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Abstract 

Facilitative interactions are particularly important in the climatically stressful 

alpine treeline ecotone (ATE), the transition zone from closed canopy forest to alpine 

tundra. Within some ATEs on the harsh Eastern slope in the Rocky Mountains, whitebark 

pine (Pinus albicaulis)—a foundation and keystone species—plays a central role in tree 

island development by facilitating the survival and growth of leeward conifers more 

frequently than other species. However, the structure, composition, and dynamics of ATE 

formation are not well known for some geographic regions of western North America, 

including the Greater Yellowstone Ecosystem (GYE). Although facilitative interactions 

are considered important to treeline community development, comparisons of biophysical 

attributes among the leeward microsites of nurse objects and trees are also lacking. We 

conducted an exploratory study of four treeline communities in the GYE to investigate 

(1) the prevalence of whitebark pine, (2) the proportional occurrence of whitebark pine as 

a tree island initiator, (3) whether solitary whitebark pine abundance predicts its 

prevalence as a tree island initiator, (4) whether whitebark pine better ameliorates local 

biophysical conditions relative to other plants or objects,  (5) the relationship between 

common nurse objects and solitary/tree island initiator establishment, and (6) the 

presence and severity of Cronartium ribicola, an invasive pathogen that attacks and kills 



 v 

whitebark pine, in these communities. We found that whitebark pine is the most prevalent 

solitary conifer and tree island component, and initiates tree island formation in direct 

proportion to its abundance as a solitary tree. We also found that whitebark pine leeward 

microsites did not consistently experience the most moderate microclimate compared to 

spruce, fir, rock and unprotected leeward microsites; differences in microclimatic 

conditions by microsite type depended substantially on the general climatic conditions 

observed at each study area. Among our study areas, C. ribicola infection rates ranged 

from less than 1% to 18%. Our findings suggest that whitebark pine is 

an important treeline species in the Greater Yellowstone Ecosystem. Losses of whitebark 

pine from infection by C. ribicola will lead to proportional changes in the composition 

and structure of ATE communities in the GYE, including decline in tree island formation 

on the landscape. 
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Chapter I 

ECOLOGICAL FOUNDATIONS 

Overview 

Landscape pathology examines how pathogens shape the distribution and 

dynamics of plant communities on a local scale (Holdenrieder et al., 2004). Across the 

range of five-needle white pines, infection by white pine blister rust—a disease caused by 

the exotic fungal pathogen, Cronartium ribicola—has caused extensive damage and 

mortality (Ellison et al., 2005; Schwandt et al., 2010; Tomback & Achuff, 2010; Bockino 

and Tinker, 2012). One of the most widely-distributed of the white pines, whitebark pine 

(Pinus albicaulis Engelm.) has experienced rapid decline in the western U.S. and Canada 

due to mortality from: 1) blister rust; 2) mountain pine beetle outbreaks; and 3) fire 

exclusion. A keystone and foundation species, whitebark pine fosters biodiversity and 

ecosystem stability (Tomback et al., 2001; Ellison et al., 2005; Tomback & Achuff, 2010; 

Tomback et al., 2011). This ecological role results from whitebark pine’s seed dispersal 

by Clark’s nutcrackers (Nucifraga columbiana), hardy seedlings, and high tolerance for 

cold and windy sites (Tomback et. al., 2011). 

 Under harsh conditions, whitebark pine may participate in positive interactions 

with neighboring plants (Callaway, 1998), in which leeward conifers may experience a 

moderated microclimate in the lee of whitebark pine, at no cost to the windward 

participant—an interaction referred to as facilitation (Stachowicz, 2001; Butler et al., 

2007). This interaction contributes to tree island initiation (Resler and Tomback 2008; 

Tomback et al. 2014), allowing treeline communities to develop under harsh 

environments. Because whitebark pine’s ecosystem function may be diminishing due to 
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mortality from white pine blister rust, community structure, whitebark pine’s ecological 

role, and climatic variables must be used to assess treeline dynamics.   

Climate change is expected to alter forest tree distributions both latitudinally and 

in elevation. Depending on the species composition and landscape structure, some alpine 

treeline ecotones (ATEs) will have a greater ability to respond to climatic change, while 

others may be less equipped (Harsch et al., 2009). Upward movement of whitebark pine 

communities is predicted as a response to climate change (e.g., Schrag et al. 2007). 

However, damage and mortality to newly established recruits due to infection by white 

pine blister rust may counter the effects of warming in communities (Tomback and 

Resler, 2007). At this time, the combined effects of pathogen disturbance and increasing 

temperature on ATEs are largely unknown, and we need to examine the interactions 

among disease, vegetation, and climate change. 

Research previously conducted by: 1) D. F. Tomback and her students—

University of Colorado Denver; 2) L.M. Resler and her student Emily Smith-McKenna—

Virginia Polytechnic Institute and State University; and 3) G. P. Malanson—University 

of Iowa—have examined the proportional abundance of whitebark pine, its role in tree 

island development, and the incidence of blister rust in selected areas across the Central 

and Northern Rocky Mountains, from 45° to about 54° latitude. This work shows that 

geographic variation exists in the importance of facilitation by whitebark pine in tree 

island development.  

 Whitebark pine has been found to be a majority tree island initiator and dominant 

conifer in the ATE at several study locations in the Rocky Mountains—Stanley Glacier, 

Kootenay National Park, British Columbia; Lee Ridge and Divide Mountain, Glacier 
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National Park, Montana; and Wyoming Creek, Custer National Forest, Wyoming (Resler 

and Tomback 2008, Tomback et al. 2014). However, whitebark pine is not a majority tree 

island initiator in other ATE communities—Tibbs Butte, Shoshone National Forest, 

Wyoming; Gibbon Pass, Banff National Park, Alberta; and Willmore Wilderness, 

Alberta—although it is abundant in these areas (Tomback et al. 2014, Tomback and 

Resler, in preparation). The abundance and ecological role of whitebark pine in 

facilitation of tree islands in the ATE remains unknown in its southeastern-most range 

(i.e., 42° latitude), the southern Wind River Mountains. Specific questions for this region 

are: What is the proporitonal abundance of whitebark pine? What is the incidence of 

blister rust?  What is the extent of whitebark pine’s ecological role? Do the microclimatic 

conditions differ from documented study locations in whitebark pine’s central and 

northernmost range, and if so, how? Does whitebark pine provide better microsite 

protection than other conifers or unprotected microsites, and if so, which conditions?  

What do we predict in terms of the future movement of the ATE in the presence of blister 

rust and climate change? 

Background 

The Alpine Treeline Ecotone 

The alpine-treeline ecotone (ATE) is the transition from closed canopy forest to 

treeless alpine tundra (e.g., Holtmeier, 2009). Compared to subalpine forest, the 

environment within the ATE is characterized by low temperatures and high winds, where 

species experience frozen soils, elevated frost exposure, increased solar radiation, high 

rates of evapotranspiration, and amplified nutrient scarcity (Körner and Paulsen, 2004, 

Holtmeier, 2009). In this zone, upright growth forms of trees are unable to develop due to 
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wind-blasting, and tissue formation is limited by low temperatures (Körner, 2008). When 

tree anatomy and physiology are impeded significantly by these climatic extremes, 

dwarfed morphologies—known as krummholz growth forms—result. These stunted 

forms respond to slightly higher temperatures close to the ground (Körner & Paulsen 

2004; Hoch & Körner, 2009), and often grow in the lee of biotic or abiotic structures—

termed nurse objects—that provide shelter from the wind (e.g., Resler and Tomback 

2008, Castro et al. 2011). As elevations increase, trees reach their upper distributional 

limit due to stress from these harsh conditions, giving way to herbaceous alpine species 

(Malanson et al., 2011).  

Facilitation 

Within many ecosystems that exist under climatically stressful conditions, 

positive associations can occur among neighboring plants in which one individual 

experiences localized protection from climatic stress at no cost to others (Stachowicz, 

2001; Butler et al., 2007). As conifers struggle to germinate, establish, and grow in the 

ATE, these facilitative interactions among neighbors become more important than 

competition for resources (Callaway et al., 2002). Competitive interactions among 

spatially associated individuals at lower elevations are facilitative in this zone and often 

result in the formation of tree islands—groups of two or more krummholz trees in close 

proximity (Marr, 1977). These emergent structures occur when a conifer successfully 

establishes in the open or in the lee of a nurse object such as a rock, shrub, or terrace riser 

(Resler et al., 2005; Resler, 2006; Resler and Tomback, 2008). Other conifers will then 

germinate, establish, and grow in close leeward proximity to the initiating conifer, 

enjoying moderated climatic conditions (e.g. decreased wind speed; Pyatt et al. 2016). 
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These conifers then ameliorate the microclimate in their lee. This positive feedback of 

climate moderation and survival among neighbors occurs until tree island size is 

ultimately limited by topography or nutrient scarcity (Resler, 2006). The result is a 

landscape containing clusters of environmentally dwarfed trees above the continuous 

forest limit, described as island-krummholz (Harsch and Bader, 2011). 

Treeline Dynamics  

The position and stability of the ATE is controlled by environmental and climatic 

influences on conifer regeneration, recruitment, and growth. Harsch and Bader (2011) 

sum up the mechanisms that affect performance as: 1) growth limitation—a result of 

impaired biosynthesis in response to low growing season temperature, short growing 

season duration, or nutrient deficiency; 2) dieback—a result of physical damage due to 

high snow load, frost, frozen soil, excess radiation, and high wind; and 3) seedling 

mortality—a result of physical damage caused by high snow load, frost, frozen soil, 

excess radiation, heat stress, high temperatures, and low precipitation. With all these 

environmental challenges—coupled with geomorphic barriers to establishment—trees 

struggle to survive at the highest elevations. The prevailing theory is that the elevational 

boundaries of the ATE are governed by climatic conditions during the growing season—

July through September (Körner & Paulsen, 2004; Hoch & Körner, 2009; Harsch & 

Bader, 2011). Therefore, moderation of the environmental and climatic variables of the 

growing season—temporary or long-term—that limit growth and tree establishment may 

allow the ATE to move upward in latitude and elevation (Schrag, et al., 2007).  

In the next 100 years, global ambient temperatures are predicted to increase 

approximately 2.5°C (Grace et al, 2002). Because ATE communities are among the first 
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to display signs of climatic stress, it has been hypothesized that many of them will serve 

as first indicators of climate change (Smith et al., 2009). It has already been demonstrated 

that 52% of all ATEs have advanced in elevation since 1900 A.D.—with only 1% 

receding (Harsch et al., 2009).  Research linking past temperature changes to ATE 

movement (Lloyd and Graumlich 1997), and ATE position to worldwide isotherms 

(Körner and Paulsen 2004) has provided evidence that the formation and maintenance of 

these ecosystems is largely temperature controlled. As the minimum growing season 

temperature rises over time, growth and seedling establishment are expected to increase, 

and dieback due to freezing or frost at higher elevations should decrease (Körner, 2008). 

At the current rate of climate change, ATEs are expected to move upward in elevation an 

average of 140—700 m (Grace et al., 2002). Bioclimatic envelope models also predict 

these distributional changes (McKenney et al., 2007; Warwell et al., 2007). 

At the highest elevations and latitudes, the environmental and climatic variables 

of the ATE are too extreme for the majority of conifer species (Hättenschwiler and 

Smith, 1999). Pyatt et al. (2016) demonstrated that micosites in the lee of conifers 

provide ameliorated climatic conditions compared to rock and unprotected microsites. 

Successful establishment and community structure in harsh conditions is dependent upon 

facilitation via the formation of tree islands.  

Whitebark Pine: A keystone and Foundation Species 

One of the most widely-distributed of the white pines in the U.S. and Canada, 

whitebark pine (Family Pinaceae, Subgenus Strobus.) has been designated as a keystone 

and foundation species in subalpine ecosystems and the ATE (Tomback et al., 2001). It’s 

a keystone species because it fosters more biodiversity than its proportional abundance 
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would suggest (e.g., Mills et al. 1993, Power et al. 1996, Soule ́ et al. 2003). Additionally, 

whitebark pine often defines community structure, creating stable conditions for other 

species (Tomback et al., 2011). Due to its high tolerance for low temperatures, high wind 

speeds, and hardy seedlings, whitebark pine is able to play a key functional role as tree 

island initiator in many ATEs across the western United States (Tomback and Achuff 

2010; McKinney and Tomback, 2011). Other important ecosystem services provided by 

whitebark pine include facilitating the growth of other conifers (Callaway, 1998),  the 

regulation of runoff by slowing snow melt (Farnes, 1990), decreasing soil erosion via 

root systems (Arno and Hammerly, 1984), contributing to early-successional regeneration 

following fires, resulting in community development (Tomback and Linhart, 1990; 

Tomback et al., 2001), and providing seeds that serve as an essential component of the 

diets of a number of birds and small mammals (Tomback and Kendall, 2001). The 

benefits of whitebark pine that pertain to watershed hydrology are also of the utmost 

importance to society. Farmers, ranchers, and Native Americans—who inhabit many 

regions downstream of these mountain communities—benefit from the protraction of 

snowmelt, which normalizes the levels of streams and creeks (Farnes 1990). Water levels 

in reservoirs utilized in urban communities are also maintained by the control of runoff 

(Smith et al., 2009).  

Among the many consequences of krummholz growth is a sharp decrease in cone 

and viable seed production (Grace et al., 2002). Species employing a wind-dispersal 

strategy, such as Engelmann spruce (Picea engelmannii Parry ex Engelm.) and subalpine 

fir (Abies lasiocarpa (Hook.) Nutt.) experience a high probability of sun-scorching and 

predation of seeds by granivorous birds and mammals in the ATE, reducing the 
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likelihood of germination. In contrast, whitebark pine is an ornithochorous conifer—

meaning it relies on the assistance of birds for the dispersal of seeds—and has evolved a 

special mutualism with a corvid, the Clark’s nutcracker (Nucifraga columbiana) 

(Tomback, D.F., 1982). To utilize whitebark pine seeds for food in the winter and spring, 

nutcrackers break off the tough scales of the cones with their beaks, place seeds in a 

sublingual pouch, and transport them up to 32.6 kilometers (Lorenz et al. 2011) before 

burying small ‘caches’—groups of seeds numbering 1-15—in the ground (Hutchins and 

Lanner, 1982; Tomback 1982). This process results in the transport of many whitebark 

pine seeds from subalpine forest to the ATE every year (Tomback, 1986; Tomback and 

Linhart, 1990). Unrecovered whitebark pine seeds may germinate and establish either in 

open or sheltered microsites and become the initiating conifer of tree islands. In a relative 

vigor study, Blakeslee (2012) was able to determine that whitebark pine has greater vigor 

at treeline than other ATE conifers—Engelmann spruce and subalpine fir—by analyzing 

shoot length measurements. This means that whitebark pine may have superior hardiness 

to harsh conditions and may regenerate, establish, and survive more frequently than 

other, less-hardy species.  

Threats 

Twentieth century globalization and climate change have caused: 1) native 

mountain pine beetle (Dendroctonus ponderosae) outbreaks of unprecedented severity; 2) 

the spread of the invasive fungal pathogen C. ribicola, which causes the disease white 

pine blister rust; and 3) wildfire suppression, resulting in the extensive loss of trees 

through successional replacement across the range of whitebark pine (Tomback and 

Achuff, 2010). In some areas, whitebark pine mortality rates approach one-hundred 
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percent (Smith et al., 2009). Additionally, these factors may diminish whitebark pine’s 

role in affected ATE communities, resulting in unpredictable changes in ecosystem 

function, stability, and biodiversity.   

Mountain Pine Beetle. Mountain pine beetles—native to western North 

America—are parasitic insects that attack pine trees periodically, killing mature trees 

within weeks of successful infestation (Cole and Amman, 1969). Although pine species 

that comprise a large portion of lower-elevation forest - lodgepole (Pinus contorta 

Douglas ex Loudon) and ponderosa (Pinus ponderosa Lawson and C. Lawson) pine - are 

primary hosts, all mature western pines qualify as targets (Tomback et al., 2011). During 

particularly severe outbreaks, these pests can advance to higher elevation forest 

communities (Perkins and Swetnam, 1996). Outbreaks are limited in severity and scope 

by climatic conditions that regulate mountain pine beetle life cycles. Over the last 20 

years, climate change has resulted in unprecedented mountain pine beetle proliferation 

(Logan et al., 2010), resulting in epidemic-level mortality of mature whitebark pine in the 

central and northern Rocky Mountains (Gibson et al., 2008; Schwandt et al., 2010). 

Fire Exclusion. Whitebark pine is an early successional tree on productive sites, 

and is less shade-tolerant than other subalpine and treeline conifers (Arno, 1986). 

Throughout the 20th century, fire exclusion has inhibited the natural ‘successional clock’ 

and led to the replacement of whitebark pine by Engelmann Spruce and subalpine fir, 

fundamentally altering forest structure. In forests that have been ‘protected’ from fire, the 

result has been a decrease in biodiversity.  

White Pine Blister Rust. Whitebark pine trees are infected by C. ribicola when 

wind-dispersed basidiospores enter needle stomata (McDonald and Hoff, 2001). Rust 
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mycelia spread from the needles into the living wood and produce the characteristic 

‘cankers’ and branch swelling associated with blister rust once aecial sacs break through 

the bark (Fig. I.1; McDonald and Hoff, 2001). These sporulating cankers girdle branches 

and stems by inhibiting nutrient and water flow; the tree dies if cankers girdle the bole of 

the tree (McDonald and Hoff, 2001). New spores are dispersed—via wind—as the sacs of 

aeciospores of the sporulating cankers rupture (McDonald and Hoff, 2001).  

Unlike mountain pine beetle and fire suppression, white pine blister rust affects 

regeneration, recruitment, and growth by attacking seedlings and saplings in addition to 

mature trees. Whitebark pine require up to 50 years to reach reproductive maturity 

(McCaughey and Schmidt, 1990), this means that once blister rust is introduced into a 

location, loss in cone production may last indefinitely. Additionally, the loss of seedlings 

and saplings—which die more readily than a fully mature tree—drastically reduce the 

regeneration capacity of a community. Unlike mountain pine beetles, blister rust may also 

affect krummholz whitebark pine, altering whitebark pine’s ecosystem services in the 

ATE. Because climate change is expected to alter treeline dynamics, the effects of blister 

rust may affect treeline response to climate warming. What could result is a diminished 

ecological function in whitebark pine across its range, or net forest loss.  
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Tables and Figures 

 
Fig. 1.1: White pine blister rust infection. Blisters containing aeciospores on the branches 

and bole of a whitebark pine. 
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Chapter II 

WHITEBARK PINE AT TREELINE IN THE GREATER YELLOWSTONE 

ECOSYSTEM: PREVALENCE, FACILITATION, AND POTENTIAL 

DISRUPTION BY AN INTRODUCED PATHOGEN 

Abstract 

Facilitative interactions are particularly important in the climatically stressful 

alpine treeline ecotone (ATE), the transition zone from closed canopy forest to alpine 

tundra. Within some ATEs on the harsh eastern slope in the Rocky Mountains, whitebark 

pine (Pinus albicaulis)—a foundation and keystone species—plays a central role in tree 

island development by facilitating the survival and growth of leeward conifers more 

frequently than other species. However, white pine blister rust (WPBR)—a disease 

caused by an invasive fungal pathogen Cronartium ribicola—is resulting in extensive 

mortality across whitebark pine’s range. The structure, composition, and dynamics of 

ATE formation are not well known for some geographic regions of western North 

America. The effect of disturbance to ATE whitebark pine is also understudied. We 

conducted an exploratory study of four treeline communities in the Greater Yellowstone 

Ecosystem (GYE) to investigate (1) the prevalence of whitebark pine, (2) the 

proportional occurrence of whitebark pine as a tree island initiator, (3) whether solitary 

whitebark pine abundance predicts its prevalence as a tree island initiator, (4) whether 

differences in climate correspond to geographic differences in whitebark pine’s frequency 

of occurrence as a tree island initiator, (5) the relationship between common nurse objects 

and solitary/tree island initiator establishment, and (6) the presence and severity of white 

pine blister rust in these communities. We found that whitebark pine is the most prevalent 
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solitary conifer and tree island component, and initiates tree island formation in direct 

proportion to its proportional community abundance as a solitary tree. Among our study 

areas, Cronartium ribicola infection rates ranged from less than 1% to 18%. Our findings 

suggest that losses of whitebark pine from infection by C. ribicola will lead to profound 

changes in composition and structure of ATE communities in the GYE, including decline 

in tree island formation on the landscape.  

Introduction 

Temperate zone treeline communities provide important ecosystem services, such 

as snow retention and soil stabilization (Farnes 1990, Geddes et al.  2005, Tomback et al. 

2016a), and wildlife habitat, including refuge for disturbance-sensitive species (e.g., 

Mattson 1997). The structure and composition, as well as dynamics of treeline formation 

in the alpine-treeline ecotone (ATE)—the transition between open subalpine forest and 

tundra—are not well known for some geographic regions of western North America. 

However, within a number of treeline communities in the Central and Northern Rocky 

Mountains, and particularly those on the harsh, eastern Rocky Mountain Front, whitebark 

pine (Pinus albicaulis Engelm, Family Pinaceae, Subgenus Strobus) functions as a 

majority tree island initiator, facilitating the survival and growth of leeward conifers 

more frequently than other species (e.g., Resler and Tomback 2008, Tomback et al. 2014, 

Tomback et al. 2016a).  

There is now a general consensus that facilitation—protective interactions 

between individuals of the same or different species (Callaway et al. 2002)—is an 

important biotic process shaping plant community structure and composition in 

abiotically stressful environments (Bertness and Callaway 1994, Antonsson et al. 2009). 
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The ATE experiences extreme winds (Marr 1977), cold and variable temperatures 

(Körner and Paulsen, 2004), poorly developed soils (Arno and Hammerly 1984), aridity 

(Holtmeier 2003), nutrient scarcity (Holtmeier 2003), high solar radiation (Maher et al. 

2005), and truncated growing seasons (Arno and Hammerly 1984). 

ATE community development relies on the initial establishment of solitary trees 

in unprotected microsites, or in protected microsites leeward of nurse objects such as 

rocks and topographic niches (Resler et al. 2005; Fig. 2.1). Once established, these 

windward conifers create favorable leeward microsites by alleviating wind speeds 

(Hättenschwiler and Smith 1999, Alftine and Malanson 2004, Pyatt et al. 2016), reducing 

solar radiation (Germino et al. 2002; Pyatt et al. 2016), decreasing soil temperature 

variation (Pyatt et al. 2016), and/or increasing soil moisture (Pyatt et al. 2016). Tree 

islands form when conifers become established in these leeward microsites, building a 

patch of krummholz trees (Marr 1977). Whitebark pine is often the most prevalent 

solitary conifer growing at treeline (Resler and Tomback 2008, Tomback et al. 2014, 

2016); its prevalence as a solitary conifer predicts its frequency as a tree island initiator 

among different study areas (Tomback et al. 2016a).   

A moderately shade-intolerant and slow-growing conifer, whitebark pine 

competes poorly on productive sites, resulting in successional losses to faster-growing, 

shade-tolerant trees (Arno and Hoff 1990, Arno 2001). However, its slow growth and 

comparatively high carbon gain and water-use efficiency relative to other conifers 

(Callaway et al. 2000, Bansal et al. 2011), coupled with hardy seedlings, contribute to its 

general tolerance of stressful conditions common to the ATE, including cold 

temperatures, aridity, nutrient-poor soils, and high solar radiation (Arno and Hoff 1990, 
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Tomback et al. 2001b). Whitebark pine’s recruitment success at high-elevations may also 

be attributed to the seed storing behavior of its coevolved mutualist, Clark’s nutcracker 

(Nucifraga columbiana; Tomback 1982). Nutcrackers bury whitebark pine seeds in small 

caches near protective objects, such as rocks, tree trunks, and fallen trees (Tomback 

1978); they also transport seeds from parent trees up to 32.6 kilometers for caching 

(Lorenz et al. 2011). This process results in the dispersal of whitebark pine seeds from 

upper subalpine forest to treeline and tundra elevations (Tomback 1986). 

Whitebark pine is one of the most widely distributed five-needle white pines in 

the U.S. and Canada (Tomback and Achuff 2010), and serves as a foundation and 

keystone species in many high-elevation forest communities across the Central and 

Northern Rocky Mountains (Tomback et al. 2001a, Ellison et al. 2005). A foundation 

species is a locally abundant and regionally common ecosystem constituent that also 

creates stable local conditions for others, thereby regulating ecosystem dynamics and 

disproportionately determining community spatial structure (Dayton 1972, Ellison et al. 

2005, Ellison 2014). These Foundation species govern community assembly trajectories 

by modulating processes fundamental to the establishment and maintenance of associated 

flora and fauna (Ellison et al. 2014). Similarly, keystone species contribute 

disproportionately to biodiversity, influencing community composition more than their 

relative abundance would suggest (Soulé et al., 2003).  Loss of foundation and keystone 

species through disease and other disturbance can destabilize ecosystems and have 

cascading effects on community structure and composition (Ellison et al. 2005).  

The keystone and foundation functions of whitebark pine are discussed in detail 

elsewhere (Tomback et al. 2001a, Tomback and Kendall 2001, Tomback and Achuff 
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2010, Tomback et al. 2011).  They result from four major features of whitebark pine: 

large, nutritious seeds; seed dispersal by nutcrackers; hardy, robust seedlings; and 

tolerance of cold and windy sites (McKinney and Tomback 2011).  The foundation 

functions include early establishment by whitebark pine after fire on poor seedbeds, or on 

harsh, exposed sites, leading to facilitation and establishment of other conifers; substrate 

stabilization against erosion at high elevations; snow retention and protraction of snow 

melt and regulation of downstream flows (e.g., Farnes 1990, Tomback et al. 2016a).  The 

keystone function includes providing wildlife habitat at the highest elevations and 

providing a significant wildlife food source for a number of granivorous birds and 

mammals, including grizzly (Ursus arctos) and black bears (Ursus americanus) (e.g., 

Tomback and Kendall 2001, Mattson et al. 2001). The extirpation of whitebark pine from 

subalpine and treeline communities is predicted to result in significant changes in 

community structure, function, and biodiversity (Tomback and Kendall 2001, Tomback 

and Resler 2007, McKinney and Tomback 2011, Tomback et al. 2011, Tomback et al. 

2016a).  

Throughout most of whitebark pine’s range, the disease white pine blister rust, 

caused by the exotic fungal pathogen Cronartium ribicola, has resulted in extensive 

damage and mortality (McDonald and Hoff 2001, Schwandt et al. 2010). White pine 

blister rust may infect all life stages of whitebark pine, from seedlings to mature trees. 

Stem infections kill trees; but branch infections reduce cone production and thus potential 

regeneration (McDonald and Hoff 2001).  Cronartium ribicola infection threatens the 

foundation and keystone functions of whitebark pine (Tomback et al. 2001a, Tomback 

and Achuff 2010). When high infection rates from Cronartium ribicola as well as 
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whitebark pine mortality from blister rust were first detected in whitebark pine-

dominated ATE communities, the potential for disruption of structure and function and 

even altered response to climate warming were explored (Tomback and Resler 2007, 

Resler and Tomback 2008, Smith-McKenna et al. 2014). 

In the Greater Yellowstone Ecosystem (GYE), Cronartium ribicola has infected 

an overall mean of 20 to 30% of the whitebark pine throughout the region (Jean et al. 

2011). In this region, whitebark pine is widely-represented in upper subalpine forests 

(Renkin and Despain 1992, McCaughey and Schmidt 2001), both as a successional 

component on productive sites and self-replacing component on exposed sites with 

undeveloped soils.  However, the prevalence and developmental role of whitebark pine in 

ATE communities in the GYE, as well as the ATE structure and function, have been 

relatively unstudied, as is the prevalence of Cronartium ribicola.  Elsewhere (Tomback et 

al. 2016a), we present information that whitebark pine is generally prevalent in ATEs in 

the GYE but varies in occurrence and in its role as tree island initiator. We also provide 

information on variation in the occurrence of white pine blister rust in ATEs.  Here, we 

provide more detailed information on community assessments and examine them in 

relation to mesoclimate conditions. 

For this study, we examined four ATE communities in the GYE from the 

Beartooth Plateau to the southeastern limits of whitebark pine’s range in the Wind River 

Range to determine (1) the prevalence of whitebark pine in treeline communities, (2) the 

importance of whitebark pine in facilitating tree island initiation, (3) whether solitary 

whitebark pine abundance predicts its prevalence as a tree island initiator, (4) whether 

differences in climate correspond to geographic differences in whitebark pine’s frequency 
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of occurrence as a tree island initiator, (5) the relationship between common nurse objects 

and solitary/tree island initiator establishment, and (6) whether blister rust is present, and, 

if so, the rate of infection in these communities. 

Methods 

Study Areas 

We performed community composition and climatic assessments in four ATEs in 

the GYE, two east and two west of the Continental Divide (Table. 2.1, Fig. 2.2). Within 

all study areas, conifer species included whitebark pine, Engelmann spruce (Picea 

engelmannii), and subalpine fir (Abies lasiocarpa). At Tibbs Butte, the terrain followed a 

continuous upslope gradient with a few exposed rocks, and undeveloped soils stemming 

from a bedrock of Precambrian granite (Bevan 1923). Conifers and tree islands were 

scattered in occurrence. Dominant understory vegetation included Geum rossii (R. Br.) 

Ser., Potentilla diversifolia Lehm., and Saxifraga spp. (Tomback et al. 2016a).  

Paintbrush Divide, Grand Teton National Park, Wyoming, consists of a steady 

rocky slope that becomes steeper with increasing elevation from SW to NE. 

Arctostaphylos uva-ursi (L.) Spreng., Myosotis asiatica (Vesterg.) Schischkin & 

Sergievskaja, Senecio spp., and Silene acaulis (L.) Jacq. are the understory dominants 

(Tomback et al. 2016a). 

The Hurricane Pass study area, Grand Teton National Park, Wyoming, has sparse 

rocks, and undeveloped soils supporting a diverse array of understory vegetation; 

dominants included included Dryas octopetala L., Senecio spp., Silene acaulis (L.) Jacq., 

and Graminoids species (Tomback et al. 2016a).  
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Our southernmost study area was located on Mutiny Ridge in the Wind River 

Range, Shoshone National Forest, Wyoming, approximately 1.5 km west of Christina 

Lake. The study area comprised 117 ha on northeast, southeast, and southwest aspects 

from 3200 to 3400 m elevation. The terrain in the Mutiny Ridge ATE consists of a rock 

field with soils derived from Precambrian (Archean) crystalline bedrock, including 

granodiorite, porphyritic quartz monzonite, and magmatic gneiss (e.g., Frost et al. 2000). 

The understory vegetation includes Geum rossii (R. Br.) Ser., Pteryxia hendersonii (J.M. 

Coult. & Rose) Mathias & Constance, Phlox pulvinata (Wherry) Cronquist, and Silene 

acaulis (L.) Jacq (Tomback et al. 2016a).  

Community Assessments 

In July 2014 and 2015, we established assessment plots within each study area as 

follows: Tibbs Butte (n = 12), Paintbrush Divide (n = 20), Hurricane Pass (n = 20), and 

Mutiny Ridge (n = 30). Plots were constructed at random locations generated using the 

splancs package in R (version 3.1.0, R Core Team 2014; Rowlingson and Diggle 2014). 

If random points were outside the ATE (i.e., in subalpine forest or alpine tundra), or 

resulted in plots without any conifers, we created the sampling plot in the nearest 

krummholz growth. We were cognizant that data collected within the same plot lack 

spatial independence. Each plot was the sampling unit; we used a plot size of 225 m2 to 

minimize environmental variation within each plot, following the methods of  Smith-

McKenna et al (2013). 

We assessed all conifers found completely or partly inside each plot. We 

identified each tree to species, and classified the ecological role of each as tree island 

initiator, leeward tree island component, or solitary tree. Tree islands comprised two or 



 20 

more contiguous conifers with spatially overlapping canopies. Conifers in tree islands 

were classified as tree island initiators or leeward conifers; initiators were the most 

windward conifer, and leeward trees were all other trees within the tree island. For this 

study, there was only one initiating conifer per tree island, and thus the number of 

initiators equaled the number of tree islands for a given plot. To determine prevailing 

wind direction, and corresponding windward and leeward designations, we observed 

wind-flagged branches of krummholz trees within the plot and in the immediate vicinity. 

Trees spatially isolated from other conifers (i.e., lacking overlap of branches, and often 

scattered throughout the plot) were classified as solitary. We identified nurse objects as 

any potentially protective object found directly windward of solitary trees or tree island 

initiators, including rocks, topographic depressions, and shrubs; we designated conifers 

with the apparent absence of a nurse object as unprotected. Because each whitebark pine 

germinates from a cache of seeds buried by a Clark’s nutcracker (Tomback 1982), some 

trees may occur as multi-genet tree clusters (Tomback and Linhart 1990). Additionally, 

Engelmann spruce and subalpine fir may have multiple stems of the same genotype due 

to clonal reproduction (Grime 1977). Following the methods of Resler and Tomback 

(2008), we characterized all multi-stem growth forms as a single individual.  

We recorded the following information for each plot: number of conifers by 

ecological role (i.e., solitary, initiator, or leeward), number of conifers by species, and 

nurse object for each solitary conifer and tree island initiator (i.e., rocks, topographic 

depressions, shrubs, and unprotected). Additionally, we recorded the number of blister 

rust-infected whitebark pine by thoroughly examining all stems and canopies for 

evidence of infection. The criteria for an infected blister rust designation included at least 
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one active canker, or three of the five following characteristics: 1) inactive cankers, 2) 

stem swelling, 3) branch flagging/dead foliage, 4) rodent gnawing, and 5) oozing sap 

(Burns et al. 2008).  

Mesoclimate Assessments 

To estimate differences in climate variables among study areas, we used open 

source Precipitation Elevation Regressions on Independent Slopes Model (PRISM) data 

from the last 30 years (1985-2015; PRISM Climate Group, 2015). For each study site, we 

estimated the average daily growing season temperature and average growing season 

precipitation. Although literature definitions of growing season length differ, a global 

study by Körner and Paulsen (2004) found a narrow growing season temperature range in 

ATEs, and determined the lower limit for plant tissue growth to be 5°C. This temperature 

is also the threshold at which tissue growth is interrupted in cold-adapted trees (Alvarez-

Uria and Körner, 2007). Thus, we defined the growing season as the temporal period 

between average daily air temperatures of >5°C for >5 consecutive days and average 

daily air temperatures of <5°C for >5 consecutive days (Frich et al. 2002). 

Data Analysis 

We converted raw counts for conifer ecological role (i.e., solitary, initiator, and 

leeward), species, nurse object association (rocks, topographic depressions, shrubs, and 

unprotected), and blister rust infection incidence (infected vs. uninfected) to proporitonal 

abundances for each assessment plot. We used R (version 3.2.4, R core team 2016) to 

conduct all statistical analyses. 

Proportional abundance parameter estimates.  To estimate overall conifer 

proportional abundance parameters by ecological role, species, nurse object association, 
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and blister rust infection incidence for each study area, we bootstrapped the raw 

proportional abundance data—that is, sampled randomly with replacement over the size 

of the sample (e.g., 20 on Paintbrush Divide)—for 5000 iterations to generate a sampling 

distribution of mean proportional abundances for each variable. We calculated the mean 

of each sampling distribution to identify the proportional abundance parameter estimate 

(𝑝). Finally, we used the 0.025 and 0.975 quantiles of each sampling distribution to 

determine the lower and upper boundary, respectively, of the 95% high density interval 

(HDI).  

Mean differences in proportional abundance parameter estimates. We 

calculated pairwise differences in proportional abundance for conifer ecological role, 

species, nurse object association, and blister rust infection incidence groups for each 

assessment plot. For example, comparing ecological roles at the species level, we 

calculated the difference in proporitonal abundance between whitebark pine and 

Engelmann spruce, whitebark pine and subalpine fir, and Engelmann spruce and 

subalpine fir for each assessment plot. We also calculated the difference in proportional 

abundance between tree island initiators and solitary trees within species. Next, we 

bootstrapped the pairwise proportional abundance difference data—that is, sampled 

randomly with replacement over the size of the sample (e.g., 20 on Paintbrush Divide)—

for 5000 iterations to generate a sampling distribution of mean difference proportional 

abundances for each within-group comparison. We calculated the mean of each mean-

difference-in-proportional-abundance sampling distribution to identify the parameter 

estimate (𝑝difference). We made Bonferroni adjustments based on the number of pairwise 
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comparisons to determine which sampling distribution quantiles to use as the HDI lower 

and upper boundaries. The formula for these adjustments is the following: 

 𝐻𝐷𝐼 = (	1 −	
𝛼
𝑛	) ∗ 100  (1) 

The number of pairwise comparisons is denoted by n; our 𝛼 for all analyses in this study 

was 0.05. For three pairwise comparisons (i.e., species-specific comparisons including 

whitebark pine, Engelmann spruce, and subalpine fir as well as ecological role 

comparisons including initiator, leeward, and solitary conifers), we estimated the 98.3% 

HDI by calculating the 0.0083 and 0.9917 quantiles of each sampling distribution. For six 

pairwise comparisons (i.e., conifer nurse object associations including rocks, topographic 

depressions, shrubs, and unprotected; climactic variables across study areas), we 

estimated the 99.17% HDI by calculating the 0.0042 and 0.9958 quantiles of each 

sampling distribution as the lower and upper boundary. For all pairwise difference 

estimates, we concluded that proportional abundances did not differ (i.e., no mean 

difference) if the estimated HDI included zero. 

Growing season temperature and precipitation parameter estimates. We 

determined the duration of each growing season from 1985 to 2015 for all study sites by 

trimming the imported PRISM daily mean temperature and precipitation data according 

to the temperature parameters defined in methods. Then, we calculated the mean daily 

growing season air temperature and precipitation corresponding to each year. We 

bootstrapped—that is, sampled randomly with replacement over the size of the sample 

(30 seasons; 1985 through 2015)—for 5000 iterations to generate a sampling distribution 

of means corresponding to each climatic parameter (i.e., average daily temperature and 

precipitation). We calculated the mean of each sampling distribution to estimate average 
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daily temperature (𝑇) and precipitation (𝑃) across all growing seasons. Finally, we 

estimated the 95% HDI by calculating the 0.025 and 0.975 quantiles of each sampling 

distribution as the lower and upper boundary.  

Differences in mean growing season climatic parameter estimates. Once the 

average daily growing season temperature and precipitation sampling distributions had 

been generated, we calculated pairwise differences in means between all study areas. 

Then, we calculated the mean of each difference-in-mean-growing-season temperature 

(𝑇difference) and precipitation (𝑃difference) sampling distribution to identify the parameter 

estimate. For six pairwise comparisons (i.e. Tibbs Butte vs. Paintbrush Divide, Tibbs 

Butte vs. Hurricane Pass, Tibbs Butte vs. Mutiny Ridge, Paintbrush Divide vs. Hurricane 

Pass, Paintbrush Divide vs. Mutiny Ridge, and Hurricane Pass vs. Mutiny Ridge), we 

estimated the 99.17% HDI by calculating the 0.0042 and 0.9958 quantiles of each 

sampling distribution as the lower and upper boundary, respectively. For all pairwise 

difference estimates, we concluded climatic conditions did not differ (i.e., no difference 

in means) if the estimated HDI included zero. 

Results 

All raw count and proportional abundance data for conifer ecological role, 

species, nurse object association, and blister rust infection incidence are available in 

Appendix A, Tables A.1 through A.8. For consistency with other studies assessing 

whitebark pine’s prevalence and functional role at treeline (e.g., Resler and Tomback 

2008, Tomback et al. 2014, Tomback et al. 2016a), we report basic descriptive statistics 

on raw data in Table 2.2.  

Community Structure and Composition 
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Tibbs Butte. On average, 0.956 (95% HDI: 0.880, 1.000) of all conifers in the 

Tibbs Butte study area were solitary, and 0.044 (95% HDI: 0.000, 0.120) were tree island 

members (i.e., initiators or leeward conifers). Average solitary tree density was 7.322 

(95% HDI: 3.583, 12.583) trees per plot. Mean tree island density was 0.259 (95% HDI: 

0.000, 0.667) tree islands per plot. Of all conifers observed regardless of ecological role, 

whitebark pine comprised 0.914 (95% HDI: 0.843, 0.975), followed by Engelmann 

spruce at 0.076 (95% HDI: 0.014, 0.148) and subalpine fir at 0.011 (95% HDI: 0.000, 

0.031; Fig. 2.3a). Overall, whitebark pine was significantly more abundant than 

Engelmann spruce and subalpine fir (Fig. 2.3b) 

Solitary trees were comprised of 0.926 (95% HDI: 0.855, 0.988) whitebark pine, 

followed by 0.074 (95% HDI: 0.012, 0.145) Engelmann spruce, and 0.000 (95% HDI: 

0.000, 0.000) subalpine fir. We found that whitebark pine was the most prevalent solitary 

conifer. 

Whitebark pine comprised 0.775 (95% HDI: 0.750, 0.800) of leeward tree island 

conifers; Engelmann spruce accounted for 0.123 (95% HDI: 0.000, 0.250), and subalpine 

fir comprised 0.101 (95% HDI: 0.000, 0.200). Whitebark pine was the most common 

leeward tree island conifer.  

The three tree island initiators we observed on Tibbs Butte included 2 whitebark 

pine, 1 subalpine fir, and 0 Engelmann spruce (Appendix A, Table A.1). Both whitebark 

pine tree island initiators were located within the same assessment plot. On average, tree 

island initiator species composition was 0.504 (95% HDI: 0.000, 1.000) whitebark pine, 

0.496 (95% HDI: 0.000, 1.000) subalpine fir, and 0.000 (95% HDI: 0.000, 0.000) 
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Engelmann spruce. Pairwise mean differences between tree island initiator species 

abundances revealed no differences. 

Paintbrush Divide. At Paintbrush Divide, 0.620 (95% HDI: 0.482, 0.751) of all 

conifers were solitary, and 0.380 (95% HDI: 0.249, 0.518) were tree island members. 

Average solitary tree density was 14.030 (95% HDI: 10.100, 18.000) trees per plot. Mean 

tree island density was 2.144 (95% HDI: 1.450, 2.950) tree islands per plot. Whitebark 

pine comprised 0.579 (95% HDI: 0.441, 0.707) of all conifers observed, followed by 

Engelmann spruce at 0.276 (95% HDI: 0.170, 0.395) and subalpine fir at 0.145 (95% 

HDI: 0.073, 0.229; Fig. 2.3a). Whitebark pine was significantly more abundant than 

Engelmann spruce and subalpine fir (Fig. 2.3b).  

Whitebark pine comprised 0.646 (95% HDI: 0.521, 0.753) of solitary trees, 

followed by 0.271 (95% HDI: 0.160, 0.405) Engelmann spruce, and 0.082 (95% HDI: 

0.040, 0.130) subalpine fir. We found that whitebark pine was the majority solitary 

conifer, constituting more solitary trees than Engelmann spruce and subalpine fir. We 

also found there were more solitary Engelmann spruce than solitary subalpine fir. 

For leeward conifers, whitebark pine comprised 0.666 (95% HDI: 0.474, 0.833), 

Engelmann spruce 0.201 (95% HDI: 0.067, 0.363), and subalpine fir 0.132 (95% HDI: 

0.037, 0.271). Our analysis revealed that whitebark pine was the majority leeward 

conifer.  

We observed 43 tree island initiators, which included 28 whitebark pine, 9 

Engelmann spruce, and 6 subalpine fir (Appendix A, Table A.1). Average tree island 

initiator species proportional abundance was 0.561 (95% HDI: 0.353, 0.757) whitebark 

pine, 0.248 (95% HDI: 0.100, 0.419) Engelmann spruce, and 0.191 (95% HDI: 0.033, 
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0.382) subalpine fir. We found no differences in species proportional abundance for tree 

island initiators.  

Hurricane Pass. On average, 0.537 (95% HDI: 0.404, 0.676) of the conifers at 

Hurricane Pass were solitary; 0.463 (95% HDI: 0.323, 0.596) were tree island members. 

Average solitary tree density was 6.987 (95% HDI: 4.900, 9.200) trees per plot. Mean 

tree island density was 2.406 (95% HDI: 1.500, 3.450) tree islands per plot. Whitebark 

pine comprised 0.419 (95% HDI: 0.298, 0.539) of all conifers observed, followed by 

Engelmann spruce at 0.326 (95% HDI: 0.231, 0.428) and subalpine fir at 0.255 (95% 

HDI: 0.173, 0.343; Fig. 2.3a). We found no species to be an overall majority conifer at 

Hurricane Pass (Fig. 2.3b).  

In our examination of the species composition of solitary trees, we found 

whitebark pine comprised 0.480 (95% HDI: 0.334, 0.627), followed by 0.325 (95% HDI: 

0.218, 0.437) for Engelmann spruce, and 0.194 (95% HDI: 0.092, 0.311) for subalpine 

fir. We found that no species comprised a higher proportion of solitary trees than any 

other species. 

We found that whitebark pine composed an average 0.419 (95% HDI: 0.247, 

0.596) of leeward tree island conifers, followed by Engelmann spruce at 0.307 (95% 

HDI: 0.157, 0.489), and subalpine fir at 0.273 (95% HDI: 0.119, 0.453). No species 

comprised a higher proportion of leeward tree island conifers than any other species. 

 Our sample at Hurricane Pass included 48 tree island initiators: 16 whitebark 

pine, 17 Engelmann spruce, and 15 subalpine fir (Appendix A, Table A.1). On average, 

tree island initiator species composition was 0.263 (95% HDI: 0.127, 0.417) whitebark 

pine, 0.415 (95% HDI: 0.237, 0.598) subalpine fir, and 0.322 (95% HDI: 0.151, 0.561) 
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Engelmann spruce. Pairwise mean differences among tree island initiator species 

revealed no differences.  

Mutiny Ridge. At Mutiny Ridge, we found that 0.745 (95% HDI: 0.618, 0.860) 

of all conifers were solitary, and 0.255 (95% HDI: 0.140, 0.382) were tree island 

members. Average solitary tree density was 8.256 (95% HDI: 5.167, 12.067) trees per 

plot. Mean tree island density was 1.367 (95% HDI: 0.667, 2.267) tree islands per plot. In 

total, whitebark pine comprised 0.904 (95% HDI: 0.856, 0.945) of all conifers observed, 

followed by subalpine fir at 0.064 (95% HDI: 0.028, 0.109) and Engelmann spruce at 

0.032 (95% HDI: 0.015, 0.052; Fig. 2.3a). We found that whitebark pine was the overall 

majority conifer (Fig. 2.3b).  

Of the solitary trees in the Christina Lake ATE, whitebark pine comprised 0.924 

(95% HDI: 0.882, 0.962), followed by 0.041 (95% HDI: 0.014, 0.074) subalpine fir, and 

0.035 (95% HDI: 0.014, 0.059) Engelmann spruce. Whitebark pine was the majority 

solitary tree.  

We also found whitebark pine constituted an average 0.955 (95% HDI: 0.900, 

0.995) of leeward tree island conifers; Engelmann spruce accounted for 0.031 (95% HDI: 

0.000, 0.086), and subalpine fir comprised 0.014 (95% HDI: 0.000, 0.037). We found 

whitebark pine was the majority leeward tree island constituent. 

The 41 tree island initiators we observed at Mutiny Ridge included 33 whitebark 

pine, 4 subalpine fir, and 4 Engelmann spruce (Appendix A, Table A.1). Average tree 

island initiator species composition was 0.652 (95% HDI: 0.409, 0.873) whitebark pine, 

0.283 (95% HDI: 0.071, 0.538) subalpine fir, and 0.065 (95% HDI: 0.000, 0.163) 
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Engelmann spruce. We found there were more whitebark pine tree island initiators than 

Engelmann spruce.  

Tree Island Development 

To determine whether solitary whitebark pine proportional abundance predicted 

its prevalence as a tree island initiator, we examined the difference in proportional 

abundance between tree island initiators and solitary trees within species. At Tibbs Butte, 

Paintbrush Divide, and Mutiny Ridge, we found there were no differences between the 

estimated proportion of tree island initiators and solitary trees for any species (Fig. 2.4). 

At Hurricane Pass, however, our results indicated whitebark pine initiated fewer tree 

islands than would be expected given its proportional abundance as a solitary tree; 

subalpine fir initiated more tree islands than would be expected given its proportional 

abundance as a solitary tree.  

Facilitation by Nurse Objects 

Tibbs Butte. Our sample collected at Tibbs Butte contained 91 conifers that were 

either solitary trees or tree island initiators (Appendix A, Table A.1). Of these, 0.545 

(95% HDI: 0.383, 0.703) were in geomorphic depressions, 0.237 (95% HDI: 0.094, 

0.417) were leeward of woody plants, 0.174 (95% HDI: 0.080, 0.273) were protected by 

rocks, and 0.045 (95% HDI: 0.000, 0.098) were unprotected (Fig. 2.5a). There were 

significantly more conifers protected by geomorphic depressions than rocks, and 

significantly more conifers protected by geomorphic depressions than those that were 

unprotected (Fig. 2.5b).  

Paintbrush Divide. There were 324 conifers that were either solitary trees or tree 

island initiators at Paintbrush Divide (Appendix A, Table A.1). Of these, 0.532 (95% 
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HDI: 0.381, 0.684) were protected by rocks, 0.429 (95% HDI: 0.284, 0.579) were 

unprotected, 0.029 (95% HDI: 0.000, 0.068) were in geomorphic depressions, and 0.010 

(95% HDI: 0.000, 0.027) were in the lee of woody plants (Fig. 2.5a). We found that rocks 

protected more conifers than woody vegetation and geomorphic depressions. We also 

found there were more unprotected conifers than those protected by woody plants or 

geomorphic depression (Fig. 2.5b).  

Hurricane Pass. The Hurricane pass sample encompassed 188 trees that were 

either solitary or tree island initiators (Appendix A, Table A.1). Of these, 0.413 (95% 

HDI: 0.268, 0.562) were unprotected, 0.338 (95% HDI: 0.207, 0.489) were protected by 

rocks, 0.193 (95% HDI: 0.068, 0.342) were in geomorphic depressions, and 0.055 (95% 

HDI: 0.008, 0.124) were in the lee of woody plants (Fig. 2.5a). We found there were 

more conifers protected by rocks than geomorphic shelters, and more unprotected 

conifers than those protected by geomorphic depressions (Fig. 2.5b). 

Mutiny Ridge. At Mutiny Ridge, 288 trees were either solitary or tree island 

initiators (Appendix A, Table A.1). Of these, 0.689 (95% HDI: 0.570, 0.800) were 

protected by rocks, 0.174 (95% HDI: 0.092, 0.274) were unprotected, 0.086 (95% HDI: 

0.038, 0.142) were in the lee of woody plants, and 0.051 (95% HDI: 0.023, 0.082) were 

in geomorphic depressions (Fig. 2.5a). We found there were more conifers protected by 

rocks than those that were unprotected, or protected by geomorphic depressions or woody 

plants (Fig. 2.5b).  

Blister Rust Assessments 

Mean blister rust infection was 0.006 (95% HDI: 0.000, 0.018) at Tibbs Butte, 

0.180 (95% HDI: 0.099, 0.273) at Paintbrush Divide, 0.143 (95% HDI: 0.062, 0.242) at 
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Hurricane Pass, and 0.019 (95% HDI: 0.005, 0.038) at Mutiny Ridge—a range of less 

than 1%, to 18%. There were no differences between white pine blister rust infection in 

solitary and tree island whitebark pine at any study area.  

Mesoclimate Assessments 

For our study locations, the mean daily growing season temperature from 1985 to 

2015 was 8.51°C (95% HDI: 8.05°C, 8.97°C) at Tibbs Butte, 9.90°C (95% HDI: 9.49°C, 

10.28°C) at Paintbrush Divide, 8.95°C (95% HDI: 8.50°C, 9.38°C) at Hurricane Pass, 

and 9.13°C (95% HDI: 8.70°C, 9.54°C) at Mutiny Ridge (Fig. 2.6a). When examining 

pairwise differences in mean daily growing season temperature between study locations, 

we found Paintbrush Divide was warmer than Hurricane Pass and Tibbs Butte (Fig. 2.6b).  

Average daily growing season precipitation was 1.65mm (95% HDI: 1.44mm, 1.87mm) 

on Tibbs Butte, 2.02mm (95% HDI: 1.78mm, 2.27mm) on Paintbrush Divide, 2.14mm 

(95% HDI: 1.85mm, 2.43mm) on Hurricane Pass, and 1.42mm (95% HDI: 1.21mm, 

1.62mm) on Mutiny Ridge (Fig. 2.6a). We found Paintbrush Divide and Hurricane Pass 

received more precipitation than Mutiny Ridge (Fig. 2.6b).  

Discussion 

We designed this exploratory study of community structure and composition at 

four ATE communities in the GYE to examine specifically (1) the prevalence of 

whitebark pine, (2) the proportional occurrence of whitebark pine as a tree island 

initiator, (3) whether solitary whitebark pine abundance predicts its prevalence as a tree 

island initiator, (4) whether differences in climate correspond to geographic differences in 

whitebark pine’s frequency of occurrence as a tree island initiator, (5) the relationship 
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between common nurse objects and solitary/tree island initiator establishment, and (6) the 

presence and severity of white pine blister rust in these communities. 

Whitebark Pine and Tree Island Development in the GYE 

Results of this study confirm whitebark pine’s importance in ATE community 

structure and composition in the Greater Yellowstone Ecosystem. We found that 

whitebark pine was the overall majority conifer at Tibbs Butte (𝑝	 = 0.914), Paintbrush 

Divide (𝑝	 = 0.579), and Mutiny Ridge (𝑝	 = 0.904). It was also the most abundant solitary 

conifer at all study areas except Hurricane Pass, and by a wide margin for study areas 

outside Grand Teton National Park (𝑝		> 0.853 more than any other conifer). 

Additionally, whitebark pine comprised the majority of leeward tree island conifers at 

Tibbs Butte (𝑝	 = 0.775), Paintbrush Divide (𝑝	 = 0.665), and Mutiny Ridge (𝑝	 = 0.955). 

The preceding evidence supports the notion that the prevalence of whitebark pine in the 

ATE is increased relative to other conifer species, particularly on the arid and windy sites 

east of the Continental Divide. It also highlights the importance of mechanisms that may 

drive whitebark pine’s elevated  proportional abundance, namely, efficient seed dispersal 

by Clark’s nutcrackers to protected sites (Tomback 1978) and whitebark pine’s relatively 

high tolerance of abiotic stress (e.g., Arno and Hoff 1990).  

We also found that solitary trees and conifers that serve as tree island initiators in 

ATEs within the GYE often establish leeward of nurse objects (i.e. rocks, topographic 

depressions, and shrubs), and the proportional occurrence of common nurse objects types 

found windward of solitary conifers and tree island initiators differs by study area. This 

study did not assess whether the proportional occurrence of nurse objects as windward 

facilitators differs from the proportion of nurse objects available on the landscape. We 
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recommend future studies account for the proportional abundance of nurse objects types 

available when assessing the relative importance of certain nurse objects to solitary 

conifer establishment.  

Given that whitebark pine functions as the majority tree island initiator in many 

ATEs across the Central and Northern Rocky Mountains (Tomback et al. 2016a), we 

hypothesized that it would serve this role in the southeastern-most limit of its range. Yet, 

our results indicated that whitebark pine did not serve as majority tree island initiator at 

any study area. If whitebark pine is the majority conifer in regards to overall, solitary, and 

leeward compositon at Tibbs Butte, Paintbrush Divide, and Mutiny Ridge, why is it not 

the majority tree island initiator at these locations? One explanation may lie in the high 

proportional abundance of solitary whitebark pine, which Resler et al. (2014) 

hypothesized as indicative of an early stage in ATE development or a steady age structure 

with rapid new establishment. High proportional abundance of leeward whitebark pine 

supports the conjecture that whitebark pine readily establishes leeward of solitary 

conifers, most likely because nutcrackers place seeds near objects disproportionately 

(Tomback 1978), and whitebark pine early life stage survival is increased near rocks and 

trees relative to unprotected microsites in some ATEs (Pansing et al. in review). Another 

answer may be that other ATE conifers, namely Engelmann spruce and subalpine fir, are 

unable to establish leeward of whitebark pine due to seed dispersal limitations, or lower 

tolerances to stressful conditions (Bansal et al. 2011), even with windward facilitation  

Finally, use of a study design that applies assessment plots may have led to a low 

number of tree islands sampled (n = 3, n = 43, n = 48, and n = 41 at Tibbs Butte, 

Paintbrush Divide, Hurricane Pass, and Mutiny Ridge, respectively), decreasing the 
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precision of our estimates to a degree that precluded our ability to detect mean 

differences in proportional abundance between species. Previous plot- or transect-based 

studies have overlooked this issue of intra-plot spatial interdependence and combined tree 

island totals across replicates (e.g., Resler and Tomback 2008, Tomback et al. 2014)—a 

form of pseudoreplication (Hurlbert 1984); this work invoked a more rigorous approach. 

Indeed, had we combined tree island totals across assessment plots and conducted 

multinomial goodness of fit tests under the null hypothesis that tree island initiator 

species proportional abundances were equal (𝑝	123456789	:3;5 = 𝑝	<=67>:3;5	?38 = 

𝑝	@;A5>B7;;	<:8=C5 = 0.333; e.g. Resler and Tomback 2008, Tomback et al. 2014), we 

would have designated whitebark pine a majority tree island initiator at Paintbrush Divide 

(X2 = 19.86, df = 2, p ≈ 0.000), and Mutiny Ridge (X2 = 41.02, df = 2, p ≈ 0.000). In 

future examinations of tree island initiator species proportional abundances, we 

recommend two possible approaches: (1) forego assessment plots and transects in favor 

of a simple random sampling strategy that employs tree islands as replicates, or (2) use 

hierarchical models that account for spatial dependence among observations to increase 

the precision.  

The Relationship of Solitary Trees to Tree Island Initiators 

Our second objective was to determine whether solitary conifer species 

proportional abundances would predict tree island initiator species proporitonal 

abundances, as they did previously in Tomback et al. (2016a). Our results support those 

findings. With the exception of whitebark pine and subalpine fir at Hurricane Pass, the 

mean difference effect size between solitary and tree island initiator proportional 

abundances did not deviate from zero for any species at any study area. These results 
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provide support for the general notion that ATE conifer species facilitate subsequent 

conifer establishment (Marr 1977), and thereby initiate tree island development at a rate 

proportional to their proportional abundance as solitary trees. Mean differences in 

proportional abundance among species, therefore, relate primarily to differences in 

establishment and survival (Malanson et al. 2007).  

At Hurricane Pass, however, whitebark pine initiated 0.207 (95% HDI: 0.028, 

0.393) fewer tree islands than would be expected given its proportional abundance as a 

solitary tree; subalpine fir initiated 0.175 (95% HDI: 0.025, 0.334) more. These results 

may be explained by long-known physiological differences between whitebark pine and 

subalpine fir. Griggs (1938) noted that subalpine fir survive and better grow in moist, 

snowy environments in relation to other timberline species. Little (1994) found subalpine 

fir establishment and survival to be limited by low soil moisture, especially on southern 

aspects. Indeed, our pairwise comparisons of climactic conditions between study sites 

revealed that Hurricane Pass received, on average, 0.489 mm and 0.720 mm per day more 

precipitation than Tibbs Butte and Mutiny Ridge, respectively. Our findings suggest that 

local climactic conditions, particularly mean daily growing season precipitation, may 

influence species’ functional ecology and tree island composition at high-elevations in 

some communities in the Greater Yellowstone Ecosystem. 

The Impact of C. ribicola Invasion 

The spread of C. ribicola and the resulting incidence of white pine blister rust in 

ATEs within the Shoshone National Forest and Grand Teton National Park have the 

potential to disrupt tree island development and community structure and composition. 

As a stress-tolerant foundation species, whitebark pine establishes on cold, arid sites, and 
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facilitates the leeward establishment of other conifers in locations less conducive to the 

survival of other species (Resler and Tomback 2008, Tomback et al. 2016b). Resler and 

Tomback (2008), working south of the Canadian border on Divide Mountain and Lee 

Ridge on the eastern slope of Glacier National Park, documented whitebark pine 

mortality from blister rust in the ATE; they reported an overall infection level of 33.7%. 

In fact, this northern region along with the southern Canadian Rocky Mountains have the 

highest blister rust infection levels (83%) recorded for whitebark pine overall (Smith et 

al. 2013). In this study, we found that ATE white pine blister rust incidences ranged from 

<1% at Tibbs Butte in Shoshone National Forest to 18% at Paintbrush Divide in Bridger-

Teton National Forest. The blister rust incidence of 83% among subalpine whitebark pine 

communities in Grand Teton National Park was as high as the northern surveys (Bockino 

and Tinker 2012), and explains the high blister rust incidence at treeline in this region. 

The progressive loss of solitary whitebark pine to white pine blister rust, therefore, may 

ultimately limit tree island development on the ATE landscape, significantly affecting 

community structure and biodiversity. 

Given whitebark pine’s ecological role as majority solitary tree and leeward tree 

island component in three-out-of-four study areas, ATE conifer communities in the 

Greater Yellowstone Ecosystem will likely experience severe changes in structure and 

composition resulting from mortality by white pine blister rust, as described by Tomback 

and Resler (2007): First, the seed sources for ATE conifer regeneration and community 

development are trees from lower elevations (Malanson et al. 2007). As C. ribicola 

spreads through stands in the upper subalpine, trees succumbing to white pine blister rust 

infection will produce fewer seeds (e.g., Hoff et al. 2001). As a result, Clark’s 
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nutcrackers will have fewer opportunities to disperse to the ATE (e.g., Tomback, 1986). 

McKinney et al. (2009) and Barringer et al. (2012) demonstrated that the probability of 

nutcracker seed dispersal or stand visitation decreases with decreased cone production in 

subalpine whitebark pine stands; there may also be a threshold below which the 

probability of nutcracker visitation declines steeply. Recent studies in the GYE have 

estimated subalpine blister rust incidences range from 20% to 30%. Second, white pine 

blister rust kills whitebark pine in the ATE, and mortality of solitary whitebark pine will 

reduce the number of trees available to facilitate the establishment of other conifers, 

precluding tree island development (Tomback and Resler 2007). Proportionally, 

whitebark pine’s ecosystem function within these ecosystems may also be reduced, 

altering its functional ecology, impacting community assembly trajectories, and reducing 

the ecosystem services provided by treeline communities. 

Conclusions 

Here, for the study areas sampled in the GYE, we found evidence that whitebark 

pine is generally the most prevalent solitary conifer and tree island component in treeline 

communities, and whitebark pine initiates tree island development at a rate directly 

proportional to its proportional abundance as a solitary tree. Our findings suggest that 

declines in ATE whitebark pine are imminent, stemming from community invasion by 

the pathogen C. ribicola. Whitebark pine mortality will likely lead to a serious decline in 

ATE conifer abundance, a proportional loss of tree islands on the landscape, and 

reduction in whitebark pine’s ecological role and general ecosystem services in ATE 

communities in the Greater Yellowstone Ecosystem . 
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Tables and figures 

Table 2.1 Study areas across the Greater Yellowstone Ecosystem (GYE). The GYE 
comprises the southernmost distribution of whitebark pine in the Rocky Mountains. 

Study  
Area 

National 
 Forest 

Latitude &  
Longitude Aspects Elevation  

[m] 
Area Sampled  

[ha] 

Tibbs  
Butte Shoshone 44°56'46.48" N 

109°26'39.76" W NE 2,983 – 3,238 4.2 

Paintbrush  
Divide Bridger-Teton 43°47'32.90" N 

110°49'17.96" W 
NE,  

NW, SW 3,055 – 3,289 121 

Hurricane  
Pass Bridger-Teton 43°43'55.06" N 

110°50'31.45" W 
NE, 

 SE, SW 3,045 – 3,078 92 

Mutiny  
Ridge Shoshone 42°35'33.56" N 

108°58'07.44" W 
NE,  

SE, SW 3,200 – 3,400 117 
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Table 2.2 Descriptive statistics. Minimum, median, and maximum statistics for per-plot 
conifer counts by ecological role and species for all study areas. ABLA = A. lasiocarpa, 

PIEN = P. Engelmannii, PIAL = P. albicaulis. 

Study  
area 

Ecological 
role 

Descriptive statistics 

ABLA PIEN PIAL Total 

Min Med Max Min Med Max Min Med Max Min Med Max 

Tibbs 

Butte 

initiator 0 0.5 1 0 0.0 0 0 1.0 2 1 1.5 2 

leeward 0 0.5 1 0 0.5 1 3 3.5 4 4 4.5 5 

solitary 0 0.0 0 0 0.0 3 1 4.0 32 1 5 32 

Paintbrush 

Divide 

initiator 0 0.0 3 0 0.0 2 0 1.0 5 1 2 7 

leeward 0 0.0 3 0 1.0 2 0 4.0 17 1 4 20 

solitary 0 1.0 3 0 4.0 17 0 8.5 23 3 14 34 

Hurricane 

Pass 

initiator 0 1.0 3 0 1.0 3 0 1.0 5 1 2 8 

leeward 0 1.0 6 0 1.0 3 0 2.0 14 1 4 17 

solitary 0 1.0 6 0 2.0 11 0 1.0 9 1 6 18 

Mutiny 

Ridge 

initiator 0 0.0 1 0 0.0 2 0 2.0 10 1 2 10 

leeward 0 0.0 1 0 0.0 1 1 5.0 55 1 5.5 55 

solitary 0 0.0 6 0 0.0 6 1 5.5 33 1 6 45 
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Fig. 2.1 Facilitation in action. Krummholz whitebark pine (Pinus albicaulis) established 

leeward of a rock at Tibbs Butte, Shoshone National Forest, Wyoming. Photograph 
credit: E.R. Pansing. 
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Fig. 2.2. Study areas across the Greater Yellowstone Ecosystem. Study areas are in the 

southernmost distribution of whitebark pine in the Rocky Mountains. Map created using 
ggmap package in R (Kahle and Wickham 2013). 
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Fig. 2.3a. Parameter estimates. Bootstrapped parameter estimates and 95% HDIs for the 

proportional abundance of solitary, initiator, and leeward conifers by species for each 
study area. 
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Fig. 2.3b. Parameter estimates for mean differences. Bootstrapped estimates and 98.3% 
HDIs for mean differences in proportional abundance of solitary, initiator, and leeward 
conifers by species for each study area. PIAL = P. Albicaulis, ABLA = A. lasiocarpa, 

and PIEN = P. engelmannii. We concluded no mean difference if the HDI included zero; 
fields in which there was a difference are marked with an asterisks (*). 
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Fig. 2.4. Mean difference parameter estimates: solitary minus initiator conifers. 

Bootstrapped mean differences in proportional abundance between tree island initiators 
and solitary trees by species at each study area. Estimates are indicated by open circles, 
and lines delineate 95% HDIs. We concluded that no mean difference occurred between 
distributions if the HDI included zero. Fields in which there was a difference are marked 

with an asterisks (*). 
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Fig. 2.5a. Parameter estimates for nurse objects. Bootstrapped proportional abundance of 

nurse objects found facilitating solitary and tree island initiator conifers, by study site. 
Estimates are indicated by open circles, and lines delineate 95% HDIs. 
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Fig. 2.5b. Mean difference parameter estimates for nurse objects. Bootstrapped mean 

differences in proportional abundance of nurse objects found protecting solitary conifers 
and tree island initiators, by study area. R = Rock, U = Unprotected, D = Depression, and 

S = Shrubs. Estimates are indicated by open circles, and lines delineate 99.17% HDIs. 
We concluded that no mean difference occurred if the HDI included zero. Fields in which 

there was a difference are marked with an asterisks (*). 
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Fig. 2.6a. Parameter estimates for climate. Bootstrapped mean daily growing season 
temperature (top) and precipitation (bottom), by study area. We estimated climactic 

parameters using PRISM data from the last 30 years (1985-2015). Estimates are indicated 
by open circles, and lines delineate 95% HDIs. 
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Fig. 2.6b. Difference in mean parameter estimates for climate. Bootstrapped pairwise 

differences in mean growing season temperature (top) and precipitation (bottom) between 
study area. Estimates are indicated by open circles, and lines delineate 99.17% HDIs. We 
concluded that no difference in means occurred if the HDI included zero. Fields in which 

there was a difference are marked with an asterisks (*). TB = Tibbs Butte, PD = 
Paintbrush Divide, HP = Hurricane Pass, MR = Mutiny Ridge. 
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Appendix A 
 

Table A.1. Raw conifer species count data for all study areas. ABLA = A. Lasiocarpa, 
PIEN = P. Engelmannii, PIAL = P. Albicaulis. 

Study Area Ecological Role ABLA PIEN PIAL Total 

Tibbs Butte 

Initiator 1 0 2 3 

Leeward 1 1 7 9 

Solitary 0 6 82 88 

Total 2 7 91 100 

Paintbrush Divide 

Initiator 6 9 28 43 

Leeward 11 11 81 103 

Solitary 17 89 175 281 

Total 34 109 284 427 

Hurricane Pass 

Initiator 15 17 16 48 

Leeward 22 20 54 96 

Solitary 32 47 61 140 

Total 69 84 131 284 

Mutiny Ridge 

Initiator 4 4 33 41 

Leeward 2 3 143 148 

Solitary 14 13 220 247 

Total 20 20 396 436 
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Table A.2. Raw conifer species count and proportional abundance data for Tibbs Butte. 
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Table A.3. Raw conifer species count and proportional abundance data for Paintbrush 
Divide.
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Table A.4. Raw conifer species count and proportional abundance data for Hurricane 
Pass. 
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Table A.5. Raw conifer species count and proportional abundance data for Mutiny 
Ridge. 
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Table A.6. Raw nurse object count data by plot for all study areas. 
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Table A.7. Raw nurse object proportional abundance data by plot for all study areas. 
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Table A.8. Raw white pine blister rust count and proportional abundance data by plot, all 
study areas. 
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Chapter III 

FACILITATION IN TREELINE WHITEBARK PINE COMMUNITIES: 

BIOPHYSICAL DIFFERENCES AMONG LEEWARD MICROSITES DEPEND 

ON LARGER-SCALE CLIMATE INDICES  

Abstract 

In many treeline communities across the Northern and Central Rocky Mountains, 

whitebark pine (Pinus albicaulis Engelm, Family Pinaceae, Subgenus Strobus.)—a 

widely distributed five-needle white pine in the U.S. and Canada—is the most common 

tree island initiator, facilitating the survival and growth of leeward conifers more 

frequently than other species. Recent comparisons of biophysical characteristics of 

leeward microsites suggest that conifers offer a more moderated microclimate than rocks 

or exposed microsites, but that that whitebark pine’s leeward microclimate may be 

similar or slightly harsher than spruce microsites, except for moisture and sky exposure. 

We assessed differences in leeward microclimate in two treeline communities on the 

harsh Rocky Mountain eastern front to test whether whitebark pine better ameliorates 

local conditions relative to other nurse plants or objects. Using a simple random sampling 

design, as opposed to a block study, we found that whitebark pine leeward microsites did 

not consistently experience the most moderate microclimate. Differences in 

microclimatic conditions by microsite type depended substantially on the general climatic 

conditions observed at each study area. Whitebark pine microsites experienced the lowest 

minimum, mean, and maximum daily soil moisture compared to all other microsite types 

at moister locations, but among the highest soil moisture levels in more arid conditions. 

We also found an inverse relationship between wind/gust speed severity and differences 
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in wind-protection by microsite type. Where wind and gust speeds were lower, microsites 

sheltered by conifers experienced lower wind and gust speeds compared to rocks and 

unprotected sites. Extreme wind and gust speeds, however, precluded ameliorative effects 

based on microsite type.  

Introduction 

The link between local processes and community spatial structure is one of the 

central principles of landscape ecology (Callaway 1995, Turner et al. 2001). In plant 

communities, decades of cross-sectional observations and experiments have revealed that 

ecosystem structure emerges from a complex combination of negative and positive 

associations (Callaway and Walker 1997). Although many factors tilt the balance among 

these interactions, including the life stages and physiologies of constituent individuals 

(Callaway and Walker 1997), there is a general consensus that facilitation helps shape 

population and community structure in environments experiencing harsh abiotic stress 

(e.g., Bertness and Callaway 1994, Choler et al. 2001, Callaway et al. 2002, Antonsson et 

al. 2009). Facilitative interactions among plants (Callaway 1995)—nurse plant 

syndromes—have been observed in many stressful environments, including deserts 

(Arriaga et al. 1993), salt marshes (Bertness and Hacker 1994) and alpine tundra 

(Whitehead, 1951). Similarly, where abiotic conditions reduce the likelihood of seed 

germination and seedling growth and survival, common geomorphic objects such as 

rocks and topographic niches— nurse objects or conditions—may also increase 

establishment and survival success (Castro et al. 2011).  

The magnitude of effect that facilitation has in governing community assembly in 

harsh environments relies on the moderation of climatic conditions at the local scale 
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(Maher et al. 2005). The term “microclimate” refers to the site-specific, fine-scale abiotic 

conditions that are subject to variation attributable to small differences in air and soil 

temperature, light intensity, humidity, moisture, and wind/gust speeds (Spittlehouse and 

Sathers 1990). The modus operandi of sheltering individuals in nurse plant and nurse 

object syndromes is the amelioration of microclimates to a degree that promotes plant 

germination and seedling survival (Pyatt et al. 2016). Mechanisms by which plants can be 

facilitative in harsh environments include solar radiation reduction (Germino et al. 2002), 

wind speed moderation (Baumeister and Callaway 2006), soil temperature amelioration 

(Chambers 2001), and soil nutrient provision (Callaway et al. 1991); McIntire et al. 

(2016) found solar radiation and wind speed to be most important limitations on seedling 

establishment above treeline.  

Facilitative interactions are particularly important in the climatically stressful 

alpine treeline ecotone (ATE), the transition zone from closed canopy forest to alpine 

tundra (Callaway et al. 2002, Resler and Tomback 2008, Tomback et al. 2016a). 

Compared to lower elevations, conditions in the ATE typify abiotic stress for plants (e.g., 

Grime 1977).  Extreme winds (Marr 1977, McIntire et al. 2016), cold and variable 

temperatures (Körner and Paulsen, 2004), poorly developed soils (Arno and Hammerly 

1984), aridity (Holtmeier 2009), nutrient scarcity (Stevens and Fox 1991), high solar 

radiation and sky exposure (Stevens and Fox 1991, Maher et al. 2005), and truncated 

growing seasons (Arno and Hammerly 1984) decrease the likelihood of conifer seed 

germination and early-seedling survival (e.g., Pansing et al. 2017). Harsch and Bader 

(2011) summarize the mechanisms that impede conifer survival in the ATE as: (1) 

growth limitation—impaired biosynthesis in response to low growing season 
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temperature, short growing season duration, or nutrient deficiency, (2) dieback—physical 

damage due to high snow load, frost, frozen soil, excess radiation, and high wind; and 3) 

seedling mortality—a result of physical damage caused by high snow load, frost, frozen 

soil, excess radiation, heat stress, high temperatures, and low precipitation. 

ATE conifer community development relies on the initial establishment of 

solitary trees in unprotected microsites, or leeward of nurse objects (Resler et al. 2005). 

Once established, these conifers create favorable leeward microsites by alleviating wind 

speeds (Hättenschwiler and Smith 1999), reducing solar radiation and sky exposure 

(Germino et al. 2002, Maher et al. 2005), decreasing soil temperature variation (Pyatt et 

al. 2016), and/or increasing water availability (Callaway 1998). Tree islands form when 

conifers become established in the leeward microsites, building a patch of krummholz 

trees (Marr 1977). The capacity to survive, establish, and grow as a solitary tree allows 

whitebark pine to contribute significantly to community structure and biodiversity in 

these ecosystems (Resler and Tomback 2008). 

Seed germination and early life-stage survival patterns give rise to ATE conifer 

community structure over time (e.g., Maher and Germino 2006, Pansing et al. 2017), and 

are governed largely by local climatic conditions during the growing season—July 

through September (e.g., Körner and Paulsen, 2004; Hoch and Körner, 2009; Harsch and 

Bader, 2011). Air and soil temperatures do not limit tissue growth, but rather the 

investment of photo-assimilates into structural growth (i.e., sink activity; Germino and 

Smith 1999); low air and soil temperatures slow physiological processes, including root 

growth (Landhäusser et al. 1996). Elevated sky exposure, radiation, and wind speeds 

decrease humidity and soil moisture (Holtmeier, 2009). High winds desiccate and 
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damage branches (Marr 1977). Although much is known about the climatic conditions 

governing treeline dynamcs (e.g., Harsch and Bader 2011) and nurse plant object 

syndromes (e.g., Resler and Tomback 2008), studies comparing the differences in 

microclimate provided by nurse objects and/or nurse plants (such as Pyatt et al 2016) are 

lacking. 

In many ATEs across the Northern and Central Rocky Mountains, whitebark pine 

(Pinus albicaulis Engelm, Family Pinaceae, Subgenus Strobus.)—one of the most 

widely-distributed five-needle white pines in the U.S. and Canada—serves as a 

foundation species, facilitating the survival and growth of leeward conifers more 

frequently than other species (e.g., Resler and Tomback 2008; Tomback et al. 2016a). 

Due to its slow growth, high water-use efficiency (Callaway et al. 2000) and elevated 

carbon gain relative to other conifers (Bansal et al. 2011), whitebark pine tolerates 

stressful conditions in the ATE. Whitebark pine seedlings are also robust and tolerant of a 

variety of conditions, including poor soils and harsh seedbeds (Arno and Hoff 1990, 

Tomback et al. 2001, McCaughey and Tomback 2001). Whitebark pine’s survival and 

recruitment success at high-elevations may also be attributable to a coevolved mutualism 

with the corvid Clark’s nutcracker (Nucifraga columbiana; Tomback 1982). Nutcrackers 

often bury whitebark pine seeds in small caches near protective objects, such as rocks, 

tree trunks, and fallen trees (Tomback 1978); they may also transport seeds from parent 

trees up to 32.6 kilometers in distance (Lorenz et al. 2011). This process results in the 

dispersal of whitebark pine seeds from upper subalpine forest to the highest elevations 

(Tomback 1986). Unrecovered seed caches may germinate and establish in open or 

sheltered microsites, facilitate leeward conifer recruitment, and eventually become the 
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initiating conifer of tree islands. Additionally, nutcrackers cache near nurse objects 

disproportionately; seed caches in geomorphic niches or leeward of rocks boost 

whitebark pine survival in the ATE (Tomback 1978, Tomback 1982, Maher et al. 2005, 

Resler et al. 2005, Resler and Tomback 2008, Pyatt et al 2016). 

Pyatt et al. (2016) postulated two explanations for whitebark pine’s prevalence as 

a tree island initiator: (1) whitebark pine may present more frequent opportunities for 

microclimate amelioration, given its landscape abundance, or (2) it may provide better 

quality microclimate amelioration compared to other nurse plants, or nurse objects.  

Using a block design, they compared biophysical attributes in microsites leeward of 

whitebark pine, Engelmann spruce (Picea engelmannii), rocks, and in unprotected 

(exposed) microsites. They found whitebark pine and Engelmann spruce microsites 

experienced higher daily soil temperature minima, lower daily soil temperature maxima, 

lower daily photosynthetically active radiation (PAR), and lower daily mean wind speeds 

than rock and unprotected microsites. 

 Here, we examined growing season microclimate for two ATE communities on 

the harsh Rocky Mountain eastern front to test whether microsites leeward of conifers, 

and particularly P. albicaulis, experience less extreme and variable microclimates than 

those of similarly sized rocks, or those in open, unprotected microsites (e.g., Pyatt et al. 

2016), but using a simple random sampling design. In both these treeline communities, 

whitebark pine is the predominant treeline conifer, and a locally abundant tree island 

initiator (Wagner, chapt. 2). In both communities examined by Pyatt et al. (2016), 

whitebark pine was the most frequent tree island initiator (Tomback et al. 2016a). In this 

study, we hypothesized that whitebark pine leeward microsites, in comparison to other 
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microsite types, would be characterized by (1) higher minimum and lower maximum 

growing season air and soil temperatures (2) higher levels of percent relative humidity 

and soil moisture, and (3) lower wind and gust speeds. To test these hypotheses, we 

compared differences in biophysical variables among four microsite types at both study 

areas, for the growing season, following the methods of Pyatt et al. (2016). Our focus was 

comparative performance of four microsite types at opposite ends of the Greater 

Yellowstone Ecosystem over part of the growing season in each study area. 

Methods 

Study Areas 

We performed microclimate assessments in two ATEs at northernmost and 

southernmost locations in the Greater Yellowstone Area (GYE, Fig. 3.1), which is 

situated in northwestern Wyoming. In both study areas, conifer species included 

whitebark pine, Engelmann spruce, and subalpine fir (Abies lasiocarpa), which occurred 

either solitarily or as members of tree islands (Wagner, chapt. 2). At Tibbs Butte, 

Shoshone National Forest, the study area comprised approximately 4.2 ha on the 

northeast aspect, from 2,983 to 3,238 m elevation. The topography consisted of a 

continuous upslope gradient, and the terrain featured large, scattered rocks, and 

undeveloped soils stemming from a bedrock of Precambrian granite (Bevan 1923). 

Conifers were scarce and primarily solitary. Dominant understory vegetation included 

Geum rossii (R. Br.) Ser., Potentilla diversifolia Lehm., and Saxifraga spp. (Tomback et 

al. 2016a).  

Our southernmost study site was located 250 km south of Tibbs Butte on Mutiny 

Ridge in the Wind River Range, Shoshone National Forest, approximately 1.5 km west of 
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Christina Lake. The Mutiny Ridge ATE terrain is strewn with numerous large rocks and 

scattered pockets of soil; the bedrock consists of Precambrian (Archean) crystalline 

minerals, including granodiorite, porphyritic quartz monzonite, and magmatic gneiss 

(e.g., Frost et al. 2000). Dominant vegetation includes Geum rossii (R. Br.) Ser., Pteryxia 

hendersonii (J.M. Coult. and Rose) Mathias and Constance, Phlox pulvinata (Wherry) 

Cronquist, and Silene acaulis (L.) Jacq (Tomback et al. 2016a). The study area included 

117 ha on northeast, southeast, and southwest aspects (3,200—3,400 m elevation).  

Wagner (chapt 2) performed mesoclimate comparisons between these two study 

areas using open source Precipitation Elevation Regressions on Independent Slopes 

Model (PRISM) data for the years 1985 through 2015 (PRISM Climate Group, 2015). He 

found no significant differences in mean daily growing season temperature and 

precipitation between the study areas.  

Study Design 

We defined a microsite as a cylindrical space 20 cm in diameter and 15 cm in 

height directly leeward of a conifer or rock, or on open ground with no windward 

protection (Pyatt et al. 2016). At each study area, we recorded microclimatic conditions 

directly leeward of the two most prevalent conifer species (Tibbs Butte: whitebark pine 

and subalpine fir; Mutiny Ridge: whitebark pine and Engelmann spruce), rocks, and in 

unprotected (exposed) microsites. The heights, lengths, and widths of nurse trees and 

rocks depended on local availability and are depicted in Appendix B, Fig. B.1. We found 

no mean difference in nurse object height between Tibbs Butte and Mutiny Ridge. There 

were also no mean differences in nurse object height by microsite type. 
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In 2014, we established twenty microclimatic weather stations at Tibbs Butte and in 2015 

at Mutiny Ridge. Each microsite type (i.e., P. albicaulis, A. lasiocarpa, rock, and 

unprotected on Tibbs Butte; P. albicaulis, P. Enelmannii, rock, and unprotected on 

Mutiny Ridge) had five replicates, resulting in a sample population of 20 leeward 

microsites, stratified by type. We employed a simple random sampling design, selecting 

microsite locations based on random positions generated using the splancs package in R 

(version 3.1.0, R Core Team 2014; Rowlingson and Diggle 2014). We also randomized 

the assignment of each nurse object to its corresponding random location. We determined 

leeward microsite position by the direction of wind-flagging on branches of nearby 

conifers. We defined the leeward microsite as directly opposite the source of wind 

causing the most prevalent branch flagging. At both study sites, we selected microsites 

not protected by objects other than the nurse object specified; those microsites designated 

to be unprotected were not protected by any nearby object. Microsites at Tibbs Butte 

typically supported a higher percent ground cover (75%–100%) than Mutiny Ridge 

(50%–75%).  

Microclimatic Assessments 

Using Onset Computer HOBO sensors and Micro Station Data Loggers, we 

measured the following microclimate characteristics at each microsite for part of the 

growing season, from August 2nd to September 5th (2014 for Tibbs Butte and 2015 for 

Mutiny Ridge): air temperature (°C) 10 cm above the ground (S-TMB-M002), percent 

relative humidity 10 cm above the ground (S-TMB-M002), soil temperature (°C) 3 cm 

below ground (S-TMB-M017), soil moisture (m3 m-3) 6 cm below ground (S-SMC-M00), 

wind speed (m s-1) 10 cm above ground (S-WSA-M003), and gust speeds (m s-1) 10 cm 
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above ground (S-WSA-M003; Pyatt et al. 2016). The wind and gust speed sensor was an 

anemometer. We constructed protective housing using PVP piping and vinyl gutters to 

prevent damage to the sensors and cables during the recording interval (Pyatt et al. 2016; 

Fig. 3.2). For placement of the air temperature and percent relative humidity sensor, we 

used a protective radiation shield mounted on a 7.6 cm wooden block; the apparatus was 

attached to a metal stake for stability (Pyatt et al. 2016). The soil temperature and soil 

moisture sensors were placed directly in the ground on opposite sides of the microsite 

(approximately 20 cm apart) and at least 4 cm from other sensors to avoid interference. 

The anemometer was staked near the center of the microsite. All the sensors delivered 

data to a Micro Station Data Logger established 1 m away from the microsite; the data 

logger was mounted on a vinyl gutter pipe 30 cm above the ground (Pyatt et al. 2016). 

To record all microclimate variables, we launched the Micro Station Data Loggers 

using HOBOware Pro software (version 3.3.0), and set each to record in 15-minute 

intervals. For wind speed, data loggers averaged automatically over each 15-minute 

interval from one minute observations. Gust speeds were designated as the highest wind 

speed over any 3 second period within each 15-minute logging interval (Pyatt et al. 

2016). On Tibbs Butte, all 20 Micro Station Data Loggers began recording on August 2, 

2014 at 12:00am MST and were stopped on September 5, 2014 at 11:45pm MST. On 

Mutiny Ridge, all 20 Micro Station Data Loggers began recording on August 2, 2015 at 

12:00am MST and were stopped on September 5, 2015 at 11:45pm MST. The recording 

duration was 35 days at both study areas for each year. 

Data Analysis  
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We used R (version 3.2.4, R core team 2016) to conduct all statistical analyses. 

For response variables (i.e., air temperature, percent relative humidity, soil temperature, 

soil moisture, wind speed, and gust speed) at each microclimate weather station, we 

computed the following statistics prior to data analysis: (1) daily minimum, mean, and 

maximum for air temperature, percent relative humidity, soil temperature, and soil 

moisture, (2) daily mean and maximum for wind speed, and (3) daily maximum for gust 

speed.  

Model selection. We began the process of estimating growing season 

microclimatic parameters by microsite type at each study area by fitting intercept (𝑦 =

	𝛽F + 	𝜖), linear (𝑦 = 	𝛽F +	𝛽I𝑥 + 	𝜖), and quadratic (𝑦 = 	𝛽F +	𝛽I𝑥 +	𝛽K𝑥K + 	𝜖) 

models to each response variable statistic at each station. In these models, y corresponds 

to the response variable statistic, x corresponds to time (in days), 𝛽’s are parameter 

estimates, and 𝜖 are residuals (i.e., model errors; the distances between each data point 

and the model in the y-direction). To determine which model type best explained the 

general behavior of each response variable statistic throughout the recording interval, we 

calculated Akaike’s Information Criterion (AIC) scores for each model at each station, 

and selected the one with the lowest AIC score (i.e., the most parsimonious model type) 

over the majority of stations. By study area, we used the best fitting model for its 

associated response variable statistic for the remainder of the analysis.  

Bootstrapped linear regressions. At this point, we deviated from the statistical 

methods of Pyatt et al. (2016), and selected an approach that precludes a priori 

assumptions about each response variable’s underlying distribution. Once a model type 

had been selected for a given response variable statistic, we performed a bootstrapped 
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linear regression of each response variable statistic (𝑦) by time (𝑥, in days) for each 

microsite type at each study area—that is, we (1) fit a model to each response variable 

statistic for each microsite type; (2) harvested the predicted values (the y predictions by 

day for each response variable statistic) and residuals (model errors) by microsite type; 

(3) for each of 5000 iterations, sampled randomly with replacement from the microsite-

specific residuals and added them to the predicted values to generate 20,000 bootstrapped 

samples, 5000 for each microsite type; and (4) fit a model to each bootstrapped sample (n 

= 5000 models per microsite type).   

Parameter estimates. The bootstrap regression resulted in 5000 models per 

microsite type per response variable statistic, each predicting its corresponding response 

variable statistic in terms of time (date from Aug. 2 (𝑡F) to Sept 5 (𝑡?)). For these models, 

the total area under the curve (A) over the duration of the recording interval is equivalent 

to the predicted seasonal average (𝐹<57<F;7>) (Eq. 1).  

 𝐹<57<F;7> = 	
𝐴

𝑡? −	𝑡O
	  

(1) 

To estimate the microclimatic conditions at a given microsite type over the recording 

interval, we integrated each model with respect to time, and divided the integral by the 

total change in time (35 days). The calculation for estimating seasonal microclimatic 

conditions from an intercept model takes the following form: 

 
𝐴 = 	 (𝛽F)𝑑𝑡

4Q

4R
 intercept (2) 

 𝐴 = [	𝛽F 𝑡? − 𝑡F 	] intercept (3) 
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 𝐹<57<F;7> = 	
1

𝑡? −	𝑡O
	[	𝛽F 𝑡? − 𝑡F 	] intercept (4) 

 𝐹<57<F;7> = 	𝛽F intercept (5) 

The calculation for estimating seasonal microclimatic conditions form a linear model 

takes the following form:  

 
𝐴 = 	 (𝛽F +	𝛽I𝑡)𝑑𝑡

4Q

4R
 linear (6) 

 
𝐴 = [	𝛽F 𝑡? − 𝑡F +

𝛽I 𝑡?K − 𝑡FK

2 	] linear (7) 

 
𝐹<57<F;7> =

1
𝑡? −	𝑡O

	[	𝛽F 𝑡? − 𝑡F +
𝛽I 𝑡?K − 𝑡FK

2 	] linear (8) 

 
𝐹<57<F;7> = 	𝛽F +	

𝛽I 𝑡? + 𝑡F
2 	 linear (9) 

The calculation for estimating seasonal microclimatic conditions from a quadratic model 

takes the following form: 

 
𝐴 = 	 (𝛽F +	𝛽I𝑡	 +	𝛽K𝑡K	)𝑑𝑡

4Q

4R
 quadratic (10) 

 
𝐴 = [	𝛽F 𝑡? − 𝑡F +

𝛽I 𝑡?K − 𝑡FK

2 +
𝛽K 𝑡?V − 𝑡FV

3 ] quadratic (11) 

 
𝐹<57<F;7> =

1
𝑡? −	𝑡O

	[	𝛽F 𝑡? − 𝑡F +
𝛽I 𝑡?K − 𝑡FK

2 +
𝛽K 𝑡?V − 𝑡FV

3 ] quadratic (12) 

 
𝐹<57<F;7> = 	𝛽F +

𝛽I 𝑡? + 𝑡F
2 +

𝛽K 𝑡?K + 𝑡?𝑡F + 𝑡FK

3  quadratic (13) 

This process generated four sampling distributions for each response variable statistic, 

one corresponding to each microsite type. Then, we calculated the mean of each sampling 

distribution to identify the parameter estimate for each microclimatic condition at each 
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microsite type. Finally, we used the 0.025 and 0.975 quantiles of each sampling 

distribution to determine the lower and upper boundary, respectively, of the 95% high 

density interval (HDI).  

Assessing bias. We employed the model selection, bootstrap regression, and 

integration to maximize the likelihood of achieving accurate parameter estimates for 

microclimate in each microsite type. To assess how our estimates differed from simply 

calculating the crude global mean (i.e., taking the mean of the raw data for each microsite 

over the entire recording interval), we subtracted the crude mean from our estimated 

seasonal average (𝐹<57<F;7>) by microsite during each iteration of the bootstrap 

regression. This process resulted in a sampling distribution of 5000 biases for each 

microsite type. We calculated the mean of each sampling distribution to identify the 

parameter estimate for the bias in each microclimatic condition at each microsite type. 

We used the 0.025 and 0.975 quantiles of each sampling distribution to determine the 

lower and upper boundary, respectively, of the 95% high density interval (HDI).  

Parameter estimates for mean differences. We calculated pairwise mean 

differences in seasonal microclimatic conditions between microsite types by subtracting 

the bootstrap regression-derived sampling distributions from one-another. For example, 

we calculated the difference in daily minimum air temperature from August 2nd through 

September 5th between whitebark pine and Engelmann spruce on Tibbs Butte by 

subtracting the sampling distribution corresponding to whitebark pine from the sampling 

distribution of Engelmann spruce. This calculation resulted in a distribution of mean 

differences between whitebark pine and Engelmann spruce. Once this had been done for 

each pairwise comparison at each study area, we calculated the mean of each mean-
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difference-in-seasonal-microclimatic-condition sampling distribution to identify its 

corresponding parameter estimate. We made Bonferroni adjustments based on the 

number of pairwise comparisons to determine which sampling distribution quantiles to 

use as the HDI lower and upper boundaries. The formula for these adjustments is: 𝐻𝐷𝐼 =

	𝛼/𝑛, where 𝑛 is the number of pairwise comparisons; our 𝛼 for all analyses in this study 

was 0.05. Comparisons among our four microsite types resulted in six pairwise 

comparisons, so we estimated the 99.17% HDI by calculating the 0.0042 and 0.9958 

quantiles of each sampling distribution as the lower and upper boundary. For all pairwise 

difference estimates, we concluded that seasonal microclimatic conditions did not differ 

(i.e., no mean difference) if the estimated HDI included zero.  

Parameter estimates for microclimatic variability. To assess variability in each 

response variable statistic by microsite, we calculated the standard deviation (SD) of each 

of the 20,000 sets of residuals derived from the bootstrap regression. For this, we 

followed the following process: We (1) fit a model to each response variable statistic for 

each microsite type, (2) harvested the residuals (model errors) by microsite type, (3) for 

each of 5000 iterations, sampled randomly with replacement from the microsite-specific 

residuals, and (4) calculated the standard deviation of each set of residuals (n = 5000 per 

microsite type). This process resulted in four sampling distributions corresponding to the 

variability in each response variable statistic, one corresponding to each microsite type. 

Then, we calculated the mean of each sampling distribution to identify the parameter 

estimate for the variability of each microclimatic condition at each microsite type. We 

used the 0.025 and 0.975 quantiles of each sampling distribution to determine the lower 

and upper boundary, respectively, of the 95% high density interval (HDI).  
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Microclimatic variability mean difference parameter estimates. As we had 

done mean difference parameter estimates between microsite types, we calculated mean 

differences in seasonal microclimatic variability by subtracting the bootstrap regression-

derived sampling distributions of standard deviations from one-another. In doing so, we 

achieved a sampling distribution of mean differences in variability for each response 

variable statistic by microsite type. Once this had been done for each pairwise 

comparison for each study area, we calculated the mean of each mean-difference-in-

seasonal-microclimatic-condition-variability sampling distribution to identify its 

corresponding parameter estimate. As with previous pairwise difference HDIs, we made 

Bonferroni adjustments based on six pairwise comparisons. We estimated the 99.17% 

HDI by calculating the 0.0042 and 0.9958 quantiles of each sampling distribution as the 

lower and upper boundary. For all pairwise difference estimates, we concluded that the 

variation in seasonal microclimatic conditions did not differ (i.e., no mean difference) if 

the estimated HDI included zero. 

Results 

Raw data for all daily response variable statistics are displayed in Figs. 3.3a and 

3.3b. Figs 3.4a and 3.4b display model selection results for those data. Additionally, 

density plots for all raw daily response variable statistics are displayed in Appendix B, 

Figs. B.2a and B.2b. For stand-alone parameter estimates and 95% HDIs regarding 

seasonal microclimatic conditions, see Appendix B, Figs. B.3a and B.3b, and Appendix 

B, Tables B.1 through B.5 for tabulated values. Biases for those parameter estimates are 

represented in Appendix B, figs. B.4a and B.4b. The primary results of this study, 

pairwise mean difference parameter estimates for microclimatic conditions (effect sizes), 
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are displayed in figures 3.5a and 3.5b, and their corresponding values are tabulated in 

Appendix B, Tables. B.6 through B.10. For parameter estimates and 95% HDIs regarding 

the variability of seasonal microclimatic conditions, see Appendix B, figures B.5a and 

B.5b, or Appendix B, Tables. B.11 through B.15 for tabulated values. Finally, pairwise 

mean difference parameter estimates for microclimatic variability (effect sizes) can be 

found in figures 3.6a and 3.6b; their corresponding values are also tabulated in Appendix 

B, Tables. B.16 through B.20.  

Air Temperature 

The minimum, mean, and maximum daily air temperatures at Tibbs Butte 

decreased over the course of the growing season, but not linearly; air temperature 

declines were amplified later in the season following a quadratic curve (Figs. 3.3a and 

3.4a). At Mutiny Ridge, the minimum, mean, and maximum daily air temperature were 

consistent over time following an intercept model (Figs. 3.3b and 3.4b). In general, 

Mutiny Ridge experienced higher minimum daily air temperatures than Tibbs Butte (Figs 

3.3a, 3.3b, 3.5a, 3.5b; Appendix B: B.3a, B.3b, and Tables B.1 and B.6). 

We found no differences in mean daily air temperature by microsite at either 

study area (Figs. 3.5a, 3.5b; Appendix B: Figs. B.3a, B.3b, and Tables B.1 and B.6). At 

Tibbs Butte, we found that whitebark pine and Engelmann spruce microsites had warmer 

maximum daily air temperatures than rock microsites. We also found whitebark pine 

microsites had warmer maximum daily air temperatures than unprotected microsites. For 

Mutiny Ridge, we found significant differences between rock and unprotected microsites; 

rocks had a lower minimum and higher maximum daily air temperature than that of 

unprotected microsites.  
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Our assessments of variability in seasonal microclimatic conditions revealed that 

whitebark pine microsites experienced significantly greater variability in maximum daily 

air temperature than rock microsites at both study areas (Fig. 3.6a and 3.6b; Appendix B: 

Fig. B.4a and B.4b, and Tables B.11 and B.16).  

Percent Relative Humidity 

For daily percent relative humidity on Tibbs Butte, the minimum and mean 

decreased over the course of the growing season following a quadratic curve; maximum 

daily percent relative humidity held relatively constant (Figs. 3.3a and 3.4a). The general 

trends for those response variable statistics were identical on Mutiny Ridge (Figs. 3.3b 

and 3.4b). In general, Tibbs Butte experienced higher minimum and mean daily percent 

relative humidity than Tibbs Butte (Figs 3.3a, 3.3b, 3.5a, 3.5b; Appendix B: B.3a, B.3b, 

and Tables B.2 and B.7). 

Pairwise differences for minimum, mean, and maximum daily percent relative 

humidity on Tibbs Butte revealed several significant differences (Fig. 3.5a; Appendix B: 

Fig. B.3a, and Tables B.2 and B.7). First, we found that whitebark pine microsites had a 

higher minimum and lower maximum daily percent relative humidity than that of rock 

microsites and Engelmann spruce microsites. Second, we found unprotected microsites 

had higher minima and lower maxima for daily percent relative humidity compared to 

rock and Engelmann spruce microsites. Third, Engelmann spruce microsites had a higher 

mean daily percent relative humidity than whitebark pine and unprotected microsites. 

Finally, we found Engelmann spruce microsites had the highest maximum daily percent 

relative humidity compared to all other microsites.  
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We found no differences in minimum and mean daily percent relative humidity by 

microsite on Mutiny Ridge (Fig. 3.5b; Appendix B: Fig. B.3b, and Tables B.2 and B.7). 

However, whitebark pine microsites had the lowest daily maximum percent relative 

humidity compared to all other microsite types.  

Our assessments at Tibbs Butte revealed that whitebark pine microsites 

experienced significantly less variability in mean and maximum daily percent relative 

humidity than rock and Engelmann spruce microsites, which in turn had significantly less 

variability in maximum daily percent relative humidity compared to unprotected 

microsites (Fig. 3.6a; Appendix B: Fig. B.4a, and Tables. B.12 and B.17). At Mutiny 

Ridge, we found that whitebark pine microsites experienced significantly more variability 

in maximum daily percent relative humidity than rock microsites (Fig. 3.6b; Appendix B: 

Fig. B.4b, and Tables. B.12 and B.17).  

Soil Temperature 

Mirroring air temperature trends, the minimum, mean, and maximum daily soil 

temperature at Tibbs Butte decreased over the course of the growing season, but not 

linearly; declines were amplified later in the season following a quadratic curve (Figs. 

3.3a and 3.4a). For soil temperature on Mutiny Ridge, the minimum and mean were 

relatively consistent over the course of the growing season, but the maximum daily 

percent relative humidity decreased following a quadratic curve (Figs. 3.3b and 3.4b). In 

general, Mutiny Ridge experienced higher minimum daily soil temperatures than Tibbs 

Butte (Figs 3.3a, 3.3b, 3.5a, 3.5b; Appendix B: B.3a, B.3b, and Tables B.3 and B.8). 

At Tibbs Butte, the mean daily soil temperature in whitebark pine microsites was 

lower than that of Engelmann spruce microsites (Fig. 3.5a; Appendix B: Fig. B.3a, and 
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Tables B.3 and B.8). We also found that the daily minimum soil temperature in 

Engelmann spruce and rock microsites was higher than that of unprotected microsites. 

For daily maximum soil temperature, we found Engelmann spruce microsites to be 

warmer than rock microsites.  

The minimum and mean daily soil temperature at Mutiny Ridge was significantly 

higher for whitebark pine microsites than for subalpine fir and unprotected microsites 

(Fig. 3.5b; Appendix B: Fig. B.3b, and Tables B.3 and B.8). We also found that the 

minimum and mean daily soil temperatures in rock microsites were warmer than that of 

unprotected microsites. We found the minimum daily soil temperature was greater in 

rock microsites than that of subalpine fir microsites. 

Our assessments of seasonal microclimatic variability at Tibbs Butte revealed no 

significant differences by microsite type for mean daily soil temperature. However, we 

found the minimum daily soil temperature in whitebark pine microsites varied more than 

unprotected microsites. We also found the maximum daily soil temperature in whitebark 

pine microsites varied more than any other microsite type throughout the season (Fig. 

3.6a; Appendix B: Fig. B.4a, and Tables B.13 and B.18). We also found the maximum 

daily soil temperatures varied more in Engelmann spruce microsites than in rock 

microsites.  

At Mutiny Ridge, unprotected microsites varied significantly more than rock 

microsites for minimum, mean, and maximum soil temperature (Fig. 3.6b; Appendix B: 

Fig. B.4b, and Tables B.13 and B.18). For mean and maximum daily soil temperature, we 

found that whitebark pine microsites experienced greater variability than rock microsites. 

We also found whitebark pine microsites varied less than subalpine fir and unprotected 
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microsites for minimum daily soil temperature. Finally, we found that subalpine fir 

microsites were more variable in minimum daily soil temperature than rock microsites.  

Soil Moisture 

Throughout the course of the growing season on Tibbs Butte, the minimum and 

mean daily soil moisture increased following a quadratic curve; the maximum daily soil 

moisture held constant (Figs. 3.3a and 3.4a). Conversely, on Mutiny Ridge the minimum, 

mean, and maximum daily soil moisture decreased linearly over the course of the season 

(Figs. 3.3b and 3.4b).  

Every pairwise comparison for minimum, mean, and maximum soil moisture on 

Tibbs Butte revealed a significant difference, establishing a clear hierarchy (Fig. 3.5a; 

Appendix B: Fig. B.3a, and Tables B.4 and B.9). Whitebark pine microsites experienced 

the lowest minimum, mean, and maximum daily soil moisture, followed by rock, 

unprotected, and Engelmann spruce microsites. At Mutiny Ridge, however, whitebark 

pine microsites did not experience the driest conditions. In fact, whitebark pine microsites 

experienced higher soil moisture levels than subalpine fir microsites (Fig. 3.5b; appendix 

B: Fig. B.3b, and Tables B.4 and B.9). Additionally, whitebark pine microsites 

experienced higher daily minimum soil moisture than unprotected microsites. We also 

found rock microsites had higher minimum and mean daily soil moisture than that of 

subalpine fir microsites.  

We found that whitebark pine microsites experienced the most variable maximum 

daily soil moisture at Tibbs Butte, followed by Engelmann spruce, unprotected, and rock 

microsites, respectively (Fig. 3.6a; Appendix B: Fig. B.4a, and Tables B.14 and B.19). 

Results for minimum and mean daily soil moisture showed that whitebark pine and 
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Engelmann spruce microsites had greater variability than rock and unprotected 

microsites. 

For Mutiny Ridge, results were the same for minimum, mean, and maximum soil 

moisture variability, with whitebark pine microsites experiencing more variability than 

any other microsite type assessed (Fig. 3.6b; Appendix B: Fig. B.4b, and Tables B.14 and 

B.19). Rock microsites experienced more variability than subalpine fir and unprotected 

microsites. 

Wind and Gust Speed 

The minimum, mean, and maximum daily wind and gust speeds at Tibbs Butte 

increased linearly over the course of the growing season (Figs. 3.3a and 3.4a). At Mutiny 

Ridge, minimum, mean, and maximum wind and gust speeds increased, but the increases 

were amplified later in the season following a quadratic curve (Figs. 3.3b and 3.4b). In 

general, Mutiny Ridge experienced greater mean and maximum wind speeds, and greater 

maximum gust speeds, than Tibbs Butte (Figs 3.3a, 3.3b, 3.5a, 3.5b; Appendix B: B.3a, 

B.3b, and Tables B.5 and B.10). 

On Tibbs Butte, we observed whitebark pine and Engelmann spruce microsites 

experienced the lowest wind and gust speeds across every statistic assessed (Fig. 3.5a; 

Appendix B: Fig. B.3a, and Tables B.5 and B.10). Rock microsites experienced lower 

mean and maximum daily wind speeds compared to unprotected microsites.  

At Mutiny Ridge, our analysis revealed no significant differences for daily mean 

wind speed or maximum daily gust speed (Fig. 3.5b; Appendix B: Fig. B.3b, and Tables 

B.5 and B.10). Interestingly, we found maximum daily wind speeds were significantly 
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greater in subalpine fir microsites compared to whitebark pine, rock, and unprotected 

microsites.  

Our assessments of variability of microclimatic conditions at Tibbs Butte revealed 

that Engelmann spruce experienced the least variability in daily mean and maximum 

wind speeds relative to any other microsite type (Fig. 3.6a; Appendix B: Fig. B.4a, and 

Tables B.15 and B.20). For daily maximum gust speed, we found that whitebark pine 

experienced greater variability than all other microsite types.  

At Mutiny Ridge, we found that unprotected microsites had more variable mean 

daily wind speeds than whitebark pine, subalpine fir, and rocks (Fig. 3.6b; Appendix B: 

Fig. B.4b, and Tables B.15 and B.20). We also found that microsites protected by 

subalpine fir experienced greater maximum daily wind speed variability than rock-

sheltered microsites. For maximum daily gust speed, we found that subalpine fir 

microsites had the most variable conditions. Finally, we found whitebark pine microsites 

had less variable maximum daily gust speeds than unprotected microsites.  

Discussion  

Our primary objective for this study was to determine whether whitebark pine’s 

prevalence as a tree island initiator in many Rocky Mountain ATEs was attributable to a 

leeward microclimate that ameliorated the extreme ATE environment. We hypothesized 

that microsites leeward of whitebark pine would experience (1) higher minimum and 

lower maximum growing season air and soil temperatures, (2) higher percent relative 

humidity and soil moisture, and (3) lower wind and gust speeds compared to other 

conifers and nurse objects.  
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We found that whitebark pine leeward microsites did not consistently provide the 

most moderate leeward microclimate. Rather, differences in microclimatic conditions by 

microsite type depend substantially on general climatic conditions at each study area. At 

Tibbs Butte, where soil moisture was higher and increased later in the season, we found 

that whitebark pine microsites experienced the lowest minimum, mean, and maximum 

daily soil moisture compared to all other microsite types. Conversely, whitebark pine 

microsites were generally more moist than other microsite types at Mutiny Ridge, where 

soil moisture conditions were lower and potentially more limiting for tree survival.  

We also found an inverse relationship between wind and gust speeds and 

microclimate amelioration differences by microsite type. At Tibbs Butte, where wind and 

gust speeds were lower than that on Mutiny Ridge, we found that microsites leeward of 

conifers experienced lower wind and gust speeds compared to rocks and unprotected 

sites. At Mutiny Ridge, however, extreme wind and gust speeds precluded microsite 

ameliorative effects. 

When comparing biophysical attributes in microsites leeward of whitebark pine, 

Engelmann spruce (Picea engelmannii), rocks, and in unprotected (exposed) microsites, 

Pyatt et al. (2016) found whitebark pine and Engelmann spruce microsites experienced 

higher daily soil temperature minima, lower daily soil temperature maxima, lower daily 

photosynthetically active radiation (PAR), and lower daily mean wind speeds than rock 

or unprotected microsites. Our findings were in line with Pyatt et al. (2016) in that the 

minimum daily soil temperatures were higher leeward of Engelmann spruce, but did not 

find evidence for minimum soil temperature moderation by whitebark pine. In fact, we 

observed generally higher levels of soil temperature variability in whitebark pine 
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microsites compared to other microsites. For wind/gust speeds, our findings at Tibbs 

Butte are in line with those observed by Pyatt et al. (2016); conifers significantly 

ameliorated mean and maximum daily wind speeds, as well as maximum daily wind 

speeds. However, at Mutiny Ridge, where the ATE experienced significantly greater 

wind/gust speeds than Tibbs Butte, our results deviated from their general findings. 

Finally, our results also agree with Pyatt et al. (2016) in that Engelmann spruce may 

produce a somewhat more favorable microclimate than whitebark pine in regards to mean 

daily wind speeds. 
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Tables and Figures 

 
Figure 3.1. Research study areas in the Greater Yellowstone Ecosystem. Study areas 

include, Tibbs Butte, Shoshone National Forest, WY (44°56'46.48" N, 109°26'39.76" W), 
and Mutiny Ridge, Shoshone National Forest, WY (42°35'33.56" N, 108°58'07.44" W). 

Map created using ggmap package in R (Kahle and Wickham 2013).  
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Figure 3.2. Microclimate weather station. The weather station is established in an 
unprotected (exposed) microsite on Mutiny Ridge. Photocredit: Elizabeth Pansing. 
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Figure 3.3a. Time series plots for Tibbs Butte. Plots display raw response variable statistics 

for all biophysical variables at Tibbs Butte. Circles are daily averages for each weather 
station, and lines are daily averages for each microsite type. 
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Figure 3.3b. Time series plots for Tibbs Butte. Plots display raw response variable 

statistics for all biophysical variables at Mutiny Ridge. Circles are daily averages for each 
weather station, and lines are daily averages for each microsite type. 
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Figure 3.4a. Best model fits for each response variable statistic at Tibbs Butte. 
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Figure 3.4b. Best model fits for each response variable statistic at Mutiny Ridge. 
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Figure 3.5a. Parameter estimates for mean differences in microclimate at Tibbs Butte. Violin 

plot displaying bootstrapped sampling distributions (curves), estimates (open circles), and 
99.17% HDIs (lines) for pairwise mean differences in seasonal microclimatic conditions 
by microsite type at Tibbs Butte. R = Rock, P = Pine, U = Unprotected, and S = Spruce. 

Asterisks (*) denote significant differences. 
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Figure 3.5b. Parameter estimates for mean differences in microclimate at Mutiny Ridge. Violin 
plot displaying bootstrapped sampling distributions (curves), estimates (open circles), and 
99.17% HDIs (lines) for pairwise mean differences in seasonal microclimatic conditions 
by microsite type at Mutiny Ridge. R = Rock, P = Pine, U = Unprotected, and F = Fir. 

Asterisks (*) denote significant differences. 
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Figure 3.6a. Microclimatic variability mean difference parameter estimates for Tibbs 
Butte. Violin plot displaying bootstrapped sampling distributions (curves), estimates 
(open circles), and 99.17% HDIs (lines) for pairwise mean differences in seasonal 

microclimatic standard deviations by microsite type at Tibbs Butte. R = Rock, P = Pine, 
U = Unprotected, and S = Spruce. Asterisks (*) denote significant differences. 
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Figure 3.6b. Microclimatic variability mean difference parameter estimates for Mutiny 
Ridge. Violin plot displaying bootstrapped sampling distributions (curves), estimates 

(open circles), and 99.17% HDIs (lines) for pairwise mean differences in seasonal 
microclimatic standard deviations by microsite type at Mutiny Ridge. R = Rock, P = 

Pine, U = Unprotected, and F = Fir. Asterisks (*) denote significant differences. 
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Appendix B 

 
Figure B.1. Nurse object widths, lengths, and heights. To estimate each, we bootstrapped 

for 5000 iterations to generate a sampling distribution of mean widths, lengths, and 
heights. We calculated the mean of each sampling distribution to identify its parameter 

estimate. We used the 0.025 and 0.975 quantiles of each sampling distribution to 
determine the lower and upper boundary, respectively, of the 95% high density interval 

(HDI). Estimates are indicated by open circles, and lines delineate 95% HDIs.  
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Figure B.2a. Density plots for raw biophysical variables at Tibbs Butte. 
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Figure B.2b. Density plots for raw biophysical variables at Mutiny Ridge. 
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Figure B.3a. Parameter estimates for microclimate at Tibbs Butte. Violin plot displaying 
bootstrapped sampling distributions (curves), estimates (open circles), and 95% HDIs 

(lines) of seasonal microclimatic conditions by microsite type at Tibbs Butte. 
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Figure B.3b. Parameter estimates for microclimate at Mutiny Ridge. Violin plot displaying 
bootstrapped sampling distributions (curves), estimates (open circles), and 95% HDIs 

(lines) of seasonal microclimatic conditions by microsite type at Mutiny Ridge. 
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Figure B.4a. Parameter estimates for biases: Tibbs Butte. Violin plot displaying bootstrapped 
sampling distributions (curves), estimates (open circles), and 95% HDIs (lines) of bias by 

microsite type at Tibbs Butte. Bias is the difference between the seasonal climactic 
estimates derived from modelling and the aggregate temporal mean. 
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Figure B.4b. Parameter estimates for biases: Mutiny Ridge. Violin plot displaying 

bootstrapped sampling distributions (curves), estimates (open circles), and 95% HDIs 
(lines) of bias by microsite type at Mutiny Ridge. Bias is the difference between the 

seasonal climactic estimates derived from modelling and the aggregate temporal mean. 
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Figure B.5a. Parameter estimates for microclimatic variability at Tibbs Butte. Violin plot 

displaying bootstrapped sampling distributions (curves), estimates (open circles), and 
99.17% HDIs (lines) of standard deviations in seasonal microclimatic conditions by 

microsite type at Tibbs Butte. 
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Figure B.5b. Parameter estimates for microclimatic variability at Mutiny Ridge. Violin plot 
displaying bootstrapped sampling distributions (curves), estimates (open circles), and 
99.17% HDIs (lines) of standard deviations in seasonal microclimatic conditions by 

microsite type at Mutiny Ridge. 
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Table B.1. Air temperature bootstrapped parameter estimates and 95% HDIs. TB = Tibbs 
Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = Engelmann spruce, SF = 

Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.2. Percent relative humidity bootstrapped parameter estimates and 95% HDIs. 
TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = Engelmann spruce, 

SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.3. Soil temperature bootstrapped parameter estimates and 95% HDIs. TB = 
Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = Engelmann spruce, SF = 

Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.4. Soil moisture bootstrapped parameter estimates and 95% HDIs. TB = Tibbs 
Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = Engelmann spruce, SF = 

Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.5. Wind and gust speed bootstrapped parameter estimates and 95% HDIs. TB = 
Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = Engelmann spruce, SF = 

Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.6. Air temperature bootstrapped mean difference parameter estimates and 
99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = 

Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.7. Percent relative humidity bootstrapped mean difference parameter estimates 
and 99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = 

Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.8. Soil temperature bootstrapped mean difference parameter estimates and 
99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = 

Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.9. Soil moisture bootstrapped mean difference parameter estimates and 99.17% 
HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = Engelmann 

spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.10. Wind and gust speed bootstrapped mean difference parameter estimates and 
99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = 

Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.11. Air temperature standard deviation bootstrapped parameter estimates and 
95% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = 

Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.12. Percent relative humidity standard deviation bootstrapped parameter 
estimates and 95% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, 

ES = Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.13. Soil temperature standard deviation bootstrapped parameter estimates and 
95% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = 

Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.14. Soil moisture standard deviation bootstrapped parameter estimates and 95% 
HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = Engelmann 

spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.15. Wind and gust speed standard deviation bootstrapped parameter estimates 
and 95% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark pine, ES = 

Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.16. Air temperature standard deviation bootstrapped mean difference parameter 
estimates and 99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark 
pine, ES = Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.17. Percent relative humidity standard deviation bootstrapped mean difference 
parameter estimates and 99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = 
Whitebark pine, ES = Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = 

Unprotected. 
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Table B.18. Soil temperature standard deviation bootstrapped mean difference parameter 
estimates and 99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark 
pine, ES = Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.19. Soil moisture standard deviation bootstrapped mean difference parameter 
estimates and 99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = Whitebark 
pine, ES = Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = Unprotected. 
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Table B.20. Wind and gust speed standard deviation bootstrapped mean difference 
parameter estimates and 99.17% HDIs. TB = Tibbs Butte, MR = Mutiny Ridge; WB = 
Whitebark pine, ES = Engelmann spruce, SF = Subalpine fir, RK = Rock, and UN = 

Unprotected. 
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