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ABSTRACT

Non-native invasive species have significantly geththe composition and ecosystem function
of many North American landscapes. Currently, giv@ species are recognized as the second
greatest destroyer of biological diversity, supdeseonly by direct habitat destruction and
consequent fragmentation from human developmetdci€ National Park, an international
Biosphere Reserve and World Heritage Site, is tareal by the encroachment of numerous
noxious non-native invasive plant species. Praeganearly detection, and immediate action
against invasive weed species in their initial llsdament phases are paramount in reducing this
threat.

To facilitate strategic management actions, thidysteveloped two maximum entropy invasive
species distribution models for Glacier NationalkPaThe first model was based entirely on
environment variables associated with habitat, evtiie second model added environmental
variables associated with vectors of spread t@etiwironmental variables associated with
habitat. The rationale behind the nested modeicgmh was to determine invasion potential
based on high quality invasive species habitab¥a#id by invasion potential based on vectors of
spread (keeping the relative influence of habitatstant). The two model results were then
overlain to evaluate which areas were most sudaept establishment of invasive species, the
spatial distribution of these areas, and the looatwith maximum potential for tactical
management to prevent further invasive speciesadpréhe analysis produced 10 nested species
distribution model sets: a set for each of ther@lgnt priority invasive species individually and

a set for all invasive species combined.

For all invasive plant species combined, it wasitbthat 30,928 acres (7.6%) of Glacier
National Park had high quality invasive speciesthabut lower invasion potential, 6,071 acres
(1.5%) had high invasion potential but lower quahiabitat, and 20,648 hectares (5.1%) had
both high potential for invasion and high qualigbitat. The latter was considered the area at
greatest risk of invasion. The most influentiattegs of spread were roads and trails, and the
most important environmental factors were elevatalvial soils, slope, and forest land cover.
Together, these findings and their spatial distrdns allow Glacier National Park to prioritize
invasive species monitoring, prevention and treatme
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INTRODUCTION

Non-native invasive species have significantly deehthe composition and ecosystem
function of many North American landscapes (Mackle000, Randall 2000). Currently,
invasive species are recognized as the seconcegtekgstroyer of biological diversity,
superseded only by direct habitat destruction am$equent fragmentation from human
development (Pimm and Gilpin 1989, Walker and &teff997, Scott and Wilcove 1998).
Invasive plants outcompete and displace nativetplatter native habitat and community
structure, alter natural ecosystem functions andgsses, and can hybridize with natives and
reduce endemic genes (Mack et al. 2000, Randa0)200

Glacier National Park (NP), an international BiosghReserve and World Heritage Site,
is threatened by the encroachment of numerous nexion-native invasive plant species.
Glacier NP is home to over 1,132 native plant gsa@and almost all of the plants and animal
species known to historically occur in Glacier M#th the exception of bison and woodland
caribou, are still found within the park (GNP 200 However, the encroachment of invasive
plant species poses a significant threat to thérmeed ecological integrity, habitat quality, and
aesthetic value of Glacier NP. Spotted Knapwé&azh{aurea maculogaOxeye Daisy
(Chrysanthemum leucgnCanada ThistleQirsium arvensg Bull Thistle Cirsium vulgare,
Leafy SpurgeEuphorbia esulg Orange Hawkweedjeracium aurantiacury Meadow
Hawkweed Hieracium pratensg St. JohnswortHypericum perforatum and Yellow Toadflax
(Linaria vulgarig are the among most virulent invasive speciesdawithin the park and are
currently considered the greatest invasive thieatvp LaFleur, Glacier NFersonal

communicationMarch 2008).



Once established, invasive species are usualligdifif not impossible to eradicate
(Zalba et al. 2000). Prevention, early detecteord immediate action against invasive weed
species in their initial establishment phaseslaestore paramount in conserving native
ecosystems. By locating potential habitat andingienvironmental variables, monitoring and
prevention actions can be optimized (Zalba et@D02, and management strategies directed to
prevent biological invasions can be improved (Zabal. 2000). Because of the threat invasive
plants pose to the ecological integrity of Gladit, it is important to determine what areas
within Glacier NP are most susceptible to establsht and spread of invasive species, as well
as which environmental variables are influentiahe establishment of these invasive species.

Therefore, to facilitate monitoring and preventatactions for Glacier National Park, the
goals of this study are to determine areas of bigdlity invasive species habitat, areas most
susceptible to invasion based on vectors of speeatithe environmental variables that appear to
be most correlated with high quality habitat anel $pread of each invasive species. From these
results, my objective is to evaluate which areasnanst susceptible to establishment of invasive
species, the spatial distribution of these areas tlae locations with strategic management
potential to prevent further invasive species girebo achieve these goals, | develop two
invasive species distribution models for Glacietidlaal Park. The first model is based entirely
on environment variables associated with habitatlethe second model includes
environmental variables associated with vectorspodéad as well as the variables associated with
habitat. The rationale behind this nested modetagzh is to determine invasion potential
based on high quality invasive species habitab¥a#id by invasion potential based on vectors of
spread, keeping the relative influence of habiteistant. The two models are then compared

and contrasted to determine the areas at gregkstfrcurrent and future invasive plant



establishment. Based on these evaluations, speedommendations are then put forth for

invasive species monitoring and preventative mamagé actions.

STUDY AREA

The study area encompasses Glacier National Paguré-1), which is located on the
continental divide in northwestern Montana. Glacievers 1,584 miand encompasses two
major continental biomes and five major floristroyinces (USGS 2003). Climatically, the
western side of Glacier is primarily influenced Pgcific Maritimes, while the eastern side
reflects the interior continental climate of thee@trPlains (USGS 2003). However, Polar or Gulf
Coast influences can also modify the weather oh bioles of the divide (USGS 2003). East of
the continental divide, habitat types within Gladreclude high alpine tundra, krumholz,
whitebark pine, lodgepole pine, Douglas firfEngeimapruce, sub-alpine fir, aspen/cottonwood,
and prairie zones. West of the continental divigddyitat types also include a “cedar’-hemlock

forest zone.

Invasive weed research in Glacier National Park

The fescue grasslands of Glacier NP have had poeveous invasive weed research. Of
the two studies conducted, the first study focumethe effects of disturbance, possible invasion
capacity, and impact on species richnesSaftaurea maculosaSpecifically, Tyser and Key
(1988) studied roadside disturbance and adjacentaculosa&communities to determine @.

maculosahad the capability of significant dispersal intader’s natural area fescue grasslands,



and also assess the potential effects@hahaculosaad on the plant community composition of
these grasslands. They determined @ahaculosavas indeed capable of colonizing
undisturbed fescue grasslands adjacent to roagspldations, and that it may be characterized
by a gradual, broad, frontal expansion along colomylers. Tyser and Key (1988) also found
that an increase i@. maculosatem density coincided with a decline in the fieaey of some
native species, and a small but significant dedhrgpecies richness, which suggests tat
maculosacan alter community composition in Glacier’s fesgmasslands. However, the study
did not predict the possible future extenofmaculosanvasion, factor in the possibilities of
long distance dispersal, or evaluate the invasapacity or extent of other noxious weed
species.

The second study of invasive weeds in Glacierts/adescue grasslands (Tyser and
Worley 1992) evaluated which non-native speciestrsioscessfully invaded grasslands adjacent
to road and trail corridors, and to what extentitivasion could be attributed to the effects of
these corridors. The study found that there wsigraficant species richness gradient from the
road corridors to the outer transects, but aload¢orridors there was no significant gradient.
Surprisingly, the total number of non-native speei@s similar between primary roads,
secondary roads, and backcountry trails for atlidegts except the first transect closest to the
disturbance (~ 1 m). The results of this study ssgthat non-native species are able to invade
adjacent natural areas even if anthropogenic faetee low, but that roads provide a robust
infestation source in their immediate disturbanmeez Given the capability of non-native
species to invade natural communities, it is exgobthat new infestations of invasive species

will continue to occur. Therefore, continued stahg a prediction of the potential extent that



noxious weeds will invade Glacier NP’s native eegns is of great relevance to the future

management and protection of Glacier’'s naturaluess.

Invasive Weeds

The following is a short description of the chaeaistics, origin, and potential ecological
damage for each of the nine most virulent and héargte priority invasive weed species found in
Glacier National Park. Unless otherwise noted ftflewing descriptions are compiled from

Sheley and Petroff (1999).

Spotted Knapweedientaurea maculo3a Native to central Europe, central Russia, Caagasi

and western Siberi&;. maculosavas introduced to North America as an alfalfa aomhant in
the late 1800’s.C. maculosas now found in every county in Washington, Idaktmntana, and
Wyoming (Zouhar 2001), and is reported in all bgtdtes nationwide (NRCS 2007). In MT
alone, over 3,838,450 acres were infested in 2@6QKar 2001), with the predicted potential to
invade as many as 37 million acres (Chicoine e1@86). It has even been suggested that the
vegetation communities in the foothill grasslanti&vestern Montana may become endangered
(Bedunah 1992). Negative effectsfmaculosanvasion include reduction in plant species
richness and diversity (Tyser and Key 1988), silility, and wildlife habitat, and increase in
bare ground, surface water runoff, and stream sadimtion (Zouhar 2001).

C. maculosas a deeply taprooted perennial that can liveoupine years and reproduces
through seed production. Seedlings are capahtyatfiring into seed-producing adults in one
year, seed production can range from 5,000 to #0s@@ds/mper year, and seeds can remain

viable in soil for at least seven years. Seedslispersed from mature, dehydrated flowerheads



when wind or passing animals flick the loosely heteds up to meter away from the parent
plant. Seeds can also become attached to passingls, vehicles, and humans, and can be
transported by water and through animal digestizets$ for long distance dispersé&l.
maculosas an aggressive resource competitor in grassjamdisis known exude an allelopathic
compound that can also reduce native species cdmpet

Centaurea maculosaas first observed in Glacier NP in the mid-1960'gser and Key
1988) and is now widely distributed throughout plagk along road corridors and adjacent fescue
grasslands (Tyson and Key 1988, Dawn Lafleur, @la§P,personal communicatigiay
2007, Ashley Adamgersonal observatiqrii990-2008). It has also established a number of
colonies in more interior backcountry fescue gaassllocations (Dawn Lafleur, Glacier NP,

personal communicatigiMay 2007, Ashley Adamgersonal observatiqr2005-2007).

Oxeye daisyChrysanthemum leucanOriginally distributed throughout Europe and cahand

Russian AsiaC. leucanwas introduced to North America as an ornamentiaére it escaped
cultivation. C. leucanis a pioneer species that is unaffected by lighdtf can tolerate drought
well, and can proliferate on soils with low fettgli Although the species can reproduce
rhizominously, it is also a prolific seed producghere a single vigorous plant can produce
26,000 seeds or over 2,500 viable offspring. Tlagonity of C. leucanseeds may still be viable
after six years, and some seeds can remain vialdast 39 years. Seeds are dispersed by wind
for short distance dispersal, but can also atta@nimals or humans for longer distance
dispersal.

C. leucanis currently listed in Montana as a category lioox weed (USDA 2009)C.

leucaninvades meadows and fields, competes aggresanelgan form dense populations,



reducing native species diversity. The species at&yincrease bare soil, therefore increasing

the potential for erosion.

Canada ThistleCGirsium arvensge Cirsium arvensés an aggressive perennial thistle in the

sunflower family (Asteraceae). Most likely naticesoutheastern Europe and the eastern
MediterraneanC. arvensas thought to have arrived in the eastern UnitedeS sometime in the
1600’s from Europe. By 1898 there were already kmown infestation locations in Idaho.

C. arvensénas a wide habitat range and is fairly adaptdhleis often found in open
areas with moderate or medium moisture conditiofise species can propagate both sexually
through seeds and asexually through lateral rosiegys. Roots can extend horizontally more
than 6 m from the parent plant in one growing seaand up to 6.75 m deep, although root
depth usually is not more than 0.6 m. After 18 kgeaf undisturbed growth, a single plant can
produce 26 adventitious shoots, 154 adventitiooslvads, and 111 m of roots. Beyond roots, a
typical C. arvenseplant will produce between 32 — 69 flower headdaurfavorable growing
conditions, with up to approximately 90 seeds padh Further, seeds have been shown to
survive in soil up to 22 years, although most sivalburied seeds (2.5 cm — 7.5 cm) are not
viable after 2.5 — 5 years. The main seed dispereahanism is through human activity,
although seeds can be transported by water as well.

Not surprisingly,C. arvensecan form dense infestations and rapidly develop anlarge
patch from even just a single seedling by vegetatproduction of its root systert.. arvense
crowds out native species and reduces forage farenaildlife due to the unpalatable nature of

its spiny leaves.



Bull thistle (Cirsium vulgarg. Cirsium vulgarels a temperate zone biennial thistle in the

sunflower family (Asteraceae). Thought to havévad in the United States in the laté" 9
century via shipping through Portland, OregBnyulgarespread east to Montana within the
next three decades.

Rosette-forming in its first yea@. vulgareplants bolt up to 1.5 m tall in their second
year and bear from 10 to 200 flowerhea@s.vulgarereproduces and spreads solely from seeds;
a healthy plant may produce 5,000 seeds and awbugt individual may produce up to 50,000
seeds. Although 90% of seeds may germinate walyear, less than 1% of seeds may remain
viable up to 5 years in soil. Human activity, aalsy and water disperse seeds, while wind may
disperse seeds a short distance.

C. vulgarecompetes with native species, decreasing desifatdge, and the thistle’s

sharp spines deter grazing by native wildlife.

Leafy SpurgeKuphorbia esula A long-lived, deep-rooted perennial native todSia,

Euphorbia esulavas brought to northeastern North America as aamental in 1829, where it
quickly escaped; by the 1900’s infestations hadtred the west coaskE. esulagrows in dense
clusters, reaching 40 to 80 cm tall, and can rejwedegetatively by root buds as well as by
seed dispersal. Each flowering stem on a planpoatiuce an average of 140 seeds, which
develop in three-sided capsules that “explode” aunity and project seeds up to 4.6 m. Seed
production can range from 25 to 4,000 pounds per. aBeyond explosive projection, seeds can
disperse by water, attach to passing humans, eshiahd animals, and survive ingestion and get

deposited in dung. Seeds can also remain vialdelaomant for eight or more years.



Vegetatively, large numbers of buds form on dachsularoot, where each bud is
capable of producing a new, immediately aggressngehighly competitive independent plant.
In four months, seedling roots can spread lateatr 100 cm and penetrate up to 0.7 m deep,
while a mature plant can extend roots 4.6 m per ged have roots that penetrate 7.9 m deep.
Shoots usually emerge before surrounding nativetgleegin to grow, dominating the resources
early, and a second surge of growth occurs indhefter most other species are dormant, which
combined results in monopolization of moisturehtjgand nutrients.

In short,E. esulais a highly competitive, difficult to manage, atlap invader that often
forms pure stands and can quickly displace natagetation, causing loss of plant diversity,

wildlife forage, and habitat.

Orange HawkweedHieracium aurantiacumand Meadow HawkweedH{eracium pratense

Hieracium aurantiacunandHieracium pratensare creeping perennials in the chicory tribe of
the sunflower family (Asteraceaeli. aurantiacumoriginates from a restricted area in northern
and central Europe, and was introduced in VermoABi75 as an ornamental. Western
populations oH. aurantiacumwere reported from coastal Washington and Oregahé
1940's. H. pratenseoriginates from the northern, central, and eagtertions of Europe, and is
thought to have arrived in the United States in8L8By 1969 meadow hawkweed had arrived in
the Pacific Northwest, and in 1998, the largeststdtions of meadow hawkweed were in
northern ldaho, northwestern Washington, and nartitern Montana.

Both H. aurantiacumandH. pratenseeproduce by rhizomes, stolons, and adventitious

root buds as well as by seeds, which can be pradeitieer sexually or asexually. Seeds can



remain viable in the soil for up to seven yearthalgh less than 1% of seeds were found further
than 10 m from the source population.

Meadow dwellersH. aurantiacumandH. pratensanfestations form solid mats of
tenacious rosettes that choke out native specetsamcause allelopathic effects on neighboring
vegetation from toxic chemicals exuded into thé. sAlthough native species may still graze on
the infestations, the threat to native plant biedsity remains. Further, invasive hawkweeds

may interbreed with native hawkweeds, reducing endgenes.

St. JohnswortHypericum perforatum Hypericum perforatuns multi-stemmed herbaceous

perennial in the Clusiaceae familil. perforatumis native to Europe, North Africa, and parts of
Asia, was probably introduced to North Americarmedicinal purposes or ornamental value.
The first report oH. perforatumin the United States is from 1793 in Pennsylvaaial by the
middle 1800’s the plant had arrived in Oregon.

H. perforatumprefers sunny exposures and well-drained grawelgandy soils, and is a
formidable competitor for nutrients and water do&s deeply penetrating taprodd.
perforatumcan spread through lateral root buds as well asebd. An average-sized plant
usually produces between 15,000 to 30,000 seedgeperwhich can then disperse short
distances by wind or longer distances by adherenaaimals, animal ingestion and deposition,
water movement, and human activity. Seeds mayiremble in the soil from six to 10 years.

If ingested in sufficient quantityd. perforatumin all growth stages can be toxic to
grazers.H. perforatumcan also form dense stands and displaces forateadive plant species,

which depreciates wildlife carrying capacities amdlangers biological diversity.
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Yellow Toadflax Linaria vulgarig). Linaria vulgarisis short-lived herbaceous perennial in the

Scrophulariaceae family. Native to south-centraiaSiaL. vulgariswas brought to New
England in the late 1600’s as an ornamental andréshedy and was widely distributed across
the North America by the 1950’s. Surprisinglythics dayL. vulgarisis still sold by nurseries as
an ornamental.

Exceedingly competitivd,. vulgarishas high genetic variability, which enables it to
adapt to a wide variety of conditions. The spesgams to do especially well in areas where
summers tend to be dry, however. Once establithedigariseasily competes with native
vegetation in undisturbed sites. Reproductioryisdeds and by vegetative buds on its roots.
Each individuaL. vulgarisplant is estimated to produce between 15,000 {0080seeds,
although most of these fall within 1.5 m of theguar Seeds can remain dormant for up to 10
years. Most new infestations appear to be caugesedds, while establishédvulgarispatches
appear to expand mainly by vegetative root reprbdnc Lateral roots can extend several
meters and penetrate the soil up to approximatadymeter. Vegetative shoots from root buds
are highly efficient competitors for available smibisture, and their early spring regeneration
render them fairly invulnerable to competition frather plants.

Once established.,. vulgarisis extremely difficult to manage, displaces napent
communities and may reduce forage for native urigslaFurther, infestations can increase soil

erosion, surface runoff, and sediment yield whemchugrass communities are displaced.
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METHODS

My study entails a geospatial analysis based oni&l&lP’s invasive weed database and
geospatial files of some of the park’s features @ntlitions, both natural and anthropogenic.
Using the presence-only data of invasive weed iocgf | develop nested species distribution
models for the 9 invasive species of greatest con@&ble 1) and all invasive species
combined. The first model evaluates habitat feagive weed species, and the second model
evaluates habitat plus vectors of spread to determiasion potential. The model results are
first evaluated to determine the factors most arilial in predicting invasive species location,
and then each set of nested models are comparezbatrdsted, both analytically and with a
map-based visual assessment, to determine thetibtdistribution of the invasive weed species

and areas at greatest risk of invasion.

Data

The data used in this study are invasive spec&sepce-only point data, environmental
variables that correspond with habitat, and envitental variables that correspond with vectors
of spread. Individual analysis used presence-datg from the 9 invasive species of greatest
concern (Table 1), but for analysis of general swa potential, presence-only data for all
invasive species were included. All invasive specdata encompasses all non-native, noxious
species tracked by Glacier National Park as inea@hppendix A). Environmental variables
(Table 2) that correspond with habitat are landecalassification, distance from fire burned

areas, distance from avalanche chutes, soil typeaton, transformed aspect, and slope. The
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environmental variables (Table 2) that correspont wectors of spread are distance from roads,
trails, facilities, visitor service zones, lakesdastreams.

Infestation location data is from the invasive spedinfestation database of Glacier
National Park, current through January 1, 2008eshation locations were recorded and
surveyed whenever and wherever invasive species foand by backcountry rangers or
members of the park’s vegetation crew. Becauseftbstations were not found by systematic
survey, they do not include all the invasive speanestation locations in Glacier NP. For this
reason, the infestation locations represent presenly data. There is also some concern that
the data may have sample bias based on easy tesdocations such as trails and roads.
Although the data undoubtedly has some bias, cadisarvation from years of hiking on and off
trail throughout Glacier NP has shown that invasweed infestations rarely occur outside the
immediate vicinity of vectors of spread (Ashley At®personal observatiqri990-2008). The
sampling bias of the data points, therefore, ismered minimal because it reflects the spatial
bias of the infestations. Coordinates of invasipecies locations were GPS marked with
Garmin eTrex, with average error of approximatelyJ7/meters, for presence-only point data.
For closely spaced infestation locations, a newatioa was determined when invasive coverage
was no longer continuous and it appeared to therebsthat the infestation formed a separate
group (at least 1-2 meters separation between gyoult each infestation location, all invasive
species were recorded. Infestation density andrege area were also estimated for each
species, but given the large variance in obserstamations, these estimations were not used for
analysis. Instead, only invasive species presahsehce data (1/0) was used in this study.
After removing any infestation occurrences thatdeltside Glacier NP’s boundary, the total

number of invasive infestations was tallied forleapecies and all species combined (Table 1).
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Only infestations occurrences that were locatetliwiGlacier NP’s boundary were used for
analysis.

The invasive species occurrence points were ailgiin one of four formats: NAD 1927
UTM Zone 11, NAD 1927 UTM Zone 12, NAD 1983 UTM Zm®i 1, and NAD 1983 UTM
Zone 12. To use all presence data together, timspoere first projected into NAD 1983 UTM
Zone 12, then combined into one file. All subsed@lS layers were set to the same projection
for analysis.

For all environmental variables, data modificateord derivation was done using ArcGIS
software (v. 9.3ESRI, Redlands, CA Elevation was from a 10-m resolution digitaadtion
model (DEM) averaged to 50-m resolution (the resotuof the vegetation coverage layer).
Slope and aspect were derived from the 10-m DEM waiit output resolution of 50-m. Aspect
was transformed by the equation (-1* cosine(45peety) to allow the variable to range from
-1.0 to 1.0, where southwest-facing slopes, wigihést radiation load, have a value 1.0 and
northeast-facing slopes, with lowest radiation |dzal/e a value of -1.0 (after Beers et al. 1966).
Euclidean distance was used to determine the dist@m meters) from streams, lakes, roads,
trails, facilities, visitor service zones, avalaadhutes, and fire areas, the locations of which
were provided by Glacier NP as Geographic Inforamagystem (GIS) feature layers. Glacier
National Park’s GIS Land Classification map (resiolu0.25-0.50 hectares) (USGS 2008) was
used for vegetation characterization. Vegetatias grouped into seven types: Forest,
Woodland, Shrubland, Herbaceous, Developed, Spagetation, and Shrub-Herbaceous
Complex (Table 2). The composition of each vegatagroup type included only vegetation
sub-categories that had at least one invasive epadestation location. Each vegetation group

was then reclassified in a new GIS raster layaither presence/absence, and a focal mean with
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window size of three 50-m cells by three 50-m ce#s run to transform each categorical group
into a continuous variable (average amount of \agat type in the cell neighborhood). Soil
information was provided as GIS feature layer (ig8an ~ 1 acre) by Glacier National Park.
The same process was run on the five soil typdavial, Mixed (Glacial, Landslide and Mixed
soils), Wet, Bedrock: Limestone, and Bedrock: QaitatArgillite (Table 2). Each soil type was
reclassified in a new GIS raster layer as presabsehce, and a focal mean of three 50-m cells
by three 50-m cells was run to transform the caiegbdata into a continuous variable.

For preliminary data exploration, a correlationtmnxeof all the environmental variables
was produced, but no strong correlations were fouFtterefore, no environmental variables

were removed from use in analysis.

Species Distribution Modeling with Maximum Entropy

Species distribution modeling is increasingly beiisgd to predict potential invasive
species occurrence and future spread (Petersén2€08). Maximum entropy was chosen
because it is a generative rather than discrimigapproach designed for presence-only
occurrence data (Phillips et al. 2006). Maximurtr@y models fit a distribution of the data
that is as “loose” as possible while still remagqoonsistent with the observed data (Phillips et
al. 2006). In maximum entropy modeling, observahgles represent an unknown probability
distribution, and the goal is to estimate a functtioat is constrained to match the empirical
observations (environmental variables) of the tistron. The only constraint is that the mean
of the distribution for each variable must be tams as the mean of the observed data, and the
objective of the solution is to optimize the prottigpdistribution over all the samples

simultaneously (Phillips et al. 2006). The resgtestimated distribution can be interpreted as a
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relative index of environmental suitability, whdrigher values represent a prediction of better
conditions for the species (Phillips et al. 200Blaximum entropy can fit complex functions
between response and predictor variables, is esdpeadept at handling small sample sizes
(Elith et al. 2006, Hernandez et al. 2006, Philepsl. 2006), and provides a continuous output,
which allows fine distinctions to be made of potaingpecies distributions (Phillips et al. 2006,
Evangelista et al. 2008). Overall, in comprehemsiomparisons of species distribution models,
MAXENT’s (Phillips et al. 2008b) predictive perfoemce has been one of the most effective

(Elith et al. 2006, Elith and Graham 2009).

Analysis

This study develops two maximum entropy invasivecggs distribution models for
Glacier National Park using MAXENT software (v. A.2Phillips et al. 2008b). The first model
is based entirely on environment variables assediaith habitat, while the second model
includes environmental variables associated witttors of spread as well as the environmental
variables associated with habitat. The rational@rd the nested model approach is to
determine invasion potential based on high qualigsive species habitat followed by invasion
potential based on vectors of spread (keepingelative influence of habitat constant). The two
models will then be overlaid to evaluate which are@re most susceptible to establishment of
invasive species, the spatial distribution of thesmas, and the locations with maximum potential
for tactical management to prevent further invasipecies spread. The analysis will produce 10
nested species distribution model sets: a setaion ef the 9 virulent priority invasive species

individually and a set for all invasive species timed. Specifically:
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Habitat Analysis.Maximum entropy analysis with MAXENT was useditst evaluate

potential high quality habitat for the 9 highesbpty invasive species (Table 1) and all invasive
species combined. To determine high quality hglit@ environmental variable GIS rasters for
land cover classification, distance from fire butrageas, distance from avalanche chutes, soil
type, elevation, transformed aspect, and slope mgverted into MAXENT. Invasive species
point location data for each species and all sgammenbined were also imported. In the
software, the feature setting was set at Auto feafuthe logistic output format was chosen
(Phillips et al. 2008a), and the software was askenteate response curves and do jackknifing
to measure variable importance. The results weakiated for model and variable response,
and the continuous logistic output was imported litcGIS to predict potential species

distribution in geographic space.

Habitat plus Vectors of Spread Analysiglaximum entropy analysis with MAXENT was next

used to evaluate invasion potential based on Hahlita vectors of spread for the 9 highest
priority invasive species (Table 1) and all invasspecies combined. To determine invasion
potential, the environmental variable GIS rasthet torrespond with habitat (land cover
classification, distance from fire burned areastatice from avalanche chutes, soil type,
elevation, transformed aspect, and slope) as weh@environmental variable GIS rasters that
correspond with vectors of spread (distance froaasotrails, facilities, visitor service zones,
lakes, and streams) were imported into MAXENT. alsive species point location data for each
species and all species combined were also impofted same software settings were applied
as for the habitat analysis model above, and abainesults were evaluated for model and

variable response, and the continuous logisticudug@s imported into ArcGIS to predict
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potential species distribution in geographic spatiee difference between the habitat model and
the habitat plus vectors of spread model is théhénsecond model, vectors of spread are
allowed to influence predicted distribution, whigtoduces potential areas of high invasion

pressure.

Model Evaluation.Variable influence is evaluated for each modekioleon the heuristic

estimate of relative contribution. Variable im@ote is evaluated by a jackknife test to
determine which variable in each model has thedsgpain (the most useful information by
itself) and which variable decreases the gain thstrwhen it is omitted (has the most
information not present in other variables) (Ppslet al. 2008b).

The continuous (logistic) prediction is typicaihterpreted in terms of model sensitivity
and specificity in the framework of receiver opargtcharacteristic (ROC) curves (sensitivity
versus 1-specificity for all predicted values), waeensitivity is the fraction of all positive
instances (presences) that are classified aswg§resences) and specificity is the fraction of
all negative instances (absences) that are cledsaB negative (absences) (Pearce and Ferrier
2000, Vayssieres et al. 2000). In this study tha ¢hcks “true negatives”, precluding the use of
a ROC. However, Phillips et al. (2006) createstaaog for model tuning that mimics ROC by
maximizing the true positives while minimizing ttegal area predicted to be “habitat.” In this
framework, the area under the curve (AUC) functiass convenient index of overall model
performance regardless of how the model is threlgab{Pearce and Ferrier 2000). AUC values
approaching 1 are desired (the 0.5 value represemtiel performance based on random

chance).
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From the pseudo ROC, MAXENT’s continuous logisésponse is thresholded to a
binary prediction of invasive species distributiofhe threshold value is chosen to maximize the
area of true potential habitat, while minimizing ttotal amount of habitat. All logistic output
values above the threshold value are classifigutesence (potential habitat), and all values less
than the threshold value are classified as absgeehabitat). The thresholded binary
prediction provides for a confusion matrix, i.enatrix of the data versus predicted values that
summarizes a model’s classification success (Peardd-errier 2000, Vayssiéres et al. 2000).
Again, because the data lacks true negatives it iie not truly a confusion matrix. However,
the pseudo confusion matrix that is produced costailarge amount of information in a
compact format:

a) True positives = infestation locations that océw &reas predicted to be “habitat”.

b) “False positives” = areas that are predicted tthiabitat” but are not observed to be
invaded (yet). False positives are interestintpat they may either be areas at risk or
simply areas that have not been surveyed.

c) “False negatives” = areas not predicted to be ‘fa#ibibut are occupied by invasive
weeds. This too is interesting: are these infestatcaused by random effect and
therefore not predictable by models, do these iafess represent predictable events
that do not correspond with the limited environnaédfata input that the models are
based on, or are these locations representatisanople error?

To evaluate each model’s prediction accuracy ferdiven presence data, the invasive weed
point data locations were overlaid on the binasgrdbution raster maps, and the omission error
(the number of false negatives) was calculate@éah individual high priority invasive weed

species and for all invasive weed species combimkt, maps of the individual binary
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presence/absence distributions for each invasigeiesp and all species combined were produced
for visual comparison and evaluation. The map thassessment complements the information

in the confusion matrix by visually displayingiit & spatial context.

Areas at Greatest Risk of Invasiofo evaluate the nested MAXENT models, the hahitadel

binary layer and the invasion potential model (dase habitat plus vectors of spread) binary
layer are overlaid for each invasive species imtdiglly and all invasive species combined. The
raster results are reclassified as ‘high qualityitad with lower invasion potential’ where only
high quality habitat occurred, ‘lower quality hatitvith high invasion potential’ where only
high invasion potential occurred, and where bothlef®returned potential distributions, ‘high
guality habitat with high potential for invasion'The total area for each classification is
calculated and compared to the total acreage ini€|alP in order to evaluate the relative
acreage at different levels of invasion risk. Bheistics are individually compiled into tables
based on each high priority invasive species andasive species combined. To evaluate the
prediction accuracy of the two nested models coathithe omission error (the number of false
negatives) is calculated for each individual higiogity invasive weed species and for all
invasive weed species combined, with “habitat” edered either high quality habitat and/or
high invasion potential. Next, maps of the ovetlainary potential species distributions for each
invasive species and all species combined wereupgastfor visual comparison and evaluation,
which again visually complements the confusion matformation and the risk assessment

classifications.
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RESULTS

Results are reported individually for each higlopty invasive species and all invasive
weed species combined. For each set of resuét$ighitat model is evaluated first, followed by
the habitat plus vectors of spread model (invapmtential) and concluded by the risk
assessment. Although not shown in the results;dh&nuous logistic prediction response is
included for all models in Appendix B. Overall, de prediction accuracy increased with the
inclusion of vectors of spread, and commissionresas less than 10% for almost all models.
The most important variables for invasive specistitution tended to distance to roads,

distance to trails, and elevation.

Centaurea maculosa

MAXENT predicted potentiaC. maculosaiigh quality habitat with an AUC of 0.982
(Table 3). The model was then thresholded at @evat 0.405 to maximize true positives while
minimizing the total amount of predicted habitaalle 3, Figure 2). The most influential
variables for high quality habitat, given their histic estimate of relative contribution, were
alluvial soils, elevation, and developed (distufbedd cover, respectively, although alluvial
soils and elevation were each almost twice asential as developed land cover (29.6% and
26.6% versus 16.3%, respectively) (Table 4). Fegjckknife test of variable importance, the
environmental variable with the highest gain (thestruseful information by itself) was
elevation, while the environmental variable thatrdased the gain the most when it was omitted
(has the most information that is not present eptariables) was also elevation (Figure 3).
Omission error (false negatives) for iemaculosaiigh quality habitat model was 7.3%

(Table 5).
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For C. maculosanvasion potential based on habitat plus vectbspread, MAXENT
returned an AUC of 0.993 (Table 3). The choseediwld value was 0.243 (Table 3, Figure 2).
The most influential variable by far for areas @hinvasion potential was distance from roads
(72.0%) (Table 6). Not surprisingly, from the jaoke test of variable importance the
environmental variable with the highest gain wastatice from roads, while the environmental
variable that decreased the gain the most whenstamitted was also distance from roads
(Figure 4). Omission error for ti& maculosanvasion potential model was 1.6% (Table 5).

Overall, 14,100 hectares (3.5%) of Glacier NP aextrtemely high risk o€. maculosa
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread
intersect (Figure 5). If areas of high quality i@ibut lower pressure from vectors of spread
and areas of high pressure of vectors of spreatbimetr habitat quality are included, 34,400
hectares (8.4%) of Glacier NP are currently at os&€. maculosanvasion (Table 7). Omission
error for theC. maculosanot included in either the high quality habitatloe invasion potential

model was 0.9% (Table 5).

Chrysanthemum leucan

MAXENT predicted potentiaC. leucanhigh quality habitat with an AUC of .969 (Table
3). Next, the threshold value of 0.303 was chq3able 3, Figure 6). The most influential
variables for this model were elevation, alluviails, and developed (disturbed) land cover,
respectively, although elevation was by far the mfuential (51.2% compared to 20.9% and
9.5%, respectively) (Table 8). Not surprisinghgrh the jackknife test of variable importance

the environmental variable with the highest gairs wkevation while the environmental variable
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that decreased the gain the most when omitted lsasbevation (Figure 7). Omission error for
theC. leucanhigh quality habitat model was 6.5% (Table 9).

For C. leucaninvasion potential based on habitat plus vectbspread, MAXENT
returned an AUC of .991 (Table 3). The chosenstiol value was 0.418 (Table 3, Figure 6).
The most influential variables for areas of highasion potential were elevation, distance from
trails, distance from roads, and alluvial soils.25, 18.6%, 17.2%, and 11.6%, respectively)
(Table 10). The environmental variable with thgheist gain from the jackknife test was
distance from roads, while the environmental vdedbat decreased the gain the most when it
was omitted was distance from trails (Figure 8misxion error for th€. leucaninvasion
potential model was 4.6% (Table 9).

Overall, 13,438 hectares (3.3%) of Glacier NP aexttemely high risk o€. leucan
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread
intersect (Figure 9). If areas of high quality it@ibut lower pressure from vectors of spread
and areas of high pressure of vectors of spreatbimetr habitat quality are included, 51,218
hectares (12.6%) of Glacier NP are currently & oisC. leucaninvasion (Table 11). Omission
error for theC. leucannot included in either the high quality habitatloe invasion potential

model was 2.6% (Table 9).

Cirsium arvense

MAXENT predicted potentiaC. arvenséhabitat with an AUC of .960 (Table 3). The
continuous logistic output was then thresholde@ 284 for high quality habitat (Table 3, Figure
10). The most influential variables for high gtxahabitat were elevation, alluvial soils,

developed (disturbed) land cover, and slope (2217R&@%, 14.6%, and 10.5%, respectively)
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(Table 12). From the jackknife test of variablgornance, the environmental variable with the
highest gain was again elevation, while the envirental variable that decreased the gain the
most when it was omitted was also elevation (Figure Omission error for th€. arvenseigh
quality habitat model was 9.2% (Table 13).

For C. arvensanvasion potential based on habitat plus vectbspread, MAXENT
returned an AUC of .988 (Table 3). Next, a thrédlvalue of 0.336 was chosen to delineate
areas of high invasion potential (Table 3, Figudg 1IThe most influential variables were
distance from roads, distance from trails, andadis¢ from facilities (29.9%, 17.6%, and 11.3%
respectively) (Table 14). The jackknife test ofi@bale importance showed that the
environmental variable with the highest gain wastatice from roads, while the environmental
variable that decreased the gain the most wheastamitted was distance from trails (Figure
12). Omission error for th€. arvensenvasion potential model was 3.0% (Table 13).

Overall, 17,978 hectares (4.4%) of Glacier NP aexttemely high risk o€. arvense
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread
intersect (Figure 13). If areas of high qualityitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spreatbimer habitat quality are included, 58,130
hectares (14.3%) of Glacier NP are currently & @sarvensenvasion (Table 15). Omission
error for theC. arvensenot included in either the high quality habitatloe invasion potential

model was 0.7% (Table 13).

Cirsium vulgare

MAXENT predicted potential high qualit@. vulgarehabitat with an AUC of .976

(Table 3). Next, 0.305 was chosen as thresholadev@lable 3, Figure 14). Developed
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(disturbed) land cover, elevation, and alluvials@6.2%, 22.1%, and 20.8% respectively) were
the most influential variables (Table 16). Theiemvmental variable with the highest gain from
a jackknife test of variable importance was eleratiwvhile the environmental variable that
decreased the gain the most when it was omittedyetaasgain elevation (Figure 15). Omission
error for theC. vulgarehigh quality habitat model was 4.8% (Table 17).

For C. vulgareinvasion potential based on habitat plus vectbspoead, MAXENT
returned an AUC of .996 (Table 3). The threshatlie of 0.331 was then chosen (Table 3,
Figure 14). The most influential variables rvulgarehigh invasion potential were distance to
roads and distance to facilities, respectivelhalgh distance to roads was much more
influential (45.6% compared to 12.9%, respectivéligble 18). Based on a jackknife test, the
environmental variable with the highest gain wasatice to roads, while the environmental
variable that decreased the gain the most wheastamitted was distance to trails (Figure 16).
Omission error for th€. vulgareinvasion potential model was 0.7% (Table 17).

Overall, 10,640 hectares (2.6%) of Glacier NP amextacemely high risk o€. vulgare
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread
intersect (Figure 17). If areas of high qualityitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spreatbimetr habitat quality are included, 47,245
hectares (11.6%) of Glacier NP are currently & @svulgareinvasion (Table 19). Omission
error for theC. vulgarenot included in either the high quality habitattoe invasion potential

model was 0.7% (Table 17).
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Euphorbia esula

MAXENT predicted potentiakE. esulahabitat with an AUC of .999 (Table 3). The
threshold value chosen to delineate high qualityithawas 0.212 (Table 3, Figure 18). Unlike
other modeled invasive species, the most influenéieables for high quality habitat were
herbaceous land cover and alluvial soils, althdugtbaceous land over was almost twice as
influential as alluvial soils (40.5% compared ta32b, respectively) (Table 20). Following this
difference compared to the other invasive spetiesenvironmental variable with the highest
gain from the jackknife test of variable importanegs herbaceous land cover, while the
environmental variable that decreased the gaimib& when it was omitted was also
herbaceous land cover (Figure 19). Omission déoratheE. esulahigh quality habitat model
was 5.6% (Table 21).

For theE. esulamodel that included vectors of spread, MAXENT read a perfect
AUC of 1.0 (Table 3). The threshold value of 0.524s then chosen to demarcate the areas of
high invasion potential (Table 3, Figure 18). Thest influential variables for areas of high
invasion potential were distance to roads and lvexoss land cover, although this time distance
to roads was over twice as influential as herbaséand cover (58.2% compared to 22.4%,
respectively) (Table 22). From the jackknife teflstariable importance, the environmental
variable with the highest gain was distance to spadhile the environmental variable that
decreased the gain the most when it was omittecaigsasdistance to roads (Figure 20).
Omission error for th&. esulainvasion potential model was 5.6% (Table 21).

Overall, 775 hectares (0.2%) of Glacier NP arexaeenely high risk oE. esula
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread

intersect (Figure 21). If areas of high qualityitat but lower pressure from vectors of spread
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and areas of high pressure of vectors of spreatbimetr habitat quality are included, 3,722
(0.9%) of Glacier NP are currently at riEk esulainvasion (Table 23). Omission error for tGe
esulanot included in either the high quality habitatloe invasion potential model was 0.0%

(Table 21).

Hieracium aurantiacum

MAXENT predicted potential high qualityl. aurantiacumhabitat with an AUC of .957
(Table 3). Next, the threshold was set at 0.32Difeary high quality habitat (Table 3, Figure
22). The model's most influential variables welevation and slope, respectively, although
elevation was far more influential (44.4% compatied4.2%) (Table 24). Not surprisingly, the
environmental variable with the highest gain frdra jackknife test was elevation, while the
environmental variable that decreased the gaimib& when it was omitted was again elevation
(Figure 23). Omission error for the aurantiacumhigh quality habitat model was 11.4%
(Table 25).

For theH. aurantiacumnvasion potential model based on habitat plusors®f spread,
MAXENT returned an AUC of .996 (Table 3). Next380 was chosen as the threshold value
for high invasion potential (Table 3, Figure 22he most influential variables were distance
from trails, distance from roads, elevation, arstatice from facilities (25.7%, 19.4%, 16.0%,
and 13.5%, respectively) (Table 26). Based onatiknife test of variable importance, the
environmental variable with the highest gain wasatice from facilities, while the
environmental variable that decreased the gaimibst when it was omitted was distance from
trails (Figure 24). Omission error for the aurantiacumnvasion potential model was 2.3%

(Table 25).
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Overall, 7,887 hectares (1.9%) of Glacier NP arexétemely high risk oH.
aurantiacuminvasion, based on the areas where high quallidtaand high pressure from
vectors of spread intersect (Figure 25). If amfdsgh quality habitat but lower pressure from
vectors of spread and areas of high pressure odngeaf spread but lower habitat quality are
included, 47,813 hectares (11.7%) of Glacier NPcareently at riskH. aurantiacumnvasion
(Table 27). Omission error for thé aurantiacunnot included in either the high quality habitat

or the invasion potential model was 2.3% (Table 25)

Hieracium pratense

The MAXENT habitat model predicted potentidl pratensewith an AUC of .975 (Table
3). The threshold value of 0.228 was next chosafstinguish high quality habitat (Table 3,
Figure 26). The model’'s most influential variablesre elevation, distance from avalanche
chutes, and forest land cover, although elevatiag far more influential (43.0% compared to
10.8% and 9.9%, respectively) (Table 28). Thekadk test of variable importance gave
elevation as the environmental variable with thghbst gain, and elevation decreased the gain
the most when it was omitted (Figure 27). Omissoor for theH. pratensehigh quality
habitat model was 8.7% (Table 29).

For theH. pratensenhabitat plus vectors of spread model, MAXENT retad an AUC of
.988 (Table 3). 0.452 was chosen as thresholdeialuareas of high invasion potential (Table
3, Figure 26). Distance from roads, distance ftaats, and elevation (22.3%, 22.0%, and
17.3%, respectively) were the most influential ables for areas of high invasion potential
(Table 30). The environmental variable with thghist gain was distance from roads, and the

environmental variable that decreased the gaimib&t when it was omitted was also distance
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from roads, based on the jackknife test of variainlgortance (Figure 28). Omission error for
theH. pratensanvasion potential model was 8.7% (Table 29).

Overall, 4,044 hectares (1.0%) of Glacier NP arex&tiemely high risk oH. pratense
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread
intersect (Figure 29). If areas of high qualityitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spreatbimetr habitat quality are included, 27,443
hectares (6.7%) of Glacier NP are currently at Hskratensanvasion (Table 31). Omission
error for theH. pratensenot included in either the high quality habitatloe invasion potential

model was 8.7% (Table 29).

Hypericum perforatum

MAXENT predicted potential high qualityl. perforatumhabitat with an AUC of .977
(Table 3). Next, the threshold value was set2®@Dfor a binary response (Table 3, Figure 30).
The most influential variables were elevation, ahilisoils, and developed (disturbed) land
cover, although elevation was far more influent#.5% compared to 16.7% and 12.1%,
respectively) (Table 32). From the jackknife teflstariable importance, the environmental
variable with the highest gain yet again was eiematvhile the environmental variable that
decreased the gain the most when it was omittedaigsaselevation (Figure 31). Omission error
for theH. perforatumhigh quality habitat model was 9.7% (Table 33).

For theH. perforatummodel based on habitat plus vectors of spread, MK returned
an AUC .995 (Table 3). To delineate the areadgif mvasion potential, 0.535 was chosen as
the threshold value (Table 3, Figure 30). The nrdkiential variables for areas of high

invasion potential were distance to roads, elematgmd distance to trails, although distance to
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roads was far more influential (39.0% compared@@d% and 14.7%, respectively) (Table 34).
The environmental variable with the highest gairs @stance to roads, and the environmental
variable that decreased the gain the most wheastamitted was distance to trails, based on the
jackknife test of variable importance (Figure 32)mission error for thél. perforatuminvasion
potential model was 4.1% (Table 33).

Overall, 5,002 hectares (1.2%) of Glacier NP arexétemely high risk oH. perforatum
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread
intersect (Figure 33). If areas of high qualitypitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spreatbimetr habitat quality are included, 29,270
hectares (7.2%) of Glacier NP are currently at Fskerforatuminvasion (Table 35). Omission
error for theH. perforatumnot included in either the high quality habitatloe invasion

potential model was 2.8% (Table 33).

Linaria vulgaris

The MAXENT habitat model fok. vulgarishad an AUC prediction value of .983 (Table
3). The model was next thresholded at 0.296 tmdéfigh quality habitat (Table 3, Figure 34).
Alluvial soils, developed (disturbed) land covdewvation, and slope (24.0%, 22.9%, 18.9%, and
13.6%, respectively) were the most influential ables (Table 36). The jackknife test of
variable importance gave developed (disturbed) twr as the environmental variable with
the highest gain, while the environmental varidhbg decreased the gain the most when it was
omitted was elevation (Figure 35). Omission efooitheL. vulgarishigh quality habitat model

was 9.7% (Table 37).
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ForL. vulgarishabitat plus vectors of spread model, MAXENT read an AUC of .995
(Table 3). To demarcate the binary distributiomigh invasion potential, 0.216 was chosen as
the threshold value (Table 3, Figure 34). The nrdkiential variable by far was distance to
roads (69.6%) (Table 38). Not surprisingly, frdme jackknife test of variable importance, the
environmental variable with the highest gain wasatice to roads, while the environmental
variable that decreased the gain the most wheastamitted was also distance to roads (Figure
36). Omission error for thie. vulgarisinvasion potential model was 4.1% (Table 37).

Overall, 8,941 hectares (2.2%) of Glacier NP arexemely high risk ok. vulgaris
invasion, based on the areas where high qualititdtadnd high pressure from vectors of spread
intersect (Figure 37). If areas of high qualitypitat but lower pressure from vectors of spread
and areas of high pressure of vectors of spreatbimer habitat quality are included, 33,471
hectares (8.2%) of Glacier NP are currently at kiskulgarisinvasion (Table 39). Omission
error for thel. vulgarisnot included in either the high quality habitatloe invasion potential

model was 2.8% (Table 37).

All Invasive Weed Species Combined

MAXENT predicted potential habitat for all invasiweeed species combined with an
AUC of .952 (Table 3). Next, the model was thrédld at 0.395 for high quality habitat (Table
3, Figure 38). The model’s most influential vateswere elevation, alluvial soils, slope, and
forest land cover (38.6%, 22.4%, 10.9%, 10.1%,eetypely) (Table 40). Not surprisingly, the
environmental variable with the highest gain wavation, while the environmental variable

that decreased the gain the most when it was amités also elevation, based on the jackknife
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test of variable importance (Figure 39). Omissamr for the high quality habitat model for all
invasive weed species was 11.1% (Table 41).

For invasion potential based on habitat plus veabtbispread for all invasive weed
species combined, MAXENT returned an AUC of .988[{[€ 3). The threshold value of 0.417
was chosen to delineate high invasion potentiabl@ &, Figure 38). Distance to roads, distance
to trails, and elevation (34.4%, 20.9%, and 19.6%%pectively) were the most influential
variables for high invasion potential (Table 4Eyom the jackknife test of variable importance,
the environmental variable with the highest gairs @wistance to roads, while the environmental
variable that decreased the gain the most wheastamitted was distance to trails (Figure 40).
Omission error for the invasion potential modeldtinnvasive weed species was 4.8% (Table
41).

Overall, 20,648 hectares (5.1%) of Glacier NP aexttemely high risk of invasion from
all invasive weed species combined, based on #asavhere high quality habitat and high
pressure from vectors of spread intersect (Figlije # areas of high quality habitat but lower
pressure from vectors of spread and areas of higgspre of vectors of spread but lower habitat
guality are included, 57,646 hectares (14.1%) @fciek NP are currently at risk invasion by all
invasive weed species combined (Table 43). Omissimor for all invasive weed species not

included in either the high quality habitat or theasion 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 invasivpeies and all invasive species combined
tended to follow valley bottoms, with some habf&atning out upslope from the valley bottoms.
Little habitat was predicted at higher elevatiocaitons on the upper reaches of the mountains.
This result is not surprising, as one of the mugiartant environmental variables associated
with high quality habitat was elevation. For altlividual species except esulaelevation was
one of the three most influential environmentalafales, and foC. leucan, C. arvense, H.
aurantiacum, H. pretensandH. perforatumit was the most important variable. Further,
elevation had the highest gain (the most usefarmétion by itself) and decreased the gain the
most when it was omitted (had the most informatiohpresent in other variables) for every
species excefl. esulaandL. vulgaris. One possible reason for the importance of elenas
that as elevation increases in the park, environaheonditions become significantly harsher,
which favors native plant species adapted to theaditions. A second reason for the
importance of elevation may be the function of siva pathways, where invasive species are
entering the park from outside sources. The mairaeces to the park are situated in the lower
elevation valley bottoms, which may skew the restdtshow that elevation is important for high
guality habitat, when elevation may instead beaxyfor invasion process rather than an
indication of habitat preference.

Other important habitat variables, given theirristic estimate of relative contribution,
included alluvial soils, developed (disturbed) lander, slope, herbaceous land cover, forest
land cover, and quartzite/argillite bedrock salshough the degree of importance varied by

species. Alluvial soils and developed (disturdedyl cover are logical results for important
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environmental variables, as alluvial soils areftelatively fertile, which may promote robust
growth. Developed (disturbed) land cover is comkito weed establishment, as weeds prefer
disturbed environments due to decreased nativeespeasmpetition and therefore a reduced
establishment barrier (Mack et al. 2000). Slomebaceous land cover, forest land cover, and
quartzite/argillite soil type also influence invasiestablishment and habitat quality based on
particular species habitat preferences (for exanwéer drainage, shade tolerance, soil
properties).

Overall, one surprise was that herbaceous landr¢gpe was not a more important
environmental variable for habitat, as many ofgpecies are known meadow invaders (such as
C. maculosa, C. leucaandH. aurantiacun). This may be indicative that although these
species prefer meadow habitat, they can also inmadeneadow habitat, and that disturbance,
elevation (harshness of environment), and vectbspr@ad may be more important determinants
of invasion than land cover type. A further expidon may be that the lower resolution of the
land cover map combined with the GPS error of teedvinfestation coordinates may reduce the

ability of the model to tightly correlate land covgpe with habitat preference.

Areas with high invasion potential based on vectorsf spread

For each invasive species model, predicted modaelracy (the area under the curve for
the pseudo ROC curve) increased when vectors eddprere introduced into the model,
compared to the models that included only habélatted environmental variables (Table 1).
This result confirms that vectors of spread arkienrftial in the distribution of invasive plant
species. Not surprisingly, the models that inctldectors of spread had high potential invasion

areas that were more tightly coupled to roads gail$ than the habitat models that did not
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include vectors of spread. For all species, degdn roads was among top three most important
environmental variables given their heuristic eatienof relative contribution, while for all
species excefl. esuladistance to trails was also included in the topé¢. Further, for all
species excepi. aurantiacumdistance to roads had the highest gain (the oseftl
information by itself). Distance to facilities h#fte highest gain fdd. aurantiacunrather than
distance to road. Across all nine invasive weextigs models, the distance to roads and
distance to trails variables were split almost &vas to which decreased the gain the most when
it was omitted (had the most information not presermther variables). Again, these results
confirm that the pressure from vectors of spreackry important in the determination of future
invasive species distribution, and support Gellzerd Belnap’s (2003) research that roads are
major contributing factor to the ongoing sprea@xdtic plants, as well as DiTomaso’s (2000)
research that disturbance facilitates establishmedtspread of invasive weeds.

Interestingly, elevation remained a prominent esrwinental predictor variable even
when vectors of spread were taken into accountighis may imply that the importance of
elevation may be due to harsher conditions at higlevations precluding establishment, but a
stronger factor may be how fast invasive speciasspaead from their source populations
located near entry points in the lower elevatiolteya. Trails and roads tend to originate in low
elevation areas, and as they progress into theantsf the park, tend to rise in elevation. Lack
of higher elevation locations of invasive species/ranly indicate that invasive species have not
yet had the time to spread to higher elevationsgtbeir transmission pathways, rather than a
particular condition excluding their occurrenceneTareas of high invasion potential tend to be

closer to source populations, as source populatrmmease transmission potential, and
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transmission pressure from vectors of spread dserasthe distance from a source population

increases (With 2002).

Areas at greatest risk of invasion

The areas at greatest risk of invasion are arelaiglo invasion potential based on vectors
of spread that overlap areas of high quality invasipecies habitat. Not only do these areas
have a higher immigration probability, but the habconditions found in these areas are
favorable for invasive species establishment abdeguent expansion. For all invasive plant
species combined, the total area predicted to geeatest risk of invasion encompasses 20,648
hectares, or 5.1% of Glacier National Park. Indlinl species by themselves are predicted have
less overall “greatest risk” areas, but the ecaiagimpact of a particular invasive species may
not necessarily correlate with the overall sizéopotential infestation, especially in rare or
vulnerable habitats, where even a small invasion mpresent a major impact. Therefore, all
un-invaded “greatest risk” areas represent a tapify for invasive weed establishment
prevention. Priority is higher for those areagraatest risk located in the backcountry of the
park, where terrain and accessibility make cordrm eradication much more difficult. Further,
un-invaded areas at greatest risk of invasionalatsolated by areas of low invasion potential
and less suitable habitat, and/or un-invaded aegeeatest risk of invasion that are
geographically distant from current infestationdtions take top priority for proactive
prevention strategies, especially if the greatiektareas are surrounded by areas of high habitat

suitability (Figure 42).
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Prediction and Accuracy

To address the models’ false negative (omissiay®rvisual evaluation showed that of
a number of the false negative infestations ocdumeareas that are highly unlikely to have
weeds (such as on the rock face of a mountaingrefbre, some of the ‘weed’ locations that
occurred in ‘non-habitat, low invasion potentialéas may be indicative of data collection errors
rather than model errors. For false negativesdithhot occur in blatantly unlikely habitat,
another explanation could be that these invasivedvpeesence data points represent infestations
that are based on random chance rather than osupesisom vectors of spread or areas of high
quality habitat. This might occur, for exampleaifew seeds were transported by a wild animal
to a location of lower quality habitat, but thogeds were still able to establish, although the
process of and ability for their establishment wase a factor of random chance than
measureable environmental variables (such as pabdkcvectors of spread or high quality
habitat). These rogue locations would represesasions that are functionally impossible to
model. A third possibility for false negative rata for known weed infestation locations may be
that there are still unknown, influential envirommted variables, such as rainfall, that are
unaccounted for in the current models, and woulgrnehigher accuracy if included.

Other potential accuracy issues with the spedsslaltion models include the fact that
infestation location data may be biased to roadsid#éside, and streamside areas because these
are the areas of easy and frequent access (P20, Phillips et al. 2009). This may not
necessarily degrade the overall distribution restibwever, as informal personal observation
has shown that there appear to be few infestationslosely tied with vectors of spread.

Simply, in the three years | spent hiking Glaci€t &s a backcountry ranger, both on trail and

37



cross country, and from casual observation durig®@¥ summers in the park, | found few
invasive plant infestations that were not in thanity of a road, trail, or streambed.

Other issues include the fact that data pointdileely somewhat spatially autocorrelated,
since often when an infestation location is fouhe,recorder then may deliberately search the
immediate general area for other potential infemtat Also, sampling intensity may vary by
sub-district or by data recorder, depending on vphiatity the recorder views searching for and
reporting invasive weed infestations. However,dahky way to fully resolve these issues is to do
a systematic survey of the entire park, an unlileignt given budget and time constraints. In
all, although the data and the maximum entropy rogl@pproach have inherent errors, the
MAXENT models do predict current distribution ofvasive species with relatively high
accuracy, and should be looked on as a reasonabéddie for predicted future distribution of
invasive plant species.

Finally, although the invasive weed species | madéhis study can be ecologically
considered generalists, the predictive power of NEAX in this study should be closer to that
found for specialist species. The issue affeatiglel performance is the models’ inability to
sharply or easily distinguish defined niches andrenmental barriers that promote or prevent
invasive weed establishment (Evangelista et al820h Glacier NP, the invasion stage is such
that there are still environmental barriers to lelsghment that can be distinguished by model
analyses. Specifically, the strong coupling ofaisive species establishment and propagule
pressure exerted by vectors of spread such as apasails (Tyser and Worley 1992) or
streams (Brown and Peet 2003) appears to be ragjor in establishment, which would allow
stronger model performance comparable to the muelébrmance exhibited by specialist

invasive species.
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MANAGEMENT RECOMMENDATIONS

The following is a recommended guideline for taaitijgrioritization of prevention,
control, and eradication management actions baseleopredicted invasive species distribution
models. For all actions, priority is given to backntry locations first and front country
locations second. Backcountry locations are mucrerdifficult to access for treatment
measures and have fewer treatment options. Tdrerddackcountry areas are given top priority

in order to prevent, eradicate, or reduce infestatthat may otherwise spiral out of control.

Survey Priorities

Systematically survey all areas predicted to biésktof invasion to determine if there are any
infestations not yet recorded. Although unrecoréestations may occur outside the predicted
distribution areas, the time and budget cost ofesying these areas would be at the expense of
diminishing returns (new infestations), and henténefficient use of resources. Area priorities
are:

1) Areas at greatest risk of invasion.

2) Areas of high invasion potential but less suitabl@sive species habitat.

3) Areas of high quality invasive plant habitat. Awntound infestation location here would

most likely change the area’s status to one ategsedsk of further invasion.
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Monitoring & Prevention Priorities

Prevention is the immediate removal of an initrdéstation before it becomes established. Area
priorities are:

1) Areas at greatest risk of invasion. Highest pryonithin this category should be un-
invaded areas at greatest risk of invasion thaisatated by areas of low invasion
potential and less suitable habitat, and/or undedaareas at greatest risk of invasion that
are geographically distant from current infestatmeations, especially if the greatest risk
areas are surrounded by areas of high habitatditifa

2) Areas with high invasion potential but lower qualitabitat. These areas are likely to get
invaded, but monitoring can prevent real establehirexpansion of invasive plant
species because it should be more difficult foritlvasive plants to establish and rapidly
expand their distribution in these areas.

3) Areas of high quality invasive plant habitat bu& invasion potential. Although it is a
somewhat less likely for invasive plants to redwse areas, it is still prudent to
periodically monitor the areas because the ardbkate a much higher invasion

potential compared to the majority of Glacier NP.

Treatment Priorities

Small invasive infestations have higher priority fieatment than large invasions, especially if
they are far from a logical source population;dbgective is to prevent establishment of a new
source population. For large, well-established smxe plant populations, the main priority
should not be eradication but instead control aedgntion of further spread, as it may be

difficult or impossible to eradicate large, estab&d invasions (Zalba et al. 2000). This is true
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unless a significant and unique habitat is at fiskyhich any and all infestations are high
priority for treatment. Area priorities are:

1) Areas of high quality invasive plant habitat buvé invasion potential. If infestations
are eradicated in these areas, there is a mucheddinance of re-establishment due to
relatively low transmission pressure.

2) Areas of high invasion potential but lesser quahtyasive plant habitat. Although these
areas are at higher risk of invasion, treatment sigyificantly reduce or eradicate weeds
in these areas due to lesser habitat suitabilitg$tablishment and expansion.

3) Areas that at greatest risk of invasion. Althotrglatment may temporarily reduce or
eradicate weeds in these areas, these areas arkkelg4o re-invaded and therefore

provide the least return for time and money expenes.

Modeling

Models should be re-run yearly to incorporate nef@dtations and therefore update the
predicted distribution and risk assessment for @tddP. This will allow managers to retain

prioritization efficiency.
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CONCLUSION

The MAXENT invasive plant species distribution netglbased on vectors of spread and
areas of preferred habitat serve as a reasonabieés of the current potential extent of
invasive weeds in Glacier NP. When overlaid, ¢h@®dels produce a logical prediction of the
areas at greatest risk of invasion in the parkkemaogether, these models provide a basis for
prioritization of management actions and allow preion strategies to focus on highly
susceptible areas. However, although these mpdealsde a solid initial baseline of potential
invasive plant species distribution, future reskasmeeded to incorporate other variables not
included in this model, such as rainfall. Thesealdes may play a role in habitat preference
and establishment potential of invasive plantscWwhin turn may improve the true predictive
accuracy of the models. Further research shostiatlude how potential invasive species
distributions may contract or expand with climatamge. In sum, as ecological knowledge
improves and climate conditions change, these imeapecies distribution models need to be
refined in order to continue to provide accuras& assessment and useful prioritization tools.
This in turn will allow managers to continue tottathe threat invasive species pose to the
invaluable native ecosystems of Glacier Nationak Pastep towards the conservation of these

ecosystems for future generations.
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Figure 1. Glacier National Park and its managersehtdistricts, Montana.
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Table 1. Recorded occurrences and code namdsefairie invasive species of greatest concern
and all invasive species combined.

Priority Invasive Weed Species Recorded Occurrences Code
Spotted Knapweedientaurea maculoga 449 cenmac
Leafy SpurgeEuphorbia esulp 306 eupesu
Oxeye Daisy Chrysanthemum leucan 337 chrleu
Canada ThistleGirsium arvensg 147 cirarv
Bull Thistle Cirsium vulgarg 18 cirvul

Orange HawkweedHjeracium aurantiacum 88 hieaur
Meadow HawkweedHieracium pratensge 23 hiepra
Yellow Toadflax Cinaria vulgaris) 145 linvul

St. JohnswortHypericum perforatum 192 hypper
All Invasive Species Combined 828| combspp
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Table 2. Environmental variables correlated wibitat and environmental variables correlated wttors of spread.

Environmental Variables Correlated with Habitat

Topographic
Name Description Code Source
Elevation 10-m resolution Digital Elevation ModBIEM) averaged | elevation Glacier NP*
to 50-m resolution
Slope Derived from 10-m resolution DEM, average8Qem slope Glacier NP*
resolution
Transformed Aspect Source file was a 10-m reswiUDEM averaged to 50-mtasp Glacier NP*
resolution. Aspect was derived from the 50-m DEhMN
transformed by the equation (-1* cosine(45 — agécim
Beers et al. 1966)
Euclidean Distances
Name Description Code Source
Distance from fire Euclidean distance from wilddfareas that burned within| fire_distance Glacier NP*
the last 20 years , in meters
Distance from avalanche chutes Euclidean disthooe avalanche chutes, in meters avalanche_(dist ci€3IdP*
Soils
Name Description Code Source
Alluvial soils Alluvial soil type from soil survey alluvial Glacier NP*
Bedrock soils - Limestone Bedrock: Limestone sgktfrom soil survey bedrockl Glacier NP
Bedrock soils - Quartzite/Argillite | Bedrock: Quate/Argillite soil type from soil survey bedrockq Glacier NP*
Glacial, Landslide, and Mixed soils Glacial, Lands| and Mixed soil type from soil survey mixed G&a NP*
Wet soils Wet soil type from soil survey wet GladwP*
Land Cover Class
Name Description Code Source
Shrub-Herbaceous Complex Compilation of the following land cover classifiicats: comp
Dwarf-shrub/Herbaceous Complex: Dry - Mesic (52008
Dwarf-shrub/Herbaceous Complex: Mesic - Wet 3608
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Forest Compilation of the following land cover classificats: forest
Poplar - Birch Forest USGS 2008
Black Cottonwood Forest USGS 2008
Douglas-fir Forest USGS 2008
Mixed Conifer - Deciduous Forest USGS 2008
Subalpine Fir - Engelmann Spruce Forest USGB 20
Lodgepole Pine Forest USGS 2008
Engelmann Spruce Forest USGS 2008
Engelmann Spruce - Wet Shrub Forest USGS 2008
Mixed Conifer - Deciduous Wet Forest USGS 2008
Herbaceous Compilation of the following land cover classificats: herb
Exposed Shoreline Herbaceous: Pioneering Vegetati USGS 2008
Grassland Herbaceous USGS 2008
Wet Meadow Herbaceous USGS 2008
Developed Areas Compilation of the following land cover classificats: developed
Residential/Commercial Area USGS 2008
Road/Railroad USGS 2008
Shrubland Compilation of the following land cover classificats: shrub
Deciduous Shrubland: Avalanche/Snow Burial U683
Mixed Conifer - Deciduous Shrubland: Avalanchei\sn USGS 2008
Burial
Deciduous Shrubland: Dry - Mesic USGS 2008
Mixed Regenerate Shrubland USGS 2008
Deciduous Wet Shrubland USGS 2008
Sparse Exposed Shoreline Sparse Vegetation (wataigbasin | sparse USGS 2008
phase) land cover classification.
Woodland Compilation of the following land cover classificats: woodland
Douglas-fir Woodland USGS 2008
Subalpine Fir - Engelmann Spruce Woodland Ugas
Lodgepole Pine Woodland USGS 2008
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Environmental Variables Correlated with Vectors of Spread

Euclidean Distances

*

X

X

O
*

Name Description Code Source
Distance from roads Euclidean distance from rosdseters. road_dist Glacier NP
Distance from trails Euclidean distance from saih meters. trail_dist Glacier NP
Distance from facilities Euclidean distance fraawilities, in meters. facility_dist Glacier NP
Distance from visitor service zongs Euclideanadisé from visitor service zones, in meters. vs1_dis Glacier NP*
Distance from streams Euclidean distance from istseén meters. stream_dist Glacier NF
Distance from lakes Euclidean distance from lakemeters. lake dist Glacier NP

X

* Provided by Richard Menicke, Glacier National R&008. All files were shapefile format, excepe tLO-m Digital Elevation

Model (DEM) raster.
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Figure 2. MAXENT binary probability distributiorf €. maculoséaigh quality habitat and high invasion potenti&he threshold
values were 0.405 for high quality habitat and 8.8 high invasion potential.
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Table 3. Pseudo Receiver Operating Characterig®CsC) curve Area Under the Curve (AUC)
values (prediction accuracy) and threshold cutaftigs for habitat and habitat plus vectors of

spread (invasion potential) models. Thresholdesere chosen to maximize true positives

while minimizing the total amount of area predictedpotential distribution.

Habitat Invasion Potential
Species Threshold AUC Threshold \UC
Centaurea maculosa 0.405 | 0.982 0.243 | 0.993
Chrysanthemum leucan 0.303 | 0.969 0.418 | 0.991
Cirsium arvense 0.284 | 0.960 0.336 | 0.988
Cirsium vulgare 0.305 | 0.976 0.331 | 0.996
Euphorbia esula 0.212 | 0.999 0.521 | 1.000
Hieracium aurantiacum 0.306 | 0.957 0.350 | 0.996
Hieracium pratense 0.228 | 0.975 0.452 | 0.988
Hypericum perforatum 0.331 | 0.977 0.535 | 0.995
Linaria vulgaris 0.296 | 0.983 0.216 | 0.995
All invasive species 0.395 | 0.952 0.417 | 0.983

Table 4. Heuristic estimate of relative contribus of the environmental variables for tBe
maculosahigh 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 imparice forC. maculosaigh quality habitat. High gain
is a measure of the amount of information a vaei@ointains when used in isolation. When gain dsg®
from the loss of a variable, the degree of logkésmeasure of information contained in the removed
variable that is not present in the other, retavehbles. The variable that increases the deamost
when used in isolation is elevation, and the vagidiat decreases the gain the most when remowadas
elevation.

Table 5. Omission error f&. maculosa Omission error is the number of known infestatio
locations that did not occur in the areas indicégthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

C. maculosa Omission Error

Number | Percent
High Quality Habitat 33 7.3%
High Invasion Potential 7 1.6%
High Quality Habitat and/or High Invasion Potential 4 0.9%

Total Locations = 449
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Table 6. Heuristic estimate of relative contribag of the environmental and vector of spread
variables to th€. maculosdigh 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_disf 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 imparice forC. maculosareas of high

invasion potential. High gain is a measure ofgh®unt of information a variable contains

when used in isolation. When gain decreases frantass of a variable, the degree of loss is the
measure of information contained in the removedabde that is not present in the other,
retained variables. The variable that increaseg#in the most when used in isolation is
distance to roads, and the variable that decrehsegain the most when removed is also
distance to roads.

Table 7. Amount of area at risk 6f maculosanvasion based on the derivations of the high
guality habitat model and the model of high invasiotential based on vectors of spread.

C. maculosa

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 9837 2.4%
High Potential for Invasion, Lower Quality Habitat 10463 2.6%
High Potential for Invasion, High Quality Habitat 14100 3.5%
Total Area at Risk of Invasion 34400 8.4%
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Figure 5. Areas at greatest risk@fmaculosanvasion (red) are where areas of high quality
habitat (orange) and areas with high potentialfeasion (purple) overlap.

57



Figure 6. MAXENT binary probability distributiorf €. leucanhigh quality habitat and high invasion potenti@he threshold
values were 0.303 for high quality habitat and 8.fdk high invasion potential.
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Table 8. Heuristic estimate of relative contribug of the environmental variables to te
leucanhigh quality habitat Maxent model.

Variable Percent contribution
elevation 51.2
alluvial 20.9
developed 9.5
forest 3.6
bedrockq 2.8
mixed 2.0
fire_distance 1.8
herb 1.8
wet 1.2
slope 1.0
comp 0.8
shrub 0.8
sparse 0.8
avalanche_dist 0.7
bedrockl 0.5
tasp 0.4
woodland 0.2
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Figure 7. MAXENT jackknife test of variable imparice forC. leucanhigh quality habitat. High gainis a
measure of the amount of information a variablgaios when used in isolation. When gain decreases
from the loss of a variable, the degree of loghesmeasure of information contained in the removed
variable that is not present in the other, retave@hbles. The variable that increases the dreanost
when used in isolation is elevation, and the véeidiiat decreases the gain the most when remoadds
elevation.

Table 9. Omission error f&. leucan Omission error is the number of known infestatio
locations that did not occur in the areas indicétgthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

C. leucanOmission Error

Number | Percent
High Quality Habitat 20 6.5%
High Invasion Potential 14 4.6%
High Quality Habitat and/or High Invasion Potential 8 2.6%

Total Locations = 306

60



Table 10. Heuristic estimate of relative contribos of the environmental and vector of spread
variables to th€. leucanhigh 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_disf 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 imparice forC. leucanareas of high invasion
potential. High gain is a measure of the amoumbf@irmation a variable contains when used in
isolation. When gain decreases from the losswarable, the degree of loss is the measure of
information contained in the removed variable tbatot present in the other, retained variables.
The variable that increases the gain the most wiked in isolation is distance to roads, and the
variable that decreases the gain the most whenweane distance to trails.

Table 11. Amount of area at risk ©f leucaninvasion based on the derivations of the high
guality habitat model and the model of high invasiotential based on vectors of spread.
C. leucan

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 35096 8.6%
High Potential for Invasion, Lower Quality Habitat 2685 0.7%
High Potential for Invasion, High Quality Habitat 13438 3.3%
Total Area at Risk of Invasion 51218 12.6%
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Figure 9. Areas at greatest risk@fleucaninvasion (red) are where areas of high quality
habitat (orange) and areas with high potentialrf@asion (purple) overlap.
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Figure 10. MAXENT binary probability distributioof C. arvensehigh quality habitat and high invasion potenti@he threshold
values were 0.284 for high quality habitat and 6.88 high invasion potential.
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Table 12. Heuristic estimate of relative contribn$ of the environmental variables to the
arvensehigh 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 14
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 impance forC. arvenseénhigh quality habitat. High gain is
a measure of the amount of information a variablgans when used in isolation. When gain decsease
from the loss of a variable, the degree of loghesmeasure of information contained in the removed
variable that is not present in the other, retave@hbles. The variable that increases the dreanost

when used in isolation is elevation, and the vaeisiitat decreases the gain the most when remowadds
elevation.

Table 13. Omission error f&@. arvense Omission error is the number of known infestatio
locations that did not occur in the areas indicétgthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

C. arvense@mission Error

Number | Percent
High Quality Habitat 31 9.2%
High Invasion Potential 10 3.0%
High Quality Habitat and/or High Invasion Potential 7 2.1%

Total Locations = 337

66



Table 14. Heuristic estimate of relative contribos of the environmental and vector of spread
variables to th€. arvensenigh 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 impance forC. arvenseareas of high invasion
potential. High gain is a measure of the amoumbfoirmation a variable contains when used in
isolation. When gain decreases from the losswarable, the degree of loss is the measure of
information contained in the removed variable tbatot present in the other, retained variables.
The variable that increases the gain the most wied in isolation is distance to roads, and the
variable that decreases the gain the most whenvweane distance to trails.

Table 15. Amount of area at risk ©f arvensanvasion based on the derivations of the high
guality habitat model and the model of high invasiotential based on vectors of spread.
C. arvense

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 34773 8.5%
High Potential for Invasion, Lower Quality Habitat 5380 1.3%
High Potential for Invasion, High Quality Habitat 17978 4.4%
Total Area at Risk of Invasion 58130 14.3%
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Figure 13. Areas at greatest riskfarvensenvasion (red) are where areas of high quality
habitat (orange) and areas with high potentialrf@asion (purple) overlap.
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Figure 14. MAXENT binary probability distributioof C. vulgarehigh quality habitat and high invasion potenti@he threshold
values were 0.305 for high quality habitat and @.88 high invasion potential.
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Table 16. Heuristic estimate of relative contribn$ of the environmental variables to the
vulgarehigh 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 impance forC. vulgarehigh quality habitat. High gain is
a measure of the amount of information a variablgains when used in isolation. When gain decsease
from the loss of a variable, the degree of logkésmeasure of information contained in the removed
variable that is not present in the other, retavethbles. The variable that increases the deamost
when used in isolation is elevation, and the vagidiat decreases the gain the most when remoadas
elevation.

Table 17. Omission error f&@. vulgare Omission error is the number of known infestatio
locations that did not occur in the areas indicétgthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

C. vulgareOmission Error

Number | Percent
High Quality Habitat 7 4.8%
High Invasion Potential 1 0.7%
High Quality Habitat and/or High Invasion Potential 1 0.7%

Total Locations = 147
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Table 18. Heuristic estimate of relative contribos of the environmental and vector of spread
variables to th€. vulgarehigh 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 impance forC. vulgareareas of high invasion
potential. High gain is a measure of the amoumbfoirmation a variable contains when used in
isolation. When gain decreases from the losswarable, the degree of loss is the measure of
information contained in the removed variable featot present in the other, retained variables.
The variable that increases the gain the most wied in isolation is distance to roads, and the
variable that decreases the gain the most whenweghie distance to trails.

Table 19. Amount of area at risk ©f vulgareinvasion based on the derivations of the high
guality habitat model and the model of high invagimtential based on vectors of spread.
C. vulgare

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 33181 8.1%
High Potential for Invasion, Lower Quality Habitat 3425 0.8%
High Potential for Invasion, High Quality Habitat 10640 2.6%
Total Area at Risk of Invasion 47245 11.6%

74



Figure 17. Areas at greatest riskfvulgareinvasion (red) are where areas of high quality
habitat (orange) and areas with high potentialrfeasion (purple) overlap.
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Figure 18. MAXENT binary probability distributioof E. esulahigh quality habitat and high invasion potenti@he threshold values
were 0.212 for high quality habitat and 0.521 fighhinvasion potential.
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Table 20. Heuristic estimate of relative contribns of the environmental variables to the
esulahigh 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 impance forE. esulahigh quality habitat. High gainis a
measure of the amount of information a variablg&os when used in isolation. When gain decreases
from the loss of a variable, the degree of logkésmeasure of information contained in the removed
variable that is not present in the other, retavehbles. The variable that increases the deanost
when used in isolation is herbaceous vegetatiom tlaa variable that decreases the gain the most whe
removed is also herbaceous vegetation.

Table 21. Omission error f&. esula Omission error is the number of known infestatio
locations that did not occur in the areas indicétgthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

E. esulaOmission Error

Number | Percent
High Quality Habitat 1 5.6%
High Invasion Potential 1 5.6%
High Quality Habitat and/or High Invasion Potential 0 0.0%

Total Locations = 18
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Table 22. Heuristic estimate of relative contribog of the environmental and vector of spread
variables to th&. esulahigh 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
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Figure 20. MAXENT jackknife test of variable impance forE. esulaareas of high invasion
potential. High gain is a measure of the amoumfoirmation a variable contains when used in
isolation. When gain decreases from the losswarable, the degree of loss is the measure of
information contained in the removed variable ibatot present in the other, retained variables.
The variable that increases the gain the most wiked in isolation is distance to roads, and the
variable that decreases the gain the most whenvesine also distance to roads.

Table 23. Amount of area at risk6f esulanvasion based on the derivations of the high
guality habitat model and the model of high invasiotential based on vectors of spread.
E. esula

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 2911 0.7%
High Potential for Invasion, Lower Quality Habitat 37 0.0%
High Potential for Invasion, High Quality Habitat 775 0.2%
Total Area at Risk of Invasion 3722 0.9%
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Figure 21. Areas at greatest riskcofesulainvasion (red) are where areas of high qualityitaib
(orange) and areas with high potential for invagjurple) overlap.
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Figure 22. MAXENT binary probability distributioof H. aurantiacumhigh quality habitat and high invasion potenti@he
threshold values were 0.321 for high quality hakatrad 0.350 for high invasion potential.
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Table 24. Heuristic estimate of relative contribns of the environmental variables to the
aurantiacumhigh 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 impance forH. aurantiacumhigh quality habitat. High
gain is a measure of the amount of informationréatsée contains when used in isolation. When gain
decreases from the loss of a variable, the dedres®is the measure of information containechin t
removed variable that is not present in the ottetained variables. The variable that increaseg#in the
most when used in isolation is elevation, and #éable that decreases the gain the most when reainev
also elevation.

Table 25. Omission error fot. aurantiacum Omission error is the number of known
infestation locations that did not occur in theagrendicated by the model as high quality habitat,
areas of high invasion potential, or the two coredirdivided by the total number of infestation
locations.

H. aurantiacumOmission Error

Number | Percent
High Quality Habitat 10 11.4%
High Invasion Potential 2 2.3%
High Quality Habitat and/or High Invasion Potential 2 2.3%

Total Locations = 88

84



Table 26. Heuristic estimate of relative contribos of the environmental and vector of spread
variables to thél. aurantiacunmhigh invasion potential MAXENT model.

Variable Percent contribution
trail_dist 25.7
road_dist 19.4
elevation 16.0

facility dist 13.5
lake dist 3.3
slope 3.2

shrub 2.1
fire_distance 2.0
stream_disf 1.8
alluvial 1.5
forest 1.5

mixed 1.5
woodland 1.3
bedrockq 1.0
avalanche_dist 1.0
herb 1.0
developed 0.8
bedrockl 0.8
vsz_dist 0.8
sparse 0.7

comp 0.4

tasp 0.4

wet 0.3
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Figure 24. MAXENT jackknife test of variable impance forH. aurantiacumareas of high
invasion potential. High gain is a measure ofgdh®unt of information a variable contains

when used in isolation. When gain decreases frentass of a variable, the degree of loss is the
measure of information contained in the removedhbée that is not present in the other,
retained variables. The variable that increaseg#in the most when used in isolation is
distance to facilities, and the variable that dases the gain the most when removed is distance
to trails.

Table 27. Amount of area at riskldf aurantiacumnvasion based on the derivations of the
high quality habitat model and the model of highasion potential based on vectors of spread.
H. aurantiacum

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 36028 8.8%
High Potential for Invasion, Lower Quality Habitat 3899 1.0%
High Potential for Invasion, High Quality Habitat 7887 1.9%
Total Area at Risk of Invasion 47813 11.7%
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Figure 25. Areas at greatest risktbfaurantiacumnvasion (red) are where areas of high
quality habitat (orange) and areas with high paaifdr invasion (purple) overlap.
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Figure 26. MAXENT binary probability distributioof H. pratensehigh quality habitat and high invasion potenti&he threshold
values were 0.228 for high quality habitat and @.#5 high invasion potential.
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Table 28. Heuristic estimate of relative contribns of the environmental variables to the
pratensehigh 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 impance forH. pratensehigh quality habitat. High gain
is a measure of the amount of information a vaeaointains when used in isolation. When gain desge
from the loss of a variable, the degree of loghesmeasure of information contained in the removed
variable that is not present in the other, retave@hbles. The variable that increases the dreanost
when used in isolation is elevation, and the véeisiiiat decreases the gain the most when remoadds
elevation.

Table 29. Omission error fot. pratense Omission error is the number of known infestatio
locations that did not occur in the areas indicétgthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

H. pratenseOmission Error

Number | Percent
High Quality Habitat 2 8.7%
High Invasion Potential 2 8.7%
High Quality Habitat and/or High Invasion Potential 2 8.7%

Total Locations = 23
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Table 30. Heuristic estimate of relative contribns of the environmental and vector of spread
variables to thél. pratensehigh 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 impance forH. pratenseareas of high

invasion potential. High gain is a measure ofgh®unt of information a variable contains

when used in isolation. When gain decreases frantass of a variable, the degree of loss is the
measure of information contained in the removedabde that is not present in the other,
retained variables. The variable that increaseg#in the most when used in isolation is
distance to roads, and the variable that decré¢bhseagin the most when removed is distance to
roads.

Table 31. Amount of area at riskldf pratensanvasion based on the derivations of the high
guality habitat model and the model of high invagimtential based on vectors of spread.
H. pratense

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 22151 5.4%
High Potential for Invasion, Lower Quality Habitat 1248 0.3%
High Potential for Invasion, High Quality Habitat 4044 1.0%
Total Area at Risk of Invasion 27443 6.7%
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Figure 29. Areas at greatest risk-bfpratensanvasion (red) are where areas of high quality
habitat (orange) and areas with high potentialf@asion (purple) overlap.
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Figure 30. MAXENT binary probability distributioof H. perforatumhigh quality habitat and high invasion potenti@he threshold
values were 0.331 for high quality habitat and B.&8 high invasion potential.
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Table 32. Heuristic estimate of relative contribns of the environmental variables to the
perforatumhigh 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 impance forH. perforatumhigh quality habitat. High
gain is a measure of the amount of informationréatsée contains when used in isolation. When gain
decreases from the loss of a variable, the dedres®is the measure of information containechin t
removed variable that is not present in the ottetained variables. The variable that increaseg#in the

most when used in isolation is elevation, and #gable that decreases the gain the most when reinev
also elevation.

Table 33. Omission error fot. perforatum Omission error is the number of known infestatio
locations that did not occur in the areas indicétgthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

H. perforatum Omission Error

Number | Percent
High Quality Habitat 14 9.7%
High Invasion Potential 6 4.1%
High Quality Habitat and/or High Invasion Potential 4 2.8%

Total Locations = 145
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Table 34. Heuristic estimate of relative contribos of the environmental and vector of spread

variables to thél. perforatumhigh 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 impance forH. perforatumareas of high
invasion potential. High gain is a measure ofgh®unt of information a variable contains

when used in isolation. When gain decreases frantass of a variable, the degree of loss is the
measure of information contained in the removedabée that is not present in the other,
retained variables. The variable that increaseg#in the most when used in isolation is
distance to roads, and the variable that decré¢bhseagin the most when removed is distance to
trails.

Table 35. Amount of area at riskldf perforatuminvasion based on the derivations of the high
guality habitat model and the model of high invagimtential based on vectors of spread.

H. perforatum

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 23219 5.7%
High Potential for Invasion, Lower Quality Habitat 1049 0.3%
High Potential for Invasion, High Quality Habitat 5002 1.2%
Total Area at Risk of Invasion 29270 7.2%
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Figure 33. Areas at greatest risk-bfperforatuminvasion (red) are where areas of high quality
habitat (orange) and areas with high potentialrfeasion (purple) overlap.
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Figure 34. MAXENT binary probability distributioof L. vulgarishigh quality habitat and high invasion potenti@he threshold
values were 0.296 for high quality habitat and 6.&i high invasion potential.
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Table 36. Heuristic estimate of relative contribn$ of the environmental variables to the
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 impance forL. vulgarishigh quality habitat. High gain is
a measure of the amount of information a variablgans when used in isolation. When gain decsease
from the loss of a variable, the degree of loghesmeasure of information contained in the removed
variable that is not present in the other, retave@hbles. The variable that increases the dreanost
when used in isolation is developed (disturbedetatgpn, and the variable that decreases the gaimbst
when removed is elevation.

Table 37. Omission error far. vulgaris Omission error is the number of known infestatio
locations that did not occur in the areas indicétgthe model as high quality habitat, areas of
high invasion potential, or the two combined, deddby the total number of infestation
locations.

L. vulgaris Omission Error

Number | Percent
High Quality Habitat 14 9.7%
High Invasion Potential 6 4.1%
High Quality Habitat and/or High Invasion Potential 4 2.8%

Total Locations = 192
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Table 38. Heuristic estimate of relative contribns of the environmental and vector of spread
variables to thé. vulgarishigh invasion potential MAXENT model.

Variable Percent contribution
road_dist 69.6
trail_dist 54

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 impance forl. vulgarisareas of high invasion
potential. High gain is a measure of the amoumbfoirmation a variable contains when used in
isolation. When gain decreases from the losswarable, the degree of loss is the measure of
information contained in the removed variable tbatot present in the other, retained variables.
The variable that increases the gain the most wiked in isolation is distance to roads, and the
variable that decreases the gain the most whenweane distance to roads.

Table 39. Amount of area at risklofvulgarisinvasion based on the derivations of the high
guality habitat model and the model of high invasiotential based on vectors of spread.
L. vulgaris

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 19568 4.8%
High Potential for Invasion, Lower Quality Habitat 4963 1.2%
High Potential for Invasion, High Quality Habitat 8941 2.2%
Total Area at Risk of Invasion 33471 8.2%
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Figure 37. Areas at greatest risk.ofvulgarisinvasion (red) are where areas of high quality
habitat (orange) and areas with high potentialrf@asion (purple) overlap.
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Figure 38. MAXENT binary probability distributioof high quality habitat and high invasion potental all invasive weeds species
combined. The threshold values were 0.395 for Qigdlity habitat and 0.417 for high invasion poi@nt
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Table 40. Heuristic estimate of relative contribog of the environmental variables to the high
quality habitat MAXENT model for all invasive weesdgecies 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 15
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 impance for all invasive weeds species combined high
quality habitat. High gain is a measure of the ami@f information a variable contains when used in
isolation. When gain decreases from the losswareble, the degree of loss is the measure ofnmdtion
contained in the removed variable that is not presethe other, retained variables. The varidhés
increases the gain the most when used in isolaietevation, and the variable that decreasesdlretge
most when removed is also elevation.

Table 41. Omission error for all invasive weedscggecombined. Omission error is the number
of known infestation locations that did not ocauthe areas indicated by the model as high
guality habitat, areas of high invasion potentalthe two combined, divided by the total
number of infestation locations.

All Invasive Weed Species Omission Error

Number | Percent
High Quality Habitat 92 11.1%
High Invasion Potential 40 4.8%
High Quality Habitat and/or High Invasion Potential 23 2.8%

Total Locations = 828
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Table 42. Heuristic estimate of relative contribog of the environmental and vector of spread
variables to the high invasion potential MAXENT nebébr 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_dis 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 impance for all invasive weeds species

combined areas of high invasion potential. Higimgsa measure of the amount of information
a variable contains when used in isolation. Whain gecreases from the loss of a variable, the
degree of loss is the measure of information caethin the removed variable that is not present

in the other, retained variables. The variabl¢ ithereases the gain the most when used in

isolation is distance to roads, and the variald¢ decreases the gain the most when removed is

distance to trails.

Table 43. Amount of area at risk of all invasiveasls species combined invasion based on the
derivations of the high quality habitat model ahd model of high invasion potential based on

vectors of spread.

All Invasive Weed Species Combined

Area (ha) | % infested
Lower Invasion Potential, High Quality Habitat, 30928 7.6%
High Potential for Invasion, Lower Quality Habitat 6071 1.5%
High Potential for Invasion, High Quality Habitat 20648 5.1%
Total Area at Risk of Invasion 57646 14.1%
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Figure 41. Areas at greatest risk of invasion)(fedall invasive weeds species combined are
where areas of high quality habitat (orange) ardswith high potential for invasion (purple)
overlap.
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Figure 42. High priority invasive weed preventimanagement areas. Highest prevention
priorities are isolated backcountry ‘greatest invagotential’ areas that adjoin areas of high
guality habitat (top), or backcountry ‘greatestasiwon potential’ areas that adjoin high quality
habitat and are geographically removed from curirgestations (bottom). Shown is the ‘all
weed species combined’ species distribution greatdsmodel.
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APPENDIX A

Glacier National Park’s Invasive Weed List: all s non-native plant species tracked by
Glacier National Park as invasive. Highlightedsale the invasive species used in individual
analysis. All species on this list were used i tombined “all species” analysis.
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APPENDIX B

MAXENT results: Continuous logistic estimationpaftential invasive species habitat and invasioemal (habitat plus vectors of
spread) in geographic space. The logistic valoe®ma a relative scale, where a higher value dsrtother quality habitat or greater
invasion potential, hence greater likelihood ofgmial distribution.

Figure B.1. Continuous logistic estimation of pat@inC. maculosaabitat and invasion
potential in geographic space.
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Figure B.2. Continuous logistic estimataf potentialC. leucanhabitat and invasion potential in geographic space
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Figure B.3. Continuous logistic estimataf potentialC. arvensénabitat and invasion potential in geographic space
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Figure B.4. Continuous logistic esdtion of potentiaC. vulgarehabitat and invasion potential in geographic space
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Figure B.5. Continuous logistic estimat@f potentiaE. esulahabitat and invasion potential in geographic space
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Figure B.6. Continuous logistic estimat@f potentiaH. aurantiacumhabitat and invasion potential in geographic space
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Figure B.7. Continuous logistic estimat@f potentiaH. pratensehabitat and invasion potential in geographic space

123



Figure B.8. Continuous logistic estimataf potentiaH. perforatumhabitat and invasion potential in geographic space

124



Figure B.9. Continuous logistic estimat@f potential. vulgarishabitat and invasion potential in geographic space.
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Figure B.10. Continuous logistic estimation of patal habitat and invasion potential for all inwasiweeds species
combined in geographic space.
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