperatures for
adult subalpine fir trees, unlike the increaseditation of subalpine fir regeneration by focaddts with increasing
elevation that | documented in Chapter 4. Fatititahas been found to be more frequent for jueepiénts than
adults (Miriti 2006, Sthultz et al. 2007) and swiés from competition to facilitation with increagiabiotic stress
have yet to be demonstrated for adult trees. iE@in of adult trees by adult trees may occurdose of some
other stress gradients, such as gradients in stiient, not represented by my surrogate variab@sother studies
of adult trees which examined for facilitation, ediound evidence of facilitation between adult $rbat suggest
they may not have observed it because they wdreraibt sampling at the extremes of a stress gragfeinstler
et al. 2011) or because it may only be apparerdgdhgrowth if competition for nutrients, not lighhcreases with

abiotic stress (Coomes and Allen 2007).

The revised stress-gradient hypothesis by Maestik €£009) predicts that when the life historids
benefactor and beneficiary are stress-tolerantcantpetitive, respectively, high abiotic stress ealisy a resource
shortage like water, will increase the importanteampetition. | found that the importance of caatifion
between whitebark pine (stress-tolerant) and sitalfir (competitive) trees increased with the @i stress of
decreasing total annual precipitation (Figure 20d)high-elevation forests, it appears that whexewis not

limiting, interactions between adult trees relativeother factors are unimportant influences oa ggowth. This is
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likely because these high-elevation forests amively stressful environments with harsh climate @oor soils
which are more important in dictating tree growthrt competition when water is not limiting. In Medranean
forests, the importance of competition betweentadeks also increased as precipitation decredech¢z-
Aparicio et al. 2011). Subalpine forests are rit@roconsidered water limited in the same vein aslitérranean
forests; however, the diffusion coefficient for eatvapour increases substantially with decreasieggure at
higher altitudes, leading to transpiration ratgsdgl of much warmer climates (Smith and Geller )98Subalpine
fir, a shade-tolerant species, is less droughtaatehan whitebark pine, a shade-intolerant sggt{@app and
Smith 1981, Sala et al. 2001, Niinemets and Vatesl2006). These two observations mean that Hegraton
forests can be sensitive to water stress. Thereidence during the Holocene that drought stredshistorically
warmer conditions caused a decline in treelineatler in the Sierra Nevada mountains, U.S. (Llogd a
Graumlich 1997). More recently, in the Rocky Mains in Colorado, U.S., increased mortality of spine fir
was linked to increasing occurrence of late-seasonght (Bigler et al. 2007). Together, my resaltisl Gomez—
Aparicio et al. (2011) support the prediction ttret importance of competition increases as ressureeome
scarce for adult trees. It is not unusual fortreteships between interaction intensity and abistiess not to match
those between interaction importance and abiatgsst(Welden and Slauson 1986). Like Kunstlef.¢2811)
who examined interactions between 16 trees spaciesnce, | only found a significant relationsbigtween

stress and the importance of adult tree interastinr not with interaction intensity.

In contrast to the predictions of Maestre et &00@), | did not find a humped-back shaped relatigns
between interaction importandg,,, and relative total annual precipitation wherélfation becomes important at
intermediate levels of water availability (i.e.aginactic terms were not significant in Model 9)did find that at
low stress, when it was a wetter than average yleat neutral interactions became important. fidssible that in
this system, facilitation is relatively unimportaaitall levels of climatic stress except when spina fir trees are

very small.

5.4.2 Hierarchy of influences on tree interactions

| found a hierarchy in variables which could expltie variation in RIl andl,,, where the size differential
between interacting trees was the most influentisigble. Climatic stress, whether the year waselative to the
30-year average, was a secondary influencéqfor Note that concurrent climatic variables weraualty the most
important variables in the models but affectedgrmnvth of subalpine fir trees after the death effibcal tree and,
thus, were additive to the growth response caugdbebdeath of the focal tree. If | had excludedaurrent
climatic variables, relative climatic stress wohkve been a significant variable in the final madgbredict RII.
This points to the hierarchical nature of influemoa tree growth and that year-to-year variatiofaih
temperatures can completely override the influenéésee interactions on radial growth. It waslthaging to
separate climatic variation into that which causegular” year-to-year variation in the widths o¢ rings versus
variation that represents a climatic stress tee. ti did so by including both concurrent andtredaclimatic
variables in the models. It would have been mdealito remove the climatic signal from the ringdihi series
with a simple, universal model; however, shifthia climate-growth relationships for subalpineafrdescribed in
the previous chapters would have made this difficul
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The intensity of competition (i.e., the magnitudeymwth release after the death of focal trees) highest
for subalpine fir trees which were smaller thanftial trees likely because of the negative effe€shading on
growth. Others have also found that smaller texzesmore sensitive than larger trees to tree catiggefrom the
neighbourhood (Coates et al. 2009, Gomez-Aparica.€2011). Competition is thought to be for ligthen trees
are small and switch to being for below-ground veses as a tree matures (Coomes and Allen 20079.sike
range of subalpine fir trees that | sampled lik&thaddles the differentiation between competitind atress-
tolerant life histories described by Maestre e{2009). Small subalpine fir trees are likely moognpetitive but
less stress-tolerant than large subalpine fir teeeisthis difference makes relative size an imprtariable in

predicting RIl and .

Much effort in the forestry literature has beencaitulating indices of neighbourhood competitiorgy(eBella
1971, Lorimer 1983, Uriarte et al. 2004, Canharal.€2006). However, | found that the influenceshaf density
or basal area of other trees in the neighbourhdddat significantly predict the growth responsesobalpine fir
after the death of the focal tree. There are theasons why neighbourhood-level competition mayhawe been
important in predicting the intensity of tree irgtetions in my study. 1) The high-elevation fordsttudied are
relatively stressful environments and open (exgerage percent canopy cover was 18%) in compatison
productive forests at lower elevations, so thassitadensity-dependent competition may not be émflial in these
systems. 2) The size differential between subalfilmand focal trees that | used has proven ta breediocre index
of neighbourhood competition in other studies (84071, Biging and Dobbertin 1992) and may havéurad
neighbourhood competition adequately in my stuBglative to other tree species, subalpine fir lesnlfound to
be disproportionately sensitive to the presenoeeof large neighbours (Coates et al. 2009). 3rddr search
radius combined with a more sophisticated indexctvisiccounts for the diameter, distance and spspiesific
competitive ability of neighbouring trees (e.gattin Canham et al. 2006) may have better described
neighbourhood competition. As well, | modelledyhD years after the death of the focal tree bairésulting
growth releases could last more than 20 years @tdrDaniels 2010). It is possible that neighboath
competition becomes more important for predictimg long-term growth response to the death of thalftvee as

trees grow and zones of resource use overlap.

Identifying a hierarchy of explanatory factors oeetinteractions offers a useful framework for gesig
studies to test the stress-gradient hypothesisn Bila recent revisions (Maestre et al. 2009, Hakngand
Scheffer 2010), the stress-gradient hypothesisireneithout a context grounded in spatial and terapscales. |
first recommend dividing hypothesized influencegptant interactions based on spatial and tempaoedés — e.g.,
fine- versus coarse-grain factors and factors whiednge annually or seasonally versus those wheklaw
changing. Studies can be designed which attengddoess a range of spatial and temporal scalehdnysing
influences from each level to examine and includhé experimental design. This hierarchy of ieflaes
emphasizes that annual climatic variation mustdos®anted in any multi-year study of plant interant. Annual
variation in climate is currently absent in mosttd neighbourhood modelling efforts quantifying #ffects of

tree competition on adult tree growth. Generalther studies of competition in adult trees hawwiasd that
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climate has remained the same between the two géaneasurement and that each species respondartieeto

year-to-year climatic variation (e.g., Coomes ahi@\2007, Coates et al. 2009).

5.4.3 Change in high-elevation forests and tree interactions

High-elevation forests containing whitebark pine andergoing two broad scale changes. First, the
widespread decline of whitebark pine from blistestr mountain pine beetle ahgb sp. has lowered its resilience
(Chapter 3) and, thus, its ability to retain iteg@nce in the canopy. My results indicate thattisence of adult
whitebark pine trees will decrease the competificessure on smaller subalpine fir trees and cassbsequent
growth release. In Waterton Lakes National Patiene on average 70% of the whitebark pine have thed
growth release has been significant (Figure 13hapfer 3). However, the magnitude of the growtbage will be
dampened if springs are dry and/or falls are cé@hile some subalpine fir trees were facilitatedddytebark pine
trees, the negative effects of the death of whitepae on the growth of subalpine fir will decreasver time. For
subalpine fir trees similar in size to whitebarkeithere will be little impact of the decline ofiebark pine
because interactions were close to neutral. Becdugslandscape average of RIl was negative, thjeqied
response to the widespread decline in whitebar& j@ira release in the growth of smaller subalginees which
will accelerate the dominance of subalpine firhiage forests. How long the growth release witl &l at what

intensity remains a research question to explore.

High-elevation forests grow in harsh environmentaiditions which can be amplified by small shifts i
precipitation or temperature caused by climate ghdhloyd and Graumlich 1997). Water availabilityring the
summer is affected in part by the spring snowpdaokthe Canadian Rockies, the water content irsgirang
snowpack has declined between 20-40% since 1950nastlocations have declined in snowfall sinceQL@8ote
et al. 2005). Although projections of changesummer precipitation are uncertain, if summer drdugtreases, it
would amplify the decline in soil moisture causettiie declines in spring snowpack. | demonstrétatithe
relative importance of competition between adultadpine fir and whitebark pine trees increaseceaddtal
annual precipitation decreased. This importardti@hship between tree interactions and climataiisently
missing from studies using climate envelope mottefsredict how tree distributions will change witimate (e.g.,
Schrag et al. 2008). The widespread decline ofellrk pine means that the bulk of future tree-nesractions of
subalpine fir will be with unhealthy whitebark pjre@her subalpine fir or with Engelmann sprubeéa
engelmannii) trees. Relationships between these tree inferscand the temporal variation in climate are

unknown but are important to define in order todicethe future composition of high-elevation fases
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of interactions between subalpine fir trees analfaditebark pine trees.

Table 12. Explanatory variables considered folaRrjng variation in intensity (RIl) and importan@e,,) indices

Variable Description Range of values

Tree level

Year Years-since-death of focal tree 1-10

DBH_ratio Ratio of subalpine fir DBH to focal tree DBH (natural log) 0.07- 2.02

Dist Distance from focal tree to subalpine fir (m) 0.22-4.00

Neighbourhood level: Variables competition/facilitation from other trees

BA Total live basal area in neighbourhood of focal tree (mz/ha) 0-52.60

Density Density of live trees DBH >4 cm in 2 m radius of focal tree 0-8758
(trees/ha)

Stand level: Variables of abiotic stress

Elev Elevation (m) 1855 - 2249

Slope Slope (degrees) 6-48

Jan_insol Net solar radiation in January (Wh/m?) 8,566 — 29,083

July_insol Net solar radiation in July (Wh/m?) 168,181- 204,367

Nonveg Percent cover that is rock, scree or soil and is not 0.33-68.33
vegetated, indicative of poorly developed soils

Layer Percent cover that is subalpine fir layering, indicative of 0.00-11.25
stressful conditions for subalpine fir

D_density Index of disturbance; density of all dead whitebark pine 54 - 305
(trees/ha)

Stand_fir_ba  Basal area (m°/ha) of live subalpine fir DBH > 4 cm 3.99 -40.27

Regional level: Climatic variables

Stress_ppt
Stress_temp

Climatic stress (relative precipitation/temperature): Ratio of
total monthly precipitation (mm) or average monthly
temperature (°C) five years prior to the death of focal tree
to the 30-year average prior to the death. Values < 1
indicate cooler/drier (i.e., stressful) conditions than
average. Only significant in models are reported on right.

Ppt Concurrent precipitation/temperature: Monthly total
Temp precipitation or monthly average temperature for year i
after death of focal tree.

Ratio_total_ppt:
0.80-1.2

September_temp:
5.6-16.1
March_ppt: 2.4 -87.3
Spring_ppt: 35-250
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Table 13. Evidence that the index of interactimiemsity (RIl) between subalpine fir and whitebpite trees was

best predicted by climatic variables and the rafiDBH of interacting treeg$184 treesl=15 stands, 1809

observations). P-values result from likelihoodadlogl) tests with the model on the row above.

# Model df AIC logL
ratio
p-value
1 Year 7 -879.504
2 Year + DBH_ratio 8 -884.647 7.143
0.008
3  Year + DBH_ratio+ Spring_ppt 9 -893.056 10.409
0.001
4 Year + DBH_ratio+ Spring_ppt + September_temp 10 -933.736 42.681
<.0001
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Table 14. Evidence that the importankg,) of interactions between subalpine fir and whité&lzine trees relative
to other factors affecting radial growth were h@stdicted by climatic variables and the size défdial between
interacting treeg€184 trees|=15 stands, 1809 observations). P-values resuti fikelihood ratio tests with the

model on the row above.

# Model df AIC logl ratio
p-value
5 Year 7 -1798.031
6 Year + DBH_ratio 8 -1804.839 8.808
0.003
7 Year + DBH_ratio + Ratio_total_ppt 9 -1807.250 4.411
0.036
8 Year + DBH_ratio + Ratio_total_ppt + March_ppt 10 -1818.787 13.537
2e-04
9 Year + DBH_ratio + Ratio_total_ppt + March_ppt + 11  -1835.039 18.252
September_temp <.0001
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Table 15. Estimated coefficients (standard etfiarfinal models from Tables 13 and 14 for predigtRIl andl;,

Model Bo B: B: Bs Ba Bs
RIl  Year + DBH_ratio+ 0.114 -0.017 0.059 2.371*10™ -0.012
Spring_ppt + (0.038) (0.002) (0.021)  (7.035*10°) (0.002)
September_temp
p-values 0.0001 0.0000 0.006 0.001 0.000
limp ~ Year + DBH_ratio + -0.266 -0.008 -0.056 0.251 0.0007 -0.006
Ratio_total_ppt + (0.117) (0.002) (0.016) (0.117) (1.880*10™)  (0.001)
March_ppt +
September_temp
p-values 0.024 0.000 0.001 0.033 0.0003 0.000
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Figure 18. Competition dominated interactions leetwmature whitebark pine and subalpine fir trgedNegative
values of RIl and;y, indicate when competition prevailed, positive eaindicate when facilitation prevailed and
zeros occurred when the net balance of the inferaetas neutral. The box indicates the intergleartinge of the
data (RIlI and;., averaged for the time period), the solid line ia box indicates the median and the whiskers

extend to 1.5 times the interquartile range.
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Figure 19. Relationships between the predicteshiity of interactions (RII) with the ratio of sujpiae fir DBH to
that of the focal tree and the influence of differelimatic conditions on the growth response airyive after the
death of the focal tre®Al¢. The additive effects of concurrent climatic aes to the growth response caused
by the death of the focal tree, a) September teatpess, and b) spring precipitation, were showtheit observed
minimum, average and maximum values. Predictedegaivere from Model 4 in Table 13 where the other
explanatory variables not shown were at their aleskaverage values.
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temperature in September BAl . in b) was illustrated using the observed minimumd enaximum values.
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Chapter 6: Conclusions

6.1 Introduction

Understanding the resilience of ecosystems to ndigairbance regimes and how plant-plant interastiwill
be affected by global change is critical for préidig the future of forested ecosystems (Tyliana&kial. 2008,
Thrush et al. 2009). In this dissertation | udeelwidespread decline of whitebark pifen{s albicaulis) as an
opportunity to examine the dynamics and responkkmgb-elevations forests to the novel disturbareggme of
the non-native white pine blister ru§rpnartium ribicola) when coupled with two native bark beetles. balsed
the widespread mortality as amsitu experiment to simulate neighbour remowahéu Callaway 1998) and
examined juvenile and adult tree interactions oweltiple years and gradients of abiotic and climatress. In
this chapter | summarize conclusions from thisetisdion, their links to current research and tmétations of my
work. The consideration of whitebark pine as askeye species (Tomback and Kendall 2001) and veree
decline over the last few decades has led it totnecthe first tree species to be recommended fiedlexal listing
in Canada as an endangered species (Committee @tdtus of Endangered Wildlife in Canada 2018)this

chapter, | conclude by making recommendationstferconservation of whitebark pine and for futursesgch.

6.2 Contributions to current research

6.2.1 Anovel disturbance regime has decreased whitebark pine resilience

The introduction of non-native blister rust hasfpumdly changed high-elevation forests containirgt@bark
pine. Beyond the high mortality of whitebark pinees which is visually obvious on the landscape;hapters 2
and 3 | found evidence of substantive changesaartbchanisms underpinning the dynamics of thede hig
elevation forests. Two of these changes involweittkes in the relationships between climate amdréulial
growth of whitebark pine and subalpine ftb{eslasiocarpa) trees. Prior to 1950 and the introduction o$tel
rust, whitebark pine growth was positively correthtvith snowfall concurrent with ring formation tysfter 1950
was positively correlated to precipitation in Juoacurrent with ring formation. Because blistestmeduces
sapwood moisture and negatively affects waterioglatwithin a tree (Six and Adams 2007), | propoted
infection may have heightened the sensitivity oftelark pine trees to summer moisture. Thus,ntreduction
of blister rust could have decoupled the historiedtionship between snowfall and whitebark pinangh and
shifted it to be sensitive to summer precipitatidris switch could amplify the susceptibility ohitebark pine
trees to attack by mountain pine beeber{droctonus ponderosae) andlps sp. (shown by beetle-killed trees having
the greatest decline in BAI prior to death) resgitin the novel “triple whammy” of disturbanceseétvations
traditionally considered too cold for outbreak depenent. The death of whitebark pine from thelériwhammy
reduced competition for limited resources and iaseel the growth of subalpine fir. The average BAhature
subalpine fir over the last 30 years was doubleatlerage growth between 1945 and 1975. This grosghonse

was notable as it overrode the expected decligeawth in response to decreasing precipitatioraimuary and
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March as predicted from climate-growth relationshipior to rust. Thus, the climate-growth relasbip for

subalpine fir also appears to have been decoupl¢hiebintroduction of blister rust.

While mountain pine beetles were a natural distucban the past and may have triggered whitebark pi
regeneration in my study area, the additional éffe€blister rust antps sp. are decreasing the abundance of seed-
bearers and blister rust is increasing the moytafitwhitebark pine saplings. Furthermore, in Geep3 and 4, |
found evidence to suggest that subalpine fir reggioa increases in response to disturbance te latgtebark
pine trees and proposed that it is likely due tel@ase from light competition and facilitationvaihter conditions
by dead whitebark pine trees. The slowing dowthérecovery of a keystone species (Thrush e0892van Nes
and Scheffer 2009) and the abrupt shift in theidgiwariables of system behaviour (Edwards and &itson
2004, Carpenter and Brock 2006), as evident irskiifés in climate-growth relationships, are conviigcevidence
that a regime shift is occurring. Combined, thels@nges have amplified the shift in the speciespasition of
high-elevation forests to increasing dominanceuiyatpine fir and extirpation of whitebark pine, eyktone
species. Resilience of whitebark pine to thegriphammy of disturbances was, on average, low; hieky¢here
were locations on the landscape considered resilianChapter 3, | found that resilience of whaebpine
increased with decreasing severity of blister augt with decreasing abiotic stress at a site. &\thi¢ shift to
subalpine fir and the loss of whitebark pine resitie has been anticipated by others (e.g., Keabi, Zbmback
and Kendall 2001), my work is the first to quantityanges in specific mechanisms maintaining whitepae

trees in these high-elevation forests and is arrtapt contribution to the resilience literature.

6.2.2 Refining the stress-gradient hypothesis

Most studies testing the stress-gradient hypott@sigosed by Bertness and Callaway (1994) used
experimental removals or additions of herbs orlsfito examine plant interactions on subjectivelgaed or
created gradients of abiotic stress. These stieigied to examine pairs of plants over one togmaeving seasons
at only two sites which represent the low and lEgtremes of abiotic stress. These designs havedréized
for not being capable of detecting temporal vasiain plant interactions, not sampling multiplemsialong the
stress gradient, nor multiple abiotic stressest{€@010). Moreover, | argue that there was a @ngjiy in these
studies to subjectively select study sites whicly nesult in biased conclusions in that there mag bendency to
perform experiments under conditions providing oeable expectations of detecting statistically gigant effects
(Gurevitch and Hedges 1999). The experimentalytesialso unable to provide estimates of the ahtur
occurrence of facilitation versus competition iamtlcommunities across large landscapes or long piniods
(Freckleton and Watkinson 2001). Quantifying tbktive importance of competition or facilitation the

landscape is key for predicting impacts on plamhcmnities from climate change (Brooker et al. 2005)

My work presented in Chapters 4 and 5 makes a &etribution to refining the stress-gradient hypaikdy
designing a study which exceeded the spatial angdeal scale of previous stress-gradient experismehtsed the
widespread mortality of whitebark pine asiarsitu experimental removal to examine both juvenile-aduot
adult-adult tree interactions. Although the desigiginated from Callaway’s work (1998), it impralepon his
design by sampling more locations (n=14 randomlgcsed versus n=4 subjectively selected) and using

crossdating to associate the death of whitebar fairthe response in subalpine fir growth and dienaariables
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by exact dates. My design benefitted from randelection of stands from a large landscape whicmjigxd the
natural variation in tree size, neighbourhood ttemssity, climatic and abiotic stress to dictatelibandaries of the
“experiment”. Others have also used a non-maniel@aegression approach using plots from foregtivories
but unlike mine, had to simulate the removal ofjhbours by varying the density of neighbouring $rigetheir
models (Coomes and Allen 2007, Gomez-Aparicio €2@l11, Kunstler et al. 2011).

Because of the landscape scale, large samplersizeaadom selection of stands and trees in my stugly
results present strong evidence for the conditipnaf the stress-gradient hypothesis. To the bésty
knowledge, my work presented in Chapter 4 is tte fime the relationship between benefactor sime@ant
interactions has been empirically modelled ovaress gradient with varying neighbourhood densities
neighbour removal “experiment”. In general, faatiion of regenerating subalpine fir by adult whiek pines
increased with abiotic stress. However, there whar thresholds in benefactor size, neighbourtlistsity and
stress indicating a shift to competition or neuin&tractions. For example, above a certain diaméve
whitebark pine trees inhibit subalpine regeneralikaly by excessive shading or precipitation iotgtion. In
Chapter 5, these size thresholds to the intensityteractions also existed between adult subalfiirend
whitebark pine trees. In this case, the threshetkel® asymptotic and indicated where interactidnifées! from
competitive to neutral as interacting trees wereensimilar in size. The presence of size threshiddnteresting
because they, not neighbourhood competition/fatidih nor abiotic or climatic stress, dictated ithtensity or
direction of the interaction between adult treébe importance of competition between adult tradsratrease in
drier years, but again, the relative size of intérgy trees was a more influential factor. Thisphasizes that
assessing for a hierarchy in the factors affeqpiiagt interactions is critical and is an importadtition to the

current discussions around refining the stressignadhypothesis (Maestre et al. 2009).

6.3 Linking conclusions to conservation

Current conservation actions for whitebark pindude collecting and archiving seed in cold storgu@nting
of blister rust-resistant seedlings (Schoettle &nigizko 2007), using verbenone to protect valuaéésl source
trees (Perkins 2010), using prescribed fire toorestire where it has been excluded and was omrcpiént (Keane
and Parsons 2010), thinning of competing vegetgtitcCaughey et al. 2009), and assisted migratidodations
thought to be climatically appropriate for whitebaine in the future (McLane and Aitken in presResults from

my work in the proceeding chapters offer insigletsguiding some of these management actions.

6.3.1 Plant whitebark pine seedlings where they best enhances resilience

Both the disturbance severity from and the resiéeof whitebark pine to blister rust, mountain peetle,
andlps sp. can be predicted using explanatory variallestified in Chapters 2 and 3 and mapped by usahges
from digital elevation models and vegetation inegigs in order to prioritize conservation actiof@ecause past
attempts (Campbell and Antos 2000, White et al220@ve modelled each disturbance agent primarithe
absence of the others, my modelling of disturbamserity represents the first attempt appropriatete

contemporary disturbance regime in which all thaisturbance agents concur. In Chapter 2, | idexti$pecific
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characteristics of both topography and forest cagitipm which are bottom-up controls on the sevesityhese
disturbance agents. These characteristics incliatetdountain pine beetle, percent cover of bacgigd and
elevation, for blister rust, net solar radiationJifly, and fol ps sp., net solar radiation in July and total densfty
whitebark pine. In Chapter 3, | found that thdliesce of whitebark pine was higher on sites wétlatively high
net solar radiation in January and low mortalitghia overstory from blister rust. Net solar raidiatcan be
modelled from a digital elevation model whereasrtiwetality of whitebark pine requires frequent akdr ground
surveys. Mapping variables capable of predictiistudbance severity and whitebark pine resiliestands of
potentially high severity and low resilience cobkltargeted for restoration whereas stands of $egkrity but
high resilience would be second priority. For epéemnin stands where the severity of mountain pieetle is
predicted to be high, mature whitebark pine tremddcbe protected with verbenone in the face adathreak and
whitebark pine seedlings could be planted befoeeotitbreak impacts the density of living whitebpitke trees. In
the absence of process-driven models capable ofaimg the spread of blister rust across a larukscte
mapping | describe here, may represent the begablainformation for guiding effective plantind whitebark

pine seedlings even though | cannot infer caushtity the observed correlations.

6.3.2 To thin or not to thin?

To enhance the establishment whitebark pine seggjlmechanically removing competing trees and
understory vegetation have been suggested (McCxueited. 2009). | found no evidence to supportoeimg
subalpine fir regeneration, shrubs or herbs, sedbear grass<érophyllum tenax), would increase the density of
whitebark pine regeneration. In my modelling efdo predict densities of whitebark pine regerienat found
that variation in neither the density of subalpiineegeneration nor the percent cover of undeystegetation
were significant predictors (Chapter 3). Otherknoas found that other trees and herbs can actizalijtate the
survival and growth of whitebark pine seedlings [Miaet al. 2005). | did find that the incidencebbéter rust on
seedlings was higher where the basal area of subdip was high. This may have resulted becaugbefnverse
relationship found between blister rust severitgt aolar radiation (Chapter 2) and the associatf@ubalpine fir
with cooler sites. Alternately, it may suggestttieanoving subalpine fir regeneration can decréfaseelative
humidity enough to make it inhospitable for spavéblister rust to develop and survive (Van Arsetedl. 1956).

Further work such as removal trials are requiretd$d these hypotheses.

| found that the average radial growth of adultapime fir trees increased 100% from growth prattte
mountain pine beetle outbreak in Waterton Lakesddat Park (Figure 13). This is likely a releasanfi
competition with whitebark pine because | foundnd)relationship to a shift in climatic driverstoe radial
growth of subalpine fir, and 2) that the dominainéction of interactions between neighbouring adubalpine fir
and whitebark pine was competitive (Figure 18ntérpret this to support testing mechanical thigndof subalpine

fir trees to enhance the growth of adult whitehairie trees, with the following cautions:

1. My work only examined one side of the competitigkationship. The costs to whitebark pine of
competition with subalpine fir are unknown. Thedethat removal of subalpine fir trees will incsedahe
radial growth of whitebark pine needs to be condidhby designing thinning treatments as an expetimen

It should be noted that | did not observe a notaideease in radial growth in surviving whitebaiketo
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the cumulative mortality of whitebark pine in Chap8. This suggests if whitebark pine trees afiected
by blister rust, a growth response to thinning magresult. Testing the relationship with blistest
should also be incorporated in thinning trials.

2. Not every interaction between adult trees was caitige | found strong relationships between the
intensity of interactions and the size differenbetween trees. For example, if trees were oflairsize,
the intensity of interactions was close to nulhisTsuggests that it would be most efficient to tinly

subalpine fir trees which are much smaller in $isn whitebark pine trees.

Prescribed fire has also been suggested for thgreompeting vegetation (Keane and Parsons 2010 T
assumes that fire was a historical part of theudisince regime of whitebark pine stands and thed fiave been
excluded long enough to permit ingrowth of subain | did not observe widespread historicaldevice of fire
in stands containing whitebark pine in WatertonésaNational Park. In Waterton Lakes, | observay few fire-
scarred trees (2.3% of 1204 sampled whitebark pmeily three stands: 4 (n=3), 8 (n=3) and 15 {#)=1Each
fire-scarred tree only had one scar lobe visilflew of the increment cores captured the tips obtzes so | was
only able to date two fires: 1772 (Stand 15 inl€&t) and 1836 (Stand 4). In addition, | foundewidence of
charred logs or snags. The long time-since-fire,absence of trees with multiple fire scars fromdr-severity
fires and the relatively old age of subalpine éigeneration (6664 years; averagel std. dev.) indicates that fires
were infrequent and of high severity in most of stends. Thus, given infrequent fires, disturbamcenountain
pine beetle and perhafss sp., by creating gaps and opportunities for regaioa, clearly could play an important
role in the ability of whitebark pine forests tdfggerpetuate. Aside from the 1970s mountain fiaetle outbreak,
| have evidence from good-quality increment corfesortality in the late 1920s (2 stands) and 16380s (4
stands) due to mountain pine beetle. Stand 10vimathlity from all three periods: 1920, 1950s amel 1970s
outbreak. Outbreaks were also recorded in whitepere stands nearby in Montana between 1899 af#l 19
(Hawkes et al. 2004) and in the 1930s in Kootenatidwal Park (Dykstra and Braumandl 2006) and e¢idaho
(Logan and Powell 2001). The role for mountairepieetle in self-perpetuating whitebark pine fardsts also
been suggested for forests in Montana (Larson @08I9) and in lodgepole pine forests for triggefimdgepole
pine regeneration where fire is absent (Stuart dt989). However, in the presence of blister,rost results do
not support the hypothesis that mountain pine bégth reliable mechanism for currently triggerihg
regeneration of whitebark pine. Fire may have @thg more important role in the three additionatgueted areas
| sampled in the northern range of whitebark pifere 41% of the 17 sampled stands contained ditkescarred

trees or charred snags and logs.

Others have cautioned against the use of prescfifgeith whitebark pine stands, questioning whetfrer
suppression is causing declines ubiquitously intelzrk pine stands and that restoration of whitepare forests
requires fire management (both prescribed and pt®re (Coop and Schoettle 2011, Larson and Kipfileuén
press). | believe | make a compelling argument stends containing whitebark pine in Waterton lsakiational
Park are not declining because fire exclusion isitcay subalpine fir ingrowth but rather of the clative effects
of the triple whammy disturbance. | further recoemth avoiding prescribed fire and the risk of kilimature trees
when seed sources for whitebark pine are clodeetio thresholds for attracting Clark’s nutcrackgyscifraga
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columbiana) for caching (5rfiha; McKinney et al. 2009). As | pointed out in&plter 3, the landscape average for
live whitebark pine is below this threshold in Wate Lakes National Park (4.8fha). Furthermore, 60% of live
whitebark pine trees were reproductively dead waghkill from blister rust. In the protected aréashe northern
Canadian Rockies (Jasper, Banff and Willmore Wiidss), the status of whitebark pine is much better.
estimated that the average landscape basal aliea @fitebark pine was above the threshold forkCta
nutcrackers at 8.97ha (std. dev. = 4.3ffha) and less of these stands were affected bigbhisst, only 22% of

live pine had dead tops (n=19 stands). If presdriburns are planned in any of these protected argfwildfires

at lower elevations spread and impact high-elewndtioests, intensive planting and monitoring of tehiark pine

seedlings should be conducted.

6.4 Limitations of present work

Whitebark pine grows in locations which are typig@hallenging to access. We spent four or fivarsa day
simply hiking to access the sample sites. Furtbeerdendrochronological work on ring-width seffigsn high-
elevation species is notoriously challenging tessdate with a master chronology because of slowtgroates and
high variability between sites (Kipfmueller and 8al12010). Often tree rings were only a cell wigkriticularly in
whitebark pine trees affected by blister rust. Sehehallenges limited the sampling intensity aheste. Ideally, |
would have liked to sample each location more isitely and in particular: 1) sample the age, heagit radial
growth of seedlings and saplings under live andldezsitebark pine to better examine the timing drel t
mechanisms of facilitation/competition by whitebaike in Chapter 4; 2) sample the growth respofise o
Engelmann sprucé’{cea engelmannii) to the death of whitebark pine in Chapter 5, ipatarly because this is a
common species further north in whitebark pinetegeg and 3) sample the growth response of adutewaik pine

to the death of subalpine fir to test for asymneetompetition for Chapter 5.

In Chapter 5, non-linear models may better reptetbenrelationships between various explanatoriabées
and the intensity and importance of competitiornlifation between adult trees. However, given hirerarchical
nature of the data, and unknown size and climader relationships for high-elevation trees, nareéir

modelling was beyond the scope of this dissertation

6.5 Directions for future research

This dissertation contains significant advancementsur knowledge on disturbance dynamics and tree
interactions in high-elevation forests containingitebark pine. Conclusions also highlight futuesearch

guestions and these are discussed below.

6.5.1 Can we predict the amplification of other disturbances by blister rust?
The triple whammy of disturbances in Waterton Lakasional Park was years in the making. Blistestru

severely stressed whitebark pine trees for 30 yesade them sensitive to fluctuations in summecipition and
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caused up to 46% decline of pre-1950 growth befees died from mountain pine beetle. Outbreaksadk
beetles in other locations have been amplifiedianges in temperature or precipitation which hagekerated
their life-cycles (Raffa et al. 2008, Bentz et2010). New research questions about interactiehsden
disturbances and with climate result from theseeplaions. Can we identify the stress on whitelpank by
blister rust using declines in basal area increr(@At) as an early detection method (Bigler and Biagn 2004)?
Does the decline in BAI occur earlier than the mitgpic display of rust? Can we confirm from othmrations,
that blister rust infection increases the sensjtiof whitebark pine to summer precipitation? Dbéster rust
increase the susceptibility of whitebark pine taek bylps sp. and mountain pine beetle? Are there threshald

these relationships which indicate a tipping pairthe behaviour of this system?

6.5.2 How does climatic variation affect interactions between adult whitebark pine trees and tree
regeneration?

In Chapter 4, | demonstrated that adult whitebanke prees facilitated the establishment of subalffiin
regeneration depending on the benefactor’s sizecandition, neighbourhood level of facilitation aledel of
disturbance. However, the intensity of facilitatior competition can depend on which metrics ofefis are used
and temporal variation in climate (Tielborger anaidkhon 2000). Because | did not sample the radiattty of
the regenerating trees, nor estimate their agasimet able to determine how adult whitebark pieeg influenced
the growth of regenerating trees and how interasticaried over time with climatic stress. This aéms an

important topic to examine in the face of climataige.

6.5.3 What are the mechanisms for the facilitation of subalpine fir seedlings and adult trees by adult
whitebark pine trees?

| inferred that focal whitebark pine trees facii#d subalpine fir seedlings when the benefits plediby a
canopy (protection from low-temperature photointidim, moisture retention) exceeded the cost of isigaolr
interception of rain or snow by the canopy. Caltievidence for this inference was that the intyr the
interaction was demonstrated to be a function efsine and condition of the benefactor. For examgs
benefactors increased in size, facilitation by tiees with top-kill was higher than for healthyelitrees with a full
canopy. Recently dead trees were also facilitabtarge diameters and levels of high abioticsstrend |
hypothesized that this was because their stemsdamshelter against winter winds and increase@sno
accumulation. These inferred mechanisms need tedbed by comparing the light environment, snowmiepth
and soil moisture and nutrients beneath the carayiéve, unhealthy and dead whitebark pine trd@stermining
how environmental conditions change with the siizéhe canopy and the distance away from the bet@mfaee is
also an important gap in our understanding of hemgd trees modify their environments. Experimental
manipulations of the environment around seedliegs. ( artificial shading, watering, fertilizing) wld also be used.
For interactions between adult whitebark pine waittult subalpine fir trees, heightened competitmmiater
during the summer needs to be confirmed. Studibsth seedlings and adult trees could be desigmasist
whether the humped-back shaped model of Holmgrah é2011) for predicting non-linear effects ofsing
holds in these high-elevation forests. Studieddcalso test Tilman’s hypothesis (1982) which pegsithat there is
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a shift from above-ground competition to below-grdicompetition as environments become less progrioti

more stressful.

6.5.4 Can thinning enhance the growth of whitebark pine and resistance to blister rust?

My results presented evidence on thinning whiclflada with guidelines for planting whitebark pine
(McCaughey et al. 2009). These guidelines recondnnemoving overstory trees within a 6-metre radifis
planted seedlings to reduce competition and redueiterstory vegetation to reduce competition fatevand
nutrients. While the guidelines do cite evidermefécilitation of whitebark pine seedlings Wgccinium
scoparium, the general premise is that all nearby treesvagétation would inhibit whitebark pine seedlings.
There has not been a formal test of whether othiohing by mechanical means or by prescribeddine increase:
1) the survival of planted seedlings, 2) the grouftiestablished seedlings and saplings, 3) the thjrofvadult
trees, and 4) the resistance of all life stagestifebark pine to blister rust. | recommend ttméining be designed

as experimental trials to assess these assumptions.

6.5.5 If whitebark pine is extirpated, how will remaining tree interactions vary with abiotic stress

and life stage?
In Chapters 4 and 5 | focused on interactions betveeibalpine fir and whitebark pine. | was onlyeaiol examine
these interactions in terms of the impact of whitltpine on the growth of subalpine fir, leavingesal questions
about interactions with other species unanswekéaly does subalpine fir interact with its conspesifand other
species? How do these interactions vary with &béotd climatic stress? Understanding how tregrautions vary
as the species composition in these high-elevétimsts changes with the probable extirpation ofettark is

important for monitoring the general resilienceniafh-elevation forests.
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Appendix

Table 16. Linear models for estimating the staasity of whitebark pine killed by mountain pinesbie, blister rust olps sp. (n = 16 stands). Shading indicates the
models with the strongest support basesvonBlanks indicate variables with no relationshiphvihe response variables. K = number of modehmaters plus 1 fas?,

Adj. R? = adjusted R AIC, = Akaike’s information criterion for small samp)dgiff = difference in model’s Alg¢from minimum AIG, w = Akaike weight.

Mountain pine beetle (u;) Likely blister rust (v)) Ips pini or |. integer (z;)
3 Explanatory variables o 3 S
2 ) S S 5 S S 5 8 S
< =< a < =< o < < =

1 Elevation 3 0.202 41.446 2.848 0.110 0.061  42.810 3.999 0.060 0.020  44.522 3.563 0.054
5 July_mean 3 0.067  43.949 5.351 0.031 | 0.269  38.811 0.000 0.441 0.059  43.876 2.916 0.075

Slope 3 0.012  44.852 6.254 0.020 | -0.055  44.682 5.871 0.023 0.016  44.588 3.628 0.053
3

Nonveg 3 0.165 42.178 3.580 0.076 | -0.059  44.746 5.935 0.023 0.065  43.779 2.819 0.079
4

Elevation + July_mean 4 0.173  44.460 5.862 0.024 | 0.234  42.015 3.204 0.089 0.018  47.007 6.047 0.016
5 _

Slope + July_mean 4 0.065  46.423 7.825 0.009 0.219  42.328 3.517 0.076 | -0.002  45.530 4.570 0.033
6 _

Slope + Elevation 4 0.354  40.513 1.915 0.175 0.050  45.453 6.642 0.016 0.105 47.341 6.381 0.013
7

Elevation + Nonveg 4 0.427  38.598 0.000 0.457 | -0.002  46.307 7.496 0.010 0.079  45.980 5.020 0.026
8

Total_pine 3 -0.047  45.804 7.206 0.012 0.013 43.621 4.810 0.040 0.216  40.960 0.000 0.323
9 _|

Live_pine 3 -0.057  45.947 7.349 0.012 | -0.056  44.688 5.877 0.023 0.101  43.153 2.193 0.108
10 -

Total_pine +July_mean 4 0.019 47.204 8.606 0.006 0.307 40.408 1.597 0.198 0.292  41.779 0.819 0.214
11 - -

Live_pine * Nonveg 5 0.399  42.459 3.861 0.066 | -0.159  51.723  12.912 0.001 0.085  48.957 7.997 0.006
12 B
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