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Lichens play many important roles in subarctic terrestrial ecosystems by fixing nitrogen, 

colonizing rock and gravel, stabilizing otherwise bare soil, adding significantly to 

vegetation biodiversity and serving as the primary food for caribou in the winter. In these 

chapters, I analyzed lichen community and ecological trait structure along environmental 

gradients, map lichens using some of their unique spectral properties to generate lichen 

maps and study caribou habitat selection patterns in relation to lichens and other habitat 

variables. 

Morphological and life history traits of lichens influence their ecological roles 

through physiological limitations imposed by their form and photobionts, the algal or 

cyanobacterial partner. In chapter 2, I analyzed the lichen traits in relationship to 

environmental gradients, other forms of vegetation and time since fire in Denali National 

Park and Preserve, Alaska. Lichens with different photobionts reached different maxima 

along environmental gradients, these corresponding to variable water availability or 

specific biotic factors thought to favor that photobiont. Green algal lichens were most 

abundant in the alpine whereas cyanolichens peaked where shrub cover increased. 



 

  

 

 

 

 

 

 

 

 

Tripartite lichens were most abundant in middle elevation, mossy areas. Lichen growth-

forms peaked along desiccation and water absorption gradients. Lichens with small 

vegetative propagules were most abundant in lowland forests. Recent fire favored simple, 

Cladonia-form lichens with soredia that grow on wood whereas erect branched fruticose 

lichens, the “reindeer lichens”, had only partially recovered 20-100 years after fire. These 

results imply interacting forces of water regulation, dispersal and optimum conditions for 

photosynthesis drive lichen trait frequency and abundance. 

The fungal partner within the lichen symbiosis produces many unique compounds 

that are often brightly colored. Other studies have attempted to map lichens using their 

distinctive spectral properties but no study has yet to target specific lichen compounds in 

order to better model lichen cover. In chapter 3, I focused on one yellow lichen 

compound, usnic acid, as the target for modeling lichen cover using Landsat 7 ETM+ 

satellite data. Usnic lichen cover had non-linear relationships with the three best 

predictors; elevation, blue and near-infrared bandpasses. Using these three predictors, I 

generated an usnic lichen map for Denali, which I use in chapter 4 for analyzing caribou 

habitat selection. I also modeled and mapped other vegetation groups corresponding to 

caribou diet items used later. My results show that some lichens may be directly mapped 

from space by targeting this specific compound produced by the fungus. 

Caribou depend on lichens for up to 66% of their winter diet but other factors, 

such as snow, affect their access to the lichens. In chapter 4, I analyzed caribou habitat 

selection over 20 years in Denali using vegetation maps from chapter 3, climate data and 

other environmental variables. Over the two-decade period, caribou selected middle 



 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

elevation, open areas with high graminoid cover and earlier snow-free dates. As each 

winter progressed, caribou aggregated where there was higher lichen cover and earlier 

snow-melt. Caribou selected habitat differently between years, which I collapsed into 

three different habitat/year groups: (1) years where most animals were in low elevation, 

flat terrain where there was low lichen and conifer cover but high graminoid and shrub 

cover with variable snow; (2) years caribou went to middle elevations with deeper snow 

and rugged terrain and moderate graminoid and lichen cover; and (3) years where caribou 

were dispersed west in low elevation woodlands with high lichen cover. My results show 

interacting factors determine caribou habitat selection at multiple spatial scales, 

specifically the importance of open, tussock tundra and long-term trends in snow melt at 

long time scales and lichen and snow-melt at shorter time scales. 

This research improves our understanding of the regional distribution and 

abundance of lichens in relation to higher plants, fire, and caribou. 
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LICHEN COMMUNITIES AND CARIBOU HABITAT IN DENALI 5 
NATIONAL PARK AND PRESERVE, ALASKA, USA. 6 

CHAPTER 1: INTRODUCTION 7 
 8 

Scientists have long sought to explain patterns in vegetation for both practical and 9 

theoretical purposes. Such knowledge better informs society to both manage vegetation 10 

itself and understand interactions between animals and their habitat. Vascular plants have 11 

been the primary focus of most plant community ecologists but in high latitude 12 

ecosystems, non-vascular plants, such as lichens, can be the dominant form of vegetation 13 

(Kershaw 1978). The conclusions from ecological studies of vascular plant communities 14 

are not always applicable to lichen communities (Pharo	  et	  al.	  1999) and studies in lichen 15 

dominated ecosystems have resulted in understanding the unique physiological and 16 

ecological roles lichens play (e.g. Larson & Kershaw 1976). These chapters add to the 17 

literature on lichen community ecology by exploring lichen traits in relationship to the 18 

environment and disturbance (chapter 2), developing new methods for mapping lichens 19 

based on remote sensing and ground sampling (chapter 3) and probing the relationship 20 

between caribou locations and lichens over a 20-year period (chapter 4). 21 

Lichen community ecology in the subarctic. Lichens form one of the 22 

largest groups, estimated at over 20,000 species globally (Schmit & Mueller 2007), 23 

within a major lineage of fungi, the ascomycetes. Most lichens form from a single fungal 24 

partner combining with a green algae or cyanobacteria and occasionally all three 25 



2 1 

(Ahmadjian & Hale 1973). Lichens play important ecological roles in subarctic 1 

terrestrial ecosystems by stabilizing and adding nitrogen to soil (Crittenden 1983), 2 

contributing 3 

to vegetation biodiversity and biomass (Lange et al. 1998) and serving as the primary 4 

winter food for caribou (Heggberget et al. 1992). The ecological strategy of lichens is, in 5 

general, “stress-tolerance” (Grime 1977), making them most common in relatively harsh 6 

environments, such as rocky, thin soils (Kershaw 1978). However, global climate change 7 

may threaten lichens in the subarctic because as temperatures increase, trees and shrubs 8 

are expected to encroach into lichen rich habitats (Cornelissen et al. 2001; ACIA 2005). 9 

Fire regimes may also change with warmer temperatures, which in turn may diminish 10 

lichen abundance (Joly et al. 2009). In chapter 2, I analyzed subarctic lichen community 11 

structure looking for relationships between lichen’s functional traits and environmental 12 

and disturbance gradients in Denali National Park and Preserve, Alaska, laying the 13 

foundation for subsequent chapters that focus on different aspects of lichen ecology.  14 

 Mapping lichens. Lichens come in a wide variety of colors by virtue of 15 

different pigments produced by the fungus (Rikkinen 1995), many of which make lichens 16 

spectrally distinct from any other vegetation (Gauslaa 1984). Lichen pigmentation has 17 

aided in mapping lichens using remotely sensed electromagnetic signatures of lichen 18 

covered rocks (Zhang et al. 2005) and ground-dwelling lichen communities (Théau et al. 19 

2005). Usnic acid, a yellowish pigment, occurs in many lichen species, including those 20 

that are important to caribou winter diet (Heggeberget et al 1992).  In chapter 3, I 21 

describe a novel approach to modeling lichen cover using remote sensing and ground 22 



 3 

sampling of usnic acid-containing lichens to generate a lichen map for Denali. I also built 1 

models and maps for other vegetation groups, based on regional sampling (Roland et al. 2 

2012), to paint a picture of the landscape from the perspective of caribou diet choices. 3 

These vegetation maps enabled the study of forage resources in winter habitat selection 4 

by caribou (Rangifer tarandus), the focus of chapter 4. 5 

Caribou and lichens. Lichens constitute up to 66% of the dry weight of forage 6 

consumed by a caribou each winter (Heggberget et al. 1992). Shifts in vegetation 7 

resulting from global climate change may reduce terricolous lichen cover (Cornelissen et 8 

al. 2001) thereby limiting winter caribou forage resources. In chapter 5, I used 20 years of 9 

caribou location data based on aerial surveys of caribou locations by the US. Geological 10 

Survey in Denali (Adams & Roffler 2010).  I analyzed these data in relationship to 11 

lichen, snow and other environmental variables to assess the importance of different 12 

habitat factors in predicting caribou presence in the winter. 13 

 These three chapters take different angles on the theme of lichen ecology but they 14 

are unified in their focus on a single group of organisms in one place, Denali National 15 

Park and Preserve. Denali has been the laboratory for many scientific endeavors since its 16 

creation. My research adds to that body of research by describing the lichen communities 17 

in detail, mapping lichen cover and connecting caribou habitat selection to lichens. 18 

 19 
 20 
 21 
 22 
 23 
 24 
 25 
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CHAPTER 2: TERRESTRIAL LICHEN COMMUNITY AND TRAIT 6 
ASSOCIATIONS WITH ENVIRONMENT AND DISTURBANCE IN 7 

A SUBARCTIC LANDSCAPE 8 
 9 

 10 

 11 

Peter R. Nelson, Bruce McCune, Carl Roland and Sarah Stehn 12 
 13 

 14 

 15 

 16 

 17 

 18 

 19 
 20 
 21 
 22 
 23 

 24 

 25 

 26 
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 2 

Abstract. Lichens play many important roles in arctic and subarctic terrestrial 3 

ecosystems. We sought to understand controls over their distribution and cover by 4 

evaluating how functional groups of terrestrial lichens sharing important traits 5 

(photobionts, growth forms, vegetative propagules and substrate affinity) respond to 6 

environmental gradients and disturbance at a landscape scale. Green algal lichen species 7 

richness peaked in rocky, high elevation areas. Conversely, cyanolichen richness was 8 

positively related to shrub cover and tripartite lichens richness was highest in areas with 9 

higher moss cover and lower pH. Fruticose lichens of most types also peaked in richness 10 

in high elevation, rocky habitats. Foliose lichen richness reached its maximum in a 11 

broader zone at middle elevations corresponding to increasing habitat diversity. Lichens 12 

with the smallest vegetative propagules (soredia) peaked in richness in low elevation, 13 

Picea mariana forests, corresponding to the wood dwelling and epiphytic lichen maxim. 14 

Fire reduced erect branched fruticose growth form (mostly “reindeer lichen”) cover, even 15 

more than 20 years afterward. Recently burned areas had higher fruticose, lignicolous, 16 

simple-Cladonia form and cyanolichen richness in comparison to unburned forests 17 

nearby. Green algal and lignicolous lichen diversity was lower in old burns than 18 

unburned areas, despite the rest of the lichen community being similar.  19 

Keywords.  Alaska, Denali, fire, growth form, photobiont, substrate affinity, 20 

vegetative dispersal 21 

 22 
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Introduction.  Lichen communities in the subarctic provide critical ecosystem 3 

functions by colonizing primary successional surfaces (Cutler 2010), fixing nitrogen 4 

(Crittenden 1983), significantly contributing to terrestrial vegetation biodiversity and 5 

biomass (Lange et al. 1998) and providing critical winter forage to caribou (Heggberget 6 

et al. 1992). Global climate change may threaten lichens in these ecosystems through 7 

increased soil temperatures (Cornelissen et al. 2001; ACIA 2005), changes in fire regime 8 

(Joly et al. 2009), and consequent changes in woody vegetation (Cornelissen et al. 2001). 9 

Warmer soils may facilitate expansion of trees and shrubs into lichen-rich habitats 10 

(Cornelissen et al. 2001) thereby displacing lichens. A trend towards larger and more 11 

frequent fires may also suppress terrestrial lichen biomass thereby threatening caribou 12 

winter forage resources (Jandt et al. 2008; Joly et al. 2009, 2010).  13 

Lichens are thought to be limited to relatively harsh environments, such as rocky, 14 

gravelly or sandy substrates because of their “stress-tolerant” life strategy, which 15 

minimizes competition with vascular plants (Grime 1977). For this reason, soil 16 

coarseness is a good predictor of lichen community structure (Holt et al. 2007). 17 

Additionally, many lichens have specific substrate preferences such as rotting wood or 18 

epiphytic habits and therefore increasing substrate diversity can positively influence 19 

lichen species richness. Disturbances such as fire can also alter lichen community 20 

structure and overall lichen abundance (Kershaw 1978). These environmental and 21 



 7 

disturbance gradients provide the context in which we expand on traditional indirect 1 

community analyses by incorporating lichen traits. 2 

Many studies of subarctic lichen communities focused on environment and 3 

disturbance in relation to lichen community structure (Robinson et al. 1989; Holt et al. 4 

2007, 2008) or division of the lichen community into very basic traits, such as crustose, 5 

fruticose and foliose growth forms (Robinson et al. 1989; Stanton & Horn 2013). 6 

Previous studies using the distribution of functional traits to understand lichen 7 

community structure showed epiphytic lichen photobionts and growth-forms varied 8 

among forests along climatic (Ellis & Coppins 2006; Giordani et al. 2012) and land-use 9 

gradients (Stofer et al. 2006; Giordani et al. 2012). Another study presented evidence that 10 

microhabitat, vegetative and sexual propagules and lichen chemistry varied among lichen 11 

communities along an elevation gradient (Ellis & Coppins 2006; Rapai et al. 2012; 12 

Giordani et al. 2012). Our study builds upon these studies by sampling a diverse 13 

terricolous lichen community across a large area with a much higher density of plots. We 14 

selected readily accessible lichen traits of primary physiological and ecological 15 

importance. This includes their energy and nitrogen source, determined by the 16 

photobiont; water regulation as influenced by the growth form and dispersal ability as 17 

determined by vegetative propagules. We analyze these lichen traits aggregated to 18 

communities in the hope that trait filtering by the environment will help to point us 19 

toward physiological and morphological controls of lichen community structure.  20 

Lichens can be coarsely divided by photobiont (the photosynthetic partner in the 21 

symbiosis) into green algae, cyanobacteria or both (tripartite). The lichen photobiont is 22 



 8 

critical because it is the energy source for the symbiosis. Differences between 1 

photobionts determine many physiological tolerances that may in turn strongly determine 2 

lichen community patterns (Ellis & Coppins 2006). For example, green algal lichens can 3 

photosynthesize with many forms of water, allowing them to tolerate less frequent or 4 

lower intensity precipitation whereas cyanobacterial lichens need liquid water (Lange et 5 

al. 1986).  Conversely, cyanobacterial and tripartite lichens have a nutritional advantage 6 

because of their ability to fix nitrogen (Crittenden 1983), whereas lichens with green 7 

algae must obtain nitrogen passively from the environment.  8 

As in all organisms, mode of dispersal is also important. Because lichens are poor 9 

competitors with vascular plants (Grime 1977), dispersal to new habitat patches vacated 10 

by plants is necessary for many lichens; we expect that some species produce asexual 11 

propagules to maximize colonization opportunities. Lichens often disperse via specialized 12 

vegetative propagules, which eliminates the need for a sexual fungal spore to encounter 13 

and reassociate with the algal or cyanobacterial partners. Larger dispersal propagules can 14 

travel shorter distances and are often found in stable environments, such as old growth 15 

forests (Sillett et al. 2000) but are thought to be more robust to suboptimal conditions at 16 

the colonization site. However, smaller dispersal propagules are numerous and can travel 17 

farther.  18 

Morphological variability has been shown to confer different physical abilities 19 

important to lichen growth and survival, such as water absorption (Larson 1984; Stanton 20 

& Horn 2013) or desiccation (Larson & Kershaw 1976). Increased surface area improves 21 

lichen’s water absorption capabilities but at the cost of desiccating too quickly or too 22 



 9 

much whereas thicker or a more dense thallus decreases desiccation rates. The ratio of 1 

thallus surface area to mass is therefore a good measure of lichen’s water absorption vs. 2 

desiccation strategy (Larson & Kershaw 1976). However, measuring these two properties 3 

of each lichen species is prohibitively intensive. Instead, we use growth forms divided 4 

into categories similar to those used in studies that did measure surface area and mass 5 

(Larson & Kershaw 1976). 6 

Most lichens grow primarily on one type of substrate (e.g. wood, rock, bark, etc.), 7 

although substrate fidelity varies depending on the species and habitat. Nonetheless, we 8 

chose substrate affinity as a trait because it can drive lichens responses to environmental 9 

changes. For example, in the subarctic forests, bare downed woody substrates are most 10 

frequent in the decades after fire, before being swallowed up by a thick mat of mosses. 11 

Lichen populations respond rapidly to these substrate dynamics (Yahr et al. 2013). 12 

Similarly, exposed gravel and rock abound after glacial retreat but gradually disappear 13 

under a blanket of soil and organic matter. 14 

To further explore the variation in lichen traits and community structure, we 15 

studied terricolous lichen communities on over 800 plots sampled during a recently 16 

completed vegetation monitoring dataset covering over 2 million hectares (Roland et al. 17 

2012). We include all terricolous or ground-dwelling macrolichens and those epiphytes 18 

that occurred on logs or at the base of trees and shrubs. We focus part of our analysis on 19 

time since fire in relation to lichen communities and traits. In general, fire immediately 20 

decreases lichen abundance (Holt et al. 2008; Joly et al. 2009), as they are not resistant to 21 

fire. However, the habitats created by fire may create new substrates for lichens to 22 



 10 

occupy or open previously occupied areas for lichen colonization. We pose the following 1 

hypotheses, each given as a testable statement followed by a possible primary mechanism 2 

that might produce the suggested pattern: 3 

 4 

1. Lichens with different photobionts will peak in richness and cover in habitats with 5 

different desiccation and moisture regimes, because green algae and 6 

cyanobacteria have different photosynthetic tolerances to many environmental 7 

gradients, especially liquid water availability. 8 

2. Lichens with the smallest vegetative propagules (soredia) will be positively 9 

associated with recent fire because having soredia allows lichens to quickly 10 

colonize new substrates post-fire. 11 

3. Lichens growth forms will have different richness maxima along environmental 12 

gradients, because growth form controls important physiological processes such 13 

as water absorption and desiccation. 14 

4. Erect branched fruticose lichens (“reindeer lichens”) will be less abundant after 15 

recent burns, because they have higher surface area to mass ratios, making them 16 

more susceptible to desiccation; furthermore, they lack soredia to disperse into 17 

recently burned areas. 18 

5. Overall species richness will be positively related to the amount of rock, gravel 19 

and mineral soil because lichens are poor competitors against vascular plants, and 20 

vascular plants are suppressed on rocky or coarse-textured soils. 21 

 22 
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 1 

Methods 2 

Study area. We studied the lichen community in Denali National Park and 3 

Preserve (hereafter “Denali”), which encompasses roughly 2.4 million hectares in central 4 

Alaska (Figure 2.1A; Roland et al. 2012).  Our study area included 1.28 million hectares 5 

(Figure 2.1B) of the Park located north of the Alaska Range. These mountains bisect 6 

Denali along a northeast/southwest line, north of which is a predominantly continental 7 

climatic regime influenced by polar air masses. Between 1971 and 2000, the mean annual 8 

precipitation (rain + snow) was 38.1 cm, mostly in the form of summer rain (Shulski & 9 

Wendler 2007). Average annual snowfall was 206 cm, with peak snow depths in 10 

November and December. The average temperatures in July and January were 12.7 and - 11 

16.5 °C, respectively (Sousanes 2008). 12 

At the lowest elevations (ca. 100 m), vegetation in Denali is primarily boreal 13 

forests and taiga giving way to shrublands at middle elevations and alpine tundra, with 14 

bare rock and ice at the highest elevations. Lichens are most abundant in alpine tundra, 15 

windswept ridges or lowland open conifer forests, but terricolous lichens also occur in 16 

most habitats except for dense, broadleaf forests, alder thickets or extremely unstable 17 

rock environments, such as scree or active river terraces. Permafrost is discontinuous in 18 

Denali, where it is sporadic in south-exposed terrain and new floodplain deposits and 19 

grading to continuous polygons in lowland basins and north-exposed terrain.  20 

Vegetation data. We collected vegetation measurements and environmental 21 

data using a nested systematic grid design based on a 100 m grid with a random starting 22 
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position (see Roland et al. 2012). Plots were clustered in groups of 25, called mini-grids 1 

(Figure 2.1C), selected systematically from the 100 m base grid. Spacing among mini- 2 

grids was 20 km (Figure 2.1B) except in two areas: 1) a 6 km buffer along the park road 3 

and 2) in the Toklat basin ecoregion subsection where mini-grid spacing was intensified 4 

to 10 km. Within each mini-grid, plots were positioned at 500 m intervals in each 5 

cardinal direction (Figure 2.1C). A single plot was a 16 m diameter circle (Figure 2.1D). 6 

Fewer than 25 plots were sampled in some mini-grids due to inaccessibility (e.g. plots 7 

located in lakes or on a cliff face). Sampling occurred between 2001 and 2010. 8 

We measured species cover using two methods: 1) point intercept along transects 9 

for vascular plants and 2) ocular estimation of cover in quadrats for lichens and mosses. 10 

The point intercept method was used along two perpendicular transects (Figure 2.1D), 11 

one 16 m long running east to west and the other segmented into two 6 m long segments 12 

oriented north to south with a 2 m gap centered on the middle of the plot. Vascular plant 13 

species presence was recorded at each intersection of the transect and an imaginary line 14 

extended vertically from the ground to the top of the tree canopy. We read transects in 15 

three different horizontal spacing categories (30, 40 or 50 cm) depending on the stature of 16 

the vegetation. For plots in forests, 50 cm spacing was used whereas in shrublands, a 40 17 

cm spacing, and alpine tundra, a 30 cm spacing was used. Plant species cover was 18 

calculated as the percentage of the transect points where each species was present at any 19 

vertical stratum directly above the transect tape (absolute percent cover). Plant cover was 20 

then aggregated by growth forms, including tree, shrub, dwarf shrub, forb, graminoid, 21 
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fern, horsetail, lycophyte and moss. Trees were also assigned cover by species and broad- 1 

leaved or coniferous categories.  2 

Moss cover was estimated by species to the nearest 1% within in a series of four 1 3 

m2 quadrats per plot (Figure 2.1D), averaged by species across a plot. To interpret 4 

patterns of lichens in response to the moss community, we aggregated moss species cover 5 

into growth forms (see Stehn et al. 2010) including: 1) rough mat (small to medium 6 

sized, horizontally sprawling but rough-textured plants forming mats, e.g. 7 

Brachythecium); 2) smooth mat (small to medium sized, horizontally sprawling but 8 

smooth-textured plants forming mats, e.g. Hypnum); 3) short turf (vertically oriented, 9 

small plants forming turfs, e.g. Bryum); 4) tall turf (vertically oriented, medium to tall 10 

plants forming turfs, e.g. Dicranum or Sphagnum); 5) small cushion (small to medium 11 

sized, cushion-forming plants, e.g. Orthotrichum); 6) thread-like (small, filamentous 12 

plants, e.g. Calliergon stramineum); and 7) weft (medium to large plants forming dense 13 

horizontal mats, e.g. Hylocomium and Pleurozium).  14 

Lichen cover, traits and diversity measures. We estimated macrolichen species 15 

cover in the same way as mosses. Microlichens (very small species) and macrolichens on 16 

trees or shrubs > 0.5 m above ground level were excluded. Microlichens were excluded 17 

because they need a voucher for each species at each plot and require intensive 18 

microscopic or chemical analyses for identification. Epiphytes were excluded because 19 

forests only occur in part of the Denali landscape. We calculated lichen species richness, 20 

Shannon and Simpson diversity indices, evenness and total lichen cover for each plot. 21 
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We scored functional traits for each species: 1) associated photobiont; 2) mode of 1 

vegetative dispersal; 3) growth form; and 4) substrate preference. Each trait was 2 

represented by a binary variable where membership to a trait group of was indicated by a 3 

1 or 0. Each species could only have one state (mutually exclusive) for each trait. This 4 

resulted in a total of 19 trait variables. Photobiont trait variables included green algae, 5 

cyanobacteria or both (tripartite). To classify lichens by vegetative dispersal ability, we 6 

used the following categories: any vegetative reproductive propagules (soredia or isidia), 7 

lichens with soredia (small, dust-like particles of fungal and algal tissue) or those with 8 

isidia/detachable squamules (corticate particles of fungal and algal tissue usually larger 9 

than soredia). We assigned species to the following growth forms:  foliose (flattened), 10 

fruticose (filamentous, stalked or branched) and squamulose (small flattened granules). 11 

Within the foliose group, we further differentiated between 3-dimensional (3D) species, 12 

such as Cetraria islandica, and appressed species (e.g. Peltigera). Within the fruticose 13 

group, we differentiated between erect forms (very branched, upright thallus, e.g. 14 

Cladonia arbuscula), simple Cladonia-form (small pointed or cupped stalks, e.g. 15 

Cladonia chlorophaea) and sprawling filamentous (thread-like growing bushy or tufted, 16 

e.g. Bryoria). The squamulose growth form was further divided. We assigned each lichen 17 

species to one substrate affinity group based on our field experience: epiphytes (growing 18 

on trees or shrubs), lignicoles (wood dwelling), saxicoles (growing on rocks) or terricoles 19 

(growing on the ground). Epiphytes below 0.5 m on a stem were included as terricoles 20 

because most terricoles are not found above this level on trees and shrubs. 21 
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We then aggregated lichen species-level trait data to a plot x trait matrix in two 1 

ways. First, we summed the number of species with each trait in each plot, yielding 2 

species richness in a matrix of 569 plots x 19 traits. Each element in this matrix 3 

represents the number of species with a given trait in a given plot. Second, we summed 4 

the cover of all species with a given trait for each plot yielding cover in a matrix of 569 5 

plots x 19 traits. Each element in this matrix represents the total cover of all species with 6 

a given trait in a given plot. 7 

Environmental covariates. We used a set of environmental variables to relate 8 

patterns in lichen community structure and trait richness and cover to habitat attributes. 9 

Those variables measured at plot center included plot slope, elevation, latitude and 10 

longitude. Variables collected on transects (in the same manner as vegetation cover on 11 

transects) included bare ground, down woody debris, litter and water. Quadrat-level 12 

measurements were averaged to the plot level and included bare, gravel, litter, rock and 13 

woody debris. Average and maximum soil depth was calculated from depth 14 

measurements taken by driving a 1.5 m long steel rod into each of the four corners of 15 

each quadrat. Quadrat slope was measured with a clinometer. One shallow soil pit (ca. 15 16 

cm deep) was dug at the ends of each of the transects (four pits total/plot) wherein the 17 

litter, living mat and organic mat depths were measured. Mineral soil samples (whenever 18 

possible) were taken from each pit, aggregated and analyzed in the lab for percent carbon, 19 

nitrogen and particulate fractions <2 mm and ≥2 mm. Carbon to nitrogen ratio was  20 

calculated from these data.  21 
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Variables calculated in a GIS included total annual solar radiation, annual summer 1 

solar radiation, summer solar radiation broken into three blocks (April-May, June-July, 2 

August-September) and average snow-free date. Solar radiation received by each plot 3 

was calculated using the Solar Analyst tool (Dubayah & Rich 1995) in ArcGIS 10.0 4 

(Redlands, CA, USA: Environmental Systems Research Institute 2010), which uses input 5 

variables of slope angle, aspect, latitude, sun angles, and surrounding topography (Rich et 6 

al. 1994) based on a 60-m digital elevation model (DEM) from the National Elevation 7 

Dataset (NED). Snow-free dates were calculating using the Snowmap algorithm (Hall et 8 

al. 2001), resulting in an average Julian date which each 30 m pixel from a Landsat scene 9 

in which a plot landed changed from snow covered to snow-free (Macander & Swingley 10 

2012). Aspect off 180° (absolute value of degrees away from south) was calculated in a 11 

database and equivalent latitude (Dingman & Koutz 1974) calculated in R (R 12 

Development Core Team 2009). A total of 59 environmental variables were used. 13 

Plots used in analysis. Summary statistics of lichen species cover and plot 14 

total lichen cover indicated highly variable species totals and plot totals, both of which 15 

can strongly influence community analyses (McCune & Grace 2002). To avoid undue 16 

emphasis on nearly empty plots we removed plots from subsequent analyses with either 17 

or both low cover and combinations of a few common species with low cover using 18 

hierarchical agglomerative cluster analysis with Euclidean distance and Ward’s linkage 19 

(McCune & Mefford 2011). Based on the cluster dendrogram, we deleted 290 plots that 20 

grouped together on a single, long arm of a very short branch with 96% information 21 

remaining. Deleted plots were primarily steep scree slopes, barren river bars, deep shrub 22 
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thickets, wetlands/aquatic environments or very dense deciduous forests, all of which had 1 

very low lichen cover and no unique lichen communities. We used the remaining matrix 2 

of 569 plots with 160 lichen species to calculate measures of overall and trait diversity 3 

and cover.  4 

 A previous study of arctic lichen communities found an overwhelming signal of 5 

rockiness when they included saxicolous lichens in their analyses (Holt et al. 2007). 6 

Because we wished to see beyond whether or not a plot was rocky, we further limited the 7 

species matrix to include only terricolous lichens. Rare species also add noise to analyses 8 

of community structure (McCune & Grace 2002), so after calculating diversity statistics, 9 

we deleted those species occurring on fewer than 5% of plots, leaving a matrix of 569 10 

plots x 54 species. We then used a generalized log10 transformation (b = log(x+xmin) - 11 

log(xmin), where xmin is the smallest positive value in the data set; McCune & Mefford 12 

2011) of species cover to diminish the influence of occasional large values and to 13 

enhance the signal from minor species. 14 

 15 

Fire dataset. To analyze variation in lichen community structure in response to 16 

different aged fires, we randomly resampled the full pool of plots (n = 569) stratified by 17 

burn category including unburned (no fire in the last 100 years, n = 20), recent burns (fire 18 

since 1982, n = 12) and old burns (fires between 1901-1982, n = 20). Old burns were 19 

determined by reviewing direct evidence of fire, such as burned logs, charcoal in the soil, 20 

etc.  (Roland et al. 2012). This strategy emphasizes the signal from time since burn at the 21 

cost of reducing the sample size. Although resampling was random, we prioritized 22 
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unburned plots close to old and recent burned plots, so as to minimize confounding with 1 

other habitat factors that are correlated with probability of burning. As almost all fires in 2 

Denali occurred in forests, we only used unburned plots classified as “Forest” (Viereck et 3 

al. 1992) to avoid comparison of unburned shrublands and tundra. We again only used 4 

lichens classified as “terricoles” in the fire analysis to minimize the influence of strictly 5 

epiphytic or lignicolous species.  6 

 7 

Analyses. We used non-metric multidimensional scaling (Kruskal 1964) (NMS) 8 

in PC-ORD to analyze lichen community structure with both the full (n = 569 plots) and 9 

fire dataset (n = 52 plots). We used the “slow and thorough” NMS autopilot setting, 10 

Sørensen distance and no penalty for ties in the distance matrix (Kruskal’s strategy 1). 11 

We used the built-in randomization test to evaluate whether the final stress was lower 12 

than expected by chance. To interpret environmental and trait relationships with the 13 

ordination, we overlaid the second matrix of environmental variables and traits and 14 

calculated the linear correlations between them and the ordination axes. We generalized 15 

log10 transformed some environmental variables or traits whose correlations with NMS 16 

axes improved r2 by at least 0.05 after transformation. Some second matrix variables had 17 

nonlinear relationships with NMS axes or had moderately strong relationships with more 18 

than one axis. A linear correlation between these variables and NMS axes would 19 

therefore be a misrepresentation. For these situations, we used non-parametric 20 

multiplicative regression (NPMR) (McCune 2006) in HyperNiche (McCune & Mefford 21 

2009) to describe nonlinear relationships of variables with the ordination axes. NPMR 22 
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can recover nonlinear response surfaces and automatically represents interactions among 1 

predictors (NMS axes in this case) using multiplicative weights with a kernel smoother. 2 

We used NPMR with a Gaussian kernel, forward stepwise variable selection, 3 

simultaneously optimizing the smoothing parameters (tolerances) for both NMS axes 4 

included in the model. We used the “medium” over-fitting settings and 3% allowable 5 

missing estimates and regressed each environmental and trait variable against each NMS 6 

axis separately and all possible combinations of two axis models (e.g. Axes 1 & 3, 1 & 2 7 

and 2 & 3). We only retained NPMR models if they improved r2 by at least 0.05 above 8 

linear correlation and only used two-axis models if they improved the r2 by at least 0.05 9 

above a one-axis model. For those variables where the NPMR models were used, we 10 

graphed the fitted response surface against the NMS axes. For two-predictor response 11 

surfaces, we overlaid contours on the ordination, in each case dividing the range of 12 

estimated response into 10 contours for comparability between surfaces. To overlay 13 

multiple nonlinear responses at once on the ordination, we introduce a new overlay 14 

method, the “hilltop plot”. For each overlay variable, we traced the second-highest 15 

contour (Figure 2.2A), then superimposed them on one ordination. The resulting diagram 16 

shows the maxima of many nonlinear overlay variables (in our case traits and 17 

environmental variables) in a single figure (Figures 2.2A, B & D). 18 

Our sampling design likely includes spatial autocorrelation (Roland et al. 2012) 19 

because plots within a mini-grid may be more similar simply because they are closer to 20 

each other. However, there is no adequate way to disentangle spatial autocorrelation and 21 

community structure data without losing ecologically relevant data. We tested the amount 22 
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of spatial autocorrelation left after ordinating plots in lichen species space by using a 1 

partial Mantel test, which measures the correlation between two matrices while 2 

controlling for linear relationships with a third matrix. We used the full species matrix as 3 

the main matrix, the UTM coordinates of each plot as the second (geographic) matrix and 4 

the NMS axes for each plot as the control matrix. We used Sørensen distance for the 5 

main matrix and Euclidean distance for UTMs and ordination scores. The standardized 6 

Mantel statistic (-1 ≤ r ≤ 1) after controlling for the NMS axes indicates how much 7 

spatial autocorrelation remains after accounting for the ordination structure. 8 

We tested whether lichen communities differed between burn categories using 9 

Multiple Response Permutation Procedure (Mielke & Berry 2007) (MRPP), Sørenson 10 

distance and the same matrix used for the NMS. MRPP produces an effect size of the 11 

difference between groups, the A statistic, which is equal to 1 if the members of each 12 

group are exactly the same. We also assessed differences between burn categories in 13 

lichen community traits using one-way analysis of variance (ANOVA) of in R. Variables 14 

with differences of p ≤ 0.05 between fire categories were plotted with boxplots in the 15 

ggplot2 package (Wickham 2009). 16 

 17 

Results. The ordination of the full set of plots with terricolous lichen species 18 

(569 plots with 54 lichen species) yielded a stable 3-dimensional solution (final stress = 19 

16.7; randomization test, p = 0.004). Axis 1 represented almost a third of the community 20 

variation (r2 = 0.31) and was most strongly related to an environmental gradient from 21 

acidic soils and lower moss cover to more basic soils and higher rough mat moss cover 22 
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(Figure 2.2B; Table 2.2). Acidic soils and low moss cover were associated with high 1 

lichen cover and species richness dominated by terricolous, green algal, fruticose 2 

(including filamentous and erect branched) and foliose species (mostly 3D foliose). More 3 

basic soils and rough mat mosses were associated with low lichen cover but more 4 

tripartite, appressed foliose lichens species (Figure 2.2B, D & E, Table 2.2).  5 

Axis 2 (r2 = 0.27) represented an environmental gradient from rocky and gravelly, 6 

steep, high elevation plots with later snow beds and short turf mosses to low elevation, 7 

forested plots with deep, weft moss mats and organic mats with earlier snow melt. Lichen 8 

traits and diversity measures related to axis 2 changed from species rich and diverse 9 

saxicolous and terricolous communities at the rocky end to less diverse communities with 10 

more lignicolous, epiphytic and sorediate lichen species at the low-elevation forested end 11 

(Figure 2.2B-D, Table 2.2).  12 

Axis 3 (r2=0.18, not shown in figures or tables) only represented a weak summer 13 

solar radiation gradient and separated plots with Peltigera aphthosa (r2 = 0.17) in one 14 

direction and P. leucophlebia (r2 = 0.67) in the other. Since axis 3 explained the least of 15 

the variation and no environmental variables had strong correlations with it, we discuss it 16 

no further.  17 

Without controlling for the NMS axes, there was some correlation between UTMs 18 

and the species matrix (r=0.18). However, a partial Mantel test indicated almost no 19 

spatial autocorrelation remaining between the species matrix and UTMs (r=0.01, 20 

p=0.03), after controlling for the NMS axes. Thus most of the spatial autocorrelation in 21 

the species data was related to the environmental gradients described above. 22 
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Influence of fire. The NMS of the fire dataset (52 plots with 40 terricolous 1 

lichens) yielded a 3-D solution (final stress = 13.1, stability < 0.00001, randomization 2 

test, p = 0.004, Figure 2.3). Similar to the full ordination, though reversed in direction, 3 

Axis 1 (r2 = 0.42 ) represented a gradient from lichen communities with higher tripartite 4 

lichen cover but overall low diversity to more diverse lichen communities with more 5 

fruticose, green algal, appressed foliose and terricolous lichen diversity and cover 6 

(Figures 2.4A & C). Axis 2 (r2 = 0.27) represented lower elevation, generally mossy plots 7 

with moderate lichen diversity that hadn’t recently burned grading into more recent burns 8 

with increased litter, downed wood and weft mosses where sorediate and Cladonia-form 9 

lichen richness and cover increased. Soil pH, deciduous tree (especially Populus 10 

tremuloides) and woody debris within quadrats exhibited similar, double-humped shapes 11 

with respect to axis 2 (Figure 2.4A & B). Similar to the full ordination, axis 3 (r2 = 0.16, 12 

not shown in figure) represented a weak solar radiation gradient. Axis 3 explained the 13 

least of the variation and no environmental variables had strong correlations with it, 14 

therefore we did not discuss it further here. 15 

Lichen communities differed between fire categories as a whole (MRPP, A = 16 

0.08, p < 0.0001) but pairwise comparisons between fire categories indicated unburned 17 

and old burns did not differ significantly (A = 0.004, p= 0.26), while recent burns differed 18 

from both old burns and unburned plots. 3D foliose richness and cover was lower in 19 

burns than unburned areas (Figure 2.5A & B) while fruticose richness was highest in the 20 

recent burns but their cover was highest in unburned areas (Figure 2.5C & D). Lignicole, 21 

simple Cladonia-form and sorediate lichen richness and cover were all highest in recent 22 
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burns (Figure 2.5E-J). Cyanolichen richness was also highest in recent burns (Figure 1 

2.5K). Green algal cover was much higher in unburned areas and lowest in old burns 2 

(Figure 2.5L). Erect branched cover was highest in unburned areas and lowest in both old 3 

and recent burns (Figure 2.5M). Shannon’s diversity was highest in recent burns (Figure 4 

2.5N). 5 

 6 

Discussion. Our results reveal strong patterns in lichen community composition 7 

at a landscape scale, with functional groups of these organisms showing diversity and 8 

cover maxima in different segments along the gradients of elevation, moss cover, forest 9 

vs. alpine, soil reaction, woody debris and litter cover. These results yield new insights 10 

into the factors associated with the distribution of these important organisms across an 11 

essentially pristine landscape. This trait-based method of examining lichen community 12 

assembly provides important clues about the suites of specific physiological processes 13 

occurring in different portions of the landscape that affect lichen communities including 14 

desiccation, water absorption, photosynthetic recovery and dispersal.  15 

Photobionts. Our results support the hypothesis that cyanobacterial, tripartite 16 

and green algal lichens have different ecological maxima (Figure 2.2D). We expected this 17 

because photobionts impose different physiological constraints on lichen symbiosis. 18 

Green algal lichen cover and diversity peaked in high elevation, rocky areas with deeper 19 

snow, attributable to green algae’s ability to photosynthesize without liquid water (e.g. 20 

snow or mist) in contrast to cyanolichens (Lange et al. 1986) and their ability to quickly 21 

restart photosynthesis upon rewetting (Groulx & Lechowicz 1987). Surface area also 22 
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likely plays a role in favoring green algal lichens in snowy areas, as most sprawling 1 

filamentous species (e.g. species with high surface area to mass ratio) in Denali possess 2 

green algae (see “Growth Form” discussion).  3 

Cyanobacterial lichen cover peaked at middle elevations where shrub cover was 4 

high (Figure 2.2C). Shrubs provide canopy cover and shading which would keep 5 

humidity higher for cyanolichens living on the ground or on the shrub bases. Moderate 6 

shading can benefit cyanolichens, but dark, closed shrub thickets have few cyanolichens 7 

in Denali. Indeed, cyanolichen richness increases with shrub cover and then drops off as 8 

shrub cover plateaus (Figure 2.2C). Shrub’s physical structure may also deliver liquid 9 

water to cyanolichens via throughfall and stemflow. It is also possible that shrubs, many 10 

of which are in the Salicaceae, chemically enhance cyanolichens with sugar rich leaf 11 

exudate (Campbell et al. 2013), an alternative carbon source that might offset the lichen’s 12 

need to photosynthesize. However, scatterplots between cyanolichen and Salix species 13 

cover show no strong relationship, at least when all plots are included in the comparison. 14 

Several Salix species are very low growing, alpine species (e.g. Salix arctica or S. 15 

reticulata), which may not create the same effect for cyanolichens. 16 

Tripartite lichen diversity (Figure 2.2B) and cover (Table 2.2) peaked where 17 

appressed foliose growth form, rough mat mosses and soil pH also peaked, reflecting the 18 

tendency of Peltigera species and Nephroma species to grow over the top of common 19 

xeric to mesic rough mat mosses (most frequently Abietinella abietina and Rhytidium 20 

rugosum). Tripartite lichens may have an advantage in that situation, since they produce 21 

their own nitrogen in the nutrient-poor moss surface. We observed the rough mat mosses 22 
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are often in open environments where desiccation stress may be higher than optimal for 1 

photosynthesis by cyanobacteria. Tripartite lichens may be favored by their second 2 

photosynthetic partner, green alga, which can utilize more forms of precipitation (e.g. 3 

dew and mist) (Lange et al. 1986) than cyanobacteria. For these reasons, the tripartite 4 

lichen may be the optimal solution for both nutrition and photosynthesis in the nutrient- 5 

poor but open moss mat environment. This explanation assumes that there is some 6 

competitive cost for being tripartite because otherwise it follows that being tripartite 7 

would be the perfect solution for all lichens to be able to deal with different suites of 8 

nutrient, water and light conditions, which is certainly not the case. The cost of tripartism 9 

maybe that the cyanobacteria become heterotrophic, which would increase the sugar 10 

production burden on the green photobiont (Henskens et al. 2012). 11 

Vegetative Dispersal. Our results support the hypothesis that sorediate lichens 12 

would be positively associated with recent fire. Asexual dispersal propagules, such as 13 

soredia and isidia, facilitate wider dispersal than sexual spores (Bowler & Rundel 1975), 14 

which must encounter the right photobiont to reassociate into a new lichen. Soredia are 15 

readily moved by wind, birds and insects, all of which favor vegetative propagules 16 

reaching trees and logs. However, we did not sample the full suite of epiphytic lichens 17 

rather only noting those that occurred in below 0.5 m on trunks and stems of shrubs and 18 

trees. Despite this, we believe the pattern of more epiphytic species having soredia than 19 

terricolous species would be sustained had we done so, based on our experience 20 

elsewhere in Alaska in similar forests and another study that also found more sorediate 21 

lichens occurring in forests vs. alpine (Rapai et al. 2012). However, terricolous species 22 
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also reproduce asexually (Table 2.2) and by fragmentation (Heinken 1999) so the 1 

difference in the number of sorediate species between substrates is a matter of degree. 2 

Nonetheless, it is a significant finding to see a major form of vegetative dispersal being 3 

so clearly associated with lichens specific to a few substrates. Lobulate or isidiate lichens 4 

were not correlated with the ordination but in other studies, lichens with these larger 5 

dispersal propagules were associated with old growth forests (Sillett et al. 2000). Old, 6 

stable environments may be less frequent or absent in Denali. There are also relatively 7 

few lobulate and isidiate lichens in Denali, which may also explain why this trait was not 8 

strongly correlated with the ordination. 9 

Growth Form. Variation in lichen growth forms represent varying adaptations 10 

to solving the problems of water regulation while balancing other constraints such as 11 

maximizing photosynthetic area (Larson & Kershaw 1976; Lange et al. 1986). Specific 12 

adaptations govern the range of habitats that a member of a given growth form group can 13 

inhabit. As we hypothesized, lichen growth forms had different richness maxima in 14 

relation to environmental gradients. Our results show ecological separation of some 15 

growth forms (3D foliose, appressed foliose and simple-Cladonia form) whereas many 16 

growth forms overlap where lichen species richness peaks (Figure 2.2B & D). We see the 17 

latter as affirmation of the long-standing assertion that most lichens specialize in harsh 18 

drier or rockier environments (Grime 1977) while the former indicates nuanced 19 

ecological differences between growth forms along desiccation and water absorption 20 

gradients.  21 
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Fruticose, erect branched and sprawling filamentous lichen richness all peaked in 1 

high elevation, rocky and gravelly areas where snow persists longer (Figure 2.2B & D). 2 

Fruticose lichens have a high surface to mass ratio (Larson & Kershaw 1976) perhaps as 3 

an adaptation to photosynthesizing under snow or taking advantage of moisture sources 4 

more frequent at high elevations, such as light snow that melts away or dew. If our 5 

supposition about surface area was true, they could quickly absorb enough water to 6 

restart photosynthesis (Groulx & Lechowicz 1987) because most fruticose species in 7 

Denali usually possess green algae, which don’t require liquid water to photosynthesize 8 

as do cyanolichens (Lange et al. 1986). 9 

Simple Cladonia-form lichen richness had a hump-shaped distribution on axis 1 10 

corresponding to peaks in sorediate lichens and low elevation Picea mariana forests 11 

(Figure 2.2B & E). Several common, sorediate simple Cladonias, such as C. chlorophaea 12 

group and C. cenotea (Table 2.2), occur on logs in these habitats, where fire is more 13 

frequent and creates more abundant downed woody substrate (see “Fire dataset” 14 

discussion). We also expect this growth form has much lower surface area per unit mass 15 

than other fruticose species, such as Alectoria or Bryoria (Larson & Kershaw 1976), 16 

which are more abundant at higher elevations (Figure 2.2B & D). This led us to believe 17 

the peak in simple Cladonia-form lichen richness in lower elevations belies this growth 18 

form’s adaptation to higher desiccation stress at warmer, low elevations through reducing 19 

their surface area, at least relative to other, related fruticose species.  20 

 In contrast to fruticose lichens, foliose lichen richness and cover occupied a 21 

broader swath of the ordination (Figure 2.2D). Appressed foliose lichens found their 22 



 28 

optimum at the extreme right side of axis 1 (Table 2.2), opposite of most lichen growth 1 

forms. These foliose lichens may compete better with mosses that often dominate that 2 

ecological space (Figure 2.2B & D). We suspect the surface area to mass of foliose 3 

lichens to be generally lower than fruticose species, although there is significant inter and 4 

intra specific variation of both surface area and mass (Larson & Kershaw 1976). A lower 5 

surface area to mass ratio would confer the ability to retain moisture and thereby tolerate 6 

conditions across a larger swath of ecological space. Foliose lichens may also minimize 7 

desiccation by growing more embedded in the boundary layer than most fruticose lichens 8 

thereby trapping moisture between thallus and substrate. The disadvantage to this growth 9 

form may be slower moisture absorption and therefore a lower capacity to take advantage 10 

of wetting/drying cycles than the more absorbent (high surface area to mass) fruticose 11 

species. The ecological differences in growth forms supports our hypothesis that surface 12 

area explains part of this variation need further testing with an easily collected, 13 

physiologically meaningful measure of water absorption and desiccation for lichens. 14 

Age of Burns. Sorediate lichen richness peaked in areas with recent fires as we 15 

hypothesized, which we attribute to smaller, more mobile dispersal propagules relative to 16 

lichens without specialized vegetative reproduction (Figure 2.3, Figure 2.5I & J). Several 17 

of the common sorediate lichens in recently burned areas were also simple Cladonia- 18 

form and lignicolous (Figure 2.5G & H), such Cladonia cenotea (Table 2.1). We suspect 19 

the soredia of these species promotes dispersal to newly available woody substrates, 20 

while minimizing desiccation stress with a simple-Cladonia growth form (relative to the 21 

erect branched Cladonia species, i.e. “reindeer lichens”). Indeed, our hypothesis was 22 
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supported by our finding that reindeer lichens were less abundant in both old and recent 1 

burns (Figure 2.5M) compared to unburned areas. Previous studies showed the very 2 

branched growth form of these lichens makes them very sensitive to desiccation (high 3 

surface area to mass) which they mitigate by growing in dense mats (Larson & Kershaw 4 

1976). If the erect branched Cladonia mat is disturbed or mostly destroyed by fire, these 5 

lichens may be exposed to levels of desiccation they cannot tolerate. This may be part of 6 

the reason why it can take nearly 50 years to recover to their pre-fire conditions (Coxson 7 

& Marsh 2001; Jandt et al. 2008). Our results support the long regeneration times 8 

published elsewhere (Coxson & Marsh 2001; Jandt et al. 2008), as the old fires in Denali 9 

still had not recovered much erect branched lichen cover (Figure 2.5M). Dispersal 10 

limitation may also play a role as all species of the erect branched growth form in Denali 11 

lack vegetative reproductive propagules, although thallus fragmentation can result in 12 

dispersal. However, thallus fragmentation appears an effective dispersal strategy only for 13 

shorter distances (Heinken 1999), which may in part explain the slow colonization of 14 

recent fires by erect branched “reindeer lichens”.  15 

Substrate conditions may also be important in explaining the reindeer lichen’s 16 

slow post-fire recovery as erect branched lichens tend to be most abundant on rocky or 17 

sandy soils but aren’t the first species to colonize such substrates (Coxson & Marsh 18 

2001). Rather, they often occur in open woodlands where there is some organic matter 19 

accumulation over the top of these well-drained rocky soils (Kershaw 1978). For this 20 

reason, we also suspect that soil conditions post-fire where much of the organic matter 21 

was consumed or somehow altered also excluded erect branched lichen establishment.  22 
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Variation in other environmental variables between study areas, such as average 1 

monthly temperature, may explain why others have found more rapid recovery of lichen 2 

diversity after fire (Holt et al. 2008). For example, small variations in winter 3 

temperatures can change the probability of lichen occurrence (Glavich et al. 2005). Holt 4 

et al. (2008) reported a peak in lichen diversity 20 years after burns in Bering Land 5 

Bridge National Preserve, Alaska, which has a maritime climate and may account for the 6 

faster recovery in lichen communities. Fire intensity may be another reason for 7 

differences between regeneration times, although none of the studies we found measured 8 

this in relations to the lichen community. 9 

Shannon diversity increased after recent fires (Figure 2.5N) because fruticose, 10 

lignicolous, simple Cladonia-form, cyanolichen richness all increased (Figures 2.5C, E, 11 

G & K). We interpret this increase in Shannon diversity as fires creating many 12 

unoccupied surfaces for lichens to colonize, including rock, soil and wood. Some species, 13 

such as Cladonia botrytes (Table 2.2) are thought to be transient and adapted to fire 14 

(Yahr et al. 2013) so perhaps other species are also.  15 

The interaction between vegetative dispersal, photobiont and growth form traits 16 

created an unexpected outcome of increased cyanolichen richness after fire. A cyanobiont 17 

allows a lichen to fix its own nitrogen, which would be an advantage in this situation 18 

because of nitrogen volatilization by fire (Raison et al. 1985). However, this is somewhat 19 

at odds with the tendency of cyanolichens to be more abundant in areas of stable 20 

humidity and temperature (Marini et al. 2011). Forests, after burns, are usually quite open 21 

and thereby receive more sunlight and presumably higher desiccation stress, which we 22 
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would expect to disfavor most cyanolichens. However, desiccation tolerance may not 1 

always be lower for all cyanobacterial lichens in comparison to green algal lichens 2 

(Gauslaa & Solhaug 1996). Indeed, further examination of species specific responses to 3 

fire age showed many cyanobacterial Peltigera species were more abundant after fire. 4 

One common example is the foliose cyanobacterial lichen, Peltigera didactyla (Table 5 

2.2), which commonly colonizes dry, open soil after fire likely due to traits that allow it 6 

to survive in the open, dry post-fire environment, including an appressed foliose growth 7 

form and soredia, which would minimize surface area and thereby desiccation and better 8 

mobility to colonize new substrates.   9 

In our study area, lichen communities in old fires were not significantly different 10 

from those in unburned areas, likely because sufficient time has elapsed allowing 11 

succession to produce lichen communities similar to unburned areas. Despite the 12 

similarities between unburned and old burns, fewer green algal and lignicolous lichens 13 

were found in old burns than in unburned areas (Figure 2.5E & L).  Some lignicoles may 14 

be slower to establish in old burns because woody decay may not have proceeded enough 15 

to create habitat for those lichens that are more frequent on older wood. Old fires may 16 

have also consumed all woody debris, eliminating substrate for lignicoles. Lack of woody 17 

debris or sufficiently decayed wood may also account for the lower number of green algal 18 

lichens in old burns, since these old-wood lignicoles are likely the same species that 19 

occur in unburned areas but have not yet established in old burns. 20 

General patterns in lichen community structure. Overall lichen species 21 

richness peaked where richness for several growth forms overlapped corresponding to 22 
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high elevations where there was more mineral soil, bare ground, gravel and rock and later 1 

snow-melt (Table 2.2, Figure 2.2B & D). These results support our hypothesis and the 2 

accepted theory that lichens are poor competitors and escape to habitats that are too harsh 3 

for vascular plants and most mosses (Grime 1977). Others have found that mineral 4 

substrate texture drives lichen diversity (Holt et al. 2007) and our findings support this, as 5 

bare ground, gravel and rock cover peak where lichen richness peaks (Figure 2.2B, Table 6 

2.2). Lichens have also adapted to photosynthesizing under snow, more so than vascular 7 

plants (Kappen 1993).  8 

 9 

Conclusion. We found green algal fruticose lichen diversity and cover peak in 10 

high elevation areas, possibly capitalizing on the relative absence of competition from 11 

vascular plants, and the ability to use non-liquid water to photosynthesize (Lange et al. 12 

1986), such as snow that persists longer in the alpine. Cyanolichens found a different 13 

optimum that corresponds to higher shrub cover at middle elevation, possibly due to 14 

stable humid environments provided by the shrub canopy or nutrient augmentation by 15 

some shrub’s leaf exudate (Campbell et al. 2013). Tripartite lichens peaked in richness 16 

where appressed lichens also peaked, indicating they may specialize in growing over and 17 

among mosses by fixing their own nitrogen but tolerating higher desiccation stress via a 18 

lower surface area to mass ratio. Having green algae also may allow tripartite lichens take 19 

advantage of non-liquid water to continue photosynthesizing (Lange et al. 1986) and 20 

quickly restart photosynthesis after rewetting (Groulx & Lechowicz 1987). Others have 21 

found environmental separation of photobiont clades within both green algal (Muggia et 22 
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al. 2008) and cyanobacterial lichens (Rikkinen et al. 2002). Our results show a similar 1 

phenomenon at the community and landscape scale. 2 

Lichen growth form richness and overall species richness also peaked in high 3 

elevations but a few growth forms show specializations away from the alpine lichen 4 

richness optima. Those lichen growth forms showing ecological separation were 5 

interpreted as different water absorption/desiccation strategies. Fruticose, erect branched 6 

and filamentous forms may peak in richness at higher elevations because they have 7 

higher surface area allowing them to absorb regular moisture fluxes such as persistent 8 

snow, dew and intermittent snow during snow/melt cycles. Foliose lichens occupied more 9 

ecological space, indicating a broader tolerance of environmental conditions perhaps due 10 

to their ability to cohabitate with mosses and higher desiccation tolerance from having a 11 

lower surface area to mass ratio that fruticose lichens. 12 

Lichens with small vegetative dispersal propagules (soredia) were most frequently 13 

epiphytic and lignicolous because these substrates are patchily distributed. Sorediate 14 

lichen richness was also much higher in recent fires because having these vegetative 15 

dispersal propagules gives the lichens with them better dispersal capabilities to colonize 16 

the newly available substrates created by burns. We did not analyze dispersal via sexual 17 

propagules (ascospores), which have a wide range of shapes, sizes and characteristics. 18 

We believe much of the variation in sexual spore traits is related to environmental 19 

variables at different spatial scales than our data was collected. However, looking at 20 

ascospore traits in a similar fashion could reveal interesting patterns if the proper dataset 21 

was collected. 22 
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Fire elicited several responses in lichen community traits. Sorediate lichens are 1 

more abundant after recent fire perhaps because they have the dispersal mechanisms to 2 

readily reach and colonize new substrate. Many of these sorediate lichens grow primarily 3 

on wood, which is a substrate in abundance post-fire. Erect fruticose lichen may have 4 

decreased in cover because they have a high surface area to mass ratio making them 5 

sensitive to increased desiccation from the opened environment after a fire. This growth 6 

form also seemed maladapted to immediate colonization after fire because, at least in 7 

Denali, the species all lack vegetative dispersal propagules.  8 

 9 
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 10 
 11 
Figure 2.1. Hillshade map of Denali National Park and Preserve and sampling design 12 
with A) Alaska showing position of Denali B) Denali with minigrids C) A single 13 
minigrid D) A plot with two transects and four quadrats. 14 
 15 
 16 
 17 
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 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 

 9 
 10 
Figure 2.2. NPMR of environmental variables and traits overlaid on NMS ordination  11 
axes 1 and 2). A) Example response surface of variable (terricole diversity) regressed 12 
against NMS axes, illustrating “hilltop plot” method of simplifying a response surface to 13 
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allow plotting multiple variables in one diagram (B, D).  Red line in A indicates contour 1 
(second from peak) at which all response surfaces were sliced for display. Bracket 2 
indicates area where model wasn’t able to make an estimate, corresponding to a break in 3 
the red line. B) Hilltop plot of  environmental variables overlaid on the NMS ordination. 4 
C) Variables with nonlinear relationships to Axis 2 alone. D) Hilltop plot of traits 5 
overlaid on the NMS ordination. E) Variables with nonlinear relationships to Axis 1 6 
alone. Only variables with models including Axis 1, 2 or both and xR2 ≥0.2 are shown. 7 
Numbers next to variables indicate xR2 . 8 
 9 

 10 
 11 
Figure 2.3. NMS joint plot of fire terricole dataset (n=52 plots) with overlays of linear 12 
related environmental variables and traits pointing in the direction of increasing values 13 
for each variable. Color coding, perimeters and centroids label plots from each fire age 14 
and their boundaries and geometric centers. Each axis has the amount of variation 15 
explained in parentheses. Abbreviations include “abund.”=cover,  “rich.”=richness, 16 
“Terr”=terricolous and “/”= and. 17 
 18 
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 1 
 2 
Figure 2.4. NPMR of environmental variables and traits against NMS axes from 3 
ordination of the fire dataset (Axis 1 v 2). A) Response surfaces of environmental and 4 
trait variables. B) Variables correlated with Axis 2, with x-axis labeled with pH (upper) 5 
and % cover (lower) ticks. C) Variables correlated with Axis 1 with y-axis ticks labeled 6 
with values for richness, % cover and Simpson and Shannon’s diversity. Only variables 7 
with models including Axis 1, 2 or both and xR2 ≥0.2 are shown. Numbers next to 8 
variables indicate xR2 . See Figure 2A for example response surface of variable regressed 9 
against NMS axes.  10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
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 1 
 2 
Figure 2.5. Boxplots of traits and diversity measures that differed (p ≤ 0.05) between 3 
different age burns in chronological order (recent burn, old burn and unburned) from left 4 
to right in each box, labeled by variable and p-value from one-way ANOVA. Richness is 5 
measured in the number of species on a plot with a given trait and abundance measure in 6 
percent cover. Boxes show the 1st and 3rd interquartile ranges. Whiskers extend to 1.5 x 7 
interquartile range. 8 
 9 
 10 
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 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
Table 2.1: Species list of 54 terricolous lichens sorted by descending frequency on the 14 
569 plots used in ordination with summary statistics including frequency, mean/max/total 15 
percent cover, and traits. Abbreviations: * = sorediate, # = isidiate, “Tripart”= Tripartite, 16 
“Cyano”=Cyanolichens and “Squam.”= Squamulose.  17 
 18 
 19 
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Table 2.2. Environmental or trait variables with linear correlations (r2) and direction with 1 
NMS axes from full terricole dataset (569 plots by 54 species). Blank cells indicate no 2 
linear correlation (r2<0.2) between variables and NMS axis. 3 
 4 

Environmental or trait variable Axis 1 Axis 2 
Appressed cover +0.21  
Conifer cover  0.22+ 
Elevation  0.65- 
Epiphyte cover  0.25+ 
Epiphyte richness  0.24+ 
Erect branched cover -0.6  
Fruticose richness -0.29  
Green algal cover -0.63  
Soil particles <2mm  0.41+ 
Total lichen cover -0.22  
Lignicole cover  0.26+ 
Lignicole richness  0.25+ 
Living mat thickness  0.21+ 
Mineral cover  0.51- 
Soil particles >2mm  0.41- 
Total moss cover  0.36+ 
Organic mat depth  0.38+ 
Quadrat bare cover  0.25- 
Quadrat rock cover  0.51- 
Quadrat slope  0.32- 
Plot slope  0.34- 
Small cushion moss cover  0.36- 
Average snow-free date  0.31- 
Sorediate cover  0.22+ 
Tree cover  0.31+ 
Tripartite cover +0.21  
Weft moss cover   0.33+ 

 5 
 6 

 7 

 8 

 9 
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Abstract. Spatial variation of available food resources can be difficult to 1 

accurately quantify for wide ranging organisms at landscape scales. Lichens with usnic 2 

acid, a yellowish pigment, constitute a large portion of caribou winter diet across much of 3 

their range. We take a new approach of modeling lichen abundances by capitalizing on 4 

unique spectral characteristics of usnic acid lichens. We utilize a recently completed 5 

ground reference vegetation dataset extending over 12,000 km2 in Denali National Park 6 

and Preserve, Alaska to model the abundance of usnic lichen and other forage vegetation 7 

groups. Spectral signatures were obtained for more than 700 vegetation monitoring plots 8 

in Denali from Landsat 7 ETM+ imagery. We fit models of the absolute percent cover of 9 

vegetation groups corresponding to caribou diet items, with a focus on lichens. We used 10 

non-parametric multiplicative regression to capture the non-linear relationships between 11 

vegetation cover and spectral and environmental data. Different groupings of lichen cover 12 

were tried as response variables in addition to usnic lichens to see if other lichen color 13 

groups were more detectable. The best fitting lichen model was for usnic acid lichens, 14 

which explained 37% of the variation using only three predictors (elevation, bands 1 and 15 

7). Elevation had a non-linear, double-humped shaped relationship to usnic lichen 16 

abundance while bands 1 and 7 were positively correlated with usnic lichen cover. These 17 

results support previous spectroradiometric ground measurements that indicated usnic 18 

lichens were distinctive at those wavelengths. Other vegetation groups had models that 19 

explained between 31% to 51% of the variation in cover. Maps of estimated abundance 20 

of usnic lichens and other vegetation groups covering the northern half of Denali were 21 

generated using our models. These maps enable the study of the role of food resources as 22 
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a continuous resource in winter habitat selection by caribou, rather than assuming food as 1 

a coarser, categorical or thematic variable assigned to discrete areas of the landscape as 2 

has been done in most previous studies. 3 

Keywords: lichen, Cladonia, usnic acid, spectral, Rangifer tarandus, forage, 4 

mapping, Landsat 7 5 

 6 

Introduction. It is difficult to conduct detailed habitat studies of highly mobile 7 

terrestrial species whose individuals range over large areas in a single year. To do so, 8 

relevant habitat characteristics must be measured over a wide spatial extent at sufficient 9 

resolution to be biologically meaningful. Caribou (Rangifer tarandus) are excellent study 10 

organisms in this respect. They are also of central importance for subsistence for many 11 

human populations across the northern latitudes, both as wild game and domestic 12 

livestock. Caribou have large home ranges, in some cases migrating over thousands of 13 

miles in a single year (Russell et al. 1993). Caribou respond to many habitat factors but 14 

we focused on one, the abundance of winter food resources at landscape spatial scales. 15 

Caribou need more energy in the winter due to cold temperatures and difficulty of travel 16 

and foraging in snow. Wintering areas therefore often have higher forage abundance (e.g. 17 

Johnson et al. 2000). Most caribou subspecies are similar in that their winter diet is 18 

composed mostly of lichens, often in the genus Cladonia, a terrestrial fruticose 19 

macrolichen common across the high northern latitudes (Heggberget et al. 1992; Russell 20 

et al. 1993; Joly et al. 2007). Increased soil temperatures in northern latitudes are thought 21 

to have caused a decrease in lichen cover caused by tree and shrub expansion 22 
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(Cornelissen et al. 2001; ACIA 2005). We need new tools for measuring large-scale 1 

woody plant encroachment into lichen-rich areas that are critical to caribou diet during 2 

the winter. Such tools would allow us to detect possible changes in forage resources as 3 

well as gain a better understanding of caribou ecology. This paper presents a method to 4 

make continuous vegetation maps for caribou to meet this need. 5 

Some lichens are distinguishable from other elements of the vegetation using 6 

remote sensing data, including use of Normalized Difference Vegetation Index (NDVI) 7 

(Stow et al. 1993). Many lichens species, including Cladonia, are lighter colored and 8 

reflect more light in blue to yellow wavelengths than green vegetation, helping to 9 

distinguish them from other vegetation (Petzold & Goward 1988). Cladonia species eaten 10 

by caribou also commonly contain usnic acid, a pale yellow pigment that is spectrally 11 

distinct and has been suggested as a potentially useful characteristic in remote sensing 12 

(Petzold & Goward 1988; Rees et al. 2004). However, no study has focused on the 13 

continuous mapping of usnic lichens using remotely sensed data.  14 

Previous studies of caribou habitat incorporated food items by mapping them 15 

using remote sensing alone or in combination with other methods (Petzold & Goward 16 

1988; Nordberg & Allard 2002; Bechtel et al. 2004; Théau et al. 2005; Gilichinsky et al. 17 

2011). Caribou select food resources at multiple scales (Johnson et al. 2004; Mayor et al. 18 

2009) but most previous studies of caribou habitat that include forage used thematic maps 19 

(e.g., categories of % lichen) rather than continuous measures of forage. This approach 20 

may be too coarse-grained to detect multiple spatial scales at which caribou are selecting 21 

habitat based on food resources if these themes mask important variation in forage. We 22 
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seek to produce continuous estimates of food resources to enable study of caribou forage 1 

resources across multiple spatial scales.  2 

Caribou habitat studies using spectral data fall into three categories: classification, 3 

inversion and regression. Classification finds groups of pixels with consistent spectral 4 

signatures and assigns a vegetation type to those areas based on reference vegetation data 5 

(Jensen 2004). Classification is useful because it maximizes the purity of spectral 6 

signatures of each vegetation type by searching through homogenous pixel areas to gather 7 

a larger sample from which to calculate mean spectral characteristics. Inversion solves an 8 

equation for the observed reflectance across all bands in a pixel, assuming the 9 

spectroradiometric properties of pure pixels for each surface are known (e.g. Hoge & 10 

Lyon; Schlerf & Atzberger 2006). A successful reflectance model estimates the quantity 11 

of each component surface contributing to the reflectance in each pixel. However, pure 12 

pixel characteristics for all vegetation types and surfaces in a scene are rarely known. 13 

Backscattering, which has been shown to significantly alter spectral signatures of lichens 14 

at different illumination angles (Kaasalainen & Rautiainen 2005), further complicates 15 

reflectance modeling. Spectral signatures can be obtained by taking field measurements 16 

for all surfaces with field spectroradiometers. However, the potential number of surfaces 17 

with unique spectral characteristics and angles of illumination for each can be 18 

prohibitively large. We took the third approach, in which we regressed the abundance of 19 

vegetation cover groups against spectral and environmental data. Regression enables 20 

targeted modeling of spectrally heterogeneous surfaces without having to explicitly 21 

account for reflectance properties of other surfaces, as in inversion (Olthof & Fraser 22 
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2007). Regressions can estimate continuous quantities of a target surface within a mixture 1 

of co-occurring surfaces, unlike classification, which produces categories of abundance 2 

for a target surface. Both of these attributes of regression made it preferable over 3 

inversion or classification since we sought to make models and maps of continuous cover 4 

for specific vegetation groups.  5 

 We seek to map the continuous abundance of major caribou diet categories, 6 

especially lichens, by using a large sample of vegetation plots as ground reference data to 7 

which we compare the spectral signatures of the same plots. The resulting models and 8 

maps will help scientists better quantify food resources for caribou, assess threats to 9 

caribou habitat and analyze habitat selection patterns across their range. 10 

Our specific goals are to: 11 

1) Create models to estimate the continuous cover of selected groups of lichens in 12 

relation to spectral and environmental data. Lichen groups were:  total lichen, 13 

usnic lichens (usnic), light-colored lichens (light), usnic plus light colored lichens 14 

(usnlite) and dark colored lichens (dark).  15 

2) Create models to estimate the continuous cover of other important caribou diet 16 

categories (coniferous and deciduous trees, shrubs and graminoids) using spectral 17 

and environmental data as predictors. 18 

3) Estimate the continuous cover of each lichen and vegetation group in areas not 19 

directly measured by ground observation (generate maps). 20 
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4) Discuss the best predictors in each model and spatial patterns in each map in 1 

terms of known ecological and reflectance properties of each lichen and 2 

vegetation group. 3 

 4 

Methods 5 

Study area. Denali National Park and Preserve (henceforth “Denali”), located in 6 

central Alaska (Figure 3.1A), covers slightly more than 2.4 million hectares between 62° 7 

18’ and 64° 04’ N and between 148° 48’ and 152° 52’ W. Our study area lies in the 8 

northern portion of the park covering 1.28 million hectares. The Alaska Range, North 9 

America’s highest mountains, bisects Denali along a northeast/southwest line. North of 10 

the Alaska Range is a predominantly continental climatic regime influenced by polar air 11 

masses. Vegetation in Denali varies from boreal forests and taiga at the lowest elevations 12 

(ca. 100 m), shrublands at middle elevations, and alpine tundra at higher elevations up to 13 

the rock and ice zone, which extends to the summit of Mt. McKinley (5934 m; Figure 14 

3.2). In Denali, ground dwelling lichens are most abundant in alpine tundra, windswept 15 

ridges or lowland open conifer forests but can occur in most habitats except for dense, 16 

broadleaf forests or alder thickets. Permafrost occurs sporadically in Denali, from 17 

discontinuous patches in mid-elevations to continuous polygons in lower elevations in 18 

poorly drained soil types. 19 

Response data. Response variables were the percent cover of vegetation 20 

groups, based on data acquired from the National Park Service vegetation monitoring 21 

program (Roland et al. 2012). These vegetation cover groups corresponded to categories 22 
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commonly used by caribou biologists to study diet, including shrubs, graminoids, lichens, 1 

deciduous and coniferous trees (Heggberget et al. 1992). Forbs were excluded because 2 

we focused on winter diet. We further divided lichens into color groups, partially based 3 

on Rees et al. (2004) including yellow colored lichens with usnic acid, such as Cladonia 4 

arbuscula (Table 3.1), light colored lichens, such as Cladonia rangiferina (Appendix 5 

Table A), usnlite (yellow+light) and dark colored lichens, such as Peltigera aphthosa 6 

(Appendix Table B & C). We expected lighter colored lichens to be more detectable than 7 

dark lichens but also wanted to see if light lichens were spectrally similar enough to usnic 8 

lichens to be lumped with them. We therefore also tried the combination of usnic plus 9 

light-colored lichens (usnlite) as a response variable. Usnic lichens are yellow in color, 10 

light lichens white or grey colored and dark lichens are brown or black. The lichen color 11 

categories are mutually exclusive, except for usnlite lichens, which contain both yellow 12 

and light color lichens. Usnic lichens are listed in Table 3.1. 13 

The vegetation monitoring sampling design used a 100 m grid overlaid on Denali 14 

based on a random starting position (see (Roland et al. 2012). Plots were positioned on 15 

the original 100 m grid in groups of 25, called mini-grids (Figure 3.1C). Each mini-grid 16 

was separated from the next by 20 km (Figure 3.1B). Mini-grid spacing was decreased 17 

from 20 km to 10 km among-grid spacing in two areas of the park: 1) a 6 km buffer along 18 

the park road (which increases ease of access and decreases logistical costs); and 2) in the 19 

vicinity of the Toklat basin ecoregion (as a baseline for an area into which a road was 20 

being proposed at one time). Within each mini-grid, plots were positioned 500 m apart in 21 

each cardinal direction (e.g., every 5th 100 m point) (Figure 3.1C). Each plot was a 16 m 22 
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diameter circle (Figure 3.1D). Although each mini-grid had a maximum of 25 plots, some 1 

mini-grids had fewer than 25 plots worth of data due to sampling inaccessibility (plots 2 

landing in lakes, on a cliff face, etc.). Plots were sampled between 2002 and 2008. 3 

The cover of vascular vegetation groups (shrubs, graminoids, deciduous and 4 

coniferous trees) was measured by point intercept along two perpendicular transects 5 

(Figure 3.1D), one 16 m long running east to west and the other segmented into two 6 m 6 

long segments oriented north to south. Plant species presence was recorded at each 7 

intersection of the transect and an imaginary line extended vertically from the ground to 8 

infinity. Transects were read in three different horizontal spacing categories (30, 40 or 50 9 

cm) depending on the stature of the vegetation. For example, for plots in forests, 50 cm 10 

spacing was used whereas in alpine tundra, a 30 cm spacing was used. The cover of each 11 

plant species was calculated as the percentage of the transect points where each species 12 

was present at any vertical stratum directly above the transect tape (absolute percent 13 

cover). Absolute percent cover was then aggregated for all plant species in a diet 14 

category. Lichen cover at the species level was estimated in a series of four 1 m2 quadrats 15 

per plot (Figure 3.1D), which were averaged over the plot to yield a percent cover by 16 

lichen species by plot. Quadrats were located in the same position on each plot relative to 17 

plot center. Mean cover by lichen color group was calculated by summing the average 18 

cover for all lichens in a given color group. Total lichen cover was measured on the 19 

transects because that method sampled a larger area. Lichens were not identified on the 20 

transects. 21 
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Transect data came from 853 plots from 44 mini-grids, after excluding plots with 1 

inadequate or missing spectral data.  These data included coniferous and deciduous trees, 2 

shrubs, graminoids and total lichen. Coniferous tree species cover were almost entirely 3 

Picea glauca and P. mariana, which was treated as a single group (Picea). A third 4 

conifer, Larix laricina, is deciduous and contributed very little to the total cover of 5 

coniferous trees and was therefore excluded. Deciduous tree cover was composed of 6 

Betula neoalaskana, Populus balsamifera and P. tremuloides. Shrubs include dwarf 7 

shrubs (Empetrum, Dryas, Cassiope, Salix and others) and tall shrubs, including 8 

deciduous (Betula, Salix, Alnus and others) or evergreen shrubs (Ledum, Juniperus and 9 

others). Graminoid cover was predominantly sedge species (Carex and Eriophorum) and 10 

a variety of grass genera. 11 

Quadrat data for lichen color groups came from 725 plots from 41 mini-grids. 12 

Plots lacking adequate spectral data were excluded. The lichen specimens from four 13 

mini-grids were not identified in time for this analysis due to budget and schedule 14 

constraints, which excluded an additional 90 plots. Upon review of the taxonomic 15 

determinations of lichens made by one observer, we determined that quadrat data from 38 16 

plots visited by this individual were unreliable for detailed analysis. However, transect 17 

data from this set of plots were usable because no taxonomic errors were detected for 18 

vascular plants, which were collected by a different observer. A total of 277 macrolichen 19 

species were found on the 725 plots. Each of these species was coded by color 20 

corresponding to spectral groups based on Rees et al. (2004). We did not group 21 

Stereocaulon sp. with usnic lichens like Rees et al. (2004) because Stereocaulon lacks 22 
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usnic acid and we specifically wanted to test the detectability of usnic lichens. The 725 1 

plots contained 28 lichen species with usnic acid. The seven most abundant usnic lichens 2 

(> 0.03% average cover) were, from most to least abundant: Cladonia arbuscula, C. 3 

amaurocraea, Nephroma arcticum, C. stellaris, Flavocetraria cucullata and C. uncialis 4 

(Table 3.1). All three Cladonia species in this list are important caribou winter forage. 5 

Our plots were much smaller than the area covered by a Landsat pixel. To be sure 6 

we had an adequate signal/noise ratio to use plots as our sample units for quadrat-level 7 

data (usnic, usnlite, light and dark lichens), we verified that between-plot variation in 8 

lichen cover was greater than within plot variation. ANOVA of quadrat lichen cover 9 

(n=2368 quadrats) with plot (n=592) as a factor showed more variation in lichen cover 10 

between plots than between quadrats within plots, with a signal/noise ratio of five (F = 11 

5.03, df = 591, p < 0.0001).  12 

Predictor Data. We obtained plot spectral characteristics from two scenes 13 

(August 16, 2000) from the Landsat 7 ETM+ sensor (Path 70/Row 15 and 16). The 30 m 14 

pixels (bands 1/2/3/4/5/7) for the two scenes were calibrated to top-of-atmosphere 15 

reflectance (TOA) (Chander et al. 2009). The reflectance values (0-1.0) were scaled by 16 

10000 and stored as signed integers. The two scenes were mosaicked together and then 17 

clipped to a bounding box defined by the border of Denali plus a 16 km buffer.  18 

Denali contains extensive areas of hilly and mountainous terrain, where these 19 

topographic effects on remote-sensing imagery are most pronounced. Sun angles are low 20 

at high latitudes, which further increases topographic effects. To minimize these effects, 21 
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we normalized illumination and corrected for backwards radiance (Colby 1991) using a 1 

Minnaert correction (Smith et al. 1980). The Minnaert correction model is expressed as: 2 

(Equation 1)   ρH = ρT * cos e / (cos e cos i) k   3 

where ρH is the equivalent reflectance on a flat surface with incident angle of zero, ρT 4 

is the observed reflectance, e is the terrain slope, i is the solar incidence angle (the angle 5 

between the terrain normal and the solar radiation) and k is the Minnaert value (Table 6 

3.2). The cosine of the solar incidence angle (cos i) is calculated as: 7 

(Equation 2)   cos i = cos ϴ cos e  +  sin ϴ sin e cos(φm – φs)  8 

where	  ϴ	  =	  solar	  zenith	  angle,	  φs	  =	  solar	  azimuth,	  e	  =	  terrain	  slope	  and	  φm	  =	  terrain	   9 

aspect. Terrain slope and aspect were calculated from National Elevation Dataset 2- 10 

minute DEM data (resampled to 30 m resolution using bilinear resampling) while solar 11 

parameters were obtained from the Landsat metadata. Minnaert k values were assigned 12 

based on an analysis done for a Landsat mosaic in northwest Alaska with similar land 13 

cover types (Macander 2010). Incident corrected reflectance values were calculated from 14 

top of atmosphere reflectance values using Equation 1. 15 

A 9-pixel (3x3 window of 30 m pixels = 8100 m2) neighborhood centered on each 16 

plot was used as the area from which spectral signatures (mean reflectance by band) were 17 

obtained. Within each plot’s 9-pixel neighborhood, pixels were flagged if they fell in 18 

stripes (instrument artifacts), shadow, or very low illumination angles. Plots without 19 

complete 9-pixel signatures (containing flagged pixels) were not used in analyses.  20 

Three plots nearly devoid of vegetation and located on steep slopes were deleted from the 21 

pool of plots with quadrat data. They also had abnormally high reflectance across most 22 
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bands. This was likely caused by the combination of steep slopes and high mineral cover 1 

on these plots. The remaining 722 plots with lichen data were used for modeling lichen 2 

cover groups based on their cover averaged across quadrats on a plot. Three plots were 3 

deleted from the pool of plots with transect data for the same reasons, two of which were 4 

the same plots excluded from the pool of plots for the quadrat data, for a total of 850 5 

plots used in plot-level modeling based on transect cover of vegetation groups.  6 

Scatterplots between predictors (spectral and environmental data, Table 3.3) and 7 

responses (lichen and vegetation data) indicated possible benefits of log transformation of 8 

the spectral bands and elevation. Also, as spectral bands are inter-correlated, a principal 9 

components analysis (PCA; McCune & Mefford 2011) was conducted on log10 10 

transformed reflectance values. PCAs were run separately for both pools of plots (quadrat 11 

data and transect data, respectively) because the identity and number of plots differed 12 

(n=722 for quadrats vs. n=850 for transects). PCAs used correlations in the cross- 13 

products matrix. Eigenvectors for both PCAs are in Table 3.4. Scores of plots on all 6 14 

axes (principal components) are orthogonal, linear composites of the bands. All PCA 15 

axes were retained because any axis was a potentially informative predictor of vegetation. 16 

Relationships between the abundance of vegetation groups in spectral space were also 17 

visually assessed using symbol-size overlays in PC-ORD (Figure 3.3). Normalized 18 

Difference Vegetation Index (NDVI) was calculated using the log10 transformed bands 19 

(LNDVI) to maintain comparability between the scales of the spectral predictors. LNDVI 20 

is strongly correlated (R2 = 0.96) with NDVI and can be interpreted in the same way as 21 

NDVI. 22 
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In addition to spectral data, environmental variables from each plot were included 1 

in the predictor matrix. The non-spectral variables were added to the predictor matrix to 2 

account for environmental gradients known to influence abundance of vegetation groups 3 

but not necessarily captured by spectral variables. Environmental data collected on the 4 

plot used for modeling included slope, aspect and elevation. Derivations of these 5 

environmental data also added to the predictor matrix include aspect off 180 degrees, 6 

equivalent latitude, PDIR (Potential Direct Incident Radiation) and heatload (McCune 7 

2007). Aspect off 180 (degrees away from south) was calculated in a database, equivalent 8 

latitude (Dingman & Koutz 1974) calculated in R and PDIR and heatload (McCune et al. 9 

2002) calculated in HyperNiche (McCune & Mefford 2009). Geologic environmental 10 

variables included in the predictor matrix were extracted from GIS layers (1:250,000 11 

scale) based on the Denali soil survey (Clark & Duffy 2006), including permafrost, 12 

lithology (surficial geology), parent material, landform and ecoregion subsection 13 

(Appendix Table D). We collapsed ecoregion subsection from eighteen down to eleven 14 

classes to reduce the number of categories. We also used fire year as a predictor, which 15 

was obtained from NPS Alaska Region Fire perimeter GIS layer (1:63,360 scale) and 16 

calculated as year of the Landsat scene (2000) minus the fire year plus 1 year. Fires were 17 

assigned “1” that occurred the same year but before the day the Landsat scene was 18 

acquired. These environmental variables were rasterized to 30 m pixel grain to match the 19 

Landsat image so that they could be used in generating maps. A final pool of 25 20 

predictors (Table 3.3) was used in the regression step detailed in the next section. 21 
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Model type and parameters used. The percent cover of lichen and vegetation 1 

groups (dependent variables) were regressed against the spectral and environmental 2 

predictor variables (independent variables; Table 3.3) with non-parametric multiplicative 3 

regression (NPMR) (McCune 2006) in the program HyperNiche (McCune & Mefford 4 

2009). NPMR can recover complex unanticipated nonlinear response surfaces and 5 

automatically represents interactions among predictors using multiplicative weights with 6 

a kernel smoother. We used NPMR with a Gaussian kernel and forward stepwise variable 7 

selection, simultaneously optimizing the smoothing parameters (tolerances) for all 8 

predictors included in the model.  NPMR controls over-fitting with leave-one-out cross 9 

validation during model selection and calculating fit so that splitting into 10 

training/validation datasets is automatically built into model development.  11 

We set the minimum average neighborhood size for an acceptable model to 10, 12 

and the allowable missing estimates for an acceptable model to 3%. The neighborhood 13 

size setting means that, on average for a given model, the equivalent of 10 or more plots 14 

must bear on an estimate for a model to be retained. By using a low allowance for 15 

missing estimates we forced the model to maintain adequate spatial coverage; this results 16 

in a more conservative model with broader tolerances. Although model fit increases if 17 

more missing estimates are allowed, gaps are produced in the maps, which is not 18 

desirable for the sake of continuity. Attempts to improve a given model were abandoned 19 

when all trial improvements in cross-validated R2 (xR2) were less than 1%. This criterion 20 

was chosen to prevent addition of variables that made only small improvements to the fit. 21 

More parsimonious models are more readily interpreted and result in fewer missing 22 
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estimates because of insufficient data. This is because each additional predictor narrows 1 

the multidimensional window in the predictor space, such that new data points are more 2 

likely to have combinations of predictor values that are poorly represented in the 3 

calibration data. 4 

The model with the largest xR2, subject to the overfitting constraints described 5 

above, was selected as the best model for each vegetation group. The best model for each 6 

vegetation or lichen color group was tuned in HyperNiche, which makes fine adjustments 7 

in the tolerances of each predictor. The model with highest xR2 after tuning was retained 8 

as the best model. The relative importance of predictors was evaluated with a sensitivity 9 

analysis in HyperNiche. Sensitivity analysis nudges the value of each predictor and 10 

measures the change in the response. Sensitivity to a predictor is change in the response, 11 

measured as a percentage of the range of the response, expressed relative to the 12 

magnitude of the change in the predictor. For example, a sensitivity of 0.5 means a 5% 13 

change in the predictor causes a 2.5% change in the response. Higher values mean the 14 

model is more sensitive to changes in that predictor, which can be interpreted as more 15 

importance for that predictor in the model. Sensitivities for models with xR2 < 0.2 were 16 

not evaluated.  17 

Finally, for each final model we tested the null hypothesis that the fit is no better 18 

than expected by chance alone, based on a randomization test. The probability of Type I 19 

error was calculated by refitting the model 100 times after randomizing the rows of the 20 

predictor matrix relative to the response variable. The resulting p-value is the proportion 21 

of models fit to randomized data with the same number of predictors that had as good or 22 
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better fits than with the nonrandomized data. Models with xR2 < 0.2 were not subject to a 1 

randomization test.  2 

Outputs maps. Maps of the vegetation groups were generated using the best, 3 

tuned model for each respective vegetation group (Table 3.5). HyperNiche uses a chosen 4 

model and rasters of each predictor to make estimates for the response, resulting in an 5 

output grid for the response of the same dimensions as the input rasters.  Rasters for the 6 

predictors of equal spatial coverage and cell size were generated in ArcGIS 9.3.1. Rasters 7 

of PCA axes were generated from eigenvectors (Table 3.4) from PC-ORD using the Map 8 

Algebra tool in ArcGIS. Finally, output grids from HyperNiche for lichen and vegetation 9 

groups were imported into ArcGIS for display as maps. 10 

 11 

Results 12 

Lichen group models. Usnic lichens had the best fitting model (xR2= 0.37) of 13 

the lichen groups followed by usnlite lichens, light and dark lichens. Of the lichen 14 

groups, only usnic and usnlite lichens had good fitting models (xR2> 0.2; Table 3.5). 15 

Usnic and usnlite models both included elevation but differed in the spectral and 16 

environmental predictors selected (Table 2.5). In addition to elevation, usnic lichens were 17 

related to log10 incident corrected bands 1 and 7 (LICB1 and LICB7). The relationships 18 

between the best predictors and usnic lichen cover were nonlinear, with high cover 19 

corresponding to areas in low elevations but high reflectance in LICB1 (Figure 3.4). The 20 

usnic lichen model had sufficient data to make estimates for most of the study area 21 

(Figure 3.5A). Areas with no estimates include most high elevation rock and ice areas, 22 
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water bodies and gravel bars. The best usnlite lichen model performed slightly worse 1 

(xR2= 0.32) than the best usnic lichen model. In addition to elevation, the best usnlite 2 

lichen model contained landform as well as two spectral predictors (Table 3.5). The 3 

inclusion of landform, a categorical variable, resulted in a less continuous and blockier 4 

map for usnlite lichens (Figure 3.5B). Dark and light lichen models performed poorly. 5 

Both usnic and usnlite models fit significantly better than models fit to 100 6 

randomizations of the original data (Table 3.5). Although our plots were much smaller 7 

than Landsat pixels, we confirmed there was five times more signal (between-plot 8 

variation) than noise (within-plot variation) in our usnic lichen data. 9 

Vegetation group models. Picea had the best fitting model (xR2 = 0.53) of all 10 

the vegetation groups followed by shrub, graminoid, total lichen and deciduous tree. The 11 

best predictors for Picea cover were elevation, log10 incident corrected band 5 (LICB5) 12 

and principal components axis 1 (LPCA1, loading most heavily bands 2, 3 and 7) from a 13 

PCA of log10 incident corrected bands. The best shrub model had only two predictors, 14 

log10 incident corrected band 2 (LICB2) and normalized difference vegetation index 15 

calculated from log10 incident corrected bands 3 and 4 (LNDVI), yet a moderately good 16 

fit (xR2= 0.4). The best graminoid model had four predictors (elevation, slope, log10 17 

incident corrected band 3 (LICB3) and ecoregion) that accounted for 31% of the 18 

variation. Total lichen had a poorer fitting model accounting for 27% of the variation 19 

using elevation and log10 incident corrected bands 3 and 5 (LICB3 & LICB5). Deciduous 20 

trees had the poorest fitting model (xR2= 0.24) with the predictors elevation, log10 21 
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incident corrected band 3 (LICB3) and ecoregion. All vegetation cover models beat the 1 

randomization test (Table 3.5). 2 

 3 
Discussion 4 

Lichen models-spectral characteristics. Usnic lichens reflect more light at 5 

visible to near infra-red wavelengths compared to other lichen or vegetation groups 6 

(Figure 3.6). This is especially true in band 1 or blue bandpass (450-520 nm) (Petzold & 7 

Goward 1988; Rees et al. 1998), where other lichens and vegetation absorb strongly 8 

(Figure 3.6). This explains the positive relationship between usnic lichen abundance and 9 

brightness in log10 incident corrected band 1 (LICB1) (Figure 3.4). Surprisingly, the pale 10 

yellow color of usnic lichens did not correspond to a spectral predictor in the models. If 11 

the yellow color of usnic acid had been a useful spectral characteristic, then band 2 (green 12 

into yellow bandpass, 520-600 nm) would have been included in models. The breadth of 13 

band 2 likely diminishes the signal of yellow wavelengths because the dominant green 14 

reflectance of many vascular plants (Figure 3.6) dilutes the yellow signal. Furthermore, 15 

spectrophotometer trials with pure usnic acid dissolved in acetone showed the spectral 16 

signal in the yellow range to be very weak, compared to the peak in UV absorbance.  17 

Both light lichens (e.g. Stereocaulon paschale in Figure 3.6) and usnic lichens 18 

possess much stronger reflectance in green bandpass than other vegetation, which likely 19 

explains why log10 incident corrected band 2 (LICB2, green bandpass, 520-600 nm) came 20 

into the usnlite model. However, adding usnic and light lichens together may have diluted 21 
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the distinctiveness of usnic lichens in band 1, diminishing the power of the best usnic 1 

lichen spectral predictor. 2 

Dark lichens absorb much of the visible electromagnetic spectrum but their 3 

reflectance shows a rapid rise and small peak in near-infrared reflectance (Figure 3.6) 4 

(Petzold & Goward 1988), which provides a spectral basis for their differentiation. Rocks 5 

with and without dark lichens have been successfully differentiated using hyperspectral 6 

imagery (Zhang et al. 2005). However, these features may be too narrow spectrally for 7 

the wide bandpass of the sensor used, which may explain the poor fit of the model for this 8 

color group.  9 

Lichen models-ecological and spatial patterns. We found two peaks in usnic 10 

lichen abundance in Denali: lowland, largely forested, alluvial terraces and alpine tundra 11 

(Figure 3.5A). We hypothesize that these peaks in lichen correspond to areas that lack 12 

dense woody vegetation and lack deep moss mats, as explained below. 13 

Rockiness is positively related to lichen abundance in the arctic (Holt et al. 2007). 14 

Very rocky soils suppress vascular plant cover, favoring lichens and bryophytes. Lichens 15 

are poor competitors against vascular plants but tolerate high stress environments where 16 

low temperatures and low water availability reduce or exclude vascular plant cover 17 

(Grime 1977). We therefore expect lichens to be most abundant in areas with thin or 18 

rocky soils, less conducive to abundant vascular plant cover.  19 

Furthermore, deep moss mat development appears to disfavor lichens. Forests in 20 

interior Alaska that have not burned often develop a thick moss mat and spruce overstory 21 

that insulates the active layer. Deeper moss furthers the development of permafrost via 22 
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insulation and favors a bryophyte understory and low lichen abundance (Viereck & 1 

Schandelmeier 1980; Bonan & Shugart 1989).  2 

Our map shows a large patch of high usnic and usnlite lichen abundance (Figures 3 

3.5A & b) in the low elevation spruce forests (Figure 3.5C) in the western region of our 4 

study area. During field work in this area, we observed very thin, rocky soils on this large 5 

alluvial terrace (Clark & Duffy 2006), which conforms to the idea that lichens are more 6 

abundant on less productive, rocky, well-drained soils.  7 

Usnic and usnlite lichen cover was high on alluvial terraces that experienced large 8 

fires in 1986, 1990, 1991 and 1993. This development of lichen mats on recent burns 9 

conflicts with some prior studies on lichen regeneration after fire (Joly et al. 2009) but is 10 

supported by others (Holt et al. 2008). We observed dense lichen mats below burnt Picea 11 

glauca snags amongst widely spaced, younger Populus trees that had established post- 12 

fire. While fires may reduce lichen abundance in the short term, they may enhance it in 13 

the long term, depending on soil characteristics, pre-fire lichen abundance and fire 14 

behavior (Kershaw 1978). When fires remove the dense moss and organic layers there is 15 

more substrate available for lichens to colonize, although mosses are often more 16 

abundant post-fire in areas of permafrost (Viereck & Schandelmeier 1980). Fires also 17 

favors lichen growth by increasing the amount of light reaching the understory by 18 

removing the forest canopy.  19 

Lichen covered ridges are a familiar sight to visitors of the interior of Alaska, 20 

where light yellowish lichen-tinted tundra stands out at a distance against the dark green 21 

of surrounding forests. These alpine communities with high lichen abundance within the 22 
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study area are visible on our map as a fine, reticulated higher lichen abundance north and 1 

southwest of the end of the park road (Figures 3.5A & B). The alpine lichen communities 2 

are less pronounced on the map but reflect the same ecological tendency of lichens to be 3 

abundant on thin, rocky soils (Ahti 1977; Bonan & Shugart 1989; Holt et al. 2007, 2008). 4 

In the alpine, cold temperatures due to higher elevations and wind exposure, especially 5 

on ridges, suppress large woody plants. This combination of environmental factors allows 6 

lichen communities to establish and persist.  7 

Vegetation models. Two predictors, green bandpass (log10 incident corrected 8 

band 2 (LICB2), 520-600 nm) and NDVI based on log10 incident corrected bands 9 

(LNDVI), accounted for 40% of the variation in shrub cover. These predictors correspond 10 

to the reflectance features of shrubs; in particular, the reflectance profile of the common 11 

and abundant shrub Betula glandulosa (dwarf birch) peaks in bands 2 and band 4 relative 12 

to band 3 (Figure 3.6). The resulting shrub map shows a broad swath of high abundance 13 

in mid-elevations along the north slope of the Alaska Range (Figure 2.5D). This pattern is 14 

largely driven by dwarf birch and Alnus viride (alder). Alder is found in steep or wet 15 

areas lacking permafrost, whereas dwarf birch tends to occupy colder soils (Viereck et 16 

al., 1992).  17 

In our models, Picea cover is strongly related to elevation because factors such as 18 

soil moisture, permafrost, and temperature, among others, which have been shown to 19 

control tree patterns at a landscape-scale in Denali, also change with elevation (Stueve et 20 

al. 2010; Roland et al. 2012). Areas of high Picea cover in Denali all occur north of the 21 

Alaska Range where elevations fall below 600 m (Figure 3.5C). In contrast, most of the 22 
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middle elevation areas have sparse conifer cover and abundant shrubs (Figure 3.5D). The 1 

broad swath of high Picea cover at low elevations corresponds to either taiga dominated 2 

by P. mariana in areas of cold, wet soils on permafrost or P. glauca in well-drained, 3 

warmer soils or riparian areas thawed by moving water (Roland et al. 2012). Abundance 4 

of Picea is negatively related to log10 incident corrected band 5 (LICB5). Other authors 5 

have also found low reflectance in the near infra-red to be a good predictor of high 6 

conifer cover (Horler & Ahern 1986). PCA axis 1 based on log10 incident corrected bands 7 

(LPCA1) also came into the Picea model and is strongly loaded with bands 1, 2 and 3. 8 

LCPA1 was likely selected as a predictor of Picea because Picea strongly absorbs energy 9 

in bands 1 and 3 (Figure 3.6), relative to other vegetation and lichen groups. Picea 10 

abundance is more sensitive to the spectral predictors than elevation (Table 3.5), so small 11 

variations in LICB5 and LPCA1 across the Landsat scene allowed the model to 12 

successfully recover several small conifer patches, such as those south of Wonder Lake 13 

just south of the western end of the park road (Figure 3.5C). 14 

Despite the relatively poor fit of the deciduous tree model (xR2 = 0.24), it 15 

successfully detected the large patch of forest, primarily Betula neoalaskana, in hills 16 

around Lake Chilchukabena in the northwest corner of the map (Figure 2.5E). This area 17 

has well-drained, warmer, mineral soils, much of which burned 44 years ago. Fire 18 

increases deciduous tree abundance in Denali (Roland et al. 2012). However, fire (as 19 

years since burn) did not enter the model, possibly because too few plots occurred in 20 

dense broadleaf forests, which are relatively rare in this landscape (Roland et al. 2012). 21 

The model also correctly mapped Populus forests in the west central portion of the map 22 
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(Figure 3.5E), corresponding to conifer forests on alluvial terraces that burned 10-15 1 

years ago and regenerated as deciduous forests. This is noteworthy in part due to the 2 

rarity and patchiness of Populus occurrence in Denali (Roland et al. 2012).  Both of these 3 

high deciduous tree cover areas fall within two ecoregions subsections (low mountain and 4 

alluvial terraces, respectively), explaining why ecoregion subsection came into the model 5 

as a predictor. Like our Picea model, elevation was the single best predictor for 6 

deciduous trees because it is correlated with factors such as temperature that control tree 7 

establishment and growth in this area (Roland et al. 2012). Log10 incident corrected band 8 

3 (LICB3, red bandpass, 630-690 nm) was negatively related to deciduous tree cover. 9 

Another study mapping broadleaf tree cover also found a negative relationship between 10 

cover and red bandpass (Franklin et al. 1991), although the physical mechanism for this 11 

was not stated.  12 

Slope was the best predictor of graminoid cover, reflecting the tendency of 13 

graminoids to occur in flat areas in Denali.  Elevation has a more complex, non-linear 14 

relationship to graminoid cover, since some uplands have abundant grasses and sedges. 15 

However, the highest graminoid cover in Denali tends to be tussock tundra and muskeg 16 

in low to mid elevations dominated by two species, Eriophorum vaginatum and Carex 17 

bigelowii. The Toklat basin ecoregion subsection is one such area, depicted as a roughly 18 

circular feature of high graminoid cover in the north central portion of Denali (Figure 19 

3.5F). Since it is its own ecoregion subsection and has such high graminoid cover, the 20 

Toklat basin likely influenced ecoregion subsection to come in the graminoid model. 21 

NDVI has a positive relationship with graminoid cover (Riedel et al. 2005) but did not 22 



 67 

enter the model. Instead, only a component of NDVI, log10 incident corrected band 3 1 

(LICB3, red bandpass), was selected as good spectral predictor, which had a unimodal or 2 

hump-shaped relationship to graminoid cover. Graminoids generally co-occur with other 3 

plants with stronger relationship to NDVI (shrubs), which may partially explain why 4 

NDVI didn’t come into the graminoid model. Also, the graminoid tussocks have many 5 

shadows and may have a very large standing dead/litter component. Much of the 6 

graminoid may have also senesced by Aug. 16 when the Landsat scene was acquired. 7 

Shadow, litter or senesced leaves would dilute the positive relationship between NDVI 8 

and graminoids and combined, may explain why NDVI failed to come into the model. 9 

 10 

Conclusion. Other studies have estimated cover of groups of forage lichens that 11 

included those with usnic acid (Nordberg & Allard 2002; Théau et al. 2005). However, 12 

this is the first study to focus on modeling usnic lichens to estimate their landscape-scale 13 

abundance.  Usnic lichen cover is positively correlated with total lichen cover (Figure 14 

3.7). Caribou also consume light and dark lichens, making usnic lichens a useful tool for 15 

mapping total lichen cover. Models could be improved by increasing the number of 16 

quadrats sampled for lichens at each plot and increasing plot size relative to image pixel 17 

size. Repeating these analyses with finer grained, hyperspectral products could also 18 

capitalize on finer spectral characteristics in lichens in general and usnic lichens in 19 

particular (Solheim et al. 2000; Kaasalainen & Rautiainen 2005; Korpela 2008). For 20 

example, usnic acid has strong yellow reflectance and a strong absorption peak in the UV 21 

(Gauslaa 1984). These unique spectral features of usnic lichens could be utilized for 22 
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mapping if sensors with narrower bandpasses in the visible wavelengths were used in 1 

conjunction with those capable of measuring UV absorption.  2 

Our results support the hypothesis that usnic lichens would be the most detectable 3 

lichen cover group.  Our model of usnic lichen cover revealed nonlinear relationships 4 

with spectral and environmental variables. High usnic lichen cover occurs in lowland 5 

boreal forests on alluvial terraces and middle and higher elevation alpine ridges. This 6 

spatial pattern is supported by other studies that document high lichen abundance in 7 

sandy or rocky soils in lowland forests (Ahti 1977; Kershaw 1978) or alpine tundra (Holt 8 

et al. 2007).  9 

Our models of non-lichen vegetation groups important in caribou diets were also 10 

successful with between two and four spectral and environmental predictors. The 11 

resulting maps of deciduous and coniferous trees, shrubs and graminoids correspond to 12 

known ecological patterns for these vegetation groups.  Deciduous trees were most 13 

abundant in post-fire areas with warmer or well-drained soils. Conifer abundance peaked 14 

in the lower elevations in well-drained, warmer soils inhabited by Picea glauca or areas 15 

underlain by permafrost dominated by P. mariana. Areas of high shrub abundance 16 

formed a swath in the mid-elevations, dominated by Betula nana in colder soils and 17 

Alnus viride in wetter, warmer soils. Graminoids were most abundant in flat, mid- 18 

elevation, frozen soils encapsulated by the Toklat basin ecoregion subsection.  19 

These maps of continuous vegetation abundance could be used for many types of 20 

ecological studies at multiple spatial scales. The maps’ utility for improving our 21 

understanding of caribou biology must be tested elsewhere but it is plausible that 22 
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continuous (vs. categorical) measures of the abundance of diet categories will improve 1 

our understanding of habitat selection of caribou and other organisms that range over 2 

large areas.  3 

 4 
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 1 
Figure 3.1. Maps of nested sampling design for vegetation monitoring in Denali: a) 2 
outline of the Park in Alaska b) all mini-grids of vegetation monitoring plots used in this 3 
study c) a single mini-grid of vegetation monitoring plots d) a single plot showing 4 
positions of quadrats (squares) and transects (cross lines in circle). 5 

 6 
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 1 

Figure 3.2. Elevation map of Denali National Park and Preserve. 2 
 3 
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 1 

Figure 3.3. Abundance of vegetation groups and usnic and usnlite lichens superimposed 2 
on the first two principal components (LPCA1 and LPCA2) of 722 plots in spectral space 3 
(variables LICB1-5 & 7 in Table 3.3). LPCA stands for principle component analysis 4 
using log10 incident corrected bands. LICB means log10 incident corrected bands. 5 
Triangles represent plots and the symbol size is proportional to abundance.  6 
 7 

 8 
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 1 

Figure 3.4. Contour surface of estimated percent cover of usnic lichens in relation to the 2 
two most important predictors (log10 incident corrected band 1 and log10 elevation) as 3 
determined by sensitivity analysis. The 3D surface was based on the tolerances selected 4 
for the four-predictor model (Table 3.5). Grey background indicates areas where the 5 
model made no estimate. 6 
 7 
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 1 

Figure 3.5. Maps of the estimated cover of vegetation groups and usnic and usnlite 2 
lichens in Denali. Cover estimates were generated using models of spectral and 3 
environmental characteristics of the vegetation monitoring plots: A) Usnic lichens B) 4 
Usnlite lichens C) Picea sp. D) Shrubs E) Deciduous trees F) Graminoids. Black areas 5 
inside Denali’s border had no estimate made for the vegetation group because of too few 6 
plots were sampled on sites with those spectral and environmental characteristics. 7 
 8 



 75 

 1 
 2 
Figure 3.6: Mean reflectance profiles of plant and lichen species belonging to vegetation 3 
cover groups used here. Picea mariana = Picea, Betula glandulosa = shrub, Cladonia 4 
stellaris = usnic lichens, Stereocaulon paschale = light lichens, Cetraria ericetorum = 5 
dark lichens. Spectral profiles were not reported beyond 1050 nm in original publication. 6 
Data adapted from Petzold & Goward (1988). Grey bars indicate the bandpasses for the 7 
first four bands in the Landsat 7 ETM+ sensor. 8 
 9 

10 
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 1 
Figure 3.7. Scatterplot of total lichen cover versus total usnic lichen cover from 722 2 
plots. Both lichen cover estimates are averaged over four quadrats per plot. Triangles 3 
represent plots. 4 
 5 
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Table 3.1. Abundance and frequency of usnic lichen species found on 722 vegetation 1 
monitoring plots in Denali. Mean cover (%) for lichen species used for modeling was 2 
calculated as the mean from four 1m2 quadrats per plot which was then averaged across 3 
all 722 plots. Maximum cover (%) is the highest average cover on a plot. Frequency is 4 
the proportion (0-1) of plots each lichen occurred in. Total cover is the sum of averages 5 
by species from all 722 plots. Species are listed in decreasing order of total cover. 6 
 7 

Lichen species Mean Cover Max Cover Frequency Total Cover 
Cladonia arbuscula 0.39 30.25 0.44 562.19 
Cladonia amaurocraea 0.29 10.25 0.49 212.44 
Nephroma arcticum 0.18 18 0.11 129.06 
Cladonia stellaris 0.17 34.56 0.1 121.31 
Flavocetraria cucullata 0.16 3 0.44 113.5 
Cladonia uncialis 0.09 11 0.15 65.7 
Flavocetraria nivalis 0.04 11.56 0.09 30.31 
Cladonia mitis 0.03 16.25 0.02 21.69 
Dactylina arctica 0.02 1.75 0.12 18.01 
Alectoria ochroleuca 0.02 9.56 0.04 16.89 
Cladonia deformis 0.02 2 0.14 15.81 
Cladonia cyanipes 0.02 0.5 0.19 14.19 
Cladonia borealis 0.01 1.06 0.08 8.56 
Parmeliopsis ambigua 0.01 0.25 0.1 8.39 
Cladonia botrytes 0.01 0.56 0.07 7.68 
Asahinea chrysantha 0.01 1.62 0.03 6.38 
Arctoparmelia separata 0.01 1.5 0.02 6.12 
Cladonia carneola <0.01 0.5 0.04 3.5 
Cladonia pleurota <0.01 0.88 0.04 3.12 
Cladonia sulphurina <0.01 0.31 0.04 2.69 
Arctoparmelia 
centrifuga <0.01 1.5 <0.01 2.62 
Cladonia bacilliformis <0.01 0.25 0.03 2.19 
Flavocetraria 
miniscula <0.01 0.25 0.02 1.56 
Cladonia 
metacorallifera <0.01 0.19 0.01 1 
Cladonia coccifera <0.01 0.25 0.01 0.94 
Arctoparmelia incurva <0.01 0.5 <0.01 0.56 
Cladonia transcendens <0.01 0.12 0.01 0.5 
Cladonia bellidiflora  <0.01 0.06 <0.01 0.12 

8 
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 1 
Table 3.2. Minnaert k values used for incidence angle correction (Macander 2010). 2 
 3 

Band k 
1 0.226 
2 0.416 
3 0.555 
4 0.577 
5 0.71 
7 0.825 

 4 
Table 3.3. List of predictor codes and descriptions for those used in modeling vegetation 5 
and lichen cover. NDVI was calculated as (LICB 4-3/ LICB 4+3) with log10 transformed 6 
bands for the sake of comparability to the other bands. See Appendix Table D classes of 7 
categorical variables. 8 
 9 

Predictor 
Code Predictor Description units 
pslope plot slope degrees 

pelevati log10 plot elevation meters 
pequival plot equivalent latitude degrees 
paspecto plot aspect off 180 degrees 

LICB1-6 & 7 log10 incident corrected Landsat 7 
ETM+ band  1-5,7 reflectance 

LNDVI 
Normalized Difference 
Vegetation Index calculated using 
log 10 transformed bands 

unitless 

PDIR Potential Direct Incident 
Radiation mega joules/cm2/year 

heatload heatload unitless transformation of PDIR 

LPCA1-6 
Principle Components Axes 1-6 
using log10 transformed incident 
corrected bands 

Standard Deviations from the 
centroid 

litho Lithography categorical 
parent Parent material categorical 
landfor Landform categorical 
perma Permafrost categorical 
ecoreg Ecoregion subsection categorical 
fireyear Time since fire year 

10 
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Table 3.4. Principal components used to extrapolate relationships of vegetation to 1 
spectral data. To apply eigenvectors to new values, the bands are first log transformed, 2 
then variable’s mean is subtracted and divided by the corresponding standard deviation. 3 
Note the naming convention LPCA is used for both lichen and veg datasets but sample 4 
sizes differed (n=722 for lichen data, n=850 for veg data) between PCA’s. LICB stands 5 
for “log10 incident corrected band”. 6 
 7 

PCA 
datasets 

and 
statistics LICB1 LICB2 LICB3 LICB4 LICB5 LICB6 

Plots with 
lichen data       

Mean 2.997 2.959 2.848 3.513 3.311 2.964 
Standard 
Deviation 0.034 0.055 0.096 0.099 0.115 0.128 

Eigenvectors       
1 -0.381 -0.457 -0.453 -0.232 -0.421 -0.458 
2 -0.491 -0.152 -0.242 0.726 0.379 0.084 
3 0.286 0.426 -0.031 0.535 -0.379 -0.553 
4 0.700 -0.327 -0.587 0.091 0.206 0.090 
5 0.203 -0.665 0.624 0.207 0.062 -0.284 
6 -0.032 0.193 -0.041 -0.288 0.700 -0.623 

Plots with 
veg data       

Mean 2.998 2.959 2.847 3.508 3.302 2.956 
Standard 
Deviation 0.041 0.062 0.106 0.109 0.126 0.136 

Eigenvectors       
1 -0.383 -0.471 -0.472 -0.186 -0.394 -0.468 
2 0.470 0.205 0.241 -0.661 -0.456 -0.187 
3 -0.204 -0.408 0.024 -0.633 0.317 0.539 
4 0.739 -0.288 -0.569 0.078 0.190 0.067 
5 0.206 -0.662 0.626 0.185 0.097 -0.290 
6 -0.047 0.223 -0.051 -0.295 0.701 -0.606 

 8 

 9 
 10 
 11 
 12 
 13 
 14 
 15 
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Table 3.5. Best predictors and models for each vegetation and lichen group with model 1 
statistics and sample sizes for each data source (quadrat or transect); each column is a 2 
model; p = proportion of models fit to 100 randomized copies of original dataset that 3 
were better than original model, xR2= cross-validated R2, RMSE= root mean square error, 4 
N-hood = average neighborhood size (sum of weights, number of plots), tol = tolerance is 5 
the width of the Gaussian kernel measured as a percentage of the range of the predictor, 6 
sens = sensitivity is the percent change in response resulting from 1% nudging of 7 
predictor, pred = predictor. Categorical variables have zero tolerance by definition, and 8 
were not subjected to sensitivity analysis. “*” indicates sensitivities that weren’t 9 
calculated because models had a poor fit (xR2 < 0.2). See Table 3.3 for predictor 10 
abbreviation definitions. 11 
 12 

  Quadrat Data (n=722)   Transect Data (n=850) 

Model 
stats 
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p 0.01 * 0.01 *   0.01 0.01 0.01 0.01 0.01 
xR2  0.37 0.19 0.32 0.11   0.51 0.24 0.4 0.31 0.27 
RMSE 2.9 * 6 *   1.57 1.26 3.22 1.41 1.38 
N-
hood 31.4 23.6 23.2 42   53.3 57.1 83 24.5 63.8 
pred 1 pelevati pslope pelevati pelevati   pelevati pelevati LICB2 pslope pelevati 
tol. 1  0.05 10.38 0.05 0.05   0.13 0.13 0.02 6.51 0.14 
sens. 1 0.23 * 0.23 *   0.08 0.6 0.3 0.11 0.13 
pred 2 LICB1 pelevati LICB2 LNDVI   LICB5 LICB3 LNDVI pelevati LICB3 
tol. 2 0.01 0.05 0.06 0.01   0.05 0.12 0.01 0.13 0.06 
sens. 2 0.23 * 0.05 *   0.32 0.04 0.73 0.1 0.4 
pred 3 LICB7 LICB4 landfor LPCA6   LPCA1 ecoreg - LICB3 LICB5 
tol. 3 0.11 0.1 0 0.08   0.54 0 - 0.07 0.05 
sens. 3 0.08 * n/a *   0.45 n/a - 0.17 0.41 
pred 4 - landfor LPCA2 fireyear   - - - ecoreg - 
tol. 4 - 0 1.3 8.8   - - - 0 - 
sens. 4 - n/a 0.04 0   - - - n/a - 
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CHAPTER 4. GRAMINOID COVER AND SNOW DEPTH PREDICT 1 
INTER-ANNUAL VARIATION IN WINTER CARIBOU HABITAT 2 

SELECTION ACROSS SPATIAL SCALES 3 
 4 

 5 

 6 
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Abstract. We built habitat selection models to test whether caribou selected 1 

habitat based on forage resources after accounting for snow depth. Over a 22-year period, 2 

caribou predominantly selected habitats with high graminoid cover, their second most 3 

important food, over areas with high lichen cover, their primary winter food, at all spatial 4 

scales implying a tradeoff between food quality and accessibility. In two years, caribou 5 

switched between montane ecotype behaviors in favor of woodland ecotype behavior 6 

where higher lichen cover was selected. Seasonal variation in habitat selection showed 7 

caribou congregated in areas of lower snow depths and higher lichen cover as each winter 8 

progresses. The spatial aggregation of caribou was strongly negatively related to forest 9 

cover. 90% of the variation in winter habitat selection over two decades was explained by 10 

two ordination gradients; 1) flat, low elevation spruce forests with high lichen cover to 11 

north facing, steep, rugged, tree-less higher elevations with few lichens and 2) deciduous 12 

forests to higher graminoid and shrub cover. Average snow conditions from the past 20 13 

years were a better predictor of caribou occupancy than snow conditions from the year 14 

animals were relocated. We conclude large patches of tussock tundra are high use areas 15 

for wintering caribou in Denali but lower snow levels in the future may allow heavier use 16 

of lichen woodlands. 17 

Keywords. Habitat selection, winter, snow-free date, NDSI, Landsat, forage, 18 

spatiotemporal, non-parametric multiplicative regression, use availability, multivariate 19 

analysis, Rangifer tarandus, woodland, montane, Alaska, Denali National Park and 20 

Preserve 21 

 22 
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Introduction. Changes in global climate may affect caribou (Rangifer 1 

tarandus) habitat through the reduction of terricolous lichen cover (Cornelissen et al. 2 

2001) and altered snowmelt (Stone et al. 2002). Lichens are the primary winter food for 3 

caribou (Heggberget et al. 1992) and snow is the primary factor restricting winter access 4 

to that food source. As the most numerous arctic ungulate, caribou are prey for most large 5 

terrestrial predators, including humans. Their habitat selection patterns have received 6 

intense study in recent decades (Johnson et al. 2001, Mayor et al. 2009, Mosnier et al. 7 

2003) because of increasing concern that climate change and forestry practices will 8 

reduce their populations via forage reduction (Joly et al., 2009). If resource managers are 9 

to anticipate caribou responses to changing vegetation and snowmelt patterns, then long- 10 

term studies are essential to show how variable habitat leads to changes in habitat use. 11 

Here we present the results of a long-term study looking at decadal movements in relation 12 

to snow and forage over large spatial scales.  13 

Predation and competition are thought to be the primary drivers of caribou 14 

population dynamics in all but insular ecotypes (Seip 1991), whereas food is thought to 15 

not be limiting because caribou either exist at low densities or migrate. However, 16 

physiological and evolutionary fitness must also be partially determined by variable food 17 

access (Hairston et al. 1960). Based on this assumption, optimal foraging theory posits 18 

that animals balance time traveling to and between foraging areas and consuming diet 19 

items based on ranked value of diet items (MacArthur & Pianka 1966; Charnov 1976). 20 

Snow modulates access to food for caribou (Fancy and White 1985) and inhibits travel 21 

(Fancy and White 1987) between patches of higher quality forage, complicating the 22 
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process of forage selection because of increased energetic costs of searching for food 1 

(Rosenzweig 1981). As a population increases, animal density will also change foraging 2 

patterns by forcing individuals to search out lower quality but more available foods 3 

(Rosenzweig 1981). Based on this theoretical background, we explicitly include the 4 

interactions between snow and food across multiple spatiotemporal scales in a population 5 

where density dependence was likely not factor (Seip 1991).  6 

Most caribou subsist primarily on lichens during the winter (Heggberget et al. 7 

1992) to survive in environments where most plant material has senesced or is obscured 8 

by snow. In extreme cases, caribou can exist in areas without lichens (Nagy & Forsythe 9 

1995), such as the high arctic subspecies (Rangifer tarandus subsp. pearyi) or insular 10 

ecotypes (Mallory & Hillis 1996), where their diet is mostly graminoids (Heggberget et 11 

al. 1992). We studied a caribou population with many forage choices over a long period 12 

of time to look for nutritional the trade-offs manifest in variable winter habitat selection. 13 

We assumed that caribou would most likely exhibit nutritional trade-offs in variable 14 

habitat selection in the winter because there are few food choices and relatively low 15 

forage abundance at that time of year.  16 

While high in C, lichens consumed by caribou through the winter are low in N 17 

and P. Caribou offset this nutrient deficiency by consuming other forage items, such as 18 

graminoids and shrubs (Boertje 1985a). We hypothesized that if caribou select winter 19 

habitat based on food then areas near caribou locations will have a higher lichen cover 20 

and lower snow depths in comparison to random locations because lichens are the highest 21 

quality, available winter forage. 22 



 85 

Understanding habitat trade-offs based on forage choices will help us to anticipate 1 

impacts of vegetation change and conserve habitats in an arctic and boreal regions that 2 

we presume will be much warmer in the future. To detect evidence of such trade-offs, we 3 

tried to measure habitat in as comprehensive a fashion as possible using multiple 4 

measures of snow, vegetation and abiotic variables. We used a new set of high-resolution 5 

spatially extensive habitat maps in conjunction with 22 years of caribou locations to test 6 

our hypotheses. These habitat maps included selected biotic and abiotic variables thought 7 

or found to be important to caribou across multiple spatial and temporal scales.  8 

Caribou select winter habitat based on food and snow at multiple spatial scales, 9 

including, from finest to coarsest, feeding sites, travel routes between patches, patches of 10 

feeding sites and the home range (Johnson et al. 2001; Mosnier et al. 2003; Mayor et al. 11 

2009). Habitat variables at coarse spatial scales are thought to be more important in 12 

measuring habitat selection at long time scales, whereas fine-grained variables are more 13 

important at short time scales (Holling 1992). Feeding sites or patches at a fine 14 

spatiotemporal grain were found to have more food and better visibility/shelter whereas 15 

travel routes had less snow and proximity to good feeding patches (Johnson et al., 2002). 16 

Habitat selection at coarser spatiotemporal scales is driven by pressure from other herds, 17 

fire history (Joly et al. 2009) and interspecific repulsion, usually by moose (Alces alces; 18 

(Cumming et al. 1996). To address this scale dependency of habitat selection, we use 19 

multiple window sizes around caribou, integrating habitat characteristics at each window 20 

size. From this we can detect multiple spatial scales of habitat selection. We also studied 21 
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seasonal, annual and decadal patterns of habitat use to detect different temporal scales of 1 

selection. 2 

 3 

Methods 4 

Study Area. We used two different study areas, one nested inside the other, to 5 

assess whether more habitat variables or more caribou locations changed the conclusions 6 

of our analyses.  Denali National Park and Preserve (hereafter “Denali”) was the smaller 7 

study area with more habitat data but fewer caribou locations. Two adjacent Landsat 8 

scenes covering Denali (hereafter “Landsat”) was the larger study area encompassing 9 

Denali possessing fewer habitat variables but more caribou locations. 10 

Denali covers 12,800 km2 in central Alaska (Figure 4.1), with elevations ranging 11 

from 275m in the low, flat boreal forests in the north to the highest mountain in North 12 

America, Mt. McKinley (5,710m) in the middle of the park. In the northern portion of the 13 

park, the terrain is mostly flat alluvial terraces deposited by numerous north-flowing 14 

rivers originating in the Alaska range intermixed with eolian deposits that form low hills. 15 

Between the lowlands and the high elevations of the Alaska range lie a series of a low 16 

mountains formed primarily from highly weathered metamorphic material. The Alaska 17 

range bisects the park along a northeast/southwest line, forming a high spine of mostly 18 

igneous rocks capped by glaciers or permanent snowfields.  19 

Vegetation in Denali varies from lowland taiga with black spruce, tussock tundra 20 

and lichen woodlands to middle elevations dominated by shrubs terminating in rock and 21 

ice in the large foothills and Alaska range. Lowland taiga dominates in the Landsat scene 22 
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outside Denali with some white spruce and hardwoods in well-drained, warmer soils. 1 

Between 1985 and 2007 from November to March, average monthly winter temperatures 2 

at park headquarters across all years ranged from -27.9 to 1.5˚C. For the same period, 3 

average maximum monthly snow pack across all years ranged from 14.7 to 128.5 cm 4 

(Figure 4.2). 5 

Caribou population and locations. The Denali caribou herd is composed of 6 

approximately 2000 caribou, fluctuating between 3300 and 1800 animals over the last 20 7 

years (Adams & Roffler 2010). The population is low density (ca. 0.3 caribou/hectare) 8 

and is classified as Rangifer tarandus var. granti or Alaskan caribou genotype and 9 

montane ecotype (Mallory & Hillis 1996). In the winter, the herd has primarily been 10 

found north of the Alaska range in one of two areas; the eastern wintering grounds in the 11 

tussock tundra of the northeast corner of the park and the western wintering ground in the 12 

boreal forests in the west-central portion of the park (Boertje 1985a). Between November 13 

and March from 1984-2007, 282 adult female caribou at least 1 year old were outfit with 14 

VHF radio collars and relocated 4225 times using fixed wing aircraft (Adams & Roffler 15 

2010).  All locations from males and mortality signals were excluded to minimize rutting 16 

and death as factors in habitat selection. Locations were divided into three bouts by 17 

biological year, corresponding to roughly month-long time increments, to equalize 18 

relocation effort. Since we focused on winter habitat selection, we only used locations 19 

from bout 6 (Nov. 5-Dec. 15), bout 7 (Jan. 7-Feb.11) and bout 8 (Mar.6-31). Locations 20 

were divided into those that fell within Denali (n= 3780) and the Landsat scene (n=4101), 21 

with Denali locations falling within the Landsat scene (Figure 4.1) because more 22 
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locations were available in the Landsat scene but more covariates were available in 1 

Denali. Individual animals were relocated only once per bout. 2 

Habitat variables. Environmental covariates used in most previous caribou 3 

habitat studies divide the landscape into coarse (categorical or thematic) environmental 4 

variables, such as polygons or pixels assigned to a vegetation class (e.g. Johnson et al., 5 

2002; Gustine and Parker, 2008). Our study improved on previous caribou habitat 6 

selection studies by using a new set of continuous (vs. categorical or thematic), high- 7 

resolution (30m pixels) vegetation maps of caribou diet items (Nelson et al. 2013). We 8 

used vegetation layers corresponding to diet groups commonly used in caribou studies 9 

(Heggberget et al. 1992), including conifer (Picea sp.), deciduous tree, shrubs, 10 

graminoids, and two lichen groups; lichens with a yellow pigment called usnic acid 11 

(usnic lichens) and usnic + light colored lichens (usnlite; Nelson et al. 2013). Two lichen 12 

groups were used because they reflect different components of the lichen community 13 

commonly consumed by caribou. We excluded forbs because we were focused on winter 14 

habitat. Vegetation layers were generated from long-term vegetation monitoring plots 15 

(Stueve et al. 2010; Roland et al. 2012), satellite imagery and GIS data. These data were 16 

used to build statistical models to estimate the vegetation cover within study areas (either 17 

Denali or the entire Landsat scene), depending on whether predictors for a given 18 

vegetation layer were available outside Denali (Nelson et al. 2013). 19 

We used snow persistence data as predictors in two ways, the first based on a 20 

high-resolution snow map (30 m pixels) measuring the average date that a pixel goes 21 

snow free, and second, the monthly average maximum snow depth from historical 22 
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climate data collected at Denali National Park headquarters. Snow-free dates were built 1 

using the Snowmap algorithm (Hall et al. 2001), resulting in an average Julian date which 2 

each 30 m pixel in a Landsat scene changed from snow covered to snow free. Scenes 3 

from Landsat 5 and 7 from 1985-2009 were mosaicked, re-projected to NAD83 Alaska 4 

Albers and corrected to top-of-the-atmosphere reflectance in the Landsat Ecosystem 5 

Disturbance Adaptive Processing System (LEDAPS; Masek et al. 2006). We only used 6 

images from April 1 to August 31 due to terrain shadow earlier and later in the year. For 7 

each image, we applied a cloud mask and classified the remaining pixels as snow covered 8 

or not using Normalized Difference Snow Index (NDSI), where NDSI = (VIS – SWIR) ÷ 9 

(VIS + SWIR) where: 10 

* VIS = Top-of-atmosphere reflectance in a visible wavelength, typically about 11 

0.55 micrometer (µm) in Landsat TM and ETM+ band 2.  12 

*SWIR = Top-of-atmosphere reflectance in a short-wavelength infrared, typically 13 

about 1.64 µm in Landsat TM and ETM+ band 5.  14 

Classification of each pixel’s Julian snow-free date in the stack of cloud-free pixels was 15 

done with a binary classification tree (R Development Core Team 2009, rpart package), 16 

which was constrained to one split. 17 

Geographic variables (slope, aspect off 180, elevation) were derived from a 30 m 18 

DEM in ArcGIS 10 (ESRI, Redlands, CA). Terrain ruggedness was calculated at two 19 

spatial scales (3 x 3 pixel and 90 x 90 pixel windows, both with 30 m pixels) using 20 

Vector Ruggedness Measure (VRM) Python script (Sappington et al. 2007). Climate data 21 

(temperature and snow depth at park headquarters) from Denali were acquired from the 22 
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National Park Service. Daily climate measurements were aggregated to monthly averages 1 

for mean, maximum and minimum temperature and maximum snow depth for the three 2 

bouts of animal relocations. Historical monthly temperature and precipitation (1984- 3 

2005) were obtained from Scenarios Network for Alaska and Arctic Planning (SNAP), 4 

which uses the Parameter-elevation Regressions on Independent Slopes Model (PRISM; 5 

Daly et al. 2002) to spatially extrapolate historical climate data. SNAP data were 6 

extracted for the month closest to middle date of each bout. In total, there were eighteen 7 

and sixteen habitat covariates available for modeling caribou habitat selection in the 8 

Landsat scene and Denali, respectively (Table 4.1). Finally, we also added the year 9 

caribou were relocated as a covariate to see if a single time categorical variable could 10 

account for temporal variation in habitat selection. 11 

Spatial vs. Spatiotemporal Random Points. Clearly defining available 12 

habitat and the spatial scope of habitat modeling studies critically influence the presumed 13 

available habitat that is then compared to used habitat (Garshelis 2000; Van Horne 2002). 14 

Our study is a “within-home range” site-attribute design (Garshelis 2000), meaning the 15 

herd’s overall winter home range defines the spatial extent within which habitat selection 16 

is presumed to operate. We used a minimum convex polygon home range estimator 17 

generated in the Geospatial Modeling Environment (GME) (Beyer 2012) using all winter 18 

locations across all years. We then clipped the home range by the maximum elevation 19 

within all winter locations (2000 m) to exclude areas caribou are unlikely to use.  20 

 To assess whether the Denali herd selected habitat at different scales, caribou 21 

locations were buffered by circular windows with radii of 150, 300, 600, 1000, 2000, 22 
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4000 & 10,000 m. The finest scale was set at 150 m because that is the accepted error 1 

associated with VHF radiotelemetry relocations (Garshelis 2000). The coarsest scale was 2 

set at 10,000 m based on other studies that indicated habitat selection is correlated with 3 

environmental variables at or below a 13 km radius from the animal (Mayor et al. 2007, 4 

Mayor et al. 2009). We extracted summary statistics (max, min, mean, median, standard 5 

deviation and pixel count) for the habitat variables (Table 4.1) within each buffer size for 6 

each caribou location using the GME. For each buffer size, we excluded caribou that had 7 

less than 50% of the pixels with data for any single covariate. As the buffer radius 8 

increased, more locations were acceptable (Table 4.2).  Caribou locations from most 9 

years and buffer radii had between 150-250 usable caribou relocations (Appendix Table 10 

A). See Appendix Figure A for a flow chart showing this process. 11 

Spatiotemporal overlap between caribou locations. Caribou exhibit site 12 

fidelity (Schaefer et al. 2000) yet can also deviate widely from usual seasonal ranges 13 

(Adams et al. 2005). Caribou are also, to varying degrees, a herd animal (Mallory and 14 

Hillis 1996). Site fidelity and the herd effect create spatiotemporal autocorrelation 15 

between animals and between locations of the same individual, which complicates testing 16 

for significance of habitat selection, since selection could be occurring due to the 17 

animal’s social behavior (herd effect), memory (site fidelity) or environmental factors 18 

(e.g. high quality, available forage). To quantify site fidelity and the herd effect, we 19 

measured spatial overlap between caribou buffers across buffer sizes and through time. 20 

We used the GME to generate polygons of overlap between caribou and calculated the 21 

area of each of these polygons. We then filtered the overlapping polygons to only include 22 
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caribou locations used in the analysis (>50% pixels with data for all predictors for a given 1 

buffer size). We divided overlap by the total possible area covered by a given window 2 

size multiplied by the number of caribou for that bout/year. The total overlap can exceed 3 

the total area covered by maximally dispersed, buffered caribou locations because an 4 

individual can overlap with more than one other individual at a given time and each of 5 

these overlapping polygons is added to the total overlap. The maximum overlap would 6 

occur under the implausible hypothetical situation of all caribou occurring on the same 7 

point. 8 

Spatial Random Points Dataset. We generated a set of 6000 - 8000 random 9 

locations, one set for each window size (150, 300, 600, 1000, 2000, 4000 & 10,000 m 10 

radii) for each geographic area (Denali and Landsat) within the home range. To maintain 11 

separation of used and random datasets, random points of a given buffer size couldn’t fall 12 

within the window of another random point nor within the buffer of the used locations for 13 

a given window size. Random points were buffered by the same radii as caribou and had 14 

vegetation and environmental variables extracted in the same manner as the used 15 

locations for each buffer size. As with the used locations, we omitted random points with 16 

<50% of pixels with data for all predictors at each window size. Since we generated more 17 

random points than necessary, we randomly sampled the random locations for each 18 

buffer size to equal the number of used locations for that same window size.  19 

A separate pool of random points had to be generated for each buffer size because 20 

buffered random points couldn’t overlap each other nor could they land in the buffers of 21 

used locations. However, as the radius of the buffers increase, the number of possible 22 
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points that could fit within the home range and still pass all the data quality constraints 1 

decreased below the number of used locations. Therefore, we used the 1000 m random 2 

point dataset for the 2000, 4000 m and 10,000 m buffer sizes. This produced overlap 3 

between random points for those larger buffer sizes. However, the overlap between 4 

buffers around random points was minimal.  5 

We built two matrices with the data extracted from each set of buffered used and 6 

random locations; one with environmental and vegetation data (habitat matrix) and the 7 

other with the same number of rows but with random points attributed with a “0” and 8 

caribou locations with a “1” (presence/absence matrix). The habitat matrix held the 9 

predictor or independent variables and the presence/absence matrix contained the 10 

response or dependent variable. The two matrices were then used in building habitat 11 

selection models. The habitat matrix of only the caribou locations (e.g. without random 12 

points) was also used in ordinating caribou in habitat space (see Analysis section).  13 

Spatiotemporal Random Points Dataset. We were not only interested in 14 

within-home range habitat selection in space but also variation in habitat selection 15 

through time. To capture temporal habitat selection in our models, we generated 16 

minimum convex polygons (MCPs) for home ranges by bout and year. Within each 17 

bout/year home range, we iteratively selected random points (from the same pool of 18 

random points generated earlier) that fell outside the bout/year home range equal in 19 

number to the count of buffered caribou locations with >50% data for all predictors in 20 

that bout/year. Each random point was then attributed with climatic data from Denali 21 

headquarters for that bout/year. This process was repeated for each window size, after 22 
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which we extracted SNAP data for the corresponding time period. We compiled the 1 

random and used locations into similar habitat and presence/absence matrices as the 2 

strictly spatial dataset except the habitat matrix had SNAP and climate data from Denali 3 

headquarters and the selection of random points had embedded temporal structure. 4 

Appendix Figure A diagrams this process. 5 

 6 

Analyses 7 

Habitat selection model. Resource selection functions (RSF; Manly et al. 8 

1992) are popular for habitat selection modeling with continuous (vs. thematic or 9 

categorical) habitat variables. These are usually some form of logistic regression of used 10 

vs. presumed unused locations against environmental covariates. In an RSF, interactions 11 

between predictors must be explicitly quantified. In a complex set of environments with 12 

many known or suspected interacting predictors of animal occupancy, RSF’s may under- 13 

represent these interactions. Instead of an RSF, we employed non-parametric 14 

multiplicative regression (NPMR), which compares the modeled probability of use to a 15 

naïve model where the probability that an animal will be found is the overall average 16 

frequency of occurrence in the data. NPMR can recover complex, unanticipated nonlinear 17 

response surfaces and automatically represents interactions among predictors using 18 

multiplicative weights with a kernel smoother. 19 

We regressed random points and caribou locations (presence/absence matrix, 20 

dependent variable) against environmental and vegetation variables (habitat matrix, 21 

independent variables) using NPMR in HyperNiche (McCune & Mefford 2009). We used 22 
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NPMR with a local mean Gaussian kernel and forward stepwise variable selection, 1 

simultaneously optimizing the smoothing parameters (tolerances) for all predictors 2 

included in the model.  NPMR controls over-fitting with leave-one-out cross validation 3 

during model selection and calculating fit so that splitting into training/validation datasets 4 

is automatically built into model development. We used aggressive settings for the over- 5 

fitting controls except for minimum improvement criterion of 2% and maximum 6 

allowable missing estimates of 3%. The higher improvement criterion prevented 7 

searching for models resulting in a marginal improvement of fit. The low maximum 8 

allowable missing estimates ensured that only models where most of the data were used 9 

were retained.  10 

We fit models for each window size and geographic area (Denali and Landsat), 11 

retaining only the best model. In HyperNiche, the model fit statistic for a binary response 12 

is a log likelihood ratio, logB, which is the ratio of “the likelihood of cross-validated 13 

estimates from the fitted model to estimates from the naïve model expressed in powers of 14 

ten” (McCune & Mefford 2009), p. 22). The naïve model is the average frequency of the 15 

caribou occupancy. We used the average B statistic (10logB/n), hereafter aveB, to compare 16 

model fits because sample sizes varied (which affects logB) between window sizes and 17 

geographic areas. AveB is the improvement to the fitted model added by each sample 18 

unit, expressed as a proportionate improvement in the likelihood ratio over the naïve 19 

model. For example, if a model has aveB = 1.12, each additional sample unit improves 20 

the model 12% over the naïve model. 21 
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We selected the best model for each window size and spatial scope based on the 1 

inflection point of aveB where each additional predictor only marginally improved the 2 

model. The best model for each buffer size and spatial extent was tuned by making fine 3 

adjustments to the tolerances of the predictors. Tolerance is the width of the kernel and 4 

affects the weight surrounding points have on a target point during model fitting and 5 

prediction. Larger tolerances give distant points more weight on estimating or fitting the 6 

model at the target point. We assessed p(Type 1 error), for the null hypothesis that the 7 

model fit no better than random, by randomizing the response matrix and refitting the 8 

model, repeating this process 100 times. Then p is calculated as the proportion of model 9 

fits to the randomized that are as good or better than the actual model. Predictor 10 

importance was determined through a sensitivity analysis, which nudges the value of 11 

each predictor and measures the resulting change in the response. For example, a 12 

sensitivity of 0.5 indicates that a 5% change in the predictor elicited a 2.5% change in the 13 

response. Larger sensitivities indicate greater predictor importance. We then compared 14 

the best, tuned models across spatial scales and the two geographic areas. To see how 15 

predictor importance (sensitivity) varied across scales, we refit models holding the 16 

predictors constant, retaining the predictors from the best fitting model.  17 

Multivariate Analysis of Caribou locations. Few caribou habitat analyses 18 

have used ordinations (Mayor et al. 2009) but those that have utilized methods that suffer 19 

from distributional assumptions not met by the data (e.g. linearity between columns for 20 

Principal Components Analysis). We used several non-parametric multivariate analyses 21 

of caribou habitat use to look for patterns or quantify differences while avoiding many of 22 



 97 

the assumptions of previously used techniques. We used multivariate analyses to detect 1 

inter-annual differences in used habitat as well as quantitatively describe the general 2 

habitat space occupied by caribou over two decades. To do this, we used non-metric 3 

multidimensional scaling (NMS) in PC-ORD (McCune & Mefford 2011) to ordinate 4 

caribou locations (presences only) in habitat space. NMS iteratively searches for an 5 

optimal low-dimensional arrangement of sample units in a p-dimensional (number of 6 

columns) space. NMS minimizes “stress”, the departure from monotonicity between the 7 

distances in the original distance matrix (p-dimensions) and distances in the k- 8 

dimensional space of the ordination. NMS seeks the steepest decent of stress in search of 9 

a stable solution, with stability measuring the variability in the decrease in stress in the 10 

previous ten iterations. If there is little variability in stress, the solution is stable. To 11 

compare whether the final ordination is better than random, an equal number of NMS 12 

runs were conducted after randomizing the data within columns. A p-value for a given 13 

solution was calculated as 1 + number of randomized runs with equal or lower stress than 14 

the original ordination divided by 1+ number of randomized runs. This same process was 15 

applied to the 4000 m Denali and Landsat datasets. The former has more habitat variables 16 

while the latter has more locations. Usnic lichen and deciduous trees (for the Denali 17 

dataset) were log10 transformed as their distributions were strongly skewed. We then 18 

relativized the habitat matrix to the standard deviation of each column (mean = 0, SD=1) 19 

to minimize the influence of variables, such as elevation, which have far more variation 20 

than the rest of the variables and would otherwise dominate the analysis. We excluded 21 

temporal variables from the habitat matrix from the ordination because caribou did not 22 
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select the climate conditions each year (they were subjected to the climatic conditions). 1 

We used a Euclidean distance measure and “medium” automatic “speed vs. 2 

thoroughness” settings for the NMS.  3 

We also tested whether there was a difference between random and used locations 4 

(the grouping variable) using multiple response permutation procedure (MRPP) in PC- 5 

ORD using the same habitat matrix as in NMS. MRPP measures  within-group agreement 6 

(A) and a p-value. An A = 1 means all members of each group are exactly the same within 7 

group. 8 

Temporal variation in caribou habitat selection. Caribou may have 9 

selected different habitat both between years and between bouts within winters, which we 10 

tested using 4000 m Denali and Landsat datasets. We used employed univariate 11 

randomized blocked ANOVAs for individual habitat variables to clarify which variables 12 

differed between years or bouts using the same data matrix as in the NMS and MRPP. 13 

We averaged each habitat variable across animals for each bout, making an individual 14 

bout the sample unit representing the whole herd. The year 1994 had only 2 of 3 bouts 15 

and as randomized block ANOVA requires a balanced design, we removed this year’s 16 

data from this portion of the analysis. This left 21 years with 3 bouts/year for a total of 63 17 

bout/years for the ANOVA. We tested for differences between years by using bout as the 18 

block and year as the group. We did the reverse for testing for differences between bouts, 19 

defining years as blocks. We also tested for differences in caribou habitat between years 20 

and between bouts using blocked multiple response procedure (MRBP, α = 0.05) with the 21 

same blocking scheme as the randomized blocked ANOVAs. This is analogous to a 22 
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repeated-measures ANOVA, but multivariate and non-parametric. For the MRBP, we 1 

only used variables that were significantly different between years based on the 2 

ANOVAs. We also excluded climate variables because caribou don’t select weather 3 

conditions but rather are subjected to them.  4 

We used a two-way cluster analysis to show years that caribou selected similar 5 

habitat. This technique clusters both sample units (22 years as sample units), based on 6 

their distance from each other in habitat space, and habitat variables. We limited the 7 

habitat matrix used for clustering to only those variables significantly different between 8 

years as determined in the univariate ANOVAs. We again log10 transformed usnic lichen 9 

and deciduous trees and relativized the reduced habitat matrix to the mean of each 10 

column’s standard deviation. We used Ward’s linkage method, a Euclidean distance 11 

measure and trimmed the resulting dendrogram at 50% of the information remaining to 12 

define groups of years with similar habitat variables. To visualize these results, we 13 

plotted a two-way cluster diagram and made boxplots of habitat variables by year, coded 14 

by groups of years as defined in the two-way cluster analysis.  15 

 16 

Spatial aggregation of caribou. Habitat variables that co-varied with spatial 17 

overlap between caribou may shed light on the causes of aggregation or dispersion of 18 

caribou. We first tested for differences in spatial aggregation, as measured by overlap 19 

between windows around caribou, between bouts and years using a randomized blocked 20 

ANOVA. We used the mean overlap for each bout as the sample unit (22 years, 3 21 

bouts/year except 1994 with only 2 bouts for n=65 bouts). We regressed overlap against 22 
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the within-bout means of the habitat variables to see which were related to spatiotemporal 1 

variation in caribou overlap. We performed these non-parametric regressions in 2 

HyperNiche, with the “aggressive” overfitting control setting, automatic settings for 3 

everything else except for a 1% maximum allowable missing estimates. We followed the 4 

same model tuning, evaluation and sensitivity methods as in the habitat selection models 5 

above. 6 

Results 7 

Spatial results. Locations used by caribou had subtle but statistically different 8 

habitat characteristics than random locations (A=0.03, p<0.0001) in both the 4000 m 9 

Landsat and Denali datasets. Two axes from the NMS ordination of occupied locations 10 

explained 90% of the variation in 22 years of caribou habitat selection in Denali (4000 m 11 

window, n = 3541 locations, final stress= 12.95, instability < 0.0001, p = 0.02). Axis 1 12 

represented the dominant gradient in used habitat (76% of the variation explained) of flat, 13 

low elevation spruce forests with high lichen cover contrasting with north-facing, steep, 14 

rugged, treeless higher elevations with few lichens. Axis 2 (15% of the variation 15 

explained) contrasted deciduous forests with habitat having more graminoid and shrub 16 

cover.  Results were similar from the 4000 m Landsat NMS ordination except that usnlite 17 

lichen, deciduous trees and graminoids were not available as covariates. Temporal 18 

climate variables were not correlated with the NMS axes in either ordination. 19 

Regression fit improved with increasing buffer size around caribou locations 20 

(Table 4.3). We chose to use the 4000 m datasets to discuss trends in caribou occupancy 21 

because overlap and therefore spatial dependence between buffered caribou locations 22 
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increased dramatically between the 4000 m and 10,000 m windows. In Denali, graminoid 1 

cover, average snow-free date and elevation best predicted caribou occupancy (4000 m 2 

window, cross-validated aveB=1.17, p<0.01). In the Landsat scene, Picea cover, average 3 

snow-free date, elevation and fine terrain ruggedness were the best predictors of caribou 4 

occupancy (4000 m window, cross-validated aveB=1.14, p<0.01). Based on sensitivity 5 

analysis predictor ranks in importance were mostly consistent across window sizes (e.g. 6 

Picea is always the single best predictor in Landsat across spatial scales) but absolute 7 

importance varied across spatial scales (eg. predictor sensitivity varied across window 8 

sizes; Figure 4.3).  9 

In Denali for the 4000 m window dataset, graminoids were the most important 10 

predictor (sensitivity = 1.21) followed by elevation (sensitivity = 0.5) and average snow- 11 

free date (sensitivity = 0.12). Graminoids had a double humped relationship to the 12 

probability of caribou occurrence, with the highest probability occurrence in areas of high 13 

graminoid cover and a lower probability peak at the lowest graminoid cover (Figure 4.4). 14 

Average snow-free date and elevation peaked in predictive power at fine spatial scales 15 

(300-600 m) whereas graminoids increased in importance at coarser spatial scales (1000 16 

& 4000 m). At the coarsest spatial scales, elevation was a strong predictor and graminoid 17 

cover was weaker (Figure 4.2). In the Landsat scene for the 4000 m window dataset, 18 

Picea cover was the most important predictor (sensitivity = 0.59) followed by elevation 19 

(sensitivity = 0.49), average snow-free date (sensitivity = 0.32) and terrain ruggedness 20 

(sensitivity = 0.16). Elevation, average snow-free date and terrain ruggedness peaked in 21 

predictive ability at fine spatial scales (150-300m) whereas Picea cover peaked in 22 



 102 

predictive ability at the 600 m scale. Snow-free date had another peak in predictive power 1 

at the 2000 m scale while Picea and elevation had a secondary peak at the 4000 m scale. 2 

At coarser scales (10,000 m), predictor importance was unchanged (Figure 4.3). 3 

Spatiotemporal results. There was strong inter-annual variation in habitat at 4 

the 4000 m scale (A=0.25, p<0.001) for both the Denali and Landsat datasets. However, 5 

the categorical variable for year did not enter the regression models. ANOVAs of each 6 

habitat variable blocked by bout and grouped by year also showed that habitat selection 7 

varied significantly between years. For the Denali 4000 m dataset, variables that differed 8 

between years (p<0.05) included usnic and usnlite lichens, graminoids, Picea, shrub, 9 

deciduous trees, slope, elevation and terrain ruggedness (both fine and coarse). Snow-free 10 

date and average snow depth also varied between years but had weaker statistical support 11 

(F2,20=1.17 for both, p= 0.07 and 0.08, respectively). Inter-annual differences in habitat 12 

variables were similar for the 4000 m Landsat dataset except usnlite lichens, deciduous 13 

tree and graminoids were not available and average snow-free date was not statistically 14 

different.  15 

Two-way cluster analyses showed three groups of years. Group A years included 16 

1986-7, 1995, 1998, 2000-2 & 2005-6 (Figure 4.5). During these years caribou inhabited 17 

middle to low elevations with gentle terrain, variable snow, low lichen cover and few 18 

conifers but high graminoid and shrub cover. Group B years included 1988-1994, 1999, 19 

2003-4 and 2007. During these years caribou inhabited middle to high elevation, rugged 20 

terrain with deep snow, moderate lichen and graminoid cover and some deciduous 21 

forests. Group C years included only 1996-7, where caribou frequented flat, low- 22 
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elevation terrain with moderate snow depths and high lichen & Picea cover with few 1 

graminoids. The only difference between 4000 m Denali and Landsat cluster analyses 2 

was 1993, where the clustering with the Denali dataset placed it in group A instead of B.  3 

Habitat differed subtly in between bouts (A=0.07, p<0.001) using the 4000 m 4 

Denali dataset. Usnlite lichen and shrub cover, average snow-free date, average 5 

temperature, maximum temperature and average snow depth all differed between bouts (p 6 

< 0.05). Average minimum temperate and aspect off-180 (south facing-ness) differed 7 

marginally between bouts (F2,20 = 2.9 and 3.0, respectively, both p=0.06). Intra-annual 8 

habitat variation in the 4000 m Landsat dataset showed the same patterns.  9 

Overlap between caribou locations (4000 m Landsat dataset) differed between 10 

bouts (F2,20 =22.55, p < 0.001) and years (F2,20 =3.14, p = 0.001). Picea cover, average 11 

snow-free date, aspect off-180 (south facing-ness) and average maximum monthly 12 

temperature accounted for 53% of the variation in overlap between caribou (p = 0.01). 13 

This pattern was consistent across spatial scales but strongest at coarser spatial scales 14 

where overlap was the greatest. 15 

Discussion 16 

Associations between caribou occupancy and habitat variables. In 17 

Denali, caribou strongly selected graminoids, especially in patches 4000-8000 m in size 18 

(Figure 4.3). Graminoid cover peaks in open areas, such as tussock tundra, where snow 19 

can be blown away, making travel and detecting predators easier for caribou. The strong 20 

positive association between caribou and graminoids generally affirms our hypothesis 21 

that they selected winter habitat based on food resources (Figure 4.4) but did not support 22 
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our hypothesis that the Denali herd would seek out areas of high lichen cover. Aside from 1 

ease of travel and predator detection, caribou may also have selected tussock tundra 2 

because graminoids are their second most important winter food (Boertje 1984; 3 

Heggberget et al. 1992). Graminoids were strongly correlated with caribou occupancy 4 

because caribou tended to winter in the Toklat basin, also known as the eastern wintering 5 

area (Boertje 1985a), which is a slightly north facing, low-elevation area of tussock 6 

tundra underlain by permafrost with low lichen cover. By wintering in an open 7 

environment such as the Toklat basin, the Denali herd behaved as a montane ecotype 8 

(Mallory & Hillis 1996), which conforms to behavioral expectation of their subspecies 9 

Rangifer tarandus subsp. granti.  10 

The importance of graminoids in our models conflicted with an earlier dietary 11 

analyses of Denali herd, which found about 60% of their winter diet to be composed of 12 

lichens (Boertje 1984). This discrepancy could possibly due to the limited number of 13 

fecal samples used for the dietary analysis and the spatial extent where they were 14 

collected. That study based winter diet estimates on 10 fecal pellet samples (25 pellets 15 

each) taken during the winter of 1980 in an unspecified region of the park. It is also 16 

possible that in 1980, the herd concentrated in lichen rich areas (Group C years, Figure 17 

4.5) or the researcher happened to sample fecal material from a subset of the individuals 18 

that went to lichen rich areas. Our analysis may also have missed the selection of areas 19 

high lichen cover adjacent to the Toklat basin by caribou because the coarse 20 

spatiotemporal grain of the VHF radiotelemetry. Many weeks passed between relocation 21 

bouts, during which caribou could have gone undetected to areas of high lichen cover. 22 



 105 

This notion is supported by the seasonal trend where caribou occupied areas with higher 1 

lichen cover each winter. 2 

In both the Denali and Landsat scenes, caribou avoided areas with a late snow- 3 

free date (Figure 4.4). Cratering, or digging, for food and travel are both more difficult in 4 

deeper snow (Fancy and White 1985), such as in low elevation forests where wind 5 

removes less snow and higher elevations where more snow accumulates. Average snow- 6 

free date was the second most important predictor of caribou occupancy in the Landsat 7 

scene, peaking in importance at 600 m and 4000 m scales. Conversely, snow-free date 8 

was much less important in Denali models, with a peak importance at the 300 m scale 9 

(Figure 4.3). Spatial patterns in snow accumulation and ablation are controlled by 10 

complex interactions of wind, snow characteristics, topographic and vegetation features 11 

(Evans et al. 1989). The open, flat terrain of the Toklat basin was likely conducive to 12 

snow removal, which explains why graminoids captured much of the variation in the 13 

Denali models that was otherwise accounted for with snow-free date in the Landsat 14 

models where the graminoids layer was not available as a predictor.  15 

It was surprising that average snow-free date derived from images over many 16 

years (see Methods) was a better predictor than monthly average maximum snow depth 17 

from Denali headquarters from the same months as the caribou relocation dates. The 18 

continuous climate record from Denali covering the time span of caribou relocations 19 

(Figure 4.2) came from a single climate station at park headquarters on the eastern edge 20 

of the park. Average maximum monthly snow depth at headquarters likely suffered as a 21 

predictor because climate and snow conditions in an area as large and topographically 22 
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variable as Denali certainly varied drastically from the values recorded at headquarters. 1 

Similarly, the sparse spatial coverage of climate stations surrounding Denali likely 2 

limited the utility of SNAP climate layers in predicting caribou occupancy. Alternatively, 3 

the Denali herd likely responded to climatic patterns at finer spatiotemporal scales than 4 

the grain of either the climatic and caribou data. For example, much of the Denali herd 5 

left their homerange after an extreme snow event (Adams et al., 2005). Climatic events 6 

likely elicited caribou movements within the homerange each year but are undetectable 7 

with monthly relocations of caribou or climate layers built on very sparse climate 8 

stations. 9 

To survive the extreme and variable winter conditions in Denali, caribou probably 10 

respond to interacting limiting factors when selecting habitat, such as energy required to 11 

move in deep snow (Fancy and White 1985), variable quality and spatial distribution of 12 

forage (Heggberget et al. 1992) and predation risk (Seip 1991). Variation in winter 13 

habitat selection was evident in the wide range of areas occupied by caribou over 22 14 

winters (Figure 4.6). Despite the range of habitat used, most of the variation was distilled 15 

into two main gradients. Most of the spatiotemporal variation in habitat selection 16 

occurred along a gradient from flat, low elevation spruce forests with high lichen cover to 17 

north facing, steep, rugged, tree-less higher elevations with few lichens (Axis 1, Figure 18 

4.6). The rest of the variation in caribou habitat was explained by a separate gradient of 19 

relatively high deciduous tree cover to higher graminoid and shrub cover (Axis 2, Figure 20 

4.6). Based on the regression results, caribou were more likely to occupy habitat space to 21 

the left on axis 1 because they avoided spruce forests in the winter. While axis 2 22 
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explained less variation (Table 4.1), it was strongly correlated with graminoids (Table 1 

4.1). Caribou were therefore more likely occupy habitat space along the upper portion of 2 

axis 2 because graminoids, the single best predictor of occupancy, increased in that 3 

direction (Figure 4.6). Taking the two habitat gradients together, caribou habitat selection 4 

occurred most strongly in the upper left quadrant of the ordination (Figure 4.6), 5 

represented by low Picea cover and high graminoid cover.   6 

The Denali herd generally selected habitat at coarse spatial scales (> 4000 m) but 7 

predictor importance varied across spatial scales, implying multiple scales of selection. In 8 

Denali, caribou selected low-elevation areas with less snow at finer spatial scales (600 m) 9 

whereas graminoids was a stronger predictor at coarser spatial scales (1000-4000 m). The 10 

large spatial scale at which graminoid’s importance was maximized implies that large 11 

areas of high graminoid cover are important at long time scales (Holling 1992). The 12 

importance of elevation at very fine spatial scales indicated caribou avoided narrow 13 

ridges and peaks with extreme elevation change (Figure 4.3) where winter travel was 14 

likely treacherous. At coarse spatial scales (10,000 m), caribou selected low elevation 15 

areas likely because of lower snow levels and higher abundance of food items, such as 16 

graminoids and lichens, relative to barren high country. The importance of elevation rose 17 

dramatically at the coarsest spatial scales because the herd’s two main wintering areas 18 

(Boertje 1985a) were in middle-low elevations (Appendix Figure B).  19 

Temporal variation in habitat selection. We found three groups (A,B & C) 20 

of years where habitat variables in used areas differed significantly (Figure 4.5). Group A 21 

covered 9 years in spans of 1 to 3 consecutive years where caribou inhabited middle to 22 
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low elevation, gentle terrain with variable snow and low lichen and few conifers but high 1 

graminoid and shrub cover (Figures 4.5 & 4.6). During group A years, animals occurred 2 

within and between both western and eastern wintering grounds (Boertje 1985a) but their 3 

spatial distribution was relatively condensed (Figure 4.7G). We interpreted group A years 4 

as typical montane ecotype behavior (Mallory & Hillis 1996). Group B spanned 10 years 5 

in stretches of 1 to 6 consecutive years where caribou went to slightly higher elevations 6 

with rugged terrain with deeper snow, moderate lichen and graminoid cover and some 7 

deciduous forests (Figures 4.5 & 4.7). We interpreted group B years as intermediate years 8 

where caribou exhibited both montane and woodland ecotype behavior (Mallory & Hillis 9 

1996). Caribou were spatially dispersed during group B years (Figure 4.7G). Group C 10 

included only two years, 1997 and 1998, where caribou were dispersed (Figure 4.7G) 11 

west in low elevation lichen woodlands (Figures 4.5 & 4.7). We interpreted group C as a 12 

woodland ecotype behavior (Mallory & Hillis 1996). 13 

We are unsure what caused the switch from montane to woodland ecotypes, since 14 

climate data didn’t come into the models nor did it different significantly between years. 15 

Climate data were not statistically different between years, except weakly for average 16 

maximum monthly snow depths (F2,20 = 1.7, p = 0.08). Since climatic variation can be 17 

quite high in short periods of time (day or weeks), it is very likely our ANOVA of 18 

climate data with bout as the sample unit failed to detect the climatic differences between 19 

years. There are many possible climatic lag effects or unmeasured phenomena that 20 

occurred below the spatial or temporal grain of the relocation interval. Possible lag 21 

effects include summers where caribou failed to acquire enough body mass or fat content 22 
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before winter or especially intense insect harassment or high parasite loads. Since caribou 1 

catabolize fat acquired in the summer to survive through the winter (Boertje 1984), it 2 

possible that a lag nutritional deficit from inadequate summer nutrition could have altered 3 

winter movements. Rain on snow events through the winter could have created hard snow 4 

layers that could have also caused the caribou to choose different habitat between years. 5 

Extremely hard snow layers can greatly increase energetic costs of traveling through 6 

snow (Fancy and White 1985) but those snow conditions could have been ephemeral and 7 

changed between relocations. Predation pressure could have also varied between years if 8 

wolves sought out caribou more actively in years with low moose density. Wolves 9 

primarily hunt moose in the winter in Denali but variation in moose numbers could have 10 

caused a switch to heavier predation upon caribou resulting in shifts in caribou habitat 11 

selection. Detecting effects such as these at finer temporal grain would require GPS 12 

collars, which have been deployed on a few caribou in Denali but have only a few years 13 

of data thus far. For example, the winter of 1992 had exceptionally deep snow (Figure 14 

4.2), which was thought to elicit an extreme range shift by the Denali herd (Adams et al. 15 

2005). Caribou from the Denali herd left the park that winter and ranged well north of the 16 

Landsat scenes used here. In addition to the fine temporal grain of this event relative to 17 

the temporal grain of our caribou relocations, our models may have not detected this 18 

event because we excluded caribou locations outside the Landsat scenes.  19 

Caribou selected different habitat between bouts within a given winter (Figure 20 

4.8). As winter progressed, caribou congregated (Figure 4.8G) in areas with less shrub 21 

cover (Figure 3.8B), earlier snow-free date (Figure 4.8C) and more lichens (Figure 4.8A). 22 
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Shrubs and trees trap snow making more difficult conditions for movement and foraging. 1 

Caribou likely sought out higher lichen cover late in the winter because other food 2 

sources have been exhausted and snow levels began to decrease, making digging for 3 

lichens less energetically taxing. Energetic needs of pregnant caribou also increase in the 4 

spring (Boertje 1985b), which could have stimulated the collared animals (all females) to 5 

seek higher returns on foraging effort. Caribou have been shown avoid moose, which eat 6 

predominantly shrubs, to decrease predation risk (Cumming et al. 1996), which may 7 

explain why caribou avoided higher shrub cover.  8 

Overlap between caribou, a measure of their spatial aggregation, varied strongly 9 

between years (Appendix Figure C, Figure 4.7G). Caribou aggregated on north facing 10 

slopes lacking Picea (open areas) with lower snow levels, again describing the Toklat 11 

basin. Conversely, years when caribou were dispersed (Group C years), they occupied 12 

more wooded, lichen rich areas (Figures 4.7B-C). In group A years, animals may have 13 

congregated to reduce predation risk or because they are inherently social, at least at 14 

certain times of year (Cumming & Beange 1987). Caribou may have also congregated 15 

because individuals made similar habitat selection choices, independent of what other 16 

animals choose. Whatever the cause, the variable herd density exhibited by the Denali 17 

herd conforms to the two ecotypic behaviors of the Denali herd; higher density, montane 18 

behavior (Group A and B years) and lower density, woodland behavior (Group C years) 19 

(Mallory & Hillis 1996).  20 

Caribou occurred in higher densities when behaving as montane caribou (Group B 21 

and C years, Figures 4.5 & 4.7) perhaps because there is only one large, tussock tundra 22 
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patch in their home range, the Toklat basin. Caribou aggregation reached a threshold 1 

between the 2000 and 4000 m scale, where the proportion of overlap greatly increased 2 

(Appendix Figure C). This coincided with spatial scale at which graminoid importance 3 

peaked in predicting caribou occupancy (4000 m radius) (Figure 4.3). Based on this 4 

synchrony of scale, we inferred that patches of open tussock tundra, mainly the Toklat 5 

basin, were important habitat winter habitat for the Denali herd.  6 

Influence of spatial extent and use-availability design. Better habitat 7 

predictors available within Denali (graminoids) outweighed the importance of ca. 500 8 

additional caribou locations within the Landsat scene (Table 4.3) in modeling caribou 9 

habitat selection. At every spatial scale, the Denali models outperformed the Landsat 10 

models (Table 4.3). The caribou locations excluded from the Denali dataset were in the 11 

Stampede corridor, which is the small rectangular area excluded from Denali in the 12 

northeastern corner frequently used by wintering caribou (Figure 4.1). If these locations 13 

had been included in the Denali models, it likely would have further emphasized the 14 

predictors selected in the Denali model, especially graminoids, because the Stampede is 15 

very similar to the Toklat basin. Nonetheless, the relationship between caribou and 16 

graminoid cover was strong enough that the loss of information from excluding locations 17 

outside Denali didn’t dilute the relationship between caribou occupancy and graminoids. 18 

However, the exclusion of a few locations far north of the Landsat scene did likely 19 

influence our ability to detect extreme migration events due to weather (Adams et al. 20 

2005). As previously mentioned, the caribou strayed far out of the park in 1992, 21 

ostensibly because of deep snow (Figure 4.2). Had those locations been included in our 22 
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models, they likely would have made a better connection between climate variability and 1 

habitat selection. 2 

Contrasting occupied caribou locations to random points selected outside monthly 3 

home ranges (temporally variable) improved model fit in comparison to random points 4 

generated anywhere within the herd’s entire home range (temporally fixed, Appendix 5 

Figure A). This result was so consistent across spatial scales in both Denali and Landsat 6 

datasets that we didn’t present the model statistics for models using temporally fixed 7 

random locations. However, this result was important as it showed yet another way that 8 

the definition of available but unused habitat strongly influences the conclusions drawn 9 

from use/availability study designs such as this (Garshelis 2000; Van Horne 2002). We 10 

concluded that temporally pooling used locations to generate random locations masks 11 

important spatiotemporal variation in habitat selection. 12 

Unmeasured factors. Other factors we did not measure likely influenced 13 

caribou habitat selection. Caribou have been shown to avoid areas frequented by moose 14 

(Cumming et al. 1996) because of the increased predation risk from wolves (James et al. 15 

2004). As we had insufficient data on moose occupancy for the long time span covered 16 

by the caribou relocation dataset, we couldn’t account for this potential effect. Around 17 

2000 moose live in Denali (Tom Meier, NPS Wildlife Biologist, pers. comm.) but tend to 18 

occur in areas of high shrub cover, which is their primary food source (Maier et al. 2005). 19 

Caribou did show increasing avoidance of shrubs as each winter progressed (Figure 20 

4.8B), which could imply avoidance of moose and the subsequent higher wolf density.  21 
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Wolves also likely influenced the spatiotemporal distribution of caribou directly 1 

through depredation. Although there are many wolf packs in Denali they tend to prey 2 

more upon moose than caribou in the winter (Tom Meier, NPS Wildlife Biologist, pers. 3 

comm.). Still, there was no doubt some effect of the wolves on the spatial distribution of 4 

the caribou as the threat of predation is likely sufficient to illicit movement by the herd. 5 

However, wolves mainly kill caribou calves later in the spring so the effect of wolves on 6 

habitat selection would be expected later in the year once calves are born. In any case, we 7 

lacked the data on wolf distribution over the last 20 years to incorporate their locations 8 

into the models.    9 

 10 

Conclusion 11 

Graminoids, especially tussock tundra, played an important role in winter habitat 12 

for the Denali herd. The Toklat basin, the primary wintering area with high graminoid 13 

cover, is the only feature of it’s kind in Denali. By frequenting the Toklat basin, caribou 14 

in the Denali herd selected lower snow levels and better visibility to detect predators but 15 

with lower quality food in the Toklat basin in place of higher lichen cover but deeper 16 

snow to the west. However, as each winter progressed, caribou moved to areas with 17 

significantly higher lichen cover (Figure 4.8A), indicating finer spatial scale of higher 18 

quality forage selection, below the temporal grain of the VHF radiotelemetry data. In the 19 

future, changes in snow cover (Derksen and Brown 2012) may release caribou from their 20 

travel limitation or access to lichen. The Denali herd could then behave more like 21 

woodland caribou more often (group C years, Figures 4.5 & 4.6). Conversely, higher 22 
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predation risk in the forests could offset the benefits of access to more lichens in the 1 

woodlands to the west. The Denali herd could thereby continue their dominant winter 2 

behavior as montane caribou frequenting the open, tussock tundra of the tussock tundra.  3 

Park managers should take into account the importance of the Toklat basin to 4 

wintering caribou when assessing any future management actions. Climate change 5 

projections for interior Alaska portend warmer temperatures and earlier snowmelt (ACIA 6 

2005). One effect of this warming has been thawing of permafrost which has caused the 7 

formation of thermokarst to the east of the Toklat basin (Yocum 2006). The melting 8 

permafrost forms network of crevices where the former ground surface subsides into a 9 

network of crevices left behind. More water and warmer soils facilitate the colonization’s 10 

of shrubs. While presently localized, this phenomenon would not bode well for the 11 

preferred winter habitat of the Denali herd if it were to expand to a larger area.  12 
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 4 
Figure 4.1. Map of elevation in Denali with winter caribou locations from 1985-2007. 5 
 6 
 7 
 8 
 9 
 10 
 11 



 116 

 1 
 2 
Figure 4.2. Climate record from 1985-2007 from Denali National Park and Preserve 3 
Headquarters from November-March each year showing monthly averages for 4 
temperature, maximum and minimum temperature (°C) and maximum snow depth (cm). 5 
Climate measurements were taken daily. Data provided by Denali staff (NPS). 6 
 7 
 8 
 9 
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 1 
 2 
 3 
Figure 4.3. Predictor sensitivities vs. window radius (meters) from the best models for 4 
Denali (#) and Landsat (+) with the predictors held constant. Sensitivities indicate the 5 
predictor’s importance, measured as the change in the proportion of the range of the 6 
response (probability of caribou occurring) with a 1% change in the range of that 7 
predictor. 8 
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 1 
 2 
Figure 4.4. Contour surface of estimated probability of a caribou occurring in relation to 3 
percent graminoid cover and average snow-free date. The 3D surface was based on the 4 
tolerances selected for the three-predictor model using the 4000 m Denali dataset (Table 5 
4.3). White background indicates areas where the model made no estimate. Darker areas 6 
indicate higher probability of a caribou occurring.  7 
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 1 
 2 
Figure 4.5. Two-way cluster dendrogram of habitat variables from 4000 m Denali dataset 3 
averaged by bout (n = 65 bouts, 3 bouts/year except for 1994 having 2 bouts) with slashes 4 
showing three groups of years: A) Mid to low elevation, gentle terrain with variable snow 5 
and low lichen and Picea cover but high graminoid and shrub cover B) Mid to high 6 
elevation, rugged terrain with deep snow, moderate lichen and graminoid cover and some 7 
Picea and relatively abundant deciduous forests C) Flat, low elevation terrain with 8 
moderate snow depths and high lichen and Picea cover with few graminoids. Darker 9 
color of each variable means higher values. Habitat variables used include the following, 10 
each preceded by an “M” indicating a yearly mean: MUSNMN=usnic lichens, 11 
MPICMN=Picea, MULTMN=usnic + light lichens, MDECMN=deciduous tree, 12 
MSNOMN= average snow free date, MSHBMN=shrub, MGRMMN=graminoids, 13 
MDEMMN=elevation, MSLPMN=slope, MVRMMN=fine terrain ruggedness, 14 
MVRM90=coarse terrain ruggedness, MAVGSNO=average maximum snow depth. 15 
 16 
 17 
 18 
 19 
 20 
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Figure 4.6. NMS ordination of caribou in habitat space using 4000 m Denali dataset 6 
(n=3541). Axis 1 and Axis 2 explained 76% and 15% of the variation, respectively, of 7 
caribou in habitat space. Contour lines represent estimated probability of caribou 8 
occurrence), ranging from 0 to 1, from best model for the 4000 m Denali dataset (Table 9 
4.3). xR2 is the cross-validated correlation between estimated probability of caribou 10 
occurrence and the two ordination axes. Arrowheads of habitat variable vectors overlaid 11 
point in the direction where that variable increases in value. Habitat variables overlaid on 12 
ordination include: GRMMN=graminoids, SHBMN=shrub, DEMMN=elevation, 13 
SLPMN=slope, VRMMN=fine terrain ruggedness, VRM90=coarse terrain ruggedness, 14 
DECMN=deciduous tree, ULTMN=usnic + light lichens, PICMN=Picea, USNMN=usnic 15 
lichens, ASPMN=aspect off-180 (south facing-ness), Estimated = probability of caribou 16 
occurrence from best model for the 4000 m Denali dataset, ranging from 0 to 1, Residual 17 
= 1-Estimated.  “MN” suffixes indicate mean values from all pixels in the 4000 m 18 
window around a caribou. White triangles represent caribou locations 19 
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 1 
 2 
Figure 4.7. Boxplots of habitat variables averaged by bout/year for the 4000 m Denali 3 
dataset, except overlap which was calculated from the 4000 m Landsat dataset. Habitat 4 
variables shown are those significantly different between years as determined by 5 
ANOVA (see Table 4.1). Box shading indicates habitat year/groups, which are years with 6 
similar habitat as determined by two-way cluster analysis (see Fig. 3). A) Picea B) Shrub 7 
C) Slope D) Graminoids E) Usnic lichen F) Elevation. Y-axis units for A, B, C, E & I are 8 
percent cover. 1994 was excluded. 9 
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 2 

 3 
 4 
 5 
Figure 4.8. Boxplots of habitat variables averaged by bout for 4000 m Denali dataset, 6 
except overlap which was calculated from the 4000 m Landsat dataset. Habitat variables 7 
shown are those that were significantly different between bouts as determined by 8 
ANOVA (see Table 4.1). Box shading indicates bout. A) Usnlite lichens B) Shrub C) 9 
Snow depth D) Average temperature E) Average snow-free date F) Average maximum 10 
temperature G) Proportional overlap.  11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
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Table 4.1. Habitat variables used in analyses, units of measure, correlations (R2 > 0.4 in 1 
bold face) and direction of relationship (+/-) with NMS ordination axes using 4000 m 2 
Denali dataset. Predictors only available in Denali are indicated by “*”. Denali and 3 
Landsat columns are p-values (p < 0.05 in bold face) from ANOVAs testing for habitat 4 
differences between years using 4000 m datasets. Bolded names of habitat variables are 5 
significantly different (p < 0.05) between bouts based on ANOVAs in both Denali and 6 
Landsat 4000 m datasets. 7 
 8 
Habitat 
variable Units Axis 1 

(76%) 
Axis 2 
(15%) 

Axis 3 
(7%) Denali Landsat 

Usnic lichens % cover 0.65(+) 0.13 0.01 <0.001 <0.001 
Picea % cover 0.63(+) 0.18 0.04 <0.001 <0.001 
Shrub % cover 0.29 0.3 0.06 <0.001 <0.001 
Deciduous tree* % cover 0 0.45(-) 0.26 <0.001 n/a 
Usnic + light 
lichens* % cover 0.58(+) 0.18 0.01 <0.001 n/a 
Graminoid* % cover 0.18 0.42(+) 0.11 <0.001 n/a 
Snow-free Date Julian date 0.08 0.06 0.62(+) 0.067 0.202 
Aspect off 180 Degrees 0.34 0.19 0 0.334 0.371 
Terrain 
ruggedness 
(Fine) Unitless 0.58(-) 0.28 0.03 0.002 0.158 
Terrain 
ruggedness 
(Coarse) Unitless 0.59(-) 0.29 0.02 0.003 0.427 
Elevation Meters 0.77(-) 0.01 0.08 0.025 0.036 
Slope Degrees 0.67(-) 0.24 0.03 0.001 0.001 
Snow depth  Centimeters 0.01 0 0 0.083 0.083 
Temperature  Degrees C 0.01 0 0.01 0.299 0.299 
Max 
Temperature  Degrees C 0 0 0 0.22 0.22 
Min 
Temperature  Degrees C 0.01 0 0.01 0.18 0.18 

 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 



 124 

Table 4.2. Number of caribou locations plus random points with at least 50% of all pixels 1 
(30 m pixels) with data for all habitat variables (Table 4.1), sorted by window size and 2 
geographic area. Minimum pixel count is 50% of pixels for a given window size.  3 
 4 

  Radii window sizes 
 150m 300m 600m 1km 2km 4km 10km 
Minimum 
pixel count 40 159 634 1752 6989 27937 174553 
Locations in 
Denali 
(caribou + 
random) 6280 6396 6696 6826 7058 7082 5690 
Locations in 
Landsat 
(caribou + 
random) 7570 7682 7834 7962 8084 8114 8090 
Difference in 
sample size 
(Landsat - 
Denali) 1290 1286 1138 1136 1026 1032 2400 

 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
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Table 4.3. Non-parametric regression statistics for best models for Denali and Landsat 1 
scenes using spatiotemporal random points (eg. random points selected outside MCP for 2 
each bout/year), based on local mean NPMR. See Table 4.1 for predictor descriptions. 3 
AveB is the model fit statistic, measured as 10logB/n, when n is the sample size 4 
(used+random locations). The ave Nhood is the average number of sample units 5 
(caribou/random points) bearing on a given point estimate during model fitting. 6 
Tolerance is the kernel width or smoothing parameter, expressed in the units of the 7 
predictor. Sensitivities indicate the predictor’s importance, measured as the 8 
responsiveness of the dependent variable (probability of caribou occurring) with a 5% 9 
change in a predictor. 10 
 11 

  Denali Landsat 

Model 
Statistics 15

0m
 

30
0m

 

60
0m

 

1k
m

 

2k
m

 

4k
m

 

15
0m

 

30
0m

 

60
0m

 

1k
m

 

2k
m

 

4k
m

 

aveB 1.1 1.11 1.11 1.13 1.15 1.17 1.08 1.09 1.11 1.11 1.14 1.14 
ave Nhood 400.7 337 374.4 452.1 397.4 415.4 568.5 610.6 481.9 516.8 548.2 613.9 

Tolerances                         
Graminoid 0.26 0.23 0.22 0.18 0.16 0.12 - - - - - - 
Avg. Snow 

Free Date 12.62 - 13.93 12.81 11.7 11.69 8.62 8.68 8.55 7.19 7.16 6.15 
Elevation 98.25 86.47 82.56 120.3 105.65 127.8 101.31 121.13 96.49 108.34 106.79 129.2 

Picea - - - - - - 4.39 3.59 3.48 4.08 3.3 3.22 
Terr. Rugg. 

(Coarse) - - - - - - 0.03 0.03 - - 0.02 - 
Terr. Rugg. 

(Fine) - - - - - - - - - - - 0.01 
Slope - - - - - - - - 6.78 5.57 - - 
Shrub - 8.2 - - - - - - - - - - 

Sensitivities                         
Graminoid 0.73 0.78 0.81 1.06 1.03 1.21 - - - - - - 
Avg. Snow 

Free Date 0.14 - 0.14 0.14 0.14 0.12 0.33 0.39 0.46 0.45 0.41 0.49 
Elevation 0.42 0.5 0.51 0.39 0.51 0.5 0.4 0.3 0.4 0.41 0.39 0.32 

Picea - - - - - - 0.37 0.46 0.56 0.46 0.58 0.59 
Terr. Rugg. 

(Coarse) - - - - - - 0.12 - - - 0.14 - 
Terr. Rugg. 

(Fine) - - - - - - - 0.16 - - - 0.16 
Slope - - - - - - - - 0.13 0.16 - - 

Shrub - 0.2 - - - - - - - - - - 

 12 
 13 
 14 
 15 
 16 
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 1 
CHAPTER 5: GENERAL CONCLUSIONS 2 

 3 

The National Park Service in Alaska monitors “vital signs” within each Park. For 4 

Denali, this includes vegetation and caribou. These two components of terrestrial 5 

ecosystem continue to receive increasing attention by scientists concerned that global 6 

climate change may decrease lichen cover and thereby undermine caribou’s winter food 7 

resources (Cornelissen	  et	  al.	  2001). My work combines monitoring of vegetation and 8 

caribou components into a synthesis of lichen communities in the Denali landscape and 9 

how they relate to vegetation and caribou habitat selection. Together, these provide a 10 

basis for tracking and understanding future changes in these vital signs. 11 

Lichen diversity and patterns in functional traits. In chapter 2, I found 12 

lichen species richness was positively related to elevation and site rockiness, supporting 13 

the established theory that lichen’s strategy is to escape to more stressful environments to 14 

avoid competition with vascular plants (Grime 1977). Disturbances such as fire are 15 

frequent stressors of vegetation communities in the subarctic; these appear to be tolerated 16 

in different ways by lichens, depending on species traits and the time since burning. 17 

Sorediate lichen cover increased after recent fire, presumably because of their dispersal 18 

capabilities whereas erect fruticose lichen cover decreased possibly due to their 19 

intolerance of increased desiccation in the more open, post-fire environment. Lichens 20 

communities after recent burns differed from older burns and unburned areas but 21 

unburned and old burns had similar lichen communities. Lichen community recovery 22 
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seemed to have been nearly complete between 20-100 years post-fire, although some 1 

lignicolous lichens found in unburned areas had yet to recolonize old burns. 2 

Trait-based analyses of terricolous lichen communities revealed ecological 3 

separation of species depending on their growth form, photobiont, dispersal mechanisms 4 

and substrate affinity. These traits correspond to physiological processes important to 5 

lichen survival, such as surface area to mass ratio (Larson & Kershaw 1976), ability to 6 

photosynthesize without liquid water (Lange et al. 1986) or restart photosynthesis after 7 

rewetting (Groulx & Lechowicz 1987), nitrogen fixation and dispersal. Patterns in these 8 

traits were interpretable as responses to different abiotic factors such as desiccation stress 9 

and water availability and biotic factors such as competition with mosses and sugar- 10 

enriched leaf exudate from woody plants in the family Salicaceae.  11 

Future directions for trait-based lichen studies. Binary states for each 12 

trait of interest were used in this analysis but continuous measures of lichen traits would 13 

provide more information to resolve finer grained changes of the lichen community. 14 

Laboratory techniques to measure of important physiological traits in lichens should be 15 

adapted to field conditions so that variation of the lichen traits in situ can be detected. 16 

Promising traits for use in future analyses such as those in chapter 2 include lichen 17 

secondary chemistry and sexual reproductive propagule characteristics.  18 

Lichen’s from space. Chapter 3 showed that lichens with the yellowish 19 

pigment usnic acid were detectable from enhanced thematic mapper plus sensor (ETM+) 20 

on the Landsat 7 satellite, even at the coarse spatial grain of 30 m pixels. Usnic lichen 21 

cover varied in a nonlinear fashion in relationship to the best spectral and environmental 22 



 128 

variables, including blue and near infrared bandpasses and elevation. The best model of 1 

usnic lichen cover estimates high lichen cover in lowland boreal forests on alluvial 2 

terraces and middle and higher elevation alpine ridges, a finding supported by ecological 3 

studies showing peak lichen cover in sandy or rocky soils in lowland forests (Ahti, 1977; 4 

Kershaw, 1978) or alpine tundra (Holt et al., 2007). Although previous studies made 5 

similar efforts to map lichens, none explicitly targeted the unique spectral properties of 6 

usnic acid (Nordberg & Allard, 2002; Théau et al., 2005). Total lichen cover had a 7 

positive, linear relationship with usnic lichen cover making the method described in 8 

chapter 3 promising for both mapping caribou forage lichen (many of which have usnic 9 

acid) and mapping lichens in general. 10 

Future directions in lichen mapping. These lichen modeling and mapping 11 

methods may have better spatial resolution and accuracy if done using hyperspectral 12 

products with finer spatial grain. Lichens have other spectral characteristics that are 13 

distinctive in narrow bandpasses (Kaasalainen & Rautiainen, 2005; Korpela, 2008; 14 

Solheim et al., 2000), including usnic lichens, which have strong yellow reflectance and a 15 

strong absorption peak in the UV (Gauslaa, 1984). Larger, yet more intensively sampled 16 

plots matching the grain of the pixels in remotely sensed images would also likely have 17 

improved my analysis. Fortunately, the National Park Service has a large network of 18 

lichen monitoring plots installed in most of the Parks in Alaska that could be utilized for 19 

just this purpose. 20 

Caribou’s responses to snow and vegetation in the winter. In chapter 4, 21 

I hypothesized that caribou would select winter habitat based on forage resources, in 22 
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particular that they would choose area of high lichen cover. This hypothesis was 1 

supported at the finest temporal grain, where caribou occurred in areas with more lichens 2 

as each winter progressed. At coarser spatiotemporal grain, graminoids were a better 3 

predictor of winter habitat for the Denali herd over the whole 20-year dataset. This 4 

translated to the phenomenon of the Denali herd frequently being observed in the Toklat 5 

basin, a large area of tussock tundra, where high winds are known to scour snow away 6 

making travel and predator detection easier for the caribou.  7 

Caribou range across large areas with a wide variety of habitat conditions yet their 8 

habitat selection patterns show distinctive trends. Ninety percent of the variation in 9 

habitat variables extracted from the GIS around the collared caribou locations over 20 10 

years was condensed down into two gradients; First, a gradient from flat, low elevation 11 

spruce forests with abundant lichens on one end giving way to steep, north facing, tree- 12 

less slopes at higher elevations with fewer lichens and second, a gradient represented 13 

higher graminoid and shrub cover transitioning to high deciduous tree cover.   14 

Within this multivariate habitat space, I identified three groups of years that 15 

shared similar habitat attributes and levels of spatial aggregation among animals; years 16 

where were relatively tightly grouped in middle to low elevation, gentle terrain with 17 

variable snow and low lichen and few conifers but high graminoid and shrub cover; years 18 

caribou were moderately tightly groups and went to slightly higher elevations with 19 

rugged terrain with deeper snow, moderate lichen and graminoid cover and some 20 

deciduous forests ; years where caribou were dispersed west in low elevation lichen 21 

woodlands.  22 
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Future directions for caribou habitat analyses. Caribou can travel 1 

quickly, often covering dozens of kilometers in a day. For this reason, finer-grained 2 

spatiotemporal caribou locations obtained from caribou outfitted with satellite GPS 3 

collars would likely reveal different patterns of habitat selection in relationship to 4 

vegetation than shown here. I suspect that caribou frequently made forays to areas of 5 

higher lichen cover through the winter, a hypothesis hinted at by the finding of increased 6 

lichen cover surrounding caribou as each winter progressed. Caribou locations collected 7 

at finer temporal grain would also likely show their stronger sensitivity to short-term 8 

climate conditions. Indeed, I found the counterintuitive result that average snow-free date 9 

calculated from 20 yrs of satellite imagery, a proxy for snow depth, was a better predictor 10 

of caribou presence than snow or climate conditions from the same week a caribou was 11 

observed. This finding conflicts with known mass migration events in response to 12 

extreme, short-term winter climate (Adams et al. 2005). These two temporal scales of 13 

climate and snow would be discernable with finer-grained temporal locations in 14 

combination with the long-term dataset used here. Both temporal scales of climate will be 15 

important to understanding and conserving caribou populations, as snow conditions are 16 

already changing in the subarctic (Derksen & Brown 2012). Future habitat conditions in 17 

Denali may have fewer lichens (Cornelissen et al. 2001) but less snow (Derksen & 18 

Brown 2012). It is therefore important that future studies revisit the topics in Chapter 4 19 

with finer grained caribou locations in combination with fine grained habitat maps such 20 

as those in Chapter 3 to better understand all scales of caribou habitat selection. 21 

	   22 
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 3 

APPENDICES 4 

 5 
 6 
Figure A: Flow charts of caribou location data processing. The left side outlines the 7 
process for spatial dataset extraction and right side does the same for the spatiotemporal 8 
dataset. 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
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 1 
 2 
Figure B: Estimated probability of caribou occurrence as a function of elevation, holding 3 
graminoid cover and average snow-free date constant using the best model for the 4000 4 
m Denali dataset (see Table 3.3). 5 
 6 
 7 
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 1 
 2 
Figure C: Proportional overlap of between caribou locations in the Landsat scene by 3 
bout/year (X axis) for each window size. Proportional overlap was calculated as the 4 
quotient overlap per window size (see Table 3.2 for n for each window radius) divided by 5 
the total possible area (if all locations had no overlap) by each bout. Bout/years are 6 
denoted as YYYY with the bout number (6-8) afterwards (eg. 19996 for bout 6 in 1996).  7 
	   8 

 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
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Table A. Cover and frequency of light lichen species found on 722 vegetation monitoring 1 
plots in Denali. Mean cover (%) for lichen species used for modeling was calculated as 2 
the mean from four 1m2 quadrats per plot which was then averaged across all 722 plots. 3 
Maximum cover (%) is the highest average cover on a plot. Frequency is the proportion 4 
(0-1) of plots each lichen occurred in. Total cover is the sum of averages by species from 5 
all 722 plots. Species are listed in decreasing order of total cover. 6 
 7 
 8 
 9 
Lichen species Mean Cover Max Cover Frequency Total Cover 
Cladonia rangiferina 0.55 19.5 0.47 400.2 
Cladonia stygia 0.5 17.5 0.3 365.7 
Stereocaulon paschale 0.3 25 0.14 215.69 
Stereocaulon tomentosum 0.06 11 0.08 43.59 
Cladonia scabriuscula 0.03 2.06 0.25 21.12 
Parmeliopsis hyperopta 0.03 0.25 0.22 20.6 
Thamnolia vermicularis 0.03 0.62 0.14 18.59 
Parmelia omphalodes 0.01 3 0.03 10.5 
Hypogymnia physodes 0.01 2.5 0.08 9.12 
Stereocaulon grande 0.01 2 0.02 7.12 
Hypogymnia austerodes 0.01 0.31 0.07 5.5 
Parmelia sulcata 0.01 0.5 0.06 3.88 
Cladonia umbricola <0.01 0.25 0.04 2.75 
Thamnolia subuliformis <0.01 0.48 0.02 2.55 
Stereocaulon rivulorum <0.01 1.31 0.01 2.12 
Imshaugia aleurites <0.01 0.25 0.02 1.94 
Cladonia cariosa <0.01 0.38 0.02 1.56 
Stereocaulon sasakii <0.01 0.75 0 0.81 
Cladonia ciliata <0.01 0.81 0 0.81 
Stereocaulon glareosum <0.01 0.5 0 0.69 
Icmadophila ericetorum <0.01 0.12 0.01 0.44 
Stereocaulon arenarium <0.01 0.25 0 0.38 
Lobaria scrobiculata <0.01 0.06 0.01 0.25 
Physcia caesia <0.01 0.06 0 0.19 
Stereocaulon condensatum <0.01 0.19 0 0.19 
Physcia aipolia <0.01 0.06 0 0.12 
Parmelia fraudans <0.01 0.06 0 0.06 
Stereocaulon botryosum <0.01 0.06 0 0.06 
Stereocaulon intermedium <0.01 0.06 0 0.06 
Stereocaulon pileatum <0.01 0.06 0 0.06 
Pilophorus robustus <0.01 0.06 0 0.06 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
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Table B. Cover and frequency of dark lichen species found on 722 vegetation monitoring 1 
plots in Denali. See Table A for descriptions of fields. 2 
 3 
 4 
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Peltigera aphthosa 0.69 18.75 0.45 498.32   Melanelia stygia 0.01 1.31 0.02 5.28 
Peltigera leucophlebia 0.36 10 0.31 263.44   Cetraria ericetorum <0.01 1.06 0.03 5.19 
Cladonia gracilis 0.05 15.81 0.69 145.1   Umbilicaria arctica 0.01 5 0 5 
Peltigera scabrosa 0.14 3.44 0.26 98.45   Psoroma hypnorum 0.01 0.5 0.05 4.81 
Lobaria linita 0.13 10.75 0.13 97.18   Melanelia septentrionalis 0.01 0.25 0.05 4.81 
Peltigera malacea 0.13 3.5 0.27 94.51   Pseudephebe minuscula 0.01 3 0.01 4.69 
Cetraria islandica 0.05 2.25 0.34 66.32   Umbilicaria hyperborea <0.01 1.38 0.03 4.28 
Cetraria laevigata 0.09 6.56 0.32 65.75   Peltigera kristinssonii 0.01 1.75 0.02 4.19 
Peltigera canina 0.07 7.75 0.11 48.85   Cladonia phyllophora 0.01 1.56 0.03 3.69 
Peltigera rufescens 0.07 4.75 0.11 48.62   Cladonia furcata <0.01 1.19 0.03 3.5 
Tuckermannopsis 
sepincola 0.06 2 0.37 42.89   Cladonia pocillum <0.01 0.44 0.04 3.42 
Cladonia cornuta 0.02 1.12 0.3 32.64   Leptogium saturninum <0.01 0.44 0.04 3.3 
Cladonia chlorophaea 0.04 0.81 0.35 31.45   Cladonia cervicornis <0.01 0.25 0.05 3 
Peltigera polydactylon 0.03 1.75 0.12 24.3   Peltigera membranacea <0.01 1.31 0.01 2.94 
Nephroma expallidum 0.03 2.5 0.11 23.3   Cladonia prolifica <0.01 1.5 0.01 2.88 
Peltigera didactyla 0.02 1.31 0.17 23.3   Cladonia macroceras <0.01 0.31 0.04 2.81 
Peltigera 
neopolydactyla 0.03 5.5 0.06 22.62   Umbilicaria torrefacta <0.01 1.5 0.01 2.75 
Peltigera retifoveata 0.03 3 0.04 19.56   Asahinea scholanderi <0.01 0.81 0.01 2.69 
Stereocaulon alpinum 0.02 14.75 0.02 16.31   Pseudephebe pubescens <0.01 1 0.01 2.56 
Bryocaulon divergens 0.02 4.75 0.04 14.12   Cetraria nigricans <0.01 0.5 0.02 2.56 
Cladonia crispata 0.01 1.38 0.12 13.19   Cladonia subulata <0.01 0.25 0.03 2.5 
Cladonia cenotea 0.02 0.75 0.15 12.94   Cetraria aculeata <0.01 0.19 0.04 2.39 
Masonhalea 
richardsonii 0.02 0.56 0.09 12.11   Cladonia squamosa <0.01 0.12 0.04 2.33 
Cladonia pyxidata 0.02 1.06 0.11 11.81   Allantoparmelia alpicola <0.01 1.31 0.01 2.31 
Melanelia hepatizon 0.02 2.25 0.04 11.5   Sphaerophorus fragilis <0.01 0.56 0.02 2.12 
Peltigera occidentalis 0.02 1.88 0.03 10.81   Cladonia ecmocyna <0.01 0.44 0.01 2.06 
Peltigera praetextata 0.01 3 0.04 10.31   Cladonia ochrochlora <0.01 0.19 0.03 2.06 
Cladonia fimbriata 0.01 5.19 0.03 8.34   Peltigera cinnamomea <0.01 1 0.01 2 
Sphaerophorus 
globosus 0.01 1.06 0.03 7   Cladonia acuminata <0.01 0.5 0.02 2 
Cladonia coniocraea 0.01 0.62 0.06 6.12   Lobaria pseudopulmonaria <0.01 1.06 0.01 1.94 
Peltigera elisabethae 0.01 1.38 0.03 6.06   Cetrariella delisei <0.01 1.06 0.01 1.69 
Peltigera lepidophora 0.01 1.25 0.04 6.06   Physconia muscigena <0.01 0.32 0.02 1.64 
Umbilicaria 
proboscidea 0.01 4.25 0.01 5.69   Tuckermannopsis americana <0.01 0.25 0.02 1.62 

 5 
 6 
 7 
 8 
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Table C. Cover and frequency of dark lichen species found on 722 vegetation monitoring 1 
plots in Denali. See Table A for descriptions of fields. 2 
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Cladonia singularis <0.01 0.25 0.02 1.62   Amandinea punctata <0.01 0.25 0 0.25 

Cladonia albonigra <0.01 0.62 0.02 1.5   
Allantoparmelia 
almquistii <0.01 0.25 0 0.25 

Nephroma parile <0.01 0.5 0.02 1.5   Solorina bispora <0.01 0.06 0.01 0.25 
Solorina saccata <0.01 0.75 0.01 1.45   Omphalina hudsoniana <0.01 0.12 0 0.19 

Cladonia stricta <0.01 0.38 0.02 1.44   
Phaeophyscia 
endococcina <0.01 0.12 0 0.19 

Peltigera venosa <0.01 0.5 0.02 1.44   Collema ceraniscum <0.01 0.06 0 0.19 
Cladonia multiformis <0.01 0.12 0.02 1.38   Melanelia sorediata <0.01 0.19 0 0.19 
Alectoria nigricans <0.01 0.38 0.02 1.38   Peltigera collina <0.01 0.06 0 0.19 
Hypogymnia subobscura <0.01 0.38 0.01 1.25   Melanelia commixta <0.01 0.06 0 0.12 

Peltigera neckeri <0.01 0.38 0.01 1.25   
Umbilicaria 
cinereorufescens <0.01 0.12 0 0.12 

Bryoria nitidula <0.01 0.5 0.01 1.25   
Cladonia 
macrophyllodes <0.01 0.12 0 0.12 

Umbilicaria cylindrica <0.01 0.25 0.01 1.25   Cladonia verruculosa <0.01 0.12 0 0.12 
Pannaria pezizoides <0.01 0.31 0.02 1.25   Cladonia dimorpha <0.01 0.06 0 0.12 
Cladonia 
merochlorophaea <0.01 0.31 0.01 1.19   Solorina spongiosa <0.01 0.06 0 0.12 
Cladonia grayi <0.01 0.19 0.02 1.19   Peltigera ponojensis <0.01 0.06 0 0.12 
Dactylina ramulosa <0.01 0.25 0.02 1.12   Cladonia norvegica <0.01 0.06 0 0.12 
Brodoa oroarctica <0.01 0.38 0.01 1.01   Placynthium nigrum <0.01 0.06 0 0.06 
Solorina crocea <0.01 0.25 0.01 0.88   Collema tenax <0.01 0.06 0 0.06 
Melanelia panniformis <0.01 0.38 0.01 0.88   Anaptychia bryorum <0.01 0.06 0 0.06 
Fuscopannaria 
praetermissa <0.01 0.31 0.01 0.88   

Fuscopannaria 
mediterranea <0.01 0.06 0 0.06 

Peltigera scarbosella <0.01 0.38 0.01 0.81   
Leciophysma 
finmarkicum  <0.01 0.06 0 0.06 

Cladonia macilenta <0.01 0.19 0.01 0.75   Umbilicaria rigida <0.01 0.06 0 0.06 
Cladonia macrophylla <0.01 0.12 0.01 0.62   Umbilicaria virginis <0.01 0.06 0 0.06 

Phaeophyscia constipata <0.01 0.31 0.01 0.5   

Umbilicaria 
hyperborea ssp. 
radicicula <0.01 0.06 0 0.06 

Cladonia rei <0.01 0.19 0.01 0.5   Sticta arctica <0.01 0.06 0 0.06 
Peltigera horizontalis <0.01 0.25 0 0.44   Leptogium gelatinosum <0.01 0.06 0 0.06 
Cladonia subfurcata <0.01 0.12 0.01 0.44   Cladonia humulis <0.01 0.06 0 0.06 

Leptogium lichenoides <0.01 0.12 0.01 0.44   
Cladonia 
homosekikaica <0.01 0.06 0 0.06 

Cladonia decorticata <0.01 0.25 0.01 0.44   Leptogium imbriactum <0.01 0.06 0 0.06 
Cladonia 
novochlorophaea <0.01 0.25 0 0.31   Cladonia asahinae <0.01 0.06 0 0.06 
Cetraria kamczatica <0.01 0.31 0 0.31   Leptogium platynum <0.01 0.06 0 0.06 
Nephroma bellum <0.01 0.31 0 0.31   Cladonia uliginosa <0.01 0.06 0 0.06 
Nephroma helveticum <0.01 0.12 0.01 0.31   Umbilicaria angulata <0.01 0.06 0 0.06 
Phaeophyscia 
endococcinodes <0.01 0.25 0 0.25   Umbilicaria phaea <0.01 0.06 0 0.06 

 4 
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Table D: Classes of categorical predictors used in lichen and vegetation models. See 1 
Table 2.3 for full list of predictors. 2 
 3 

Lithology Parent material Landform Permafrost Ecoregion subsection 
bedrock-dark 
sedimentary alluvium-mixed alluvial fans Continuous 

Kuskokwim-glaciated 
hills & pitted plains 

bedrock-mixed alluvium-schist alluvial plaines Discontinuous 
Kuskokwim-alluvial fans 
& flood plains 

bedrock-schist 
colluvium-dark 
sedimentary 

eolian plains & 
hills/glacial hills 
& plains/recent 
moraines Not Rated 

Kuskokwim-Minchumina 
Basin 

unconsolidated-
alluvium 

colluvium-mica 
rich 

flood plains & 
terraces Sporadic 

Kuskokwim-low 
mountains & pediments 

unconsolidated-
colluvium colluvium-mixed 

low 
mountains/plate
us & 
mountains/low 
mountains-
glaciated water Alaska Range-front range 

unconsolidated-
drift colluvium-schist 

mountains/moun
tains-glaciated  

Alaska Range-high 
mountains 

unconsolidated-
eolian drift-mixed water  

Alaska Range-interior 
mountains & valleys 

unconsolidated-
Nenana gravel 

drift-Nenana 
Gravels   

Alaska Range-Kantishna 
Hills 

water eolian   

Alaska Range-south-
central mountains & 
valleys 

 eolian-mica rich   
Alaska Range-Teklanika 
mountains & plateaus 

 water   
Alaska Range-Toklat 
Basin 

 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
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Table E: Count of caribou locations by year and window size in the Landsat scene. Only 1 
locations for a given window size that had >50% of pixels with data (see Table 3.1) for 2 
all predictors were included in the count. 3 
 4 

BIOYR 150m 300m 600m 1km 2km 4km 10km 
1986 79 79 80 82 83 83 85 
1987 95 98 101 105 106 106 106 
1988 141 148 150 153 154 152 149 
1989 161 163 169 171 171 174 171 
1990 157 157 158 163 162 163 162 
1991 194 199 201 209 215 215 213 
1992 121 124 127 128 128 130 118 
1993 193 195 199 211 214 215 215 
1994 154 155 155 156 152 154 154 
1995 236 236 237 224 238 241 241 
1996 245 246 248 251 251 251 251 
1997 223 225 229 232 234 234 234 
1998 195 194 197 200 212 212 212 
1999 169 176 184 185 185 185 182 
2000 191 192 193 207 207 207 207 
2001 164 163 168 169 170 172 172 
2002 148 148 141 142 150 150 150 
2003 159 167 170 171 176 179 183 
2004 152 163 180 189 201 201 205 
2005 206 207 215 218 218 218 221 
2006 173 177 178 178 178 178 178 
2007 224 224 232 232 232 232 232 
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