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ABSTRACT:
Glacier retreat is considered a clear sign of global climate change. Although a rich body
of work has documented glacial response to climate warming trends, comparatively little
research has assessed vegetation change in recently deglaciated areas. In this study, we assess
vegetation change at two glacier forefronts in Glacier National Park, Montana, through remote
sensing analysis, fieldwork validation, and statistical modelling. The research objectives were to:
1) quantify the spatial and temporal patterns of landcover change of five classes—ice, rock, tree,
shrub, and herbaceous at the two glacier forefronts in Glacier National Park, and 2) determine
the role of selected biophysical terrain factors (elevation, slope, aspect, solar radiation, flow
accumulation, TWI, and geology) on vegetation change at the deglaciated areas. Landsat
imagery of the study locations in 1991, 2003, and 2015 were classified and validated using
ground truth points and visual interpretation for accuracy. Overall accuracies were above 75%
for all classified images. To identify biophysical correlates of change, we used generalized linear
mixed models with non-vegetated surfaces to vegetation (code=1) or stable non-vegetation class
(code=0) as a binary response variable. Results revealed elevation, slope, TWI, geology, and
aspect to be associated with increased vegetation over time at Jackson Glacier forefront, whereas
elevation, slope, solar radiation, and geology were significant at Grinnell Glacier forefront. New
case studies on vegetation change in recently deglaciated regions can deepen our knowledge
about how glacier retreat at local scales results in recharged ecosystem dynamics.

GENERAL AUDIENCE ABSTRACT
Glacier retreat is considered a clear sign of global climate change. Although glaciers are
retreating globally, comparatively little research has assessed how vegetation changes in recently
deglaciated areas. The research objectives were to: 1) quantify patterns of landcover change of
five classes—ice, rock, tree, shrub, and herbaceous at two glacier forefronts in Glacier National
Park, and 2) determine the environmental and terrain factors that affect vegetation change at the
deglaciated areas. Landsat imagery of the study locations in 1991, 2003, and 2015 were
classified and validated using ground truth points and visual interpretation for accuracy. To
identify terrain and environmental factors that influence change, we modeled change from nonvegetated surfaces to vegetation (code=1) and the stable non-vegetation class (code=0). Results
revealed elevation, slope, topographic moisture, geology, and aspect to be associated with
increased vegetation over time at Jackson Glacier forefront. Elevation, slope, solar radiation, and
geology were significant at Grinnell Glacier forefront, indicating some geographic differences in
important factors. New case studies on vegetation change in recently deglaciated regions can
deepen our knowledge about how glacier retreat at local scales results in recharged ecosystem
dynamics. This study provides further insight on the future of alpine ecosystems as they respond
to global climate change and a compelling new perspective on the future of the Park.
Additionally, we demonstrate the benefits of using remote sensing applications to study land
cover change as a proxy for vegetation colonization, especially in remote mountainous
environments.
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CHAPTER 1: PROBLEM STATEMENT
The global trend of glacier retreat is considered to be a clear sign of global climate
change (Folland, Karl, & Salinger, 2001; Oerlemans, 2005; Dyurgerov & Meier, 2010), because
glacier mass balance responds directly to temperature, precipitation, and cloud cover (Hall &
Fagre, 2003; Diolaiuti, Maragno, D’Agata, Smiraglia, & Bocchiola, 2011). Specifically, alpine
glaciers act as “the canary in the coalmine”—an early warning system of environmental change
(Hall & Fagre, 2003). Examining alpine glacier retreat is of global importance because alpine
glaciers act as a buffer in the hydrological cycle and can impact local temperature with a
decreasing albedo, while having economic and societal implications through provision of water
resources (Paul, Kääb, Maisch, Kellenberger, & Haeberli, 2004). The retreat of glaciers brings
systematic changes to local and regional ecosystem, with the potential for landscapes to
experience significant transformations (Hall & Fagre, 2003).
Although work has been conducted around the world to document the change in glaciers
in response to climate change, comparatively less research has assessed associated vegetation
change over time and patterns of plant colonization at glacier forefronts. Few studies have
examined deglaciated landscapes to analyze patterns of vegetation colonization over time and the
multiple pathways of primary succession. Primary succession is the development of plants in a
barren area following a disturbance, such as glacier retreat (Walker & del Moral, 2011). Multiple
pathways of succession exist because of its complex nature; the interaction of biotic and abiotic
factors in addition to the geography of the deglaciated landscape can determine how species
colonize the area and the rate at which the area is colonized.
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Vegetation affects surface fluxes of radiation, heat, and moisture; thus, change in
vegetation cover can change boundary layer climates (Pielke et al., 1998; Betts, 2001). By
extrapolation, vegetation change in deglaciated areas may result in local temperature and albedo
change resulting from changes in local surface energy balances (Copeland, Pielke, & Kittel,
1996; Paul et al., 2004), which may, in turn, impact glacier dynamics and the nature of
deglaciated landscapes. Colonization of new plant communities further changes local
biodiversity and creates new habitat (Milner, Robertson, Monaghan, Veal, & Flory, 2008). New
case studies on vegetation change in recently deglaciated regions can deepen our knowledge
about how glacier retreat at local scales results in vegetation change and recharged ecosystem
dynamics, and may feedback to climate and biodiversity processes (Parmesan, 2006; Thuiller et
al., 2008; Walker & del Moral, 2011).
Deglaciated areas within Glacier National Park (GNP) in northern Montana provide a
compelling study area for assessment of vegetation change at glacier forefronts. These midlatitude glaciers are the second largest concentration of glaciers in the U.S. Rocky Mountains
(Clark, Harper, & Fagre, 2015). The nature of glacier retreat within the Park has been closely
monitored for decades, allowing for an abundance of data about the nature of melting glaciers.
These studies reveal that the Park’s namesake glaciers have been retreating since the Little Ice
Age (LIA), a period that lasted from approximately 1550 to 1850 in North America (Matthes,
1940). However, the glaciers began to rapidly retreat during the past 100 years, as the global
mean temperature has increased 0.45°C since the late 19th century (Hall & Fagre, 2003). Several
studies on GNP’s glaciers have documented glacier retreat (e.g. USGS Repeat Photography
Project; Hall & Fagre, 2003; Clark et al., 2015). With the exception of Hall and Fagre (2003)
who modeled vegetation colonization in deglaciated regions and Carrara (1989) and Carrara and
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McGimsey (1981) who characterized vegetation colonization on deglaciated terrain within the
Park, no studies have examined vegetation dynamics over space and time.
This research will corroborate existing literature on vegetation change in deglaciated
areas, from a biogeomorphic perspective. Specifically, I emphasize spatial patterns of
colonization in major vegetation classes (herbaceous, shrub, and trees) and how local landscape
factors (such as terrain) may have influenced observed patterns of colonization at selected glacier
forefronts from 1991-2015. Overall, a biogeomorphic perspective will reveal how the
distributions of biota change with glacier retreat from a local landscape perspective and may
allow for better predictions of ecosystem responses to climate change (Raynolds & Walker,
2009).
To assess such landscape change, we adopt a remote sensing approach. Remote sensing
technologies, specifically Landsat series, are proven methods used in detecting land cover
change, and are thus suitable methods for assessing field and landscape scale (i.e., a geographic
extent of area that has homogeneous landscape properties) changes, and have been used in other
locations to examine colonization at glacier forefronts (Stow et al., 2004; Klaar et al., 2015). A
geospatial modelling approach will allow us to examine spatio-temporal vegetation change and
simultaneously incorporate biophysical factors such as terrain characteristics, solar radiation, and
ground moisture in an analysis.
The objectives of this study are to:
1) Quantify the spatial and temporal patterns of landcover change of five classes—ice, rock,
forest, shrub, and herbaceous at two glacier forefronts, between the years 1991 and 2015
using Landsat satellite images.

3

2) Perform a post-classification accuracy assessment using fieldwork data, recent National
Land Cover Database (NLCD), as well as Google Earth images.
3) Determine, through statistical modeling, the role of selected biophysical factors (terrain
characteristics, such as surface geology and moisture) on primary succession pathways at
deglaciated areas.
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CHAPTER 2: THEORETICAL FRAMEWORK
2.1 Introduction
Biogeomorphology is an interdisciplinary approach to the interactions between the biotic
and abiotic components of a landscape (Parker & Bendix, 1996; Naylor, Viles, & Carter, 2002;
Coombes, 2016). Biogeomorphological research straddles both ecology and geomorphology, and
examines how interrelationships among plants, animals, and micro-organisms shape landforms,
and conversely, how landforms and geomorphic processes create and change habitats (Coombes,
2016). Vegetation-landform dynamics are widely studied by both geographers and ecologists
(Parker & Bendix, 1996). Researchers studying dynamic alpine environments can benefit from
this unique perspective as there are many geographical factors that interact on the landscape.
2.2 Glacier Retreat
Glaciers are dynamic bodies of snow and ice that form over time given positive mass
balance, when snowfall during the winter is greater than summer melting (Fagre, McKeon, Dick,
& Fountain, 2017). Glaciers are a reflection of surrounding environmental conditions and adjust
in response to temperature and precipitation (Fagre et al. 2017). Glacier melt has paralleled
increases in global mean temperatures. They do not respond to year-to-year availability but
rather their mass and dimensions change gradually as a response to decadal patterns in climate,
making them a significant signal of climate change over time and not temporary anomalies (Hall
& Fagre, 2003). Smaller glaciers are shown to be a consistent and immediate indicator of climate
change due to their rapid reaction times (Cannone, Diolaiuti, Guglielmin, & Smiraglia, 2008).
The implications of glacier retreat due to the warming climate are complex; both the natural
systems and humanity are at risk to the consequences.
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Alpine glaciers specifically are among the best indicators of change (Paul et al., 2004;
Koch, Clague, & Osborn, 2014); because climate warming has been shown to be more
pronounced in alpine regions (Oerlemans, 1994) and due to the snow-albedo feedback effect
(Shea, Marshall, & Livingston, 2004). The snow-albedo feedback effect is characterized by
warm temperatures decreasing ice cover and therefore albedo. This feedback leads to a greater
amount of solar radiation absorbed and additional melting of glaciers (Shea et al., 2004). Wigley,
Kelly, Eddy, Berger, and Renfrew (1990) estimated that warming in alpine areas in the 20th
Century is perhaps the most pronounced century-long warming period of the last 10,000 years.
Research on alpine glaciers (Paul et al., 2004; Cannone et al., 2008; Diolaiuti et al., 2011) show
that the shrinkage of glaciers is changing the mountain landscape. Specifically, alpine glaciers in
the northern hemisphere are “approaching or at their minimum extent of the past several
thousand years” (Koch et al., 2014, p. 1646).
2.3 Implications of Glacial Retreat for Natural Systems
Glacier retreat, a geomorphologic process that shapes the terrain and transforms it into a
new landscape, can impact the natural system locally, regionally, and globally. The implications
of glacier retreat on the surrounding environment have been widely studied (e.g. Hall & Fagre,
2003; Moore et al., 2009; Clark et al., 2015). Specifically, glacier retreat in western North
America has significant impact on hydrology, including: streamflow, water availability, and
water quality (Moore et al., 2009). Glaciers are reservoirs of snow and ice, and their meltwater
cycles back into the environment during the summer months (Clark et al., 2015). Additionally,
glaciers moderate the effects of multi-year droughts. Consequences of glacier melt in GNP
include lower discharges and flows as well as lower temperatures in stream basins, both of which
will impact the plant and animal life in the ecosystem (Clark et al., 2015). Geomorphic hazards,
8

including landslides, debris flows, and floods, are additional consequences of glacier melt
(Moore et al., 2015).
2.4 Vegetation Succession
Vegetation succession is a central concept in ecology (Klaar et al., 2015) because it
narrates how ecosystems change over time in the event of a disturbance (Clements, 1916).
Primary succession is the growth of an ecosystem over time through stages. Succession is a
complex process that “produces gradual, directional changes in species composition and
structure of ecosystems” (Matthews, 1992, p. 4). Succession occurs when a land surface
previously devoid of life is inhabited and colonized, resulting in a new ecosystem (Matthews
1992). Clements (1916) described succession as a “series of invasions”, where a community
transitions from “lower to higher life-forms” (p. 141).
Multiple possible pathways exist for primary succession due to landscape context (Fastie,
1995), and no single model of change exists. Different pathways will lead to differences in longterm ecosystem function. According to Fastie (1995), there are three factors that constrain the
theoretically multiple possible pathways of colonizing species, as shown in his study at Glacier
Bay in Alaska. The first constraint is the life history traits, which can also be a predictor for the
success of the species (Chapin, 1993). Newly deglaciated areas are harsh environments where
not every species can establish and germinate (Fastie, 1995, p. 1913). The second constraint is
how the community interacts; one example is competition between trees and shrubs. Competition
may prevent species from succeeding in certain stands (Fastie, 1995). The last constraint limiting
the number of pathways according to Fastie (1995) is landscape position of the young site. The
site’s proximity to seed sources can constrain the possible pathways relating to the mobility of
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seed dispersal. The third and final constraint was most critical in Glacier Bay, where species with
a long-distance dispersal and short germination time arrived the earliest and therefore set the
pathway for succession (Fastie, 1995).
Deglaciated landscapes are an ideal study site for primary succession as previously
glaciated terrain becomes available for vegetation colonization. However, ecological processes
within glacier forelands are complex in nature (Tilman, 1988), and vegetation succession in
alpine environments is a slow process (Dolezal et al., 2008) due to high seedling mortality rates
(Erschbamer, Schlag, & Winkler, 2008; Marcante, Sierra-Almeida, Spindelböck, Erschbamer, &
Neuner, 2012). The feedbacks between vegetation colonization and land-surface processes, such
as pioneer species stabilizing the landscape and in turn resulting in more vegetation species, can
be effectively studied under a biogeomorphic perspective.
The rate of vegetation succession in deglaciated environments is influenced by terrain
age, climate, organisms, relief, and parental material (Matthews, 1992). According to Raffl,
Mallaun, Mayer, and Erschbamer (2006) the significance of studying alpine vegetation
succession at glacier forelands lies in the potential for new knowledge on the “genesis of
diversity in alpine environments from the very beginning” (p. 426). Their results show that first
colonizers in the glacier valley are exposed to low nutrient availability but high levels of solar
radiation and are capable of nitrogen fixation. The authors conclude that “various pathways in
primary succession coexist” (Raffl et al., 2006, p. 426). In light of rapid anthropogenic change,
understanding more about species composition of initial colonizers and patterns of colonization
with respect to landforms will provide valuable information on predictability of change in these
and similar systems.
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There have been several studies on primary succession on deglaciated landscapes dating
back to the early 20th century (Matthews, 1992). Glacier Bay National Park has been one of the
best studied examples of primary succession, starting with the foundational work of Cooper’s
(1923) investigation into the recent ecological history and present vegetation cycle of the region
that was formerly covered by ice. Cooper described Glacier Bay as having “constant exposure of
fresh surfaces for plant invasion” (1923, p. 224). The vegetation found in the area was classified
into three communities: pioneer, willow-alder thicket, and conifer forest (Cooper, 1923). Pioneer
communities invade areas most recently vacated and consist of plants of low stature. The willowalder thicket was found to settle on the slopes around the middle portion of the bay, where the
terrain is characterized by terrace gravels, moraines, and on ledges of steep slopes. Upon the
shores of the entrance is the young conifer forest, which was characterized by Cooper for its
young spruce trees.
Klaar et al. (2015) sought to study the interaction between biological and
geomorphological processes at deglaciated sites in Glacier Bay National Park and Preserve
(GBNP) located in Alaska. The authors’ objectives were to assess the implications of land
surface stability and sediment for paraglacial landscapes through the proxy of coarse-scale
vegetation development (Klaar et al., 2015). Paraglacial environments are characterized by
unstable conditions as the landscape changes with the withdrawal of glacial ice (Ballantyne,
2002; Klaar et al., 2015). Paraglacial adjustment is a period of time, lasting between 10 and
10,000 years, during which rapid environmental changes occur following glacier retreat (Klaar et
al., 2015). Vegetation succession along with paraglacial adjustment simultaneously act on “new”
deglaciated terrain (Matthews, 1992). Through remote sensing of Landsat images, the authors
conducted a spatial and temporal analysis on the recently exposed landforms in the natural
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preserve. The results of this study show that there is a defined change in vegetation succession
and soil characteristics over time (Klaar et al., 2015). Open vegetation colonizing bare sediment
helps to stabilize the sediment structure of this paraglacial region. Soil development at glacier
forelands is very slow, but increases as vegetation becomes well established (Matthews, 1992).
The increasing vegetation and soil development have significant implications for the ecosystem.
These implications include: the provision of an effective route for evapotranspiration, an increase
in soil water retention, and ultimately, facilitation of a transition from a paraglacial landscape to
a more stable condition (Klaar et al., 2015).
2.5 Biophysical Controls of Succession
A variety of biophysical factors influence the primary succession of species (Chapin,
Walker, Fastie, & Sharman, 1994; Houle, 1997) such as climate, soil characteristics, and slope.
Both biotic and abiotic factors are critical for plant communities at all stages of succession;
however preliminary stages of development fall “strictly under abiotic control” (Houle, 1997;
Jumpponen, Väre, Mattson, Ohtonen, & Trappe, 1999, p. 98). Abiotic factors may determine, at
least in part, which succession patterns exist at the local site, which species are first to colonize
and how, and the primary causes of unsuccessful vegetation colonization. This can result in a
site-specific primary succession process, where rates of colonization may differ from another
area in the same vicinity. Matthews (1992) stated that vegetation succession patterns at glacial
forefronts are influenced by three main initial site conditions: substrate characteristics,
topography, and climate.
The success of species colonization depends on safe sites, which are “microsites suitable
for germination and establishment” (Jumpponen et al., 1999 for glacier forefronts and Resler,
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Butler, & Malanson, 2005 for treeline). Specifically, Jumpponen et al. (1999) found that the
spatial distribution of the five first colonizers on the forefront of Lyman Glacier in Washington
state are not random, but rather occur in specific sites that may provide additional resources.
Jumpponen et al. (1999) concluded that plant recruitment and colonization was less dependent on
topography, contrary to Matthews (1992), and more dependent on the abiotic parameters of the
site itself. Since the greatest mortality of seedlings occurs during establishment (Hamrick & Lee,
1987; Jumpponen et al., 1999), these studies highlight the importance of abiotic factors on areas
of primary succession.
2.5.1 Substrate Characteristics
Substrate characteristics, including texture, roughness, and lithology, can impact the
ability of pioneer species to colonize the newly available terrain (Matthews, 1992). Raw
substrate material is characterized by low nitrogen and organic matter (Jumpponen et al., 1999).
Three main types of substrate shown to be important are till surfaces, fluvial deposits, and bare
rock (Matthews, 1992).
Land surface stability, an influencer for establishment and colonization, is dependent on
substrate characteristics. Land surface stability on the Tyndall glacial forefront is governed by
“particle-size of surface material controlled by landform and former climatic conditions”
(Mizuno, 1998, p. 347). Younger glacial tills, which are in areas closer to the glacier were found
to have poor soil conditions and larger particle-size, which inhibits plant colonization (Mizuno,
1998). Unstable slopes, characterized by underdeveloped soils and steep slope angles, can make
it difficult for species to colonize the area (Matthews, 1992); seed establishment, germination,
and growth depend on a suitable environment (Marcante et al. 2012).
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Mizuno (1998) found that the vegetation patterns surrounding Tyndall glacier in Kenya
are controlled by till age, glacial fluctuation, and land surface stability. The first pioneer species
at the Tyndall glacier foreland has a rate of advance similar to the rate of the glacier’s retreat, as
species colonize new till deposited with glacial retreat (Mizuno, 1998). The spatial distribution
of vegetation following deglaciation on the Koryto Glacier on the Kamchatka peninsula in
Russia was found to be controlled by substrate characteristics as well as topography (Dolezal et
al., 2008). Specifically, moisture availability, soil development, and length of growing season are
a result of the transition from wet depressions to flat ridge crests at the glacier foreland (Dolezal
et al., 2008). The colonization of vegetation is dependent on those limiting factors. The results of
their research show that during the first 15 years following deglaciation, pioneer forbs and
grasses colonized the newly exposed surfaces; stress-tolerant species are most capable of
establishing and growing in barren areas (Wood & Del Moral, 1987). Following the pioneer
stage is a gradual transition to patchy ground cover of shrubs such as willow and alder (Dolezal
et al., 2008).
2.5.2 Topography
The microtopography within the glacial forelands is more likely to have a considerable
influence on succession rates (Matthews, 1992). The concave curvature of a surface has shown to
provide greater plant recruitment than other surfaces because depressions can create a “wind
shadow” to allow for seed accumulation while also collecting moisture needed for plant growth
and protecting from surface winds (Cooper, 1923; Jumpponen et al., 1999). Moisture is a critical
limiting factor for species during primary succession (Chapin & Bliss, 1989) as most sites
previously devoid of life are characterized by dry surface soils due to high levels of solar
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radiation (Jumpponen et al., 1999). One of the major causes of seedling mortality is desiccation
(Hamrick and Lee, 1987).
Boulders are known to provide safe sites for species as they provide shelter and
resources. Plant occurrence was generally higher near large rocks or in rock cracks (Mizuno,
1998), as they provide shelter for seedlings from harsh winds and create a ‘micro-watershed’ that
provides dew and moisture in the absence of precipitation (Livingston, 1972; Jumpponen et al.,
1999). Cavities and crevices are important starting points for pioneer species such as mosses,
grasses, and shrubs (Cooper, 1923). Shrubs have been found to start in the safety of crevices but
soon expand outwards to create dense mats of vegetation that can spread over adjoining rock
surfaces (Cooper, 1923). The distribution of snow, an important source of run-off and
determinant of the albedo of the slope and therefore the energy balance of a location, is
controlled by topography and exposure (Chapman, 2000).
At a coarser spatial scale, regional variations related to latitude, altitude, and
continentality can also influence the rate of succession from one site to the next, because
succession rates vary depending on location (Matthews, 1992). It has been documented that
higher elevations are more stressful environments, which leads to less successful colonization
(Robbins & Matthews, 2010). Additionally, the rate of succession proceeds more rapidly in the
sub-alpine than in higher altitudes (Robbins & Matthews, 2010). Continentality, the distance
from a body of water, has been shown to be a significant factor in explaining patterns in
successional rate and trajectory on glacier forelands (Robbins & Matthews, 2010). Topographic
controls of aspect and slope are defining factors for vegetation colonization since they will
impact drainage of water, run-off, solar radiation, and slope stability (Matthews, 1992). Gentler
slope angles have the best developed soils at glacier forelands due to steep angle slopes being
15

more susceptible to runoff, and are therefore more favorable areas for vegetation colonization
(Cooper, 1923; Messer, 1984).
2.5.3 Climatic Factors
Climatic gradients at the microscale level can influence pioneer species colonization sites
at glacier forefronts (Matthews, 1992). At Tyndall Glacier, observations showed that the plants
settled on the lee-side of boulders because they were protected against intense winds coming off
the glacier (Coe, 1963). Wind speed and direction are determined based on the climate of a
microsite, and relates to how the exposure of a microsite can determine where species can
establish (Chapman, 2000). In addition to wind, moisture and snow cover are also important
controlling factors (Matthews, 1992).
The biophysical controls may vary among locations and geography, which can explain
the various pathways of primary succession. Even within a relatively small area of GNP,
mountain slopes holding the last remains of alpine glaciers can experience different abiotic
controls on vegetation trying to settle there. In addition to understanding the spatial and temporal
patterns of change, it’s important to identify which abiotic factors are most influential for
succession on a site to site basis.
2.6 Glacial History of Glacier National Park
Approximately 20,000 years ago, during the height of the Wisconsin glaciation, much of
Montana was covered in glacial ice (Carrara, 1987). However, most of the glaciers that remain
today in the western United States were formed during the Little Ice Age, a relatively recent cold
period that lasted from approximately 1550-1850 in North America (Matthes, 1940; Hall &
Fagre, 2003). Fieldwork and air photo identification indicate that there were more than 150
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glaciers at the end of the Little Ice Age in the region now identified within the Park boundary
(Carrara & McGimsey, 1981). The glaciers in the northwest U.S. and specifically in GNP started
to retreat around 1860 (Hall & Fagre, 2003; Moore et al., 2009). Their retreat since the Little Ice
Age is due to warming temperature and drought conditions (Goff & Butler, 2016). The mean
annual temperature for GNP has increased 1.33°C since 1990, a staggering increase that is 1.8
times the global mean increase (Fagre et al., 2017).
At the end of the Little Ice Age, the Jackson Mountain region of Glacier National Park
(Figure 1) had 27 glaciers totaling 21.6k km² in area (Carrara, 1987). Tree ring analysis, one
method for determining rates of glacial retreat, combined with historical records show that
Jackson Glacier’s retreat was modest prior to 1920 but began to rapidly accelerate from then
until the 1940s (Carrara, 1987). The oldest tree growing between the existing glacier terminus
and the maximum glacier advance provides one
estimate of time that the glacier began receding
(Carrara & McGimsey, 1981). Carrara and
McGimsey (1981) used this method to explore
the history of Agassiz and Jackson Glaciers
within GNP. Twenty-one tree ring stations were
sampled around the forefronts of both glaciers.
The age of trees became younger from the
Figure 1: Jackson and Blackfoot Glaciers, Hall and Fagre
(2003)

maximum glacier extent to the current terminus.

An estimation of the date of glacier retreat was defined as the age of the oldest tree in the study
zone. Carrara and McGimsey (1981) concluded that their maximum positions were not
maintained for a long time as indicated by the lack of deposited moraine from the glacier.
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Jackson and Blackfoot Glaciers used to be one continuous glacial body named Blackfeet
Glacier. Blackfeet Glacier, at its maximum during the late-neoglacial extent (1850), had a
surface area of 8km² (Carrara & McGimsey, 1981). Since Blackfeet Glacier’s split prior to 1925,
the two offspring glaciers have been in retreat (Figure 2). Sperry Glacier was once the largest
glacier in the park and one of the largest in
the Rocky Mountain range south of Canada.
However, since 1948 Sperry Glacier has lost
75% of its total mass (Goff & Butler, 2016).
Hall and Fagre (2003) created two
models simulating climate-induced glacier
Figure 2. Blackfeet Glacier, Captain A.W. Stephens (1925) courtesy of
Butler (2016)

change in the park. The first modeled
glacier retreat based on two climate

scenarios: scenario one was a carbon dioxide doubling scenario, based on EPA’s prediction of
carbon dioxide emissions by the year 2030; scenario two was a linear temperature extrapolation
scenario under the assumption that climate is not linked to anthropogenic causes of increased
carbon dioxide. The results from the first scenario show that all glaciers in GNP will disappear
by 2030 and the second scenario shows that there will be a decrease in glacial area from 6.2km²
in 1980 to 3.71km² by 2100. In the second scenario, the glaciers will break into many small
pieces that will remain at an elevation of 2461m or higher. A companion model called
VEGPRED was used to analyze current vegetation distribution along gradients of summer mean
temperature and soil moisture. The results of their vegetation model showed that vegetation will
advance up the mountain and increase in area in both climate scenarios, the first changing from
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30.7km in 1980 to 44.72km in the linear temperature scenario and 50.77 in the carbon dioxide
doubling scenario (Hall & Fagre, 2003).
Results showing the advance of vegetation to higher elevations is supported by several
studies. Walther, Beißner, Burga, & White (2005) concluded in a study in the Swiss Alps that
there is an upward shift of alpine plants in response to the changing climate. Similarly, Lesica
(2014) conducted a 24-year monitoring study of moist alpine turf in GNP while analyzing
canopy cover data. His results support the predicted range of the expansion in alpine vegetation
at lower elevations, whereas species restricted to highest elevations will decline in abundance
with changing climate. Lesica cites evidence that biota will shift geographical ranges upward in
latitude or elevation (Root et al., 2003). This phenomenon is happening simultaneously with the
climate’s impact on glacier melt.
2.7 Remote Sensing Applications
Remote sensing technologies are considered by some as the most “under-utilized
toolbox” to analyze the interactions between geomorphic processes and vegetation (Reinhardt,
Jerolmack, Cardinale, Vanacker, & Wright, 2010). These technologies have encouraged more
research within mountain environments and allow for greater observations in remote areas
otherwise inaccessible. They are also regarded as a key source of data and the most feasible
method for mapping vegetation cover over a landscape (Liu et al., 2017). Landscape change over
a range of spatial and temporal scales can be studied with the repeat survey capabilities of
remotely sensed systems (Reinhardt et al., 2010; Stow et al., 2004). Low reflectance values of ice
and snow in the mid-infrared using Landsat data have widely been used in classifying glaciers in
alpine and arctic environments (Paul et al., 2004). However, complex topography and
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environmental factors can limit remote sensing analysis in mountainous areas because of spectral
variation (Campbell & Resler, 2015).
The Landsat series specifically has benefited studies of vegetation and land cover change
over time as well as ecological modeling (Cohen & Goward, 2004; Reinhardt et al., 2010).
Landsat data has contributed to understanding temporal dynamics, by characterizing seasonal
and annual changes in the environment, as well as spatial patterns (Cohen & Goward, 2004). In
addition, Landsat data also allows for large-area mapping and classification of spectral classes.
There has been an increasing integration of Landsat data into ecological models such as habitat
assessments, and physiological models, among others (Cohen & Goward, 2004).
Remote sensing technologies have the potential to identify how vegetation changes in
response to a warming climate; changes include structure and cover of vegetation, phenological
growth characteristics, and ecotones (Stow et al., 2004). Stow et al. (2004) reviewed the use of
Landsat TM data to detect changes in shrub communities in Alaska. The authors conclude that
shrub cover has increased in the region and that Landsat data was a sufficient methodology.
Landsat satellite images are often used in studies assessing primary vegetation succession
at glacier forefronts. Klaar et al. (2015) classified Landsat images from 1987 to 2010 for Glacier
Bay National Park and Preserve in Alaska and identified 10 land cover classes. Field validation
was used in the accuracy assessment, as well as a transition matrix. This study illustrated the
application of remote sensing technologies to view paraglacial adjustment over a long temporal
scale (Klaar et al., 2015). The results show that their Landsat classifications confirm broad
patterns of succession that were once documented through observation, and that the use of
remote sensing to classify large scale changes in vegetation cover within the Park was a success.
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Spatio-Temporal Vegetation Change as related to terrain factors at two Glacier Forefronts,
Glacier National Park, Montana
Glacier retreat is considered a clear sign of global climate change. Though a rich body of
work has documented glacial response to climate warming trends, comparatively little research
has assessed vegetation change in recently deglaciated areas. In this study, we assess vegetation
change at two glacier forefronts in Glacier National Park, Montana, through remote sensing
analysis, fieldwork validation, and statistical modelling. The research objectives were to: 1)
quantify the spatial and temporal patterns of landcover change of five classes—ice, rock, tree,
shrub, and herbaceous at the two glacier forefronts in Glacier National Park, and 2) determine
the role of selected biophysical terrain factors (elevation, slope, aspect, solar radiation, flow
accumulation, TWI, and geology) on vegetation change at the deglaciated areas. Landsat
imagery of the study locations in 1991, 2003, and 2015 were classified and validated using
ground truth points and visual interpretation for accuracy. Overall accuracies were above 75%
for all classified images. To identify biophysical correlates of change, we used generalized linear
mixed models with non-vegetated surfaces that changed to vegetation coded as 1 and stable nonvegetation class coded as 0 for a binary response variable. Results revealed elevation, slope,
TWI, geology, and aspect to be associated with increased vegetation over time at Jackson Glacier
forefront, whereas elevation, slope, solar radiation, and geology were significant at Grinnell
Glacier forefront. New case studies on vegetation change in recently deglaciated regions can
deepen our knowledge about how glacier retreat at local scales results in recharged ecosystem
dynamics.
Keywords: Physical geography, Glacier retreat, Vegetation change, Glacier National Park
Word count: 6,917
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3.1 Introduction
Change in vegetation cover is both caused by, and feedbacks to, a multitude of processes
operating on global, regional, and local scales (Foley et al., 2005). Vegetation change alters vital
ecosystem services, and local climate feedbacks (Yuan et al., 2017). In particular, forces
resulting in vegetation cover change often result in biodiversity loss (e.g. Ramankutty & Foley,
1999), which broadly affects the properties and functioning of ecosystems and, therefore, the
benefits that humans obtain from them (Diaz, Fargione, Chapin, & Tilman, 2006). Describing
and analyzing vegetation change of plant communities over time is important for identifying and
understanding the ecological processes that shape present and future biodiversity (Walker &
Wardle, 2014), provide habitat, and identify plant distribution migration lags in response to
climate change that could lead to extinctions (Zimmer et al., 2018). For these reasons and others,
characterization of the trajectory of vegetation change is an increasingly important scientific
endeavor (Chen, Hill, Ohlemüller, Roy, & Thomas, 2011; Urban, 2015; Zimmer et al., 2018).
Vegetation change in recently deglaciated or actively deglaciating areas is likely to bring
systematic changes to local and regional mountain ecosystems well into the future (Hall & Fagre,
2003). One major transformation includes the change in land cover from glacial ice to newly
colonizable areas (Zimmer et al., 2018). Glacial retreat, as areas previously covered by ice open
for vegetation colonization, forces a redistribution of plant species as they adapt differently to
warming along altitudinal gradients (Zimmer et al., 2018). For example, reduced snowpacks
allow high-elevation trees to become established in subalpine meadows, and in higher elevations,
herbaceous diversity in open areas will decrease (Peterson, 1998; Hall & Fagre, 2003). The
opportunity for invasive species to inhabit the changing environment as plant invasions
ultimately increase puts endemic species at risk (Pauchard et al., 2009). As mountain biodiversity
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is a key player in the global environmental, social, and cultural sectors, changes in biodiversity in
mountain regions are paramount. However, the nature and trajectory of vegetation and habitat
change are surprisingly under-considered, despite unequivocal trends of negative mass balance,
or glacier retreat, globally.
Whereas altered precipitation patterns and global temperature increases are causing
glacier retreat worldwide, climate alone cannot predict patterns of vegetation change in
deglaciated areas. Multiple pathways of vegetation change exist because of the complex nature
of processes driving primary succession (Raffl et al., 2006). The significance of studying alpine
vegetation colonization at glacier forelands lies in the potential for new knowledge on the
“genesis of diversity in alpine environments from the very beginning” (Raffl et al., 2006, p. 426).
In local environments, the interaction of biotic and abiotic factors, including microscale terrain
characteristics of the deglaciated landscape, can determine the nature and trajectory of plant
colonization. Both abiotic and biotic factors are critical for plant communities at all stages of
succession; however preliminary stages of development fall “strictly under abiotic control”
(Houle, 1997; Jumpponen, Väre, Mattson, Ohtonen, & Trappe, 1999, p. 98), which can result in
a site-specific primary succession process, where rates of colonization may differ from another
area in the same vicinity.
By extrapolation, the spatial pattern of vegetation colonization in deglaciated areas is
influenced by various biophysical factors. The role of topography in influencing primary
succession, specifically at glacier forefronts, has been previously documented dating back to the
early 20th century (Cooper, 1923; Matthews, 1992; Jumpponen et al., 1999; Suárez, Orndahl, &
Goodwin, 2015). These studies suggest that vegetation colonization patterns do not occur at
random (Jumpponen et al., 1999) but occur at sites where additional resources are available that
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can aid in the success of establishment. Terrain variables, including slope, orientation, and
elevation, are factors that affect biotic site conditions at critical life stages of subalpine pioneer
species because they determine moisture availability and shelter that colonizing species require
(Jumpponen et al., 1999). Further, colonizing species require adequate (but not too much)
moisture, to avoid seedling desiccation (Hamrick & Lee, 1987). Moisture availability is
determined by surface characteristics such as aspect, flow accumulation, and solar radiation, thus
topographic profile may be important. Plant seedlings have a greater chance of survival if they
have shelter from harsh winds, typically provided by large boulders(Cooper, 1923; Mizuno,
1998; Jumpponen et al., 1999). Surficial geology influences the types of consolidated material at
a site.
New case studies on vegetation change in recently deglaciated regions can deepen our
knowledge about how local factors influence its nature and trajectory, which can feedback to
climate and biodiversity processes (Parmesan, 2006; Thuiller et al., 2008; Walker & del Moral,
2011). A land use land cover change approach to studying vegetation change offers a particularly
compelling perspective. Land change science shows that the implications of changing land cover
exceed the local level and can feedback into regional and global systems. Land use and land
cover practices can impact the regional climate through surface energy and water balance as well
as the regional biodiversity (Foley et al., 2005). On the global scale, land cover affects the global
carbon cycle and ultimately the global climate (Foley et al., 2005). Further, although these
patterns have been studied at tropical (Coe, 1963; Mizuno, 1998; Duran-Alarcon et al., 2015) and
high latitude environments (Cooper, 1923; Chapin, Walker, Fastie, & Sharman, 1994; Fastie,
1995; Frenot, Gloaguen, Cannavacciuolo, & Bellido, 1998), the resultant spatio-temporal change
to areas exposed to the development of biodiversity through plant and animal colonization
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remains comparatively unstudied, especially at midlatitude sites where smaller glaciers are
rapidly receding and resource implications are high.
The purpose of this research is to examine vegetation change at two glacier forefronts in
Glacier National Park (GNP), MT. Although glacier retreat in GNP has been intensely studied
(Hall & Fagre, 2003), few studies, with the exception of Carrara (1987) and Carrara and
McGimsey (1981) who characterized vegetation colonization on deglaciated terrain within the
Park, have examined the landscape outcomes of deglaciation over time and space. None have
examined patterns of vegetation change in light of surficial biophysical variables.
In this study, land cover change derived from remote sensing analysis provides a proxy
for studying primary succession at glacier forefronts in the mountains of GNP. Remote sensing
technologies are considered by some as the most “under-utilized toolbox” to analyze the
interactions between geomorphic processes and vegetation (Reinhardt, Jerolmack, Cardinale,
Vanacker, & Wright, 2010). These technologies have encouraged more research within mountain
environments and allow for greater observations in remote areas that are otherwise inaccessible.
Remote sensing imagery and historical aerial photography are tools by others to analyze the
spatial and temporal patterns of glacier retreat (Williams, Hall, & Benson, 1991; Jacobs, E.
Simms, & A. Simms, 1997; Paul, Kääb, Maisch, Kellenberger, & Haeberli, 2004; Stow et al.,
2004; Duran-Alarcon et al., 2015). Landsat TM has benefited studies of vegetation and land
cover change over time (Klaar et al., 2015) as well as ecological modeling (Cohen & Goward,
2004; Reinhardt et al., 2010). Landsat data has contributed to understanding temporal dynamics,
by characterizing seasonal and annual changes in the environment, as well as spatial patterns
(Cohen & Goward, 2004); the broad range of spatial and temporal scales accessible because of
the repeat survey capabilities of Landsat satellites (Reinhardt et al., 2010; Klaar et al., 2015).
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Specifically, we aim to assess land cover change as an indicator of spatial patterns of
vegetation colonization in three classes (herbaceous, shrub, and trees) as it relates to local factors
(elevation, slope, aspect, geology, and flow accumulation). The study objectives are to 1)
quantify the spatial and temporal patterns of landcover change of five classes—ice, rock, forest,
shrub, and herbaceous at two glacier forefronts within GNP between the years 1991 and 2015
using Landsat satellite images, 2) perform a post-classification accuracy assessment using
fieldwork data and visual interpretation, and 3) determine, through statistical modeling, the role
of selected biophysical factors (terrain characteristics, such as surface geology and moisture) on
primary succession pathways at two deglaciated areas.
3.2 Methods
3.2.1 Study Area
Mountain environments, with their steep environmental gradients, ubiquitous landscape
and climate heterogeneity, and dynamic geomorphic processes, offer the opportunity to
document change in vegetation patterns resulting from both change in immediate environment
and biotic interactions that impact community development (Zimmer et al., 2018). Glacier
National Park (GNP), established in 1910, is located in northwestern Montana adjacent to the
Canadian border and comprises the world’s first International Peace Park and UNESCO
Biosphere Preserve with Waterton Lakes National Park of Alberta, Canada. Relatively
unmodified and protected natural systems such as National Parks are considered early warning
signs of ecosystem response to climate change (Hall & Fagre, 2003). The glaciers of GNP have
retreated rapidly during the past 100 years as the global mean temperature has increased 0.45°C
since the late 19th century (Hall & Fagre, 2003), resulting in visible landscape transformation.
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Retreat of the namesake glaciers of Glacier National Park (GNP) has been studied over
the past century, with a focus primarily on the aerial extent of ice lost. Since the end of the Little
Ice Age (LIA c. 1550-1850 in North America, Matthes, 1940; Hall & Fagre, 2003), the glaciers
in GNP have been receding. Over 80% of the original 150 documented glaciers in the Park since
establishment (Carrara & McGimsey, 1981) are lost based on USGS 2015 data (Fagre, McKeon,
Dick, & Fountain, 2017). This loss has paralleled a warming climate, with a mean annual
temperature increase of 1.33°C since 1990—a staggering increase 1.8 times the global mean
increase (Fagre et al., 2017).
Jackson Glacier and Grinnell Glacier areas (Figure 1) were chosen for analysis because
of the presence of surfaces available for colonization, and their accessibility for accuracy
assessment data collection. Additionally, although they have shown substantial retreat in area
over the past century, the glaciers are still “active”, meaning they have an area exceeding
100,000 m2 (Fagre et al., 2017). Further, both glaciers have a different topographic setting—
Jackson Glacier is draped across the mountain slope and Grinnell Glacier is cirque-dwelling.
This difference in topographic context will allow for a comparison between which macrotopographic variables influence land cover change.
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Figure 1. Locations of 2 study areas in Glacier National Park, Montana, USA.
Jackson Glacier is located on the eastern flank of Jackson Mountain, which is part of the
Lewis Range along the eastern side of the Continental Divide (Carrara, 1987). At the end of the
Little Ice Age, the Jackson Mountain region of Glacier National Park had 27 glaciers totaling
21.6k km² in area (Carrara, 1987). This glacier was once a continuous body with the neighboring
Blackfoot Glacier and was known as Blackfeet Glacier, which was the largest ice body in the
Park with an area of 1.74km² (Carrara, 1987). Tree ring analysis revealed that the retreat from its
maximum extent began around 1860; the glacier’s retreat was modest before 1920 but since
Blackfeet Glacier’s split prior to 1925, the two offspring glaciers have been in rapid retreat
(Carrara, 1987). From 1966 to 2015, Jackson Glacier has decreased in area by 40.89% (Fagre et
al., 2017).
Grinnell Glacier is located on the northeast face of Mount Gould, which is part of the
Lewis Range (Goff & Butler, 2016). The glacier is sheltered in a deep Pleistocene cirque on the
leeward side, protecting it from wind and solar radiation. Grinnell Glacier is a well-known
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“poster-child” for glacier retreat within GNP, due to the USGS Repeat Photography Project,
which began in 1997 as a way to communicate the effects of climate change. The extensive
record provided through repeat photographs allows for undeniable evidence of its drastic retreat
over the past century (Figure 2). Grinnell Glacier has experienced a 44.74% decrease in area
from 1966 to 2015 (Fagre et al., 2017).

Figure 2. Grinnell Glacier from 1910 (left) and 1998 (right), courtesy of GNP Archives, USGS
Repeat Photography Project (Hall and Fagre 2003).

Land cover at glacier forefronts in GNP is heterogeneous. Here we examine how five
different land cover classes—ice, rock, tree, shrub, and herbaceous, change through space and
time. Figure 3 shows examples of land cover in areas classified as rock, shrub, and herbaceous
classes. Tree species observed during fieldwork included Abies lasiocarpa, Picea engelmannii,
and Pinus albicaulis. Dominant shrub species at both sites were Sorbus scopulina, Salix
commutata, Salix arctica, Vaccinium membranaceum, and Ribes viscosissimum. Herbaceous
species seen at the Jackson study area included Hedysarum sulphurescens, Castilleja rhexifolia,
Angelia arguta, Carex utriculata, and Erigeron peregrinus. Herbaceous species seen at the
Grinnell study area included Castilleja coccinea, Castilleja lutescens, Achillea millefolium, and
Hedysarum sulphurescens. Accompanied with photographs obtained during fieldwork, this
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species list data helps to further contextualize the two unique study sites as well as the
complexity of the land cover classes classified in the satellite images.

A

D

B

E

C

F

Figure 3. Shrub (A from Jackson Glacier and D from Grinnell Glacier), rock (B from Jackson
Glacier, E from Grinnell Glacier), and herbaceous (C from Jackson Glacier, F from Grinnell
Glacier) land cover classes
3.2.2 Field Methodology
Prior to fieldwork we delineated the approximate sampling area at each study area and
generated random GPS locations for four of the five land cover classes (e.g., pilot image
classification) of interest (tree, shrub, herbaceous, and bare rock. We uploaded the coordinates
into a GPS and navigated to points in the field that were safely accessible. In the field, we

35

collected 40 GPS ground truth points, 20 per site, for an accuracy assessment of the classified
Landsat images and characterized the two unique study sites by identifying species seen at the
forefronts. In total, we obtained 5 GPS points per land cover class at each site. Due to access
difficulties, ground truth points were collected at the base of Jackson Glacier on the lateral
moraine and immediately adjacent area; at Grinnell Glacier all ground truth points were collected
within the margins of the glacier moraine.
3.2.3 Remote Sensing Analysis
Remote sensing image classification, coupled with field-based accuracy assessments (e.g.
Klaar et al., 2015) and a post-classification change detection (Stow et al., 2004), are proven
methods used in analyzing general land cover change at glacier forefronts (Moreau, Laffly, Joly,
& Bossard, 2005; Klaar et al., 2015). This study was based on suitable imagery acquired from
the USGS from the Landsat archive (30m resolution) to span 24 years. Multispectral satellite
imagery from Landsat was acquired through the United States Geological Survey’s Global
Visualization Viewer (GloVis), an online tool used for accessing a wide range of remote sensing
data. Two Landsat 5 TM images (5 August 1991 and 7 August 2003) and one Landsat 8 (7
August 2015) were obtained for image classification and change-detection analysis. All images
were taken in late summer, on relatively cloud-free scenes when most of the snow has melted
and during the short growing season—this consistency is important for an accurate temporal
analysis to reduce effects of seasonal variability.
We adopted a hybrid image classification approach to identify major land cover and
vegetation types (Richards & Jia, 1999). After the preliminary unsupervised classification, we
merged the resulting clusters from the ISODATA algorithm with the following key information
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classes: trees, shrubs, herbaceous, ice, water, and bare rock. Fieldwork data (e.g. GPS points and
corresponding notes) and NLCD 2011 were used to support the merging of spectral clusters to
the information classes. A maximum likelihood supervised classification was then used to
classify all pixels into five major classes. The hybrid image classifications were conducted for
Landsat images from 1991, 2003, and 2015. Visual interpretation of the five class image
classification suggested good classification results for ice, rock, and water classes, but there were
substantial confusion among tree, herbaceous, and shrub classes. The combination of sparse
vegetation cover and Landsat’s 30m spatial resolution present a significant challenge in
characterizing individual vegetation classes. Based on these initial assessments, we revised the
classification scheme to group tree, herbaceous, and shrub classes into a broad vegetation class.
Therefore, our final image classification scheme included four land cover classes of ice, rock,
vegetation, and water (at Grinnell only).
An accuracy assessment was performed for each classified image to meet objective 2.
The disproportionate sample size for visual interpretation was set at 20 samples per land cover
class. Overall accuracy for each image was calculated. To fulfill objective 1 and quantify the
change in land cover classes in the 24-year time period, a post-classification change detection
was implemented. This method overlays the two independently classified maps to produce a
from-to change map. The contingency table was used to show the number of pixels in each
change or no-change classes, where change pixels could be simply summarized to represent land
cover dynamics.
3.2.4 Deriving Terrain Variables
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For the purpose of assessing the role of biophysical factors on vegetation change at
deglaciated areas, seven terrain-related predictor variables were identified from existing
literature (Table 1). According to the foundation work of Matthews (1992), vegetation
succession patterns at glacial forefronts are influenced by three main initial site conditions:
substrate characteristics, topography, and climate. Whereas our variables are primarily
topographic, we included geology (bedrock) and a wetness index (Topographic Wetness Index)
and used climate data from Parameter-elevation Regressions on Independent Slopes Model
(PRISM) to corroborate the decreasing extent of glacial ice and increasing extent of vegetation
cover. Microtopography is known to determine the establishment of colonizing species during
the first stages of primary succession (Chapin & Bliss, 1989; Burga, 1999; D’Amico, Freppax,
Filippa, & Zanini, 2013), so we focused most of our factors on those influencing the topography
of the forefronts, but also included biophysical factors influenced by topography (e.g., solar
radiation).
We derived five of the corresponding variables from a USGS-produced 1/3 arc-second
resolution digital elevation model (DEM). Using the ArcGIS Spatial Analyst toolbox, we derived
slope gradient, aspect, flow accumulation and solar radiation. Solar radiation, a result of
elevation, slope angle, and aspect, is included as an individual variable to isolate its effect
(Korner, 1989; Resler, Shao, Tomback, & Malanson, 2014), as it can determine how “suitable”
soils are for plant colonization (Matthews, 1992). The microtopography within glacial forelands
defines a colonizing site by determining the amount of moisture, a critical limiting factor for
species during primary succession (Chapin & Bliss, 1989), a site will receive. Topographic
controls of elevation, aspect, and slope are defining factors for vegetation colonization since they
will impact drainage of water, run-off, solar radiation, and slope stability (Matthews, 1992). A
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topographic wetness index (TWI), a frequently used terrain-based index, was generated using the
open source GRASS GIS (http://grass/osgeo.org/).
Table 1. Biophysical terrain factors used in GLMM (generalized linear mixed model).

Factor

Source

Range or classes
(Jackson)
1,513.41-2,706.79
m

Elevation (m)

1/3 arc-second
resolution DEM

Slope steepness
(degrees)

Derived from DEM 0.85-67.74 degrees

0-79.14 degrees

Aspect (degrees)

Derived from DEM Southeast (112.5157.5)
Other directions

Southeast (112.5157.5)
Other directions

Solar Radiation
(WH/m2)

Derived from DEM 233,3811.58848e+06

171,5671.61441e+06

Surface Geology

Surficial Geology
of Glacier National
Park (Carrara
1990)

Bedrock, mass
wasting, glacial till

Flow Accumulation

Derived from DEM 0-1,121

1-4,198

Topographic Wetness
Index (TWI)

Derived from DEM 2.44-17.44

0-22.09

Bedrock, mass
wasting, glacial till

Range or classes
(Grinnell)
1,448-2,913 m

A surficial geology map, adapted by USGS from Carrara (1990), was used to represent
the lithology of the landscape which can influence the rate of colonization of species (Matthews,
1992). Substrate characteristics, including texture, roughness, and lithology, can impact the
ability of pioneer species to colonize the newly available terrain (Matthews, 1992). Specifically,
land surface stability is dependent on substrate characteristics and is a known influencer for
establishment and colonization. Unstable slopes, characterized by underdeveloped soils and steep
slope angles, can make it difficult for species to colonize the area (Matthews, 1992). Newer till,
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which are areas closer to the glacier, were found at Tyndall glacier forefront on Mount Kenya to
have poor soil conditions and larger particle-size, which inhibits plant colonization (Mizuno,
1998). Our model assesses three types of substrate found at the study sites: bedrock, masswasting, and glacial till.
3.2.5 Statistical Analysis
Explaining vegetation distribution change is a challenge because of species-specific
tolerances and responses to change in temperature and precipitation (Pastor & Post, 1993). For
this reason, it is important to understand which biophysical factors are most influential in
explaining the change in classes over space and time. We utilized a spatially-explicit generalized
linear mixed model (GLMM) to link land cover change and a set of selected biophysical factors
(Serra, Pons, & Sauri, 2008). This type of statistical model is widely used for ecological
research, such as vegetation distribution, habitat modeling (Calef, McGuire, Epstein, Rupp, &
Shugart, 2005), conservation, and wildlife management (Pearce & Ferrier, 2000). The purpose of
the model is to explain the binary dependent variable (Y or vegetation change) as a function of
independent variables (X) (Menard, 2002). For this study, change from the non-vegetation class
(ice and rock) to vegetation classes (tree, shrub, and herbaceous) for a given time period (e.g.
1991 to 2003) was modeled to provide understanding on what biophysical factors best explain
the spatio-temporal pattern of vegetation cover change (Augustin, Cummins, & French, 2001).
The binary dependent variable (Y) is ice and rock pixels changed to vegetation class
(code=1) or stable non-vegetation (ice and rock) class (code=0). Germination of seeds in
deglaciated terrain areas happens on bare ground surface (Marcante, Sierra-Almedia,
Spindelböck, & Erschbamer, 2012). We created polygons, using historical imagery and
fieldwork observations, to isolate the glacier forefront as well as the area where the glacier
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historically extended for greater accuracy in modeling biophysical variables. Subset models
allow a comparative analysis of vegetation change over the 24 years between the two study sites,
Jackson and Grinnell glacier forefronts, in order to understand the nature of change within the
Park. For Grinnell and Jackson, subset models were implemented for the three time periods,
1991-2003, 2003-2015, and 1991-2015.
The GLMM were implemented with the statistical software R version 1.0.153. To reduce
the impact of spatial autocorrelation, we only included 20% of randomly selected pixels for both
vegetation change and stable non-vegetation classes in statistical modeling. Furthermore, we
included a spatial autocorrelation structure in our logistic model using the glmmPQL function of
R MASS library (Venables & Ripley, 2002; Ripley et al., 2013). The importance of spatial
autocorrelation is widely accepted in geography, ecology, and conservation biology (Lichstein,
Simons, Shriner, & Franzreb, 2002; Diniz‐Filho, Bini, & Hawkins, 2003). The spatial
autocorrelation structure in glmmPQL is one of the commonly used methods for addressing
heteroscedasticity of residuals (or R-side) problems (Bolker et al., 2009).
3.3 Results
3.3.1 Remote sensing accuracy assessments
Two Landsat images, at 30m spatial resolution, were classified with varying accuracies.
The Jackson Glacier study site showed consistent and relatively high overall accuracies (8385%) for 1991, 2003, and 2015 images. The Grinnell Glacier study site showed higher accuracy
for the 2015 image than the 1991 and 2003 image, at 85%, 80% and 76.6% respectively.
However, the overall accuracies for all mapping years were acceptable for subsequent vegetation
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change analysis and statistical modelling, especially when the vegetation classes (tree, shrub, and
herbaceous) were regrouped into a single broad vegetation class.
3.3.2 Nature of land cover change
Table 2 summarizes the change pixels from non-vegetation (ice and rock) to a vegetation
class (tree, shrub, herbaceous) for three time periods: 1991-2003, 2003-2015, and 1991-2015.
Jackson Glacier forefront showed a greater amount of change in km2 from non-vegetation classes
(ice and rock) to vegetation classes than Grinnell Glacier forefront. The results show that at
Jackson Glacier, 1.08km2 of area changed from ice and rock to vegetation in the 24-year period.
There was a drastically greater increase in pixels changing to vegetation in the second decade,
2003 to 2015, compared to the first, 1991 to 2015. The temporal pattern observed at Grinnell
Glacier forefront mirrors Jackson forefront in that there was a greater amount of vegetation
change in the second decade, 2003-2015. The total area of change for the entire period was only
0.27 km2, a fraction of the change seen at Jackson forefront.
Table 2. Change in pixels and area (km2) from non-vegetation to vegetation classes across time
periods
Study site

1991 to 2003

2003 to 2015

1991 to 2015

Jackson: pixel count

390 (0.35 km2)

920 (0.83 km2)

1,203 (1.08 km2)

Grinnell: pixel count

105 (0.09 km2)

265 (0.24 km2)

302 (0.27 km2)

3.3.3 Statistical Modeling
Jackson Glacier forefront
A GLMM was run for the three time periods (1991-2003, 2003-2015, 1991-2015) at
Jackson forefront. Table 3 highlights six of eight total variables as significant in explaining
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vegetation change. Elevation, slope, TWI, and geology remained consistently significant across
the time periods, whereas aspect appeared significant in only the first decadal period.
Table 3. GLMM results for Jackson Glacier forefront for all three time periods
Jackson

1991-2003

2003-2015

1991-2015

Coefficient

p-value

Coefficient

p-value

Coefficient

p-value

(Intercept)

19.798018

0.0000

26.676219

0.0000

25.29912

0.0000

Dem

-0.00905

0.0000

-0.0114

0.0000

-0.01114

0.0000

Slope

-0.042868

0.0036

-0.077072

0.0004

-0.07242

0.0039

Flow

0.000331

0.4919

-0.000721

0.7424

0.001934

0.2855

TWI

-0.208874

0.0001

-0.277859

0.0002

-0.261909

0.0102

Solar

-0.204741

0.1844

-0.360539

0.0734

-0.319019

0.1790

Aspect (all but
southeast)

-0.967504

0.0236

-0.040734

0.9425

0.62008

0.5075

Geo: bedrock

-0.658697

0.0158

-0.82516

0.0183

-1.27839

0.0020

Geo: mass

0.392807

0.1462

0.067345

0.8427

0.306053

0.4228

Grinnell Glacier forefront
The same GLMM was run using the same variables on the Grinnell forefront (Table 4).
Our models highlight four significant variables compared to the five at Jackson, with less
consistency in variable significance across the temporal scale. Elevation and solar radiation both
are important for explaining vegetation change in the first decadal model 1991-2003 and the full
time period model 1991-2015. Variables that varied included slope steepness, which was
significant for 1991-2003, and geology which was the only variable highlighted for the 20032015 time period.
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Table 4. GLMM results for Grinnell Glacier forefront for all three time periods
Grinnell

1991-2003

2003-2015

1991-2015

Coefficient

p-value

Coefficient

p-value

Coefficient

p-value

(Intercept)

16.325646

0.0006

5.151815

0.3043

9.955163

0.0561

DEM

-0.009793

0.0000

-0.003047

0.2130

-0.005708

0.0258

Slope

0.028236

0.0159

-0.010572

0.2536

-0.000446

0.9669

Flow

0.000127

0.6271

0.000034

0.8356

-0.00013

0.6043

TWI

0.054144

0.3779

-0.01628

0.6640

0.015499

0.7297

Solar

0.48173

0.0163

0.155643

0.2760

0.523053

0.0019

Aspect (all
but
Southeast)

-0.200952

0.5860

0.169083

0.5123

0.253544

0.3950

Geo: bedrock

-0.385575

0.2686

-0.470436

0.0481

-0.447944

0.1151

Geo: mass

0.886912

0.2233

-1.028426

0.1079

-0.624672

0.3329

3.4 Discussion
The purpose of this research was to use land cover change data as an indicator of
vegetation colonization at Jackson and Grinnell Glacier study areas actively experiencing glacial
retreat. Specifically, we analyzed the spatial and temporal patterns of land cover change,
assessed the accuracy of the classified images, and determined the role of selected biophysical
factors on vegetation change in deglaciating areas. Establishment and growth of plants in glacier
forelands are at least in part under abiotic control (Bliss, 1971; Korner, 2003; Dolezal et al.,
2008), making the correlation between vegetation change and terrain factors important to assess.
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Our results support Jumpponen et al. (1999) who indicated that the spatial pattern of
vegetation change in deglaciating areas does not appear to occur at random, but is rather
influenced by local terrain factors. This finding highlights the importance of abiotic site
conditions in vegetation colonization at our sites. In our study, among the seven selected
biophysical variables, we found elevation to be important for explaining positive vegetation
change across both sites. However, the importance of TWI, slope, solar radiation, geology, and
aspect varied between the two sites as important explanatory variables, with spatial and temporal
variation in vegetation colonization resulting both within and between sites. The TWI, slope, and
geology were consistently important in explaining vegetation change at the Grinnell site at each
of the three time periods modeled, and aspect was important for the 1991-2003 model. At
Jackson forefront, solar radiation, slope, and geology were important explanatory variables for
differing time periods.
The glaciers within the Park have been closely monitored for decades, allowing for an
abundance of data about the nature of melting glaciers. These studies reveal that the Park’s
namesake glaciers have been retreating since the Little Ice Age (LIA), a period that lasted from
approximately 1550 to 1850 in North America (Matthes, 1940). However, the glaciers began to
rapidly retreat during the past 100 years, as the global mean temperature has increased 0.45°C
since the late 19th century (Hall & Fagre, 2003). In this context, our results reveal that recent
(since 1991) vegetation colonization at the two study areas is in parallel with GNP mean
temperature increase since 1997 (Figure 4). As overall temperatures steadily increase, both sites
see a decrease in glacial extent and an increase in vegetation cover.
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Figure 4. Mean temperature within GNP for the duration of the study at both sites (PRISM
Climate Group, Oregon State University)
The landscape at these two glacier forefronts are extremely heterogenous (see Figure 3);
often multiple land cover classes are represented within one 30m pixel available from the
Landsat imagery. Field observations and the GPS points taken were extremely beneficial in
classifying each land cover class and aided in the accuracy assessment. Shrub and herbaceous
classes have similar spectral profiles and are difficult to differentiate, especially at the 30m
spatial resolution of the Landsat satellite. Multiple stages of succession are found at the same
location, which further complicate the classification between vegetation classes. Whereas higher
resolution data (e.g. Quickbird) are available for more detailed vegetation classifications, the
temporal resolution of the Landsat archive is attractive for an assessment of change over longer
time periods than high-resolution data can provide.
Temporal patterns of vegetation colonization were analyzed during three time periods:
1991-2003, 2003-2015, and the total time frame, 1991-2015. The three time periods allow for an
analysis on how the selected biophysical variables change in their explanatory performance
across the time frame of the entire study. Our results revealed that the second time period (200346

2015) experienced a greater area (km2) of change from non-vegetated to vegetated land cover at
both Jackson and Grinnell forefronts than the first time period (1991-2003). Additionally, we
reported a greater amount (area) of vegetation change at Jackson forefront for the duration of the
study (1.08 km2) than we found at Grinnell forefront (0.27 km2). This discrepancy can
potentially be explained by the geographic and topographic setting differences between the sites.
Jackson Glacier is draped across the slope of Mount Jackson, which allows for greater visibility
and detection of change. The main surficial geology type is bedrock on the mountain, but
unconsolidated material including glacial till and mass-wasting are found distributed at Jackson
Glacier. Grinnell Glacier is situated in a cirque, with steep slopes that may prevent vegetation
change from being detected. The dominant geology class for which we see significant negative
association with vegetation at Grinnell is bedrock, a material more difficult for vegetation to
colonize and therefore requires more time for establishment than unconsolidated material
deposits. Alpine pioneer species are often found growing on fine-grained materials in the cracks
and crevices of bedrock (Mizuno, 1999). With large slabs of limestone at Grinnell forefront,
shrubs and herbaceous cover may have a harder time first establishing. These unique
characteristics of Grinnell Glacier’s geography may explain the lack of substantial vegetation
change when compared to Jackson Glacier, where we saw four times the amount (area) of
vegetation change than at Grinnell.
The spatial and temporal patterns of land cover change to vegetated surfaces is shown in
Figure 5. At both study sites, we notice an overall spatial pattern of vegetation colonization
occurring closer to the glacial body in the second time (2003-2015) period than the first (19912003). From 1991-2003 at Grinnell forefront, the change from non-vegetated to vegetated occurs
primarily on south-facing and east-facing slopes, around the north and east side of the glacier.

47

From 2003-2015, vegetation change occurs in the same spatial patterns as 1991-2003, but the
amount of change more than doubles in the second time period compared to the first. At Jackson
forefront, most of the change is occurring on north and east facing slopes, starting in the valley
and encroaching up the mountain and closer to the glacial body across the temporal scale. The
consistency in the pattern of vegetation colonization across the time periods at each site supports
the idea that vegetation colonization does not occur at random.

Figure 5. Spatial nature of vegetation change in the Grinnell and Jackson areas. Modelling was
conducted within the polygon regions.
Elevation was a consistently significant terrain factor across all models for both study
sites, showing that higher elevations at the two study areas are less likely to see a change to
vegetation cover. These results support other research that attributes higher elevations to more
abiotic stress, rendering colonizing seedlings vulnerable and resulting in less successful
colonization (Robbins & Matthews, 2010). A negative relationship between vegetation
establishment and elevation has been previously studied (Matthews, 1992; Bueno de Mesquita et
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al., 2018). The remaining glacial ice is mostly likely at higher elevations and soil development
will likely be poor in areas of most recent deglaciated rock. The hostile environmental factors at
higher elevations can contribute to vegetation not progressing past the pioneer stage (Svoboda &
Henry, 1987; Robbins & Matthews, 2010). Seeds may germinate but they often experience high
rates of mortality because of freezing temperatures during the growing season and rapid water
drainage on underdeveloped soils (Marcante et al., 2012).
Jackson Glacier forefront had a greater number of biophysical variables associated with
positive vegetation change, along with consistency across the three time periods. Elevation, TWI,
slope, and geology remain consistently significant at Jackson forefront across all three temporal
models. The only terrain factor that varied was aspect, which was significant in explaining
vegetation change only for the 1991-2003 time period, where we see less vegetation change than
the other decadal periods.
A topographic wetness index (TWI) represents soil moisture as it’s determined by
topography (Sørensen, Zinko, & Seibert, 2006; Radula, T. Szymura, & M. Szymura, 2018).
Although soil moisture is a critical limiting factor for colonizing species (Cooper, 1923;
Matthews, 1992; Jumpponen et al., 1999), our model showed that at Jackson Glacier forefront,
the higher the TWI and the wetter the soil, the less likely vegetation change is to occur. This
finding held true across the time frame of the study at the Jackson site. During fieldwork for this
study, we observed a great amount of snowmelt and run-off coming down Jackson Mountain,
leaving areas on this slope characterized by saturated soils. Additionally, some of the high TWI
values are located along a stream at the base of the mountain, which collects all the run-off from
the mountain. Not all species are suited for colonization in areas of saturated soils and along
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water bodies. We expect less colonization to occur in areas where soils are saturated, such as
along stream banks and on the slopes of the mountain that experience heavy run-off.
Slope angle proved significant across all Jackson models, where steep slopes (>45
degrees) were less likely to see vegetation change. In general, steep angle slopes are more
susceptible to runoff, have undeveloped soils, and are generally more unstable, resulting in less
successful seedling establishment (Cooper, 1923; Messer, 1984). However, at the Grinnell study
area for the 1991-2003 time period, slope was found to be positively associated with vegetation
change. This unexpected finding may be explained by the steep topographic position of the
recently deglaciated Grinnell forefront, exposed for vegetation colonization. The glacier is
surrounded by steep slopes, including a drastic drop-off down the mountainside (Figure 2), and
therefore, much of the area exposed for colonization, by nature, is quite steep.
Our modeling results suggest that the surficial geology of the forefront has an impact on
vegetation colonization. A surficial geology map of the Park (Carrara, 1990) reveals that the
same three types of rock are found at both study sites: bedrock, mass-wasting, and glacial till.
Vegetation colonization on rock surfaces is dependent on three things: slope of the surface,
initial character, and the surface’s response to weathering (Cooper, 1923). At both Jackson and
Grinnell forefronts, vegetation colonization is less likely to occur on bedrock. The mountains on
which both glaciers are located are comprised primarily of bedrock. Consolidated bedrock is
harder for plant species to colonize, unless there are cracks or crevices that provide shelter and a
space for roots to establish (Mizuno, 1998). This pattern was seen at Grinnell Glacier forefront,
as shrubs and herbaceous cover were found to exist in crack and near the shelter of larger rock
covers, an observation that supports the foundational work of Cooper (1923). As Jackson Glacier
retreats up the mountain, the area exposed for colonization is on bedrock. With under-developed
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soils, or a lack of soil development, the terrain is not supportive of vegetation colonization and
therefore is less likely to occur in these areas.
Solar radiation creates a microclimate on slopes that regulates local temperatures, and
influences both soil moisture and soil suitability for colonizing species (Chapin, 1993). Our
model revealed that solar radiation is an important biophysical variable in explaining vegetation
change only at Grinnell forefront for the 1991-2003 and 1991-2015 models. A positive
relationship between solar radiation and vegetation expansion has been studied at Tyndall
Glacier on Mount Kenya (Mizuno, 1999), in the Alaskan Range (Stueve, Isaacs, Tyrrell, &
Densmore, 2011), in the Qilian Mountains in China (Lui, Chen, Song, & Han, 2015), and at
Niwot Ridge, Colorado (Buendo de Mesquita et al., 2018). Grinnell Glacier’s topographic
position of a cirque-dwelling glacier receives less direct sunlight and solar radiation than Jackson
Glacier. Grinnell’s topographical setting may explain the positive association of higher values
and vegetation colonization, as seedlings need sunlight and heat to grow and Grinnell Glacier
receives limited sunlight. Our results suggest that higher energy inputs and the resulting
microclimate (Bueno de Mesquita et al., 2018) are important for vegetation colonization at
Grinnell forefront.
Ecological processes within glacier forelands are complex in nature (Tilman, 1988), and
vegetation succession in alpine environments is a slow process (Dolezal et al., 2008) due to high
seedling mortality rates (Erschbamer, Schlag, & Winkler, 2008; Marcante et al., 2012). Although
topographic factors influence site suitability for the establishment and growth of species, it’s
important to note that there are spatial aspects of succession due to other factors besides terrain.
Complex ecological processes such as competition among species, colonization, and seed
dispersal can influence primary succession trajectories, making those trajectories unpredictable
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and variable over relatively small spatial extents (Fastie, 1995). Specifically, variation in spatial
patterns of vegetation change can be influenced by proximity to dispersal sources (Picket,
Cadenasso, & Meiners, 2009).
A clear limitation of this research is the low spatial resolution of the satellite imagery
used. Landsat imagery is coarse for the study of patchy vegetation patterns and made the
classification of the three vegetation classes a challenge, especially in these dynamic and
heterogenous landscapes (Figure 3). Although remotely sensed images can be analyzed as a
proxy for vegetation colonization, future research to corroborate these results should include
detailed vegetation plots and fine scale analysis of surficial microtopography and microclimate
for a more holistic view (Matthews, 1992). Further, as vegetation colonization occurs, a new
habitat is formed; future research could examine invasive verses native colonizers. The future of
this ecosystem is unknown as the landscape undergoes a significant transition, and it has the
potential to look very different than it does currently.
3.5 Conclusion
Vegetation colonization is expected to occur in deglaciated areas as the landscape
undergoes a transformation catalyzed by climate change. Analyzing the spatial and temporal
variation of land cover at two selected glacier forefronts using satellite imagery is representative
of primary succession processes occurring in a changing mountain environment. Local terrain
factors, specifically elevation and solar radiation, are important in determining where and how
vegetation inhabits previously glaciated areas. This study provides further insight on the future of
alpine ecosystems as they respond to global climate change and a compelling new perspective on
the future of the Park. Additionally, we demonstrate the benefits of using remote sensing
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applications to study land cover change as a proxy for vegetation colonization, especially in
remote mountainous environments. Further, our research corroborates current studies of glacier
retreat within the Park which otherwise lack a focus on vegetation.
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