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ABSTRACT
Non-native invasive species have significantly changed the composition and ecosystem function
of many North American landscapes. Currently, invasive species are recognized as the second
greatest destroyer of biological diversity, superseded only by direct habitat destruction and
consequent fragmentation from human development. Glacier National Park, an international
Biosphere Reserve and World Heritage Site, is threatened by the encroachment of numerous
noxious non-native invasive plant species. Prevention, early detection, and immediate action
against invasive weed species in their initial establishment phases are paramount in reducing this
threat.
To facilitate strategic management actions, this study developed two maximum entropy invasive
species distribution models for Glacier National Park. The first model was based entirely on
environment variables associated with habitat, while the second model added environmental
variables associated with vectors of spread to the environmental variables associated with
habitat. The rationale behind the nested model approach was to determine invasion potential
based on high quality invasive species habitat followed by invasion potential based on vectors of
spread (keeping the relative influence of habitat constant). The two model results were then
overlain to evaluate which areas were most susceptible to establishment of invasive species, the
spatial distribution of these areas, and the locations with maximum potential for tactical
management to prevent further invasive species spread. The analysis produced 10 nested species
distribution model sets: a set for each of the 9 virulent priority invasive species individually and
a set for all invasive species combined.
For all invasive plant species combined, it was found that 30,928 acres (7.6%) of Glacier
National Park had high quality invasive species habitat but lower invasion potential, 6,071 acres
(1.5%) had high invasion potential but lower quality habitat, and 20,648 hectares (5.1%) had
both high potential for invasion and high quality habitat. The latter was considered the area at
greatest risk of invasion. The most influential vectors of spread were roads and trails, and the
most important environmental factors were elevation, alluvial soils, slope, and forest land cover.
Together, these findings and their spatial distributions allow Glacier National Park to prioritize
invasive species monitoring, prevention and treatment.
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INTRODUCTION

Non-native invasive species have significantly changed the composition and ecosystem
function of many North American landscapes (Mack et al. 2000, Randall 2000). Currently,
invasive species are recognized as the second greatest destroyer of biological diversity,
superseded only by direct habitat destruction and consequent fragmentation from human
development (Pimm and Gilpin 1989, Walker and Steffen 1997, Scott and Wilcove 1998).
Invasive plants outcompete and displace native plants, alter native habitat and community
structure, alter natural ecosystem functions and processes, and can hybridize with natives and
reduce endemic genes (Mack et al. 2000, Randall 2000).
Glacier National Park (NP), an international Biosphere Reserve and World Heritage Site,
is threatened by the encroachment of numerous noxious non-native invasive plant species.
Glacier NP is home to over 1,132 native plant species, and almost all of the plants and animal
species known to historically occur in Glacier NP, with the exception of bison and woodland
caribou, are still found within the park (GNP 2007). However, the encroachment of invasive
plant species poses a significant threat to the continued ecological integrity, habitat quality, and
aesthetic value of Glacier NP. Spotted Knapweed (Centaurea maculosa), Oxeye Daisy
(Chrysanthemum leucan), Canada Thistle (Cirsium arvense), Bull Thistle (Cirsium vulgare),
Leafy Spurge (Euphorbia esula), Orange Hawkweed (Hieracium aurantiacum), Meadow
Hawkweed (Hieracium pratense), St. Johnswort (Hypericum perforatum), and Yellow Toadflax
(Linaria vulgaris) are the among most virulent invasive species found within the park and are
currently considered the greatest invasive threat (Dawn LaFleur, Glacier NP, personal
communication, March 2008).
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Once established, invasive species are usually difficult if not impossible to eradicate
(Zalba et al. 2000). Prevention, early detection, and immediate action against invasive weed
species in their initial establishment phases are therefore paramount in conserving native
ecosystems. By locating potential habitat and driving environmental variables, monitoring and
prevention actions can be optimized (Zalba et al. 2000), and management strategies directed to
prevent biological invasions can be improved (Zalba et al. 2000). Because of the threat invasive
plants pose to the ecological integrity of Glacier NP, it is important to determine what areas
within Glacier NP are most susceptible to establishment and spread of invasive species, as well
as which environmental variables are influential in the establishment of these invasive species.
Therefore, to facilitate monitoring and preventative actions for Glacier National Park, the
goals of this study are to determine areas of high quality invasive species habitat, areas most
susceptible to invasion based on vectors of spread, and the environmental variables that appear to
be most correlated with high quality habitat and the spread of each invasive species. From these
results, my objective is to evaluate which areas are most susceptible to establishment of invasive
species, the spatial distribution of these areas, and the locations with strategic management
potential to prevent further invasive species spread. To achieve these goals, I develop two
invasive species distribution models for Glacier National Park. The first model is based entirely
on environment variables associated with habitat, while the second model includes
environmental variables associated with vectors of spread as well as the variables associated with
habitat. The rationale behind this nested model approach is to determine invasion potential
based on high quality invasive species habitat followed by invasion potential based on vectors of
spread, keeping the relative influence of habitat constant. The two models are then compared
and contrasted to determine the areas at greatest risk of current and future invasive plant

2

establishment. Based on these evaluations, specific recommendations are then put forth for
invasive species monitoring and preventative management actions.

STUDY AREA

The study area encompasses Glacier National Park (Figure 1), which is located on the
continental divide in northwestern Montana. Glacier covers 1,584 mi2 and encompasses two
major continental biomes and five major floristic provinces (USGS 2003). Climatically, the
western side of Glacier is primarily influenced by Pacific Maritimes, while the eastern side
reflects the interior continental climate of the Great Plains (USGS 2003). However, Polar or Gulf
Coast influences can also modify the weather on both sides of the divide (USGS 2003). East of
the continental divide, habitat types within Glacier include high alpine tundra, krumholz,
whitebark pine, lodgepole pine, Douglas fir/Engelmann spruce, sub-alpine fir, aspen/cottonwood,
and prairie zones. West of the continental divide, habitat types also include a “cedar”-hemlock
forest zone.

Invasive weed research in Glacier National Park
The fescue grasslands of Glacier NP have had some previous invasive weed research. Of
the two studies conducted, the first study focused on the effects of disturbance, possible invasion
capacity, and impact on species richness of Centaurea maculosa. Specifically, Tyser and Key
(1988) studied roadside disturbance and adjacent C. maculosa communities to determine if C.
maculosa had the capability of significant dispersal into Glacier’s natural area fescue grasslands,
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and also assess the potential effects that C. maculosa had on the plant community composition of
these grasslands. They determined that C. maculosa was indeed capable of colonizing
undisturbed fescue grasslands adjacent to roadside populations, and that it may be characterized
by a gradual, broad, frontal expansion along colony borders. Tyser and Key (1988) also found
that an increase in C. maculosa stem density coincided with a decline in the frequency of some
native species, and a small but significant decline in species richness, which suggests that C.
maculosa can alter community composition in Glacier’s fescue grasslands. However, the study
did not predict the possible future extent of C. maculosa invasion, factor in the possibilities of
long distance dispersal, or evaluate the invasion capacity or extent of other noxious weed
species.
The second study of invasive weeds in Glacier’s native fescue grasslands (Tyser and
Worley 1992) evaluated which non-native species most successfully invaded grasslands adjacent
to road and trail corridors, and to what extent the invasion could be attributed to the effects of
these corridors. The study found that there was a significant species richness gradient from the
road corridors to the outer transects, but along trail corridors there was no significant gradient.
Surprisingly, the total number of non-native species was similar between primary roads,
secondary roads, and backcountry trails for all transects except the first transect closest to the
disturbance (~ 1 m). The results of this study suggest that non-native species are able to invade
adjacent natural areas even if anthropogenic factors are low, but that roads provide a robust
infestation source in their immediate disturbance zone. Given the capability of non-native
species to invade natural communities, it is expected that new infestations of invasive species
will continue to occur. Therefore, continued study and a prediction of the potential extent that

4

noxious weeds will invade Glacier NP’s native ecosystems is of great relevance to the future
management and protection of Glacier’s natural resources.

Invasive Weeds
The following is a short description of the characteristics, origin, and potential ecological
damage for each of the nine most virulent and hence high priority invasive weed species found in
Glacier National Park. Unless otherwise noted, the following descriptions are compiled from
Sheley and Petroff (1999).

Spotted Knapweed (Centaurea maculosa). Native to central Europe, central Russia, Caucasia,
and western Siberia, C. maculosa was introduced to North America as an alfalfa contaminant in
the late 1800’s. C. maculosa is now found in every county in Washington, Idaho, Montana, and
Wyoming (Zouhar 2001), and is reported in all but 4 states nationwide (NRCS 2007). In MT
alone, over 3,838,450 acres were infested in 2000 (Zouhar 2001), with the predicted potential to
invade as many as 37 million acres (Chicoine et al. 1986). It has even been suggested that the
vegetation communities in the foothill grasslands of western Montana may become endangered
(Bedunah 1992). Negative effects of C. maculosa invasion include reduction in plant species
richness and diversity (Tyser and Key 1988), soil fertility, and wildlife habitat, and increase in
bare ground, surface water runoff, and stream sedimentation (Zouhar 2001).
C. maculosa is a deeply taprooted perennial that can live up to nine years and reproduces
through seed production. Seedlings are capably of maturing into seed-producing adults in one
year, seed production can range from 5,000 to 40,000 seeds/m2 per year, and seeds can remain
viable in soil for at least seven years. Seeds are dispersed from mature, dehydrated flowerheads
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when wind or passing animals flick the loosely held seeds up to meter away from the parent
plant. Seeds can also become attached to passing animals, vehicles, and humans, and can be
transported by water and through animal digestive tracts for long distance dispersal. C.
maculosa is an aggressive resource competitor in grasslands, and is known exude an allelopathic
compound that can also reduce native species competition.
Centaurea maculosa was first observed in Glacier NP in the mid-1960’s (Tyser and Key
1988) and is now widely distributed throughout the park along road corridors and adjacent fescue
grasslands (Tyson and Key 1988, Dawn Lafleur, Glacier NP, personal communication, May
2007, Ashley Adams, personal observation, 1990-2008). It has also established a number of
colonies in more interior backcountry fescue grassland locations (Dawn Lafleur, Glacier NP,
personal communication, May 2007, Ashley Adams, personal observation, 2005-2007).

Oxeye daisy (Chrysanthemum leucan). Originally distributed throughout Europe and central and
Russian Asia, C. leucan was introduced to North America as an ornamental, where it escaped
cultivation. C. leucan is a pioneer species that is unaffected by light frost, can tolerate drought
well, and can proliferate on soils with low fertility. Although the species can reproduce
rhizominously, it is also a prolific seed producer, where a single vigorous plant can produce
26,000 seeds or over 2,500 viable offspring. The majority of C. leucan seeds may still be viable
after six years, and some seeds can remain viable at least 39 years. Seeds are dispersed by wind
for short distance dispersal, but can also attach to animals or humans for longer distance
dispersal.
C. leucan is currently listed in Montana as a category 1 noxious weed (USDA 2009). C.
leucan invades meadows and fields, competes aggressively and can form dense populations,
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reducing native species diversity. The species may also increase bare soil, therefore increasing
the potential for erosion.

Canada Thistle (Cirsium arvense). Cirsium arvense is an aggressive perennial thistle in the
sunflower family (Asteraceae). Most likely native to southeastern Europe and the eastern
Mediterranean, C. arvense is thought to have arrived in the eastern United States sometime in the
1600’s from Europe. By 1898 there were already two known infestation locations in Idaho.
C. arvense has a wide habitat range and is fairly adaptable, but is often found in open
areas with moderate or medium moisture conditions. The species can propagate both sexually
through seeds and asexually through lateral root systems. Roots can extend horizontally more
than 6 m from the parent plant in one growing season, and up to 6.75 m deep, although root
depth usually is not more than 0.6 m. After 18 weeks of undisturbed growth, a single plant can
produce 26 adventitious shoots, 154 adventitious root buds, and 111 m of roots. Beyond roots, a
typical C. arvense plant will produce between 32 – 69 flower heads under favorable growing
conditions, with up to approximately 90 seeds per head. Further, seeds have been shown to
survive in soil up to 22 years, although most shallow buried seeds (2.5 cm – 7.5 cm) are not
viable after 2.5 – 5 years. The main seed dispersal mechanism is through human activity,
although seeds can be transported by water as well.
Not surprisingly, C. arvense can form dense infestations and rapidly develop into a large
patch from even just a single seedling by vegetative reproduction of its root system. C. arvense
crowds out native species and reduces forage for native wildlife due to the unpalatable nature of
its spiny leaves.
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Bull thistle (Cirsium vulgare). Cirsium vulgare is a temperate zone biennial thistle in the
sunflower family (Asteraceae). Thought to have arrived in the United States in the late 19th
century via shipping through Portland, Oregon, C. vulgare spread east to Montana within the
next three decades.
Rosette-forming in its first year, C. vulgare plants bolt up to 1.5 m tall in their second
year and bear from 10 to 200 flowerheads. C. vulgare reproduces and spreads solely from seeds;
a healthy plant may produce 5,000 seeds and a very robust individual may produce up to 50,000
seeds. Although 90% of seeds may germinate within a year, less than 1% of seeds may remain
viable up to 5 years in soil. Human activity, animals, and water disperse seeds, while wind may
disperse seeds a short distance.
C. vulgare competes with native species, decreasing desirable forage, and the thistle’s
sharp spines deter grazing by native wildlife.

Leafy Spurge (Euphorbia esula). A long-lived, deep-rooted perennial native to Eurasia,
Euphorbia esula was brought to northeastern North America as an ornamental in 1829, where it
quickly escaped; by the 1900’s infestations had reached the west coast. E. esula grows in dense
clusters, reaching 40 to 80 cm tall, and can reproduce vegetatively by root buds as well as by
seed dispersal. Each flowering stem on a plant can produce an average of 140 seeds, which
develop in three-sided capsules that “explode” at maturity and project seeds up to 4.6 m. Seed
production can range from 25 to 4,000 pounds per acre. Beyond explosive projection, seeds can
disperse by water, attach to passing humans, vehicles, and animals, and survive ingestion and get
deposited in dung. Seeds can also remain viable and dormant for eight or more years.
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Vegetatively, large numbers of buds form on each E. esula root, where each bud is
capable of producing a new, immediately aggressive and highly competitive independent plant.
In four months, seedling roots can spread laterally over 100 cm and penetrate up to 0.7 m deep,
while a mature plant can extend roots 4.6 m per year and have roots that penetrate 7.9 m deep.
Shoots usually emerge before surrounding native plants begin to grow, dominating the resources
early, and a second surge of growth occurs in the fall after most other species are dormant, which
combined results in monopolization of moisture, light, and nutrients.
In short, E. esula is a highly competitive, difficult to manage, adaptive invader that often
forms pure stands and can quickly displace native vegetation, causing loss of plant diversity,
wildlife forage, and habitat.

Orange Hawkweed (Hieracium aurantiacum) and Meadow Hawkweed (Hieracium pratense).
Hieracium aurantiacum and Hieracium pratense are creeping perennials in the chicory tribe of
the sunflower family (Asteraceae). H. aurantiacum originates from a restricted area in northern
and central Europe, and was introduced in Vermont in 1875 as an ornamental. Western
populations of H. aurantiacum were reported from coastal Washington and Oregon by the
1940’s. H. pratense originates from the northern, central, and eastern portions of Europe, and is
thought to have arrived in the United States in 1828. By 1969 meadow hawkweed had arrived in
the Pacific Northwest, and in 1998, the largest infestations of meadow hawkweed were in
northern Idaho, northwestern Washington, and northwestern Montana.
Both H. aurantiacum and H. pratense reproduce by rhizomes, stolons, and adventitious
root buds as well as by seeds, which can be produced either sexually or asexually. Seeds can
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remain viable in the soil for up to seven years, although less than 1% of seeds were found further
than 10 m from the source population.
Meadow dwellers, H. aurantiacum and H. pratense infestations form solid mats of
tenacious rosettes that choke out native species and can cause allelopathic effects on neighboring
vegetation from toxic chemicals exuded into the soil. Although native species may still graze on
the infestations, the threat to native plant biodiversity remains. Further, invasive hawkweeds
may interbreed with native hawkweeds, reducing endemic genes.

St. Johnswort (Hypericum perforatum). Hypericum perforatum is multi-stemmed herbaceous
perennial in the Clusiaceae family. H. perforatum is native to Europe, North Africa, and parts of
Asia, was probably introduced to North America for medicinal purposes or ornamental value.
The first report of H. perforatum in the United States is from 1793 in Pennsylvania, and by the
middle 1800’s the plant had arrived in Oregon.
H. perforatum prefers sunny exposures and well-drained gravelly or sandy soils, and is a
formidable competitor for nutrients and water due to its deeply penetrating taproot. H.
perforatum can spread through lateral root buds as well as by seed. An average-sized plant
usually produces between 15,000 to 30,000 seeds per year, which can then disperse short
distances by wind or longer distances by adherence to animals, animal ingestion and deposition,
water movement, and human activity. Seeds may remain viable in the soil from six to 10 years.
If ingested in sufficient quantity, H. perforatum in all growth stages can be toxic to
grazers. H. perforatum can also form dense stands and displaces forage and native plant species,
which depreciates wildlife carrying capacities and endangers biological diversity.
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Yellow Toadflax (Linaria vulgaris). Linaria vulgaris is short-lived herbaceous perennial in the
Scrophulariaceae family. Native to south-central Eurasia, L. vulgaris was brought to New
England in the late 1600’s as an ornamental and folk remedy and was widely distributed across
the North America by the 1950’s. Surprisingly, to this day L. vulgaris is still sold by nurseries as
an ornamental.
Exceedingly competitive, L. vulgaris has high genetic variability, which enables it to
adapt to a wide variety of conditions. The species seems to do especially well in areas where
summers tend to be dry, however. Once established, L. vulgaris easily competes with native
vegetation in undisturbed sites. Reproduction is by seeds and by vegetative buds on its roots.
Each individual L. vulgaris plant is estimated to produce between 15,000 to 30,000 seeds,
although most of these fall within 1.5 m of the parent. Seeds can remain dormant for up to 10
years. Most new infestations appear to be caused by seeds, while established L. vulgaris patches
appear to expand mainly by vegetative root reproduction. Lateral roots can extend several
meters and penetrate the soil up to approximately one meter. Vegetative shoots from root buds
are highly efficient competitors for available soil moisture, and their early spring regeneration
render them fairly invulnerable to competition from other plants.
Once established, L. vulgaris is extremely difficult to manage, displaces native plant
communities and may reduce forage for native ungulates. Further, infestations can increase soil
erosion, surface runoff, and sediment yield when bunch grass communities are displaced.
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METHODS

My study entails a geospatial analysis based on Glacier NP’s invasive weed database and
geospatial files of some of the park’s features and conditions, both natural and anthropogenic.
Using the presence-only data of invasive weed locations, I develop nested species distribution
models for the 9 invasive species of greatest concern (Table 1) and all invasive species
combined. The first model evaluates habitat for invasive weed species, and the second model
evaluates habitat plus vectors of spread to determine invasion potential. The model results are
first evaluated to determine the factors most influential in predicting invasive species location,
and then each set of nested models are compared and contrasted, both analytically and with a
map-based visual assessment, to determine the potential distribution of the invasive weed species
and areas at greatest risk of invasion.

Data
The data used in this study are invasive species presence-only point data, environmental
variables that correspond with habitat, and environmental variables that correspond with vectors
of spread. Individual analysis used presence-only data from the 9 invasive species of greatest
concern (Table 1), but for analysis of general invasion potential, presence-only data for all
invasive species were included. All invasive species data encompasses all non-native, noxious
species tracked by Glacier National Park as invasive (Appendix A). Environmental variables
(Table 2) that correspond with habitat are land cover classification, distance from fire burned
areas, distance from avalanche chutes, soil type, elevation, transformed aspect, and slope. The

12

environmental variables (Table 2) that correspond with vectors of spread are distance from roads,
trails, facilities, visitor service zones, lakes, and streams.
Infestation location data is from the invasive species infestation database of Glacier
National Park, current through January 1, 2008. Infestation locations were recorded and
surveyed whenever and wherever invasive species were found by backcountry rangers or
members of the park’s vegetation crew. Because the infestations were not found by systematic
survey, they do not include all the invasive species infestation locations in Glacier NP. For this
reason, the infestation locations represent presence-only data. There is also some concern that
the data may have sample bias based on easy to access locations such as trails and roads.
Although the data undoubtedly has some bias, casual observation from years of hiking on and off
trail throughout Glacier NP has shown that invasive weed infestations rarely occur outside the
immediate vicinity of vectors of spread (Ashley Adams, personal observation, 1990-2008). The
sampling bias of the data points, therefore, is considered minimal because it reflects the spatial
bias of the infestations. Coordinates of invasive species locations were GPS marked with
Garmin eTrex, with average error of approximately 7-10 meters, for presence-only point data.
For closely spaced infestation locations, a new location was determined when invasive coverage
was no longer continuous and it appeared to the observer that the infestation formed a separate
group (at least 1-2 meters separation between groups). At each infestation location, all invasive
species were recorded. Infestation density and coverage area were also estimated for each
species, but given the large variance in observer estimations, these estimations were not used for
analysis. Instead, only invasive species presence/absence data (1/0) was used in this study.
After removing any infestation occurrences that fell outside Glacier NP’s boundary, the total
number of invasive infestations was tallied for each species and all species combined (Table 1).
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Only infestations occurrences that were located within Glacier NP’s boundary were used for
analysis.
The invasive species occurrence points were originally in one of four formats: NAD 1927
UTM Zone 11, NAD 1927 UTM Zone 12, NAD 1983 UTM Zone 11, and NAD 1983 UTM
Zone 12. To use all presence data together, the points were first projected into NAD 1983 UTM
Zone 12, then combined into one file. All subsequent GIS layers were set to the same projection
for analysis.
For all environmental variables, data modification and derivation was done using ArcGIS
software (v. 9.3, ESRI, Redlands, CA). Elevation was from a 10-m resolution digital elevation
model (DEM) averaged to 50-m resolution (the resolution of the vegetation coverage layer).
Slope and aspect were derived from the 10-m DEM with an output resolution of 50-m. Aspect
was transformed by the equation (-1* cosine(45 – aspect)) to allow the variable to range from
-1.0 to 1.0, where southwest-facing slopes, with highest radiation load, have a value 1.0 and
northeast-facing slopes, with lowest radiation load, have a value of -1.0 (after Beers et al. 1966).
Euclidean distance was used to determine the distance (in meters) from streams, lakes, roads,
trails, facilities, visitor service zones, avalanche chutes, and fire areas, the locations of which
were provided by Glacier NP as Geographic Information System (GIS) feature layers. Glacier
National Park’s GIS Land Classification map (resolution 0.25–0.50 hectares) (USGS 2008) was
used for vegetation characterization. Vegetation was grouped into seven types: Forest,
Woodland, Shrubland, Herbaceous, Developed, Sparse Vegetation, and Shrub-Herbaceous
Complex (Table 2). The composition of each vegetation group type included only vegetation
sub-categories that had at least one invasive species infestation location. Each vegetation group
was then reclassified in a new GIS raster layer as either presence/absence, and a focal mean with
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window size of three 50-m cells by three 50-m cells was run to transform each categorical group
into a continuous variable (average amount of vegetation type in the cell neighborhood). Soil
information was provided as GIS feature layer (resolution ~ 1 acre) by Glacier National Park.
The same process was run on the five soil types: Alluvial, Mixed (Glacial, Landslide and Mixed
soils), Wet, Bedrock: Limestone, and Bedrock: Quartzite/Argillite (Table 2). Each soil type was
reclassified in a new GIS raster layer as presence/absence, and a focal mean of three 50-m cells
by three 50-m cells was run to transform the categorical data into a continuous variable.
For preliminary data exploration, a correlation matrix of all the environmental variables
was produced, but no strong correlations were found. Therefore, no environmental variables
were removed from use in analysis.

Species Distribution Modeling with Maximum Entropy
Species distribution modeling is increasingly being used to predict potential invasive
species occurrence and future spread (Peterson et al. 2003). Maximum entropy was chosen
because it is a generative rather than discriminatory approach designed for presence-only
occurrence data (Phillips et al. 2006). Maximum entropy models fit a distribution of the data
that is as “loose” as possible while still remaining consistent with the observed data (Phillips et
al. 2006). In maximum entropy modeling, observed samples represent an unknown probability
distribution, and the goal is to estimate a function that is constrained to match the empirical
observations (environmental variables) of the distribution. The only constraint is that the mean
of the distribution for each variable must be the same as the mean of the observed data, and the
objective of the solution is to optimize the probability distribution over all the samples
simultaneously (Phillips et al. 2006). The resulting estimated distribution can be interpreted as a
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relative index of environmental suitability, where higher values represent a prediction of better
conditions for the species (Phillips et al. 2006). Maximum entropy can fit complex functions
between response and predictor variables, is especially adept at handling small sample sizes
(Elith et al. 2006, Hernandez et al. 2006, Phillips et al. 2006), and provides a continuous output,
which allows fine distinctions to be made of potential species distributions (Phillips et al. 2006,
Evangelista et al. 2008). Overall, in comprehensive comparisons of species distribution models,
MAXENT’s (Phillips et al. 2008b) predictive performance has been one of the most effective
(Elith et al. 2006, Elith and Graham 2009).

Analysis
This study develops two maximum entropy invasive species distribution models for
Glacier National Park using MAXENT software (v. 3.2.1, Phillips et al. 2008b). The first model
is based entirely on environment variables associated with habitat, while the second model
includes environmental variables associated with vectors of spread as well as the environmental
variables associated with habitat. The rationale behind the nested model approach is to
determine invasion potential based on high quality invasive species habitat followed by invasion
potential based on vectors of spread (keeping the relative influence of habitat constant). The two
models will then be overlaid to evaluate which areas were most susceptible to establishment of
invasive species, the spatial distribution of these areas, and the locations with maximum potential
for tactical management to prevent further invasive species spread. The analysis will produce 10
nested species distribution model sets: a set for each of the 9 virulent priority invasive species
individually and a set for all invasive species combined. Specifically:
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Habitat Analysis. Maximum entropy analysis with MAXENT was used to first evaluate
potential high quality habitat for the 9 highest priority invasive species (Table 1) and all invasive
species combined. To determine high quality habitat, the environmental variable GIS rasters for
land cover classification, distance from fire burned areas, distance from avalanche chutes, soil
type, elevation, transformed aspect, and slope were imported into MAXENT. Invasive species
point location data for each species and all species combined were also imported. In the
software, the feature setting was set at Auto features, the logistic output format was chosen
(Phillips et al. 2008a), and the software was asked to create response curves and do jackknifing
to measure variable importance. The results were evaluated for model and variable response,
and the continuous logistic output was imported into ArcGIS to predict potential species
distribution in geographic space.

Habitat plus Vectors of Spread Analysis. Maximum entropy analysis with MAXENT was next
used to evaluate invasion potential based on habitat plus vectors of spread for the 9 highest
priority invasive species (Table 1) and all invasive species combined. To determine invasion
potential, the environmental variable GIS rasters that correspond with habitat (land cover
classification, distance from fire burned areas, distance from avalanche chutes, soil type,
elevation, transformed aspect, and slope) as well as the environmental variable GIS rasters that
correspond with vectors of spread (distance from roads, trails, facilities, visitor service zones,
lakes, and streams) were imported into MAXENT. Invasive species point location data for each
species and all species combined were also imported. The same software settings were applied
as for the habitat analysis model above, and again the results were evaluated for model and
variable response, and the continuous logistic output was imported into ArcGIS to predict
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potential species distribution in geographic space. The difference between the habitat model and
the habitat plus vectors of spread model is that in the second model, vectors of spread are
allowed to influence predicted distribution, which produces potential areas of high invasion
pressure.

Model Evaluation. Variable influence is evaluated for each model based on the heuristic
estimate of relative contribution. Variable importance is evaluated by a jackknife test to
determine which variable in each model has the highest gain (the most useful information by
itself) and which variable decreases the gain the most when it is omitted (has the most
information not present in other variables) (Phillips et al. 2008b).
The continuous (logistic) prediction is typically interpreted in terms of model sensitivity
and specificity in the framework of receiver operating characteristic (ROC) curves (sensitivity
versus 1-specificity for all predicted values), where sensitivity is the fraction of all positive
instances (presences) that are classified as positive (presences) and specificity is the fraction of
all negative instances (absences) that are classified as negative (absences) (Pearce and Ferrier
2000, Vayssières et al. 2000). In this study the data lacks “true negatives”, precluding the use of
a ROC. However, Phillips et al. (2006) creates an analog for model tuning that mimics ROC by
maximizing the true positives while minimizing the total area predicted to be “habitat.” In this
framework, the area under the curve (AUC) functions as a convenient index of overall model
performance regardless of how the model is thresholded (Pearce and Ferrier 2000). AUC values
approaching 1 are desired (the 0.5 value represents model performance based on random
chance).
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From the pseudo ROC, MAXENT’s continuous logistic response is thresholded to a
binary prediction of invasive species distribution. The threshold value is chosen to maximize the
area of true potential habitat, while minimizing the total amount of habitat. All logistic output
values above the threshold value are classified as presence (potential habitat), and all values less
than the threshold value are classified as absence (non-habitat). The thresholded binary
prediction provides for a confusion matrix, i.e. a matrix of the data versus predicted values that
summarizes a model’s classification success (Pearce and Ferrier 2000, Vayssières et al. 2000).
Again, because the data lacks true negatives the result is not truly a confusion matrix. However,
the pseudo confusion matrix that is produced contains a large amount of information in a
compact format:
a) True positives = infestation locations that occur the areas predicted to be “habitat”.
b) “False positives” = areas that are predicted to be “habitat” but are not observed to be
invaded (yet). False positives are interesting in that they may either be areas at risk or
simply areas that have not been surveyed.
c) “False negatives” = areas not predicted to be “habitat”, but are occupied by invasive
weeds. This too is interesting: are these infestations caused by random effect and
therefore not predictable by models, do these infestations represent predictable events
that do not correspond with the limited environmental data input that the models are
based on, or are these locations representative of sample error?
To evaluate each model’s prediction accuracy for the given presence data, the invasive weed
point data locations were overlaid on the binary distribution raster maps, and the omission error
(the number of false negatives) was calculated for each individual high priority invasive weed
species and for all invasive weed species combined. Next, maps of the individual binary
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presence/absence distributions for each invasive species and all species combined were produced
for visual comparison and evaluation. The map based assessment complements the information
in the confusion matrix by visually displaying it in a spatial context.

Areas at Greatest Risk of Invasion. To evaluate the nested MAXENT models, the habitat model
binary layer and the invasion potential model (based on habitat plus vectors of spread) binary
layer are overlaid for each invasive species individually and all invasive species combined. The
raster results are reclassified as ‘high quality habitat with lower invasion potential’ where only
high quality habitat occurred, ‘lower quality habitat with high invasion potential’ where only
high invasion potential occurred, and where both models returned potential distributions, ‘high
quality habitat with high potential for invasion’. The total area for each classification is
calculated and compared to the total acreage in Glacier NP in order to evaluate the relative
acreage at different levels of invasion risk. The statistics are individually compiled into tables
based on each high priority invasive species and all invasive species combined. To evaluate the
prediction accuracy of the two nested models combined, the omission error (the number of false
negatives) is calculated for each individual high priority invasive weed species and for all
invasive weed species combined, with “habitat” considered either high quality habitat and/or
high invasion potential. Next, maps of the overlaid binary potential species distributions for each
invasive species and all species combined were produced for visual comparison and evaluation,
which again visually complements the confusion matrix information and the risk assessment
classifications.
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RESULTS
Results are reported individually for each high priority invasive species and all invasive
weed species combined. For each set of results, the habitat model is evaluated first, followed by
the habitat plus vectors of spread model (invasion potential) and concluded by the risk
assessment. Although not shown in the results, the continuous logistic prediction response is
included for all models in Appendix B. Overall, model prediction accuracy increased with the
inclusion of vectors of spread, and commission error was less than 10% for almost all models.
The most important variables for invasive species distribution tended to distance to roads,
distance to trails, and elevation.

Centaurea maculosa
MAXENT predicted potential C. maculosa high quality habitat with an AUC of 0.982
(Table 3). The model was then thresholded at a value of 0.405 to maximize true positives while
minimizing the total amount of predicted habitat (Table 3, Figure 2). The most influential
variables for high quality habitat, given their heuristic estimate of relative contribution, were
alluvial soils, elevation, and developed (disturbed) land cover, respectively, although alluvial
soils and elevation were each almost twice as influential as developed land cover (29.6% and
26.6% versus 16.3%, respectively) (Table 4). From a jackknife test of variable importance, the
environmental variable with the highest gain (the most useful information by itself) was
elevation, while the environmental variable that decreased the gain the most when it was omitted
(has the most information that is not present in other variables) was also elevation (Figure 3).
Omission error (false negatives) for the C. maculosa high quality habitat model was 7.3%
(Table 5).
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For C. maculosa invasion potential based on habitat plus vectors of spread, MAXENT
returned an AUC of 0.993 (Table 3). The chosen threshold value was 0.243 (Table 3, Figure 2).
The most influential variable by far for areas of high invasion potential was distance from roads
(72.0%) (Table 6). Not surprisingly, from the jackknife test of variable importance the
environmental variable with the highest gain was distance from roads, while the environmental
variable that decreased the gain the most when it was omitted was also distance from roads
(Figure 4). Omission error for the C. maculosa invasion potential model was 1.6% (Table 5).
Overall, 14,100 hectares (3.5%) of Glacier NP are at extremely high risk of C. maculosa
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 5). If areas of high quality habitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spread but lower habitat quality are included, 34,400
hectares (8.4%) of Glacier NP are currently at risk of C. maculosa invasion (Table 7). Omission
error for the C. maculosa not included in either the high quality habitat or the invasion potential
model was 0.9% (Table 5).

Chrysanthemum leucan
MAXENT predicted potential C. leucan high quality habitat with an AUC of .969 (Table
3). Next, the threshold value of 0.303 was chosen (Table 3, Figure 6). The most influential
variables for this model were elevation, alluvial soils, and developed (disturbed) land cover,
respectively, although elevation was by far the most influential (51.2% compared to 20.9% and
9.5%, respectively) (Table 8). Not surprisingly, from the jackknife test of variable importance
the environmental variable with the highest gain was elevation while the environmental variable
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that decreased the gain the most when omitted was also elevation (Figure 7). Omission error for
the C. leucan high quality habitat model was 6.5% (Table 9).
For C. leucan invasion potential based on habitat plus vectors of spread, MAXENT
returned an AUC of .991 (Table 3). The chosen threshold value was 0.418 (Table 3, Figure 6).
The most influential variables for areas of high invasion potential were elevation, distance from
trails, distance from roads, and alluvial soils (25.7%, 18.6%, 17.2%, and 11.6%, respectively)
(Table 10). The environmental variable with the highest gain from the jackknife test was
distance from roads, while the environmental variable that decreased the gain the most when it
was omitted was distance from trails (Figure 8). Omission error for the C. leucan invasion
potential model was 4.6% (Table 9).
Overall, 13,438 hectares (3.3%) of Glacier NP are at extremely high risk of C. leucan
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 9). If areas of high quality habitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spread but lower habitat quality are included, 51,218
hectares (12.6%) of Glacier NP are currently at risk of C. leucan invasion (Table 11). Omission
error for the C. leucan not included in either the high quality habitat or the invasion potential
model was 2.6% (Table 9).

Cirsium arvense
MAXENT predicted potential C. arvense habitat with an AUC of .960 (Table 3). The
continuous logistic output was then thresholded at 0.284 for high quality habitat (Table 3, Figure
10). The most influential variables for high quality habitat were elevation, alluvial soils,
developed (disturbed) land cover, and slope (22.7%, 17.3%, 14.6%, and 10.5%, respectively)
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(Table 12). From the jackknife test of variable importance, the environmental variable with the
highest gain was again elevation, while the environmental variable that decreased the gain the
most when it was omitted was also elevation (Figure 11). Omission error for the C. arvense high
quality habitat model was 9.2% (Table 13).
For C. arvense invasion potential based on habitat plus vectors of spread, MAXENT
returned an AUC of .988 (Table 3). Next, a threshold value of 0.336 was chosen to delineate
areas of high invasion potential (Table 3, Figure 10). The most influential variables were
distance from roads, distance from trails, and distance from facilities (29.9%, 17.6%, and 11.3%
respectively) (Table 14). The jackknife test of variable importance showed that the
environmental variable with the highest gain was distance from roads, while the environmental
variable that decreased the gain the most when it was omitted was distance from trails (Figure
12). Omission error for the C. arvense invasion potential model was 3.0% (Table 13).
Overall, 17,978 hectares (4.4%) of Glacier NP are at extremely high risk of C. arvense
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 13). If areas of high quality habitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spread but lower habitat quality are included, 58,130
hectares (14.3%) of Glacier NP are currently at risk C. arvense invasion (Table 15). Omission
error for the C. arvense not included in either the high quality habitat or the invasion potential
model was 0.7% (Table 13).

Cirsium vulgare
MAXENT predicted potential high quality C. vulgare habitat with an AUC of .976
(Table 3). Next, 0.305 was chosen as threshold value (Table 3, Figure 14). Developed
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(disturbed) land cover, elevation, and alluvial soils (36.2%, 22.1%, and 20.8% respectively) were
the most influential variables (Table 16). The environmental variable with the highest gain from
a jackknife test of variable importance was elevation, while the environmental variable that
decreased the gain the most when it was omitted was yet again elevation (Figure 15). Omission
error for the C. vulgare high quality habitat model was 4.8% (Table 17).
For C. vulgare invasion potential based on habitat plus vectors of spread, MAXENT
returned an AUC of .996 (Table 3). The threshold value of 0.331 was then chosen (Table 3,
Figure 14). The most influential variables for C. vulgare high invasion potential were distance to
roads and distance to facilities, respectively, although distance to roads was much more
influential (45.6% compared to 12.9%, respectively) (Table 18). Based on a jackknife test, the
environmental variable with the highest gain was distance to roads, while the environmental
variable that decreased the gain the most when it was omitted was distance to trails (Figure 16).
Omission error for the C. vulgare invasion potential model was 0.7% (Table 17).
Overall, 10,640 hectares (2.6%) of Glacier NP are at extremely high risk of C. vulgare
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 17). If areas of high quality habitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spread but lower habitat quality are included, 47,245
hectares (11.6%) of Glacier NP are currently at risk C. vulgare invasion (Table 19). Omission
error for the C. vulgare not included in either the high quality habitat or the invasion potential
model was 0.7% (Table 17).
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Euphorbia esula
MAXENT predicted potential E. esula habitat with an AUC of .999 (Table 3). The
threshold value chosen to delineate high quality habitat was 0.212 (Table 3, Figure 18). Unlike
other modeled invasive species, the most influential variables for high quality habitat were
herbaceous land cover and alluvial soils, although herbaceous land over was almost twice as
influential as alluvial soils (40.5% compared to 21.5%, respectively) (Table 20). Following this
difference compared to the other invasive species, the environmental variable with the highest
gain from the jackknife test of variable importance was herbaceous land cover, while the
environmental variable that decreased the gain the most when it was omitted was also
herbaceous land cover (Figure 19). Omission error for the E. esula high quality habitat model
was 5.6% (Table 21).
For the E. esula model that included vectors of spread, MAXENT returned a perfect
AUC of 1.0 (Table 3). The threshold value of 0.521 was then chosen to demarcate the areas of
high invasion potential (Table 3, Figure 18). The most influential variables for areas of high
invasion potential were distance to roads and herbaceous land cover, although this time distance
to roads was over twice as influential as herbaceous land cover (58.2% compared to 22.4%,
respectively) (Table 22). From the jackknife test of variable importance, the environmental
variable with the highest gain was distance to roads, while the environmental variable that
decreased the gain the most when it was omitted was also distance to roads (Figure 20).
Omission error for the E. esula invasion potential model was 5.6% (Table 21).
Overall, 775 hectares (0.2%) of Glacier NP are at extremely high risk of E. esula
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 21). If areas of high quality habitat but lower pressure from vectors of spread
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and areas of high pressure of vectors of spread but lower habitat quality are included, 3,722
(0.9%) of Glacier NP are currently at risk E. esula invasion (Table 23). Omission error for the E.
esula not included in either the high quality habitat or the invasion potential model was 0.0%
(Table 21).

Hieracium aurantiacum
MAXENT predicted potential high quality H. aurantiacum habitat with an AUC of .957
(Table 3). Next, the threshold was set at 0.321 for binary high quality habitat (Table 3, Figure
22). The model’s most influential variables were elevation and slope, respectively, although
elevation was far more influential (44.4% compared to 14.2%) (Table 24). Not surprisingly, the
environmental variable with the highest gain from the jackknife test was elevation, while the
environmental variable that decreased the gain the most when it was omitted was again elevation
(Figure 23). Omission error for the H. aurantiacum high quality habitat model was 11.4%
(Table 25).
For the H. aurantiacum invasion potential model based on habitat plus vectors of spread,
MAXENT returned an AUC of .996 (Table 3). Next, 0.350 was chosen as the threshold value
for high invasion potential (Table 3, Figure 22). The most influential variables were distance
from trails, distance from roads, elevation, and distance from facilities (25.7%, 19.4%, 16.0%,
and 13.5%, respectively) (Table 26). Based on the jackknife test of variable importance, the
environmental variable with the highest gain was distance from facilities, while the
environmental variable that decreased the gain the most when it was omitted was distance from
trails (Figure 24). Omission error for the H. aurantiacum invasion potential model was 2.3%
(Table 25).
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Overall, 7,887 hectares (1.9%) of Glacier NP are at extremely high risk of H.
aurantiacum invasion, based on the areas where high quality habitat and high pressure from
vectors of spread intersect (Figure 25). If areas of high quality habitat but lower pressure from
vectors of spread and areas of high pressure of vectors of spread but lower habitat quality are
included, 47,813 hectares (11.7%) of Glacier NP are currently at risk H. aurantiacum invasion
(Table 27). Omission error for the H. aurantiacum not included in either the high quality habitat
or the invasion potential model was 2.3% (Table 25).

Hieracium pratense
The MAXENT habitat model predicted potential H. pratense with an AUC of .975 (Table
3). The threshold value of 0.228 was next chosen to distinguish high quality habitat (Table 3,
Figure 26). The model’s most influential variables were elevation, distance from avalanche
chutes, and forest land cover, although elevation was far more influential (43.0% compared to
10.8% and 9.9%, respectively) (Table 28). The jackknife test of variable importance gave
elevation as the environmental variable with the highest gain, and elevation decreased the gain
the most when it was omitted (Figure 27). Omission error for the H. pratense high quality
habitat model was 8.7% (Table 29).
For the H. pratense habitat plus vectors of spread model, MAXENT returned an AUC of
.988 (Table 3). 0.452 was chosen as threshold value for areas of high invasion potential (Table
3, Figure 26). Distance from roads, distance from trails, and elevation (22.3%, 22.0%, and
17.3%, respectively) were the most influential variables for areas of high invasion potential
(Table 30). The environmental variable with the highest gain was distance from roads, and the
environmental variable that decreased the gain the most when it was omitted was also distance
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from roads, based on the jackknife test of variable importance (Figure 28). Omission error for
the H. pratense invasion potential model was 8.7% (Table 29).
Overall, 4,044 hectares (1.0%) of Glacier NP are at extremely high risk of H. pratense
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 29). If areas of high quality habitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spread but lower habitat quality are included, 27,443
hectares (6.7%) of Glacier NP are currently at risk H. pratense invasion (Table 31). Omission
error for the H. pratense not included in either the high quality habitat or the invasion potential
model was 8.7% (Table 29).

Hypericum perforatum
MAXENT predicted potential high quality H. perforatum habitat with an AUC of .977
(Table 3). Next, the threshold value was set at 0.331 for a binary response (Table 3, Figure 30).
The most influential variables were elevation, alluvial soils, and developed (disturbed) land
cover, although elevation was far more influential (48.5% compared to 16.7% and 12.1%,
respectively) (Table 32). From the jackknife test of variable importance, the environmental
variable with the highest gain yet again was elevation, while the environmental variable that
decreased the gain the most when it was omitted was also elevation (Figure 31). Omission error
for the H. perforatum high quality habitat model was 9.7% (Table 33).
For the H. perforatum model based on habitat plus vectors of spread, MAXENT returned
an AUC .995 (Table 3). To delineate the areas of high invasion potential, 0.535 was chosen as
the threshold value (Table 3, Figure 30). The most influential variables for areas of high
invasion potential were distance to roads, elevation, and distance to trails, although distance to
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roads was far more influential (39.0% compared to 16.4% and 14.7%, respectively) (Table 34).
The environmental variable with the highest gain was distance to roads, and the environmental
variable that decreased the gain the most when it was omitted was distance to trails, based on the
jackknife test of variable importance (Figure 32). Omission error for the H. perforatum invasion
potential model was 4.1% (Table 33).
Overall, 5,002 hectares (1.2%) of Glacier NP are at extremely high risk of H. perforatum
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 33). If areas of high quality habitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spread but lower habitat quality are included, 29,270
hectares (7.2%) of Glacier NP are currently at risk H. perforatum invasion (Table 35). Omission
error for the H. perforatum not included in either the high quality habitat or the invasion
potential model was 2.8% (Table 33).

Linaria vulgaris
The MAXENT habitat model for L. vulgaris had an AUC prediction value of .983 (Table
3). The model was next thresholded at 0.296 to define high quality habitat (Table 3, Figure 34).
Alluvial soils, developed (disturbed) land cover, elevation, and slope (24.0%, 22.9%, 18.9%, and
13.6%, respectively) were the most influential variables (Table 36). The jackknife test of
variable importance gave developed (disturbed) land cover as the environmental variable with
the highest gain, while the environmental variable that decreased the gain the most when it was
omitted was elevation (Figure 35). Omission error for the L. vulgaris high quality habitat model
was 9.7% (Table 37).
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For L. vulgaris habitat plus vectors of spread model, MAXENT returned an AUC of .995
(Table 3). To demarcate the binary distribution of high invasion potential, 0.216 was chosen as
the threshold value (Table 3, Figure 34). The most influential variable by far was distance to
roads (69.6%) (Table 38). Not surprisingly, from the jackknife test of variable importance, the
environmental variable with the highest gain was distance to roads, while the environmental
variable that decreased the gain the most when it was omitted was also distance to roads (Figure
36). Omission error for the L. vulgaris invasion potential model was 4.1% (Table 37).
Overall, 8,941 hectares (2.2%) of Glacier NP are at extremely high risk of L. vulgaris
invasion, based on the areas where high quality habitat and high pressure from vectors of spread
intersect (Figure 37). If areas of high quality habitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spread but lower habitat quality are included, 33,471
hectares (8.2%) of Glacier NP are currently at risk L. vulgaris invasion (Table 39). Omission
error for the L. vulgaris not included in either the high quality habitat or the invasion potential
model was 2.8% (Table 37).

All Invasive Weed Species Combined
MAXENT predicted potential habitat for all invasive weed species combined with an
AUC of .952 (Table 3). Next, the model was thresholded at 0.395 for high quality habitat (Table
3, Figure 38). The model’s most influential variables were elevation, alluvial soils, slope, and
forest land cover (38.6%, 22.4%, 10.9%, 10.1%, respectively) (Table 40). Not surprisingly, the
environmental variable with the highest gain was elevation, while the environmental variable
that decreased the gain the most when it was omitted was also elevation, based on the jackknife
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test of variable importance (Figure 39). Omission error for the high quality habitat model for all
invasive weed species was 11.1% (Table 41).
For invasion potential based on habitat plus vectors of spread for all invasive weed
species combined, MAXENT returned an AUC of .983 (Table 3). The threshold value of 0.417
was chosen to delineate high invasion potential (Table 3, Figure 38). Distance to roads, distance
to trails, and elevation (34.4%, 20.9%, and 19.5%, respectively) were the most influential
variables for high invasion potential (Table 42). From the jackknife test of variable importance,
the environmental variable with the highest gain was distance to roads, while the environmental
variable that decreased the gain the most when it was omitted was distance to trails (Figure 40).
Omission error for the invasion potential model for all invasive weed species was 4.8% (Table
41).
Overall, 20,648 hectares (5.1%) of Glacier NP are at extremely high risk of invasion from
all invasive weed species combined, based on the areas where high quality habitat and high
pressure from vectors of spread intersect (Figure 41). If areas of high quality habitat but lower
pressure from vectors of spread and areas of high pressure of vectors of spread but lower habitat
quality are included, 57,646 hectares (14.1%) of Glacier NP are currently at risk invasion by all
invasive weed species combined (Table 43). Omission error for all invasive weed species not
included in either the high quality habitat or the invasion potential model was 2.8% (Table 41).
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DISCUSSION
Areas of high quality invasive plant habitat
High quality habitat for the individual invasive species and all invasive species combined
tended to follow valley bottoms, with some habitat fanning out upslope from the valley bottoms.
Little habitat was predicted at higher elevation locations on the upper reaches of the mountains.
This result is not surprising, as one of the most important environmental variables associated
with high quality habitat was elevation. For all individual species except E. esula, elevation was
one of the three most influential environmental variables, and for C. leucan, C. arvense, H.
aurantiacum, H. pretense, and H. perforatum it was the most important variable. Further,
elevation had the highest gain (the most useful information by itself) and decreased the gain the
most when it was omitted (had the most information not present in other variables) for every
species except E. esula and L. vulgaris. One possible reason for the importance of elevation is
that as elevation increases in the park, environmental conditions become significantly harsher,
which favors native plant species adapted to these conditions. A second reason for the
importance of elevation may be the function of invasion pathways, where invasive species are
entering the park from outside sources. The main entrances to the park are situated in the lower
elevation valley bottoms, which may skew the results to show that elevation is important for high
quality habitat, when elevation may instead be a proxy for invasion process rather than an
indication of habitat preference.
Other important habitat variables, given their heuristic estimate of relative contribution,
included alluvial soils, developed (disturbed) land cover, slope, herbaceous land cover, forest
land cover, and quartzite/argillite bedrock soils, although the degree of importance varied by
species. Alluvial soils and developed (disturbed) land cover are logical results for important
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environmental variables, as alluvial soils are often relatively fertile, which may promote robust
growth. Developed (disturbed) land cover is conducive to weed establishment, as weeds prefer
disturbed environments due to decreased native species competition and therefore a reduced
establishment barrier (Mack et al. 2000). Slope, herbaceous land cover, forest land cover, and
quartzite/argillite soil type also influence invasive establishment and habitat quality based on
particular species habitat preferences (for example, water drainage, shade tolerance, soil
properties).
Overall, one surprise was that herbaceous land cover type was not a more important
environmental variable for habitat, as many of the species are known meadow invaders (such as
C. maculosa, C. leucan, and H. aurantiacum). This may be indicative that although these
species prefer meadow habitat, they can also invade non-meadow habitat, and that disturbance,
elevation (harshness of environment), and vectors of spread may be more important determinants
of invasion than land cover type. A further explanation may be that the lower resolution of the
land cover map combined with the GPS error of the weed infestation coordinates may reduce the
ability of the model to tightly correlate land cover type with habitat preference.

Areas with high invasion potential based on vectors of spread
For each invasive species model, predicted model accuracy (the area under the curve for
the pseudo ROC curve) increased when vectors of spread were introduced into the model,
compared to the models that included only habitat related environmental variables (Table 1).
This result confirms that vectors of spread are influential in the distribution of invasive plant
species. Not surprisingly, the models that included vectors of spread had high potential invasion
areas that were more tightly coupled to roads and trails than the habitat models that did not
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include vectors of spread. For all species, distance to roads was among top three most important
environmental variables given their heuristic estimate of relative contribution, while for all
species except E. esula, distance to trails was also included in the top three. Further, for all
species except H. aurantiacum, distance to roads had the highest gain (the most useful
information by itself). Distance to facilities had the highest gain for H. aurantiacum rather than
distance to road. Across all nine invasive weed species models, the distance to roads and
distance to trails variables were split almost evenly as to which decreased the gain the most when
it was omitted (had the most information not present in other variables). Again, these results
confirm that the pressure from vectors of spread is very important in the determination of future
invasive species distribution, and support Gelbard and Belnap’s (2003) research that roads are
major contributing factor to the ongoing spread of exotic plants, as well as DiTomaso’s (2000)
research that disturbance facilitates establishment and spread of invasive weeds.
Interestingly, elevation remained a prominent environmental predictor variable even
when vectors of spread were taken into account. Again, this may imply that the importance of
elevation may be due to harsher conditions at higher elevations precluding establishment, but a
stronger factor may be how fast invasive species can spread from their source populations
located near entry points in the lower elevation valleys. Trails and roads tend to originate in low
elevation areas, and as they progress into the interior of the park, tend to rise in elevation. Lack
of higher elevation locations of invasive species may only indicate that invasive species have not
yet had the time to spread to higher elevations along their transmission pathways, rather than a
particular condition excluding their occurrence. The areas of high invasion potential tend to be
closer to source populations, as source populations increase transmission potential, and
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transmission pressure from vectors of spread decrease as the distance from a source population
increases (With 2002).

Areas at greatest risk of invasion
The areas at greatest risk of invasion are areas of high invasion potential based on vectors
of spread that overlap areas of high quality invasive species habitat. Not only do these areas
have a higher immigration probability, but the habitat conditions found in these areas are
favorable for invasive species establishment and subsequent expansion. For all invasive plant
species combined, the total area predicted to be at greatest risk of invasion encompasses 20,648
hectares, or 5.1% of Glacier National Park. Individual species by themselves are predicted have
less overall “greatest risk” areas, but the ecological impact of a particular invasive species may
not necessarily correlate with the overall size of its potential infestation, especially in rare or
vulnerable habitats, where even a small invasion may represent a major impact.

Therefore, all

un-invaded “greatest risk” areas represent a top priority for invasive weed establishment
prevention. Priority is higher for those areas at greatest risk located in the backcountry of the
park, where terrain and accessibility make control and eradication much more difficult. Further,
un-invaded areas at greatest risk of invasion that are isolated by areas of low invasion potential
and less suitable habitat, and/or un-invaded areas at greatest risk of invasion that are
geographically distant from current infestation locations take top priority for proactive
prevention strategies, especially if the greatest risk areas are surrounded by areas of high habitat
suitability (Figure 42).
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Prediction and Accuracy
To address the models’ false negative (omission) errors, visual evaluation showed that of
a number of the false negative infestations occurred in areas that are highly unlikely to have
weeds (such as on the rock face of a mountain). Therefore, some of the ‘weed’ locations that
occurred in ‘non-habitat, low invasion potential’ areas may be indicative of data collection errors
rather than model errors. For false negatives that did not occur in blatantly unlikely habitat,
another explanation could be that these invasive weed presence data points represent infestations
that are based on random chance rather than on pressure from vectors of spread or areas of high
quality habitat. This might occur, for example, if a few seeds were transported by a wild animal
to a location of lower quality habitat, but those seeds were still able to establish, although the
process of and ability for their establishment was more a factor of random chance than
measureable environmental variables (such as predictable vectors of spread or high quality
habitat). These rogue locations would represent invasions that are functionally impossible to
model. A third possibility for false negative returns for known weed infestation locations may be
that there are still unknown, influential environmental variables, such as rainfall, that are
unaccounted for in the current models, and would return higher accuracy if included.
Other potential accuracy issues with the species distribution models include the fact that
infestation location data may be biased to roadside, trailside, and streamside areas because these
are the areas of easy and frequent access (Phillips 2006, Phillips et al. 2009). This may not
necessarily degrade the overall distribution results; however, as informal personal observation
has shown that there appear to be few infestations not closely tied with vectors of spread.
Simply, in the three years I spent hiking Glacier NP as a backcountry ranger, both on trail and
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cross country, and from casual observation during my 20+ summers in the park, I found few
invasive plant infestations that were not in the vicinity of a road, trail, or streambed.
Other issues include the fact that data points are likely somewhat spatially autocorrelated,
since often when an infestation location is found, the recorder then may deliberately search the
immediate general area for other potential infestations. Also, sampling intensity may vary by
sub-district or by data recorder, depending on what priority the recorder views searching for and
reporting invasive weed infestations. However, the only way to fully resolve these issues is to do
a systematic survey of the entire park, an unlikely event given budget and time constraints. In
all, although the data and the maximum entropy modeling approach have inherent errors, the
MAXENT models do predict current distribution of invasive species with relatively high
accuracy, and should be looked on as a reasonable baseline for predicted future distribution of
invasive plant species.
Finally, although the invasive weed species I model in this study can be ecologically
considered generalists, the predictive power of MAXENT in this study should be closer to that
found for specialist species. The issue affecting model performance is the models’ inability to
sharply or easily distinguish defined niches and environmental barriers that promote or prevent
invasive weed establishment (Evangelista et al. 2008). In Glacier NP, the invasion stage is such
that there are still environmental barriers to establishment that can be distinguished by model
analyses. Specifically, the strong coupling of invasive species establishment and propagule
pressure exerted by vectors of spread such as roads and trails (Tyser and Worley 1992) or
streams (Brown and Peet 2003) appears to be major factor in establishment, which would allow
stronger model performance comparable to the model performance exhibited by specialist
invasive species.
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MANAGEMENT RECOMMENDATIONS

The following is a recommended guideline for tactical prioritization of prevention,
control, and eradication management actions based on the predicted invasive species distribution
models. For all actions, priority is given to backcountry locations first and front country
locations second. Backcountry locations are much more difficult to access for treatment
measures and have fewer treatment options. Therefore, backcountry areas are given top priority
in order to prevent, eradicate, or reduce infestations that may otherwise spiral out of control.

Survey Priorities
Systematically survey all areas predicted to be at risk of invasion to determine if there are any
infestations not yet recorded. Although unrecorded infestations may occur outside the predicted
distribution areas, the time and budget cost of surveying these areas would be at the expense of
diminishing returns (new infestations), and hence an inefficient use of resources. Area priorities
are:
1) Areas at greatest risk of invasion.
2) Areas of high invasion potential but less suitable invasive species habitat.
3) Areas of high quality invasive plant habitat. A new-found infestation location here would
most likely change the area’s status to one at greatest risk of further invasion.
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Monitoring & Prevention Priorities
Prevention is the immediate removal of an initial infestation before it becomes established. Area
priorities are:
1) Areas at greatest risk of invasion. Highest priority within this category should be uninvaded areas at greatest risk of invasion that are isolated by areas of low invasion
potential and less suitable habitat, and/or un-invaded areas at greatest risk of invasion that
are geographically distant from current infestation locations, especially if the greatest risk
areas are surrounded by areas of high habitat suitability
2) Areas with high invasion potential but lower quality habitat. These areas are likely to get
invaded, but monitoring can prevent real establishment/expansion of invasive plant
species because it should be more difficult for the invasive plants to establish and rapidly
expand their distribution in these areas.
3) Areas of high quality invasive plant habitat but lower invasion potential. Although it is a
somewhat less likely for invasive plants to reach these areas, it is still prudent to
periodically monitor the areas because the areas still have a much higher invasion
potential compared to the majority of Glacier NP.

Treatment Priorities
Small invasive infestations have higher priority for treatment than large invasions, especially if
they are far from a logical source population; the objective is to prevent establishment of a new
source population. For large, well-established invasive plant populations, the main priority
should not be eradication but instead control and prevention of further spread, as it may be
difficult or impossible to eradicate large, established invasions (Zalba et al. 2000). This is true
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unless a significant and unique habitat is at risk, in which any and all infestations are high
priority for treatment. Area priorities are:
1) Areas of high quality invasive plant habitat but lower invasion potential. If infestations
are eradicated in these areas, there is a much reduced chance of re-establishment due to
relatively low transmission pressure.
2) Areas of high invasion potential but lesser quality invasive plant habitat. Although these
areas are at higher risk of invasion, treatment may significantly reduce or eradicate weeds
in these areas due to lesser habitat suitability for establishment and expansion.
3) Areas that at greatest risk of invasion. Although treatment may temporarily reduce or
eradicate weeds in these areas, these areas are most likely to re-invaded and therefore
provide the least return for time and money expenditures.

Modeling
Models should be re-run yearly to incorporate new infestations and therefore update the
predicted distribution and risk assessment for Glacier NP. This will allow managers to retain
prioritization efficiency.
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CONCLUSION
The MAXENT invasive plant species distribution models based on vectors of spread and
areas of preferred habitat serve as a reasonable estimate of the current potential extent of
invasive weeds in Glacier NP. When overlaid, these models produce a logical prediction of the
areas at greatest risk of invasion in the park. Taken together, these models provide a basis for
prioritization of management actions and allow prevention strategies to focus on highly
susceptible areas. However, although these models provide a solid initial baseline of potential
invasive plant species distribution, future research is needed to incorporate other variables not
included in this model, such as rainfall. These variables may play a role in habitat preference
and establishment potential of invasive plants, which in turn may improve the true predictive
accuracy of the models. Further research should also include how potential invasive species
distributions may contract or expand with climate change. In sum, as ecological knowledge
improves and climate conditions change, these invasive species distribution models need to be
refined in order to continue to provide accurate risk assessment and useful prioritization tools.
This in turn will allow managers to continue to battle the threat invasive species pose to the
invaluable native ecosystems of Glacier National Park, a step towards the conservation of these
ecosystems for future generations.
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TABLES AND FIGURES

Figure 1. Glacier National Park and its management sub-districts, Montana.
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Table 1. Recorded occurrences and code names for the nine invasive species of greatest concern
and all invasive species combined.
Priority Invasive Weed Species
Recorded Occurrences
Code
Spotted Knapweed (Centaurea maculosa)
449
cenmac
Leafy Spurge (Euphorbia esula)
306
eupesu
Oxeye Daisy (Chrysanthemum leucan)
337
chrleu
Canada Thistle (Cirsium arvense)
147
cirarv
Bull Thistle (Cirsium vulgare)
18
cirvul
Orange Hawkweed (Hieracium aurantiacum)
88
hieaur
Meadow Hawkweed (Hieracium pratense)
23
hiepra
Yellow Toadflax (Linaria vulgaris)
145
linvul
St. Johnswort (Hypericum perforatum)
192
hypper
All Invasive Species Combined
828
combspp
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Table 2. Environmental variables correlated with habitat and environmental variables correlated with vectors of spread.
Environmental Variables Correlated with Habitat
Topographic
Name
Description
Elevation
10-m resolution Digital Elevation Model (DEM) averaged
to 50-m resolution
Slope
Derived from 10-m resolution DEM, averaged to 50-m
resolution
Transformed Aspect
Source file was a 10-m resolution DEM averaged to 50-m
resolution. Aspect was derived from the 50-m DEM, then
transformed by the equation (-1* cosine(45 – aspect) (from
Beers et al. 1966)
Euclidean Distances
Name
Distance from fire
Distance from avalanche chutes
Soils
Name
Alluvial soils
Bedrock soils - Limestone
Bedrock soils - Quartzite/Argillite
Glacial, Landslide, and Mixed soils
Wet soils
Land Cover Class
Name
Shrub-Herbaceous Complex

Code
elevation

Source
Glacier NP*

slope

Glacier NP*

tasp

Glacier NP*

Description
Euclidean distance from wildlfire areas that burned within
the last 20 years , in meters
Euclidean distance from avalanche chutes, in meters

Code
fire_distance

Source
Glacier NP*

avalanche_dist

Glacier NP*

Description
Alluvial soil type from soil survey
Bedrock: Limestone soil type from soil survey
Bedrock: Quartzite/Argillite soil type from soil survey
Glacial, Landslide, and Mixed soil type from soil survey
Wet soil type from soil survey

Code
alluvial
bedrockl
bedrockq
mixed
wet

Source
Glacier NP*
Glacier NP*
Glacier NP*
Glacier NP*
Glacier NP*

Description
Compilation of the following land cover classifications:
Dwarf-shrub/Herbaceous Complex: Dry - Mesic
Dwarf-shrub/Herbaceous Complex: Mesic - Wet

Code
comp

Source
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USGS 2008
USGS 2008

Forest

Herbaceous

Developed Areas

Shrubland

Sparse
Woodland

Compilation of the following land cover classifications:
Poplar - Birch Forest
Black Cottonwood Forest
Douglas-fir Forest
Mixed Conifer - Deciduous Forest
Subalpine Fir - Engelmann Spruce Forest
Lodgepole Pine Forest
Engelmann Spruce Forest
Engelmann Spruce - Wet Shrub Forest
Mixed Conifer - Deciduous Wet Forest
Compilation of the following land cover classifications:
Exposed Shoreline Herbaceous: Pioneering Vegetation
Grassland Herbaceous
Wet Meadow Herbaceous
Compilation of the following land cover classifications:
Residential/Commercial Area
Road/Railroad
Compilation of the following land cover classifications:
Deciduous Shrubland: Avalanche/Snow Burial
Mixed Conifer - Deciduous Shrubland: Avalanche/Snow
Burial
Deciduous Shrubland: Dry - Mesic
Mixed Regenerate Shrubland
Deciduous Wet Shrubland
Exposed Shoreline Sparse Vegetation (wet riparian/basin
phase) land cover classification.
Compilation of the following land cover classifications:
Douglas-fir Woodland
Subalpine Fir - Engelmann Spruce Woodland
Lodgepole Pine Woodland
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forest
USGS 2008
USGS 2008
USGS 2008
USGS 2008
USGS 2008
USGS 2008
USGS 2008
USGS 2008
USGS 2008
herb
USGS 2008
USGS 2008
USGS 2008
developed
USGS 2008
USGS 2008
shrub
USGS 2008
USGS 2008

sparse

USGS 2008
USGS 2008
USGS 2008
USGS 2008

woodland
USGS 2008
USGS 2008
USGS 2008

Environmental Variables Correlated with Vectors of Spread
Euclidean Distances
Name
Description
Code
Source
Distance from roads
Euclidean distance from roads, in meters.
road_dist
Glacier NP*
Distance from trails
Euclidean distance from trails, in meters.
trail_dist
Glacier NP*
Distance from facilities
Euclidean distance from facilities, in meters.
facility_dist
Glacier NP*
Distance from visitor service zones Euclidean distance from visitor service zones, in meters.
vsz_dist
Glacier NP*
Distance from streams
Euclidean distance from streams, in meters.
stream_dist
Glacier NP*
Distance from lakes
Euclidean distance from lakes, in meters.
lake_dist
Glacier NP*
* Provided by Richard Menicke, Glacier National Park, 2008. All files were shapefile format, except the 10-m Digital Elevation
Model (DEM) raster.
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Figure 2. MAXENT binary probability distribution of C. maculosa high quality habitat and high invasion potential. The threshold
values were 0.405 for high quality habitat and 0.243 for high invasion potential.
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Table 3. Pseudo Receiver Operating Characteristics (ROC) curve Area Under the Curve (AUC)
values (prediction accuracy) and threshold cutoff values for habitat and habitat plus vectors of
spread (invasion potential) models. Threshold values were chosen to maximize true positives
while minimizing the total amount of area predicted as potential distribution.
Species
Centaurea maculosa
Chrysanthemum leucan
Cirsium arvense
Cirsium vulgare
Euphorbia esula
Hieracium aurantiacum
Hieracium pratense
Hypericum perforatum
Linaria vulgaris
All invasive species

Habitat
Threshold
AUC

Invasion Potential
Threshold
AUC

0.405
0.303
0.284
0.305
0.212
0.306
0.228
0.331
0.296
0.395

0.243
0.418
0.336
0.331
0.521
0.350
0.452
0.535
0.216
0.417

0.982
0.969
0.960
0.976
0.999
0.957
0.975
0.977
0.983
0.952

0.993
0.991
0.988
0.996
1.000
0.996
0.988
0.995
0.995
0.983

Table 4. Heuristic estimate of relative contributions of the environmental variables for the C.
maculosa high quality habitat MAXENT model.
Variable
Percent contribution
alluvial
29.6
elevation
26.6
developed
16.3
slope
8.9
forest
4.7
herb
2.4
fire_distance
2.3
avalanche_dist
1.9
mixed
1.8
bedrockq
1.3
bedrockl
1.2
shrub
0.8
comp
0.7
wet
0.6
sparse
0.3
woodland
0.3
tasp
0.2
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Figure 3. MAXENT jackknife test of variable importance for C. maculosa high quality habitat. High gain
is a measure of the amount of information a variable contains when used in isolation. When gain decreases
from the loss of a variable, the degree of loss is the measure of information contained in the removed
variable that is not present in the other, retained variables. The variable that increases the gain the most
when used in isolation is elevation, and the variable that decreases the gain the most when removed is also
elevation.
Table 5. Omission error for C. maculosa. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
C. maculosa Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 449
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Number

Percent

33
7
4

7.3%
1.6%
0.9%

Table 6. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the C. maculosa high invasion potential MAXENT model.
Variable
Percent contribution
road_dist
72.0
alluvial
6.8
trail_dist
3.4
elevation
3.3
forest
2.4
vsz_dist
2.4
bedrockq
2.3
facility_dist
1.4
lake_dist
1.2
mixed
0.7
stream_dist
0.7
herb
0.6
slope
0.5
fire_distance
0.4
developed
0.4
avalanche_dist
0.3
wet
0.3
shrub
0.3
comp
0.2
bedrockl
0.2
woodland
0.2
sparse
0.1
tasp
0.1
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Figure 4. MAXENT jackknife test of variable importance for C. maculosa areas of high
invasion potential. High gain is a measure of the amount of information a variable contains
when used in isolation. When gain decreases from the loss of a variable, the degree of loss is the
measure of information contained in the removed variable that is not present in the other,
retained variables. The variable that increases the gain the most when used in isolation is
distance to roads, and the variable that decreases the gain the most when removed is also
distance to roads.
Table 7. Amount of area at risk of C. maculosa invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
C. maculosa
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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9837
10463
14100
34400

% infested
2.4%
2.6%
3.5%
8.4%

Figure 5. Areas at greatest risk of C. maculosa invasion (red) are where areas of high quality
habitat (orange) and areas with high potential for invasion (purple) overlap.
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Figure 6. MAXENT binary probability distribution of C. leucan high quality habitat and high invasion potential. The threshold
values were 0.303 for high quality habitat and 0.418 for high invasion potential.
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Table 8. Heuristic estimate of relative contributions of the environmental variables to the C.
leucan high quality habitat Maxent model.
Variable

Percent contribution

elevation
alluvial
developed
forest
bedrockq
mixed
fire_distance
herb
wet
slope
comp
shrub
sparse
avalanche_dist
bedrockl
tasp
woodland

51.2
20.9
9.5
3.6
2.8
2.0
1.8
1.8
1.2
1.0
0.8
0.8
0.8
0.7
0.5
0.4
0.2
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Figure 7. MAXENT jackknife test of variable importance for C. leucan high quality habitat. High gain is a
measure of the amount of information a variable contains when used in isolation. When gain decreases
from the loss of a variable, the degree of loss is the measure of information contained in the removed
variable that is not present in the other, retained variables. The variable that increases the gain the most
when used in isolation is elevation, and the variable that decreases the gain the most when removed is also
elevation.
Table 9. Omission error for C. leucan. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
C. leucan Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 306
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Number

Percent

20
14
8

6.5%
4.6%
2.6%

Table 10. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the C. leucan high invasion potential MAXENT model.
Variable
Percent contribution
elevation
25.7
trail_dist
18.6
road_dist
17.2
alluvial
11.6
facility_dist
6.5
developed
3.1
avalanche_dist
3.0
forest
2.4
bedrockq
2.3
stream_dist
2.3
wet
1.2
comp
1.1
fire_distance
0.7
herb
0.6
sparse
0.6
lake_dist
0.5
shrub
0.5
vsz_dist
0.5
mixed
0.5
woodland
0.4
bedrockl
0.4
tasp
0.2
slope
0.1
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Figure 8. MAXENT jackknife test of variable importance for C. leucan areas of high invasion
potential. High gain is a measure of the amount of information a variable contains when used in
isolation. When gain decreases from the loss of a variable, the degree of loss is the measure of
information contained in the removed variable that is not present in the other, retained variables.
The variable that increases the gain the most when used in isolation is distance to roads, and the
variable that decreases the gain the most when removed is distance to trails.
Table 11. Amount of area at risk of C. leucan invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
C. leucan
Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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Area (ha)

% infested

35096

8.6%

2685

0.7%

13438
51218

3.3%
12.6%

Figure 9. Areas at greatest risk of C. leucan invasion (red) are where areas of high quality
habitat (orange) and areas with high potential for invasion (purple) overlap.
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Figure 10. MAXENT binary probability distribution of C. arvense high quality habitat and high invasion potential. The threshold
values were 0.284 for high quality habitat and 0.336 for high invasion potential.
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Table 12. Heuristic estimate of relative contributions of the environmental variables to the C.
arvense high quality habitat MAXENT model.
Variable
Percent contribution
elevation
22.7
alluvial
17.3
developed
14.6
slope
10.5
herb
8.4
bedrockq
8.2
forest
7.9
fire_distance
2.8
shrub
1.4
wet
1.3
avalanche_dist
1.1
mixed
0.9
bedrockl
0.8
comp
0.7
woodland
0.6
tasp
0.5
sparse
0.3
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Figure 11. MAXENT jackknife test of variable importance for C. arvense high quality habitat. High gain is
a measure of the amount of information a variable contains when used in isolation. When gain decreases
from the loss of a variable, the degree of loss is the measure of information contained in the removed
variable that is not present in the other, retained variables. The variable that increases the gain the most
when used in isolation is elevation, and the variable that decreases the gain the most when removed is also
elevation.
Table 13. Omission error for C. arvense. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
C. arvense Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 337
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Number

Percent

31
10
7

9.2%
3.0%
2.1%

Table 14. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the C. arvense high invasion potential MAXENT model.
Variable
Percent contribution
road_dist
29.9
trail_dist
17.6
facility_dist
11.3
elevation
7.6
bedrockq
7.6
slope
6.7
alluvial
5.7
forest
3.3
lake_dist
1.7
vsz_dist
1.4
herb
1.3
stream_dist
1.2
shrub
0.8
wet
0.6
bedrockl
0.6
woodland
0.5
fire_distance
0.4
tasp
0.4
comp
0.4
sparse
0.3
avalanche_dist
0.3
developed
0.3
mixed
0.2
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Figure 12. MAXENT jackknife test of variable importance for C. arvense areas of high invasion
potential. High gain is a measure of the amount of information a variable contains when used in
isolation. When gain decreases from the loss of a variable, the degree of loss is the measure of
information contained in the removed variable that is not present in the other, retained variables.
The variable that increases the gain the most when used in isolation is distance to roads, and the
variable that decreases the gain the most when removed is distance to trails.
Table 15. Amount of area at risk of C. arvense invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
C. arvense
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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% infested

34773

8.5%

5380

1.3%

17978
58130

4.4%
14.3%

Figure 13. Areas at greatest risk of C. arvense invasion (red) are where areas of high quality
habitat (orange) and areas with high potential for invasion (purple) overlap.

69

Figure 14. MAXENT binary probability distribution of C. vulgare high quality habitat and high invasion potential. The threshold
values were 0.305 for high quality habitat and 0.331 for high invasion potential.
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Table 16. Heuristic estimate of relative contributions of the environmental variables to the C.
vulgare high quality habitat MAXENT model.
Variable
Percent contribution
developed
26.2
elevation
22.1
alluvial
20.8
bedrockq
8.7
slope
6.3
forest
3.9
avalanche_dist
1.6
bedrockl
1.5
mixed
1.4
herb
1.3
woodland
1.3
shrub
1.1
fire_distance
1.1
comp
0.8
tasp
0.7
sparse
0.7
wet
0.6
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Figure 15. MAXENT jackknife test of variable importance for C. vulgare high quality habitat. High gain is
a measure of the amount of information a variable contains when used in isolation. When gain decreases
from the loss of a variable, the degree of loss is the measure of information contained in the removed
variable that is not present in the other, retained variables. The variable that increases the gain the most
when used in isolation is elevation, and the variable that decreases the gain the most when removed is also
elevation.

Table 17. Omission error for C. vulgare. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
C. vulgare Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 147
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Number

Percent

7
1
1

4.8%
0.7%
0.7%

Table 18. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the C. vulgare high invasion potential MAXENT model.
Variable
Percent contribution
road_dist
45.6
facility_dist
12.9
trail_dist
9.6
elevation
6.4
alluvial
4.4
bedrockq
4.1
developed
3.5
forest
3.5
lake_dist
1.5
shrub
1.4
comp
1.0
vsz_dist
0.8
bedrockl
0.7
woodland
0.7
sparse
0.6
avalanche_dist
0.5
herb
0.5
slope
0.5
tasp
0.5
stream_dist
0.5
fire_distance
0.5
mixed
0.4
wet
0.2
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Figure 16. MAXENT jackknife test of variable importance for C. vulgare areas of high invasion
potential. High gain is a measure of the amount of information a variable contains when used in
isolation. When gain decreases from the loss of a variable, the degree of loss is the measure of
information contained in the removed variable that is not present in the other, retained variables.
The variable that increases the gain the most when used in isolation is distance to roads, and the
variable that decreases the gain the most when removed is distance to trails.
Table 19. Amount of area at risk of C. vulgare invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
C. vulgare
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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33181
3425
10640
47245

% infested
8.1%
0.8%
2.6%
11.6%

Figure 17. Areas at greatest risk of C. vulgare invasion (red) are where areas of high quality
habitat (orange) and areas with high potential for invasion (purple) overlap.
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Figure 18. MAXENT binary probability distribution of E. esula high quality habitat and high invasion potential. The threshold values
were 0.212 for high quality habitat and 0.521 for high invasion potential.
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Table 20. Heuristic estimate of relative contributions of the environmental variables to the E.
esula high quality habitat MAXENT model.
Variable
Percent contribution
herb
40.5
alluvial
21.5
bedrockq
9.2
forest
8.4
developed
6.8
mixed
3.8
bedrockl
3.7
fire_distance
2.2
slope
1.4
wet
1.3
tasp
1.0
comp
0.2
elevation
0.1
sparse
0.0
shrub
0.0
avalanche_dist
0.0
woodland
0.0
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Figure 19. MAXENT jackknife test of variable importance for E. esula high quality habitat. High gain is a
measure of the amount of information a variable contains when used in isolation. When gain decreases
from the loss of a variable, the degree of loss is the measure of information contained in the removed
variable that is not present in the other, retained variables. The variable that increases the gain the most
when used in isolation is herbaceous vegetation, and the variable that decreases the gain the most when
removed is also herbaceous vegetation.

Table 21. Omission error for E. esula. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
E. esula Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 18
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Number

Percent

1
1
0

5.6%
5.6%
0.0%

Table 22. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the E. esula high invasion potential MAXENT model.
Variable
Percent contribution
road_dist
58.2
herb
22.4
alluvial
5.2
forest
4.5
mixed
1.3
bedrockq
1.3
comp
1.3
lake_dist
1.2
facility_dist
1.2
fire_distance
0.7
wet
0.7
bedrockl
0.6
trail_dist
0.6
sparse
0.2
stream_dist
0.2
slope
0.2
developed
0.1
tasp
0.0
shrub
0.0
elevation
0.0
woodland
0.0
avalanche_dist
0.0
vsz_dist
0.0

79

Figure 20. MAXENT jackknife test of variable importance for E. esula areas of high invasion
potential. High gain is a measure of the amount of information a variable contains when used in
isolation. When gain decreases from the loss of a variable, the degree of loss is the measure of
information contained in the removed variable that is not present in the other, retained variables.
The variable that increases the gain the most when used in isolation is distance to roads, and the
variable that decreases the gain the most when removed is also distance to roads.
Table 23. Amount of area at risk of E. esula invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
E. esula
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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% infested

2911

0.7%

37

0.0%

775
3722

0.2%
0.9%

Figure 21. Areas at greatest risk of E. esula invasion (red) are where areas of high quality habitat
(orange) and areas with high potential for invasion (purple) overlap.
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Figure 22. MAXENT binary probability distribution of H. aurantiacum high quality habitat and high invasion potential. The
threshold values were 0.321 for high quality habitat and 0.350 for high invasion potential.
82

Table 24. Heuristic estimate of relative contributions of the environmental variables to the H.
aurantiacum high quality habitat MAXENT model.
Variable
Percent contribution
elevation
44.4
slope
14.2
developed
8.0
forest
5.6
fire_distance
4.3
alluvial
4.2
shrub
3.7
bedrockq
3.1
avalanche_dist
2.4
bedrockl
2.3
wet
1.7
herb
1.2
woodland
1.2
comp
1.1
sparse
0.9
tasp
0.9
mixed
0.7
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Figure 23. MAXENT jackknife test of variable importance for H. aurantiacum high quality habitat. High
gain is a measure of the amount of information a variable contains when used in isolation. When gain
decreases from the loss of a variable, the degree of loss is the measure of information contained in the
removed variable that is not present in the other, retained variables. The variable that increases the gain the
most when used in isolation is elevation, and the variable that decreases the gain the most when removed is
also elevation.
Table 25. Omission error for H. aurantiacum. Omission error is the number of known
infestation locations that did not occur in the areas indicated by the model as high quality habitat,
areas of high invasion potential, or the two combined, divided by the total number of infestation
locations.
H. aurantiacum Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 88
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Number

Percent

10
2
2

11.4%
2.3%
2.3%

Table 26. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the H. aurantiacum high invasion potential MAXENT model.
Variable
trail_dist
road_dist
elevation
facility_dist
lake_dist
slope
shrub
fire_distance
stream_dist
alluvial
forest
mixed
woodland
bedrockq
avalanche_dist
herb
developed
bedrockl
vsz_dist
sparse
comp
tasp
wet

Percent contribution
25.7
19.4
16.0
13.5
3.3
3.2
2.1
2.0
1.8
1.5
1.5
1.5
1.3
1.0
1.0
1.0
0.8
0.8
0.8
0.7
0.4
0.4
0.3
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Figure 24. MAXENT jackknife test of variable importance for H. aurantiacum areas of high
invasion potential. High gain is a measure of the amount of information a variable contains
when used in isolation. When gain decreases from the loss of a variable, the degree of loss is the
measure of information contained in the removed variable that is not present in the other,
retained variables. The variable that increases the gain the most when used in isolation is
distance to facilities, and the variable that decreases the gain the most when removed is distance
to trails.
Table 27. Amount of area at risk of H. aurantiacum invasion based on the derivations of the
high quality habitat model and the model of high invasion potential based on vectors of spread.
H. aurantiacum
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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% infested

36028

8.8%

3899

1.0%

7887
47813

1.9%
11.7%

Figure 25. Areas at greatest risk of H. aurantiacum invasion (red) are where areas of high
quality habitat (orange) and areas with high potential for invasion (purple) overlap.
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Figure 26. MAXENT binary probability distribution of H. pratense high quality habitat and high invasion potential. The threshold
values were 0.228 for high quality habitat and 0.452 for high invasion potential.
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Table 28. Heuristic estimate of relative contributions of the environmental variables to the H.
pratense high quality habitat MAXENT model.
Variable
Percent contribution
elevation
43.0
avalanche_dist
10.8
forest
9.9
bedrockq
7.4
bedrockl
5.7
shrub
5.3
woodland
4.1
developed
4.0
comp
2.9
sparse
1.6
alluvial
1.6
fire_distance
1.4
slope
0.7
tasp
0.7
mixed
0.6
herb
0.2
wet
0.1
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Figure 27. MAXENT jackknife test of variable importance for H. pratense high quality habitat. High gain
is a measure of the amount of information a variable contains when used in isolation. When gain decreases
from the loss of a variable, the degree of loss is the measure of information contained in the removed
variable that is not present in the other, retained variables. The variable that increases the gain the most
when used in isolation is elevation, and the variable that decreases the gain the most when removed is also
elevation.
Table 29. Omission error for H. pratense. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
H. pratense Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 23
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Number

Percent

2
2
2

8.7%
8.7%
8.7%

Table 30. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the H. pratense high invasion potential MAXENT model.
Variable
Percent contribution
road_dist
22.3
trail_dist
22.0
elevation
17.3
avalanche_dist
7.8
forest
4.6
shrub
4.4
lake_dist
3.8
bedrockq
3.7
bedrockl
3.1
facility_dist
3.0
woodland
2.3
stream_dist
2.2
fire_distance
0.9
comp
0.8
tasp
0.6
vsz_dist
0.5
sparse
0.3
wet
0.2
alluvial
0.1
developed
0.0
herb
0.0
mixed
0.0
slope
0.0
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Figure 28. MAXENT jackknife test of variable importance for H. pratense areas of high
invasion potential. High gain is a measure of the amount of information a variable contains
when used in isolation. When gain decreases from the loss of a variable, the degree of loss is the
measure of information contained in the removed variable that is not present in the other,
retained variables. The variable that increases the gain the most when used in isolation is
distance to roads, and the variable that decreases the gain the most when removed is distance to
roads.
Table 31. Amount of area at risk of H. pratense invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
H. pratense
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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% infested

22151

5.4%

1248

0.3%

4044
27443

1.0%
6.7%

Figure 29. Areas at greatest risk of H. pratense invasion (red) are where areas of high quality
habitat (orange) and areas with high potential for invasion (purple) overlap.
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Figure 30. MAXENT binary probability distribution of H. perforatum high quality habitat and high invasion potential. The threshold
values were 0.331 for high quality habitat and 0.535 for high invasion potential.
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Table 32. Heuristic estimate of relative contributions of the environmental variables to the H.
perforatum high quality habitat MAXENT model.
Variable
Percent contribution
elevation
48.5
alluvial
16.7
developed
12.1
forest
3.6
bedrockq
3.6
woodland
2.3
avalanche_dist
2.0
fire_distance
1.8
herb
1.6
bedrockl
1.6
shrub
1.4
comp
1.2
mixed
1.1
slope
0.9
wet
0.9
sparse
0.4
tasp
0.3
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Figure 31. MAXENT jackknife test of variable importance for H. perforatum high quality habitat. High
gain is a measure of the amount of information a variable contains when used in isolation. When gain
decreases from the loss of a variable, the degree of loss is the measure of information contained in the
removed variable that is not present in the other, retained variables. The variable that increases the gain the
most when used in isolation is elevation, and the variable that decreases the gain the most when removed is
also elevation.
Table 33. Omission error for H. perforatum. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
H. perforatum Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 145
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Number

Percent

14
6
4

9.7%
4.1%
2.8%

Table 34. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the H. perforatum high invasion potential MAXENT model.
Variable
Percent contribution
road_dist
39.0
elevation
16.4
trail_dist
14.7
alluvial
8.9
stream_dist
3.8
developed
2.5
lake_dist
1.9
facility_dist
1.6
woodland
1.3
forest
1.3
herb
1.1
bedrockl
1.0
sparse
0.9
bedrockq
0.9
comp
0.8
avalanche_dist
0.8
shrub
0.7
mixed
0.5
fire_distance
0.5
vsz_dist
0.4
wet
0.4
slope
0.3
tasp
0.2
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Figure 32. MAXENT jackknife test of variable importance for H. perforatum areas of high
invasion potential. High gain is a measure of the amount of information a variable contains
when used in isolation. When gain decreases from the loss of a variable, the degree of loss is the
measure of information contained in the removed variable that is not present in the other,
retained variables. The variable that increases the gain the most when used in isolation is
distance to roads, and the variable that decreases the gain the most when removed is distance to
trails.
Table 35. Amount of area at risk of H. perforatum invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
H. perforatum
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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% infested

23219

5.7%

1049

0.3%

5002
29270

1.2%
7.2%

Figure 33. Areas at greatest risk of H. perforatum invasion (red) are where areas of high quality
habitat (orange) and areas with high potential for invasion (purple) overlap.
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Figure 34. MAXENT binary probability distribution of L. vulgaris high quality habitat and high invasion potential. The threshold
values were 0.296 for high quality habitat and 0.216 for high invasion potential.
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Table 36. Heuristic estimate of relative contributions of the environmental variables to the L.
vulgaris high quality habitat MAXENT model.
Variable
Percent contribution
alluvial
24.0
developed
22.9
elevation
18.9
slope
13.6
forest
4.0
fire_distance
3.3
herb
3.3
avalanche_dist
2.7
bedrockl
2.0
shrub
1.1
comp
0.9
mixed
0.8
wet
0.6
woodland
0.6
tasp
0.6
bedrockq
0.4
sparse
0.3
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Figure 35. MAXENT jackknife test of variable importance for L. vulgaris high quality habitat. High gain is
a measure of the amount of information a variable contains when used in isolation. When gain decreases
from the loss of a variable, the degree of loss is the measure of information contained in the removed
variable that is not present in the other, retained variables. The variable that increases the gain the most
when used in isolation is developed (disturbed) vegetation, and the variable that decreases the gain the most
when removed is elevation.
Table 37. Omission error for L. vulgaris. Omission error is the number of known infestation
locations that did not occur in the areas indicated by the model as high quality habitat, areas of
high invasion potential, or the two combined, divided by the total number of infestation
locations.
L. vulgaris Omission Error
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 192
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Number

Percent

14
6
4

9.7%
4.1%
2.8%

Table 38. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the L. vulgaris high invasion potential MAXENT model.
Variable
Percent contribution
road_dist
69.6
trail_dist
5.4
facility_dist
4.5
alluvial
3.7
elevation
3.3
developed
2.4
forest
1.7
bedrockq
1.4
lake_dist
0.9
shrub
0.9
slope
0.9
stream_dist
0.9
vsz_dist
0.7
mixed
0.6
herb
0.6
avalanche_dist
0.5
woodland
0.5
fire_distance
0.4
sparse
0.3
comp
0.3
wet
0.2
bedrockl
0.2
tasp
0.1
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Figure 36. MAXENT jackknife test of variable importance for L. vulgaris areas of high invasion
potential. High gain is a measure of the amount of information a variable contains when used in
isolation. When gain decreases from the loss of a variable, the degree of loss is the measure of
information contained in the removed variable that is not present in the other, retained variables.
The variable that increases the gain the most when used in isolation is distance to roads, and the
variable that decreases the gain the most when removed is distance to roads.
Table 39. Amount of area at risk of L. vulgaris invasion based on the derivations of the high
quality habitat model and the model of high invasion potential based on vectors of spread.
L. vulgaris
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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% infested

19568

4.8%

4963

1.2%

8941
33471

2.2%
8.2%

Figure 37. Areas at greatest risk of L. vulgaris invasion (red) are where areas of high quality
habitat (orange) and areas with high potential for invasion (purple) overlap.
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Figure 38. MAXENT binary probability distribution of high quality habitat and high invasion potential for all invasive weeds species
combined. The threshold values were 0.395 for high quality habitat and 0.417 for high invasion potential.
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Table 40. Heuristic estimate of relative contributions of the environmental variables to the high
quality habitat MAXENT model for all invasive weeds species combined.
Variable
Percent contribution
elevation
38.6
alluvial
22.4
slope
10.9
forest
10.1
developed
6.5
fire_distance
2.5
herb
1.9
mixed
1.5
bedrockq
1.4
shrub
0.9
wet
0.8
avalanche_dist
0.7
bedrockl
0.6
comp
0.6
sparse
0.3
woodland
0.2
tasp
0.1
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Figure 39. MAXENT jackknife test of variable importance for all invasive weeds species combined high
quality habitat. High gain is a measure of the amount of information a variable contains when used in
isolation. When gain decreases from the loss of a variable, the degree of loss is the measure of information
contained in the removed variable that is not present in the other, retained variables. The variable that
increases the gain the most when used in isolation is elevation, and the variable that decreases the gain the
most when removed is also elevation.

Table 41. Omission error for all invasive weeds species combined. Omission error is the number
of known infestation locations that did not occur in the areas indicated by the model as high
quality habitat, areas of high invasion potential, or the two combined, divided by the total
number of infestation locations.
All Invasive Weed Species Omission Error
Number
High Quality Habitat
High Invasion Potential
High Quality Habitat and/or High Invasion Potential
Total Locations = 828
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92
40
23

Percent
11.1%
4.8%
2.8%

Table 42. Heuristic estimate of relative contributions of the environmental and vector of spread
variables to the high invasion potential MAXENT model for all invasive weeds species
combined.
Variable
Percent contribution
road_dist
34.4
trail_dist
20.9
elevation
19.5
bedrockq
5.0
facility_dist
4.5
alluvial
4.4
forest
3.7
stream_dist
1.5
lake_dist
1.4
avalanche_dist
1.2
slope
0.8
bedrockl
0.6
herb
0.5
fire_distance
0.3
vsz_dist
0.3
mixed
0.2
wet
0.2
developed
0.2
shrub
0.1
comp
0.1
sparse
0.1
woodland
0.1
tasp
0.1
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Figure 40. MAXENT jackknife test of variable importance for all invasive weeds species
combined areas of high invasion potential. High gain is a measure of the amount of information
a variable contains when used in isolation. When gain decreases from the loss of a variable, the
degree of loss is the measure of information contained in the removed variable that is not present
in the other, retained variables. The variable that increases the gain the most when used in
isolation is distance to roads, and the variable that decreases the gain the most when removed is
distance to trails.
Table 43. Amount of area at risk of all invasive weeds species combined invasion based on the
derivations of the high quality habitat model and the model of high invasion potential based on
vectors of spread.
All Invasive Weed Species Combined
Area (ha)

Lower Invasion Potential, High Quality Habitat,
High Potential for Invasion, Lower Quality Habitat
High Potential for Invasion, High Quality Habitat
Total Area at Risk of Invasion
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% infested

30928

7.6%

6071

1.5%

20648
57646

5.1%
14.1%

Figure 41. Areas at greatest risk of invasion (red) for all invasive weeds species combined are
where areas of high quality habitat (orange) and areas with high potential for invasion (purple)
overlap.
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Figure 42. High priority invasive weed prevention management areas. Highest prevention
priorities are isolated backcountry ‘greatest invasion potential’ areas that adjoin areas of high
quality habitat (top), or backcountry ‘greatest invasion potential’ areas that adjoin high quality
habitat and are geographically removed from current infestations (bottom). Shown is the ‘all
weed species combined’ species distribution greatest risk model.
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APPENDIX A
Glacier National Park’s Invasive Weed List: all noxious non-native plant species tracked by
Glacier National Park as invasive. Highlighted cells are the invasive species used in individual
analysis. All species on this list were used for the combined “all species” analysis.
CODE

LATIN NAME

COMMON NAME

ACHNOB
AGRALB
AGRCRI
AGRREP
AGRTEN
ALYALY
ALYDES
AMAGRA
AMARET
AMBART
AMSMEN
ANTCOT
ANTTIN
ARAGLA
ARCMIN
ARESER
ARTABS
AVEFAT
AVESAT
BARVUL
BELPER
BRAJUN
BRAKAB
BROCOM
BROINE
BROSEC
BROTEC
CAMGLO
CAMMIC
CAPBUR
CARCAR
CARDRA
CARNUT
CENDIF
CENJAC
CENMAC
CENMON
CENPRA
CENREP
CENSOL

Achillea nobilis
Agrostis alba
Agropyron cristatum
Agropyron repens
Agrostis tenuis
Alyssum alyssoides
Alyssum desertorum
Amaranthus graezicans
Amaranthus retroflexus
Ambrosia artemisiifolia
Amsinckia menziesii
Anthemis cotula
Anthemis tinctoria
Arabis glabra
Arctium minus
Arenaria serpyllifolia
Artemesia absinthium
Avena fatua
Avena sativa
Barbarea vulgaris
Bellis perrenis
Brassica juncea
Brassica kaber
Bromus commutatus
Bromus inermis
Bromus secalinus
Bromus tectorum
Campanula glomerata
Camelina microcarpa
Capsella bursa-pastoris
Carum carvi
Cardaria draba
Cardus nutans
Centaurea diffusa
Centaurea jacea
Centaurea maculosa
Centaurea montana
Centaurea pratensis
Centaurea repens
Centaurea solstitalis

nobel yarrow
redtop
crested wheatgrass
quackgrass
colonial bentgrass
pale alyssum
dwarf alyssum
prostrate pigweed
rough pigweed
annual ragweed
fiddleneck
mayweed chamomile
yellow chamomile
towermustard
burdock
thymeleaf sandwort
wormwood
wild oat
common oat
bitter wintercress
English daisy
Chinese mustard
charlock
hairy chess
smooth brome
rye-brome
cheatgrass
clustered bellflower
littlepod-falseflax
shepard's-purse
caraway
whitetop
musk thistle
diffuse knapweed
brown knapweed
spotted knapweed
mountain knapweed
meadow knapweed
Russian knapweed
yellow starthistle
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CODE

LATIN NAME

COMMON NAME

CERVUL
CHAMIN
CHEALB
CHEBOT
CHOJUN
CHRLEU
CIRARV
CIRVUL
CONARV
CRETEC
CRUVUL
CYNOFF
DACGLO
DESSOP
DIAARM
DIABAR
DIGPUR
DIPMUR
ECHCRU
EROCIC
ERYCHI
EUPESU
FESARU
FESPRA
FILARV
GALVER
GLEHED
HESMAT
HIEAUR
HIEPIL
HIEPRA
HORJUB
HYPPER
ISATIN
LACSER
LAMAMP
LAMPUR
LATLAT
LEPDEN
LINDAL
LINUSI
LINVUL
LOLMUL
LOLPER
LOTCOR
LYTSPP
MALNEG

Cerastium vulgatum
Chaenorhinum minus
Chenopodium album
Chenopodium botrys
Chondrilla juncea
Chrysanthemum leucanthemum
Cirsium arvense
Cirsium vulgare
Convolvulus arvensis
Crepis tectorum
Crupina vulgaris
Cynoglossum officinale
Dactylis glomerata
Descurainia sophia
Dianthus armeria
Dianthus barbatus
Digitalis purpurea
Diplotaxis muralis
Echinochloa crusgalli
Erodium cicutarium
Erysimum chieranthoides
Euphorbia esula
Festuca arundinacea
Festuca pratensis
Filago arvensis
Galium verum
Glechoma hederacea
Hesperis matronalis
Hieracium aurantiacum
Hieracium piloseloides
Hieracium pratense
Hordeum jubatum
Hypericum perforatum
Isatis tinctoria
Lactuca serriola
Lamium amplexicaule
Lamium purpureum
Lathryus latifolius
Lepidium densiflorum
Linaria dalmatica
Linum usitatissimum
Linaria vulgaris
Lolium multiflorum
Lolium perrene
Lotus corniculatus
Lythrum species
Malva neglecta

big chickweed
dwarf snapdragon
lambsquarter
Jerusalem-oak
rush skeleton weed
oxeye-daisy
Canada thistle
bull thistle
field bindweed
rooftop hawks-beard
common crupina
hound's tongue
orchard-grass
flixweed
deptford pink
sweet william
foxglove
wall rocket
barnyard-grass
crane's bill
treacle mustard
leafy spurge
tall fescue
meadow fescue
filago
yellow bedstraw
creeping Charlie
damesrocket
orange hawkweed
yellow hawkweed
meadow hawkweed
foxtail barley
St. John's-wort
Dyers Woad
prickly lettuce
henbit
purple deadnettle
perennial peavine
common pepperweed
dalmation toadflax
flax
butter-and-eggs
Italian ryegrass
perennial ryegrass
birdsfoot trefoil
purple loosestrife
dwarf mallow
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CODE

LATIN NAME

COMMON NAME

MATMAT
MEDLUP
MEDSAT
MELALB
MELOFF
MYOSCO
NEPCAT
PANCAP
PASSAT
PHLPRA
PLALAN
PLAMAJ
POAANN
POACOM
POAPRA
POLAVI
POLCON
POLCUS
POTARG
POTNOR
POTREC
PRUVUL
RANACR
RANREP
RUMACE
RUMCRI
SAGPRO
SALKAL
SENJAC
SENVUL
SILALB
SILVUL
SISALT
SOLDUL
SOLSAR
SONARV
SONASP
SPERUB
STEMED
TANVUL
TARLAE
TAROFF
THLARV
TRADUB
TRIAGR
TRIHYB
TRIPRA

Matricaria matricarioides
Medicago lupulina
Medicago sativa
Melilotus alba
Melilotus officinalis
Myosotis scorpioides
Nepeta cataria
Panicum capillare
Pastinaca sativa
Phleum pratense
Plantago lanceolata
Plantago major
Poa annua
Poa compressa
Poa pratensis
Polygonum aviculare
Polygonum convolvulus
Polygonum cuspidatum
Potentilla argentea
Pontentilla norvegica
Potentilla recta
Prunella vulgaris var. vulgaris
Ranunculus acris
Ranunculus repens
Rumex acetosella
Rumex crispus
Sagina procumbens
Salsola kali
Senecio jacobea
Senecio vulgaris
Silene alba
Silene vulgaris
Sisymbrium altissimum
Solanum dulcamara
Solanum sarrachoides
Sonchus arvensis
Sonchus asper
Spergularia rubra
Stellaria media
Tanacetum vulgare
Taraxacum laevigatum
Taraxacum officinale
Thlaspi arvense
Tragopogon dubius
Trifolium agrarium
Trifolium hybridum
Trifolium pratense

porter pineapple weed
hop clover
alfalfa
white sweet-clover
yellow sweet-clover
common bluebell
catnip
common witchgrass
parsnip
common timothy
English plantain
common plantain
annual bluegrass
Canada bluegrass
Kentucky bluegrass
dooryard knotweed
knot-bindweed
Japanese knotweed
silvery cinquefoil
Norwegian cinquefoil
sulphur cinquefoil
self-heal
tall buttercup
creeping buttercup
sheep sorrel
curly dock
creeping pearlwort
Russian thistle
tansy ragwort
old-man-in-the-spring
White campion
bladder campion
tumblemustard
bitterweet nightshade
hairy nightshade
field sow-thistle
prickly sow-thistle
red sandspurry
chickweed
common tansy
red-fruited dandelion
common dandelion
pennycress
salsify
yellow clover
alsike clover
red clover
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CODE

LATIN NAME

COMMON NAME

TRIPRO
TRIREP
TRISPP
VERARV
VERBLA
VERCHA
VEROFF
VERTHA
VICVIL

Trifolium procumbens
Trifolium repens
Trifolium species
Veronica arvensis
Verbascum blattaria
Veronica chamardrys
Veronica officinalis
Verbascum thapsus
Vicia villosa

hop clover
dutch clover
unknown clover
common speedwell
moth mullein
germander speedwell
Paul's betony
common mullein
Hairy vetch
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APPENDIX B
MAXENT results: Continuous logistic estimation of potential invasive species habitat and invasion potential (habitat plus vectors of
spread) in geographic space. The logistic values are on a relative scale, where a higher value denotes higher quality habitat or greater
invasion potential, hence greater likelihood of potential distribution.

Figure B.1. Continuous logistic estimation of potential C. maculosa habitat and invasion
potential in geographic space.
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Figure B.2. Continuous logistic estimation of potential C. leucan habitat and invasion potential in geographic space.
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Figure B.3. Continuous logistic estimation of potential C. arvense habitat and invasion potential in geographic space.
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Figure B.4. Continuous logistic estimation of potential C. vulgare habitat and invasion potential in geographic space.
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Figure B.5. Continuous logistic estimation of potential E. esula habitat and invasion potential in geographic space.
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Figure B.6. Continuous logistic estimation of potential H. aurantiacum habitat and invasion potential in geographic space.
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Figure B.7. Continuous logistic estimation of potential H. pratense habitat and invasion potential in geographic space.
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Figure B.8. Continuous logistic estimation of potential H. perforatum habitat and invasion potential in geographic space.
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Figure B.9. Continuous logistic estimation of potential L. vulgaris habitat and invasion potential in geographic space.
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Figure B.10. Continuous logistic estimation of potential habitat and invasion potential for all invasive weeds species
combined in geographic space.
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