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Chapter 10: Occurrence of Non-Native Invasive Plants:
The Role of Anthropogenic Features

Scott E. Nielsen, Cameron L. Aldridge, Steven E. Hanser, Matthias Leu,

and Steven T. Knick

Abstract. The invasion of non-native
plants in the Wyoming Basins Ecoregional
Assessment (WBEA) area is a major eco-
nomic and ecological stress, with invasions
thought to be hastened by energy develop-
ments. Given the potential impacts of non-
native invasive plants and the rapid chang-
es in land use in the WBEA, broad-scale
assessments and predictive models of non-
native invasive plant distribution are need-
ed. Using this information, the current ex-
tent of populations for targeting treatment
and monitoring can be identified, the habi-
tat affinities for forecasting where weeds
may establish next determined, and the re-
sponses to individual human disturbances
(such as energy developments) predicted.
To address these needs, we conducted veg-
etation surveys across the WBEA area at
317 individual survey blocks (five plots per
survey block) during the summers of 2005
and 2006. Survey blocks were stratified by
both human disturbance and habitat pro-
ductivity; in each of five plots per survey
block the occurrence of 23 common non-
native invasive plants was recorded during
early and late season surveys. Here, we
report on the four most common invasive
plants, crested wheatgrass (Agropyron
cristatum), cheatgrass (Bromus tectorum),
halogeton (Halogeton glomeratus), and
Russian thistle (Salsola spp.). Occurrence
models were generated for each species
using random-effects logistic regression to
account for nesting of plots within sample
sites. Predictors of occupancy included lo-
cal habitat, abiotic condition, and distance
to anthropogenic features. Although oc-
currences of all four invasive plants were
affected by habitat, abiotic, and anthropo-
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genic factors, cheatgrass and Russian this-
tle were most strongly associated with an-
thropogenic disturbance, primarily major
roads and energy well sites. We assessed
relationships between environmental and
anthropogenic predictors and species oc-
currences to identify the major factors af-
fecting current species distribution, exam-
ined shape of the response in occurrence
in relation to proximity to individual an-
thropogenic disturbances, and provided
spatial predictions of the locations where
invasive plants are most likely to occur.

Key words: cheatgrass, crested wheat-
grass, energy development, exotic species,
halogeton, occurrence, Russian thistle,
sagebrush, species distribution, Wyoming.

Energy developments in Colorado,
Montana, Utah, and especially Wyoming
are largely associated with the sagebrush
(Artemisia ssp.) ecosystem, a common in-
terior western United States vegetation
type named for the dominant shrub spe-
cies, big sagebrush (A. tridentata). Many
wildlife species, including pygmy rab-
bit (Brachylagus idahoensis) and greater
sage-grouse (Centrocercus urophasia-
nus), depend on sagebrush (Green and
Flinders 1980, Connelly et al. 2011) and
are threatened by the loss and fragmenta-
tion of sagebrush habitat (Connelly et al.
2000, Hanser and Huntly 2006, Walker et
al. 2007, Aldridge et al. 2008, Doherty et
al. 2008). Linear access and transmission
corridors associated with energy develop-
ment also provide preferred habitat and
migration corridors for non-native inva-
sive plant species (Bergquist et al. 2007).
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In fact, roads and vehicle traffic now pro-
vide one of the most effective conduits for
non-native plant dispersal, with transport
of seed or plant parts on tires/mud and
movement of seed through vehicle-related
air turbulence being common (Gelbard
and Belnap 2003, Davies and Sheley 2007,
von der Lippe and Kowarik 2007). As
example, in three road tunnels in Berlin,
Germany, seed rain due to vehicle trans-
port represented 12.5% of the total flora
(197 of 1,606 species; 50% of which were
exotics), demonstrating the significance of
vehicle-mediated dispersal of plants (von
der Lippe and Kowarik 2007). As a conse-
quence of increased plant dispersal, as well
as the disturbed nature of road edges, road
right-of-ways are often dominated by non-
native invasive plants threatening adjacent
native habitats (Parendes and Jones 2000,
Gelbard and Belnap 2003). With 20% of
the continental United States within 127 m
of aroad and 83% within 1,061 m of a road
(Riitters and Wickham 2003), the majority
of U.S. lands are threatened by non-native
invasive plants. In fact, invasive weeds are
estimated to occupy 188,000 km? and have
an annual spread rate of 8-12% on U.S.
federal lands (U.S. Government Account-
ability Office 2005).

As non-native invasive plants spread
into native habitats, they alter ecosystem
function (Brooks et al. 2004), with the
sagebrush ecosystem being particularly
sensitive. Cheatgrass (Bromus tectorum)
invasions of sagebrush habitats have re-
sulted in dramatic reductions in fire return
intervals from historic intervals of 30 to
100 years, or even much longer (centuries),
to less than five years following cheatgrass
invasion (Whisenant 1990, Baker 2006).
At this fire frequency, the defining struc-
tural element of the ecosystem —sagebrush
— is lost and replaced instead by annual
grasses, predominately cheatgrass (Mack
1981, Whisenant 1990, Brooks et al. 2004,
Baker 2006). Not surprisingly, the loss of
this sagebrush structure and food resource
results in cascading losses to sagebrush-
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obligate species (Knick et al. 2003, Knick
et al. 2008).

In addition to major ecological changes,
non-native invasive species also cause sig-
nificant economic damage. Pimentel et al.
(2005) estimated that invasive species re-
sult in annual economic damages of $138
billion, with $5 billion spent annually on
invasive species control and annual forage
loss on pastures estimated at $1 billion. Be-
cause energy developments are the major
source of new roads and, more generally,
surface disturbances favored by invasive
plants within the sagebrush ecosystem, it
is not surprising that energy developments
in the sagebrush ecosystem are a major
concern for western ranchers, with losses
in forage occurring both through direct
disturbance (loss of range) or indirectly
through invasion by non-native plants into
pastures adjacent to energy developments.

Despite these threats, there is no re-
gionally consistent source of information
describing where non-native invasive spe-
cies are most likely to occur across the
Wyoming Basins Ecoregional Assessment
(WBEA) area or how environmental fac-
tors and/or types of human disturbance,
such as energy developments, hasten inva-
sions by non-native plants in the sagebrush
ecosystem. Understanding these relation-
ships and mapping these threats will in-
form management of invasive plants in the
WBEA area and thus improve our ability
to maintain the economic and ecological
health of sagebrush ecosystem. Our objec-
tives were two-fold: (1) evaluate the effects
of environmental conditions (e.g., habitats
and abiotic factors [e.g., climate, topogra-
phy, and soils]) and anthropogenic stressors
on the presence-absence of non-native in-
vasive plants measured at field sites across
the WBEA; and (2) to predict (map) prob-
able habitat (occurrence) for non-native
invasive plants across the WBEA area to
assist with land use planning, decision-mak-
ing, and prioritization of management ac-
tions. For this assessment we chose the fol-
lowing four invasive plant species because
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they were common throughout the WBEA
area: (1) crested wheatgrass (Agropyron
cristatum), (2) cheatgrass, (3) halogeton
(Halogeton glomeratus), and (4) Russian
thistle (Salsola spp.).

METHODS
Field Surveys

Vegetation sampling was completed
in 2005 and 2006 at 317 survey blocks lo-
cated across the WBEA area (Ch. 4). Sur-
vey blocks measured 270 m by 270 m (7.29
ha) with five 20-m radius (1,257 m?) plots
systematically located in the survey block
at 45°, 135°, 225°, and 315° angles and at a
127.3-m distance from the survey block cen-
ter resulting in 1,585 total plots. Each sur-
vey block was visited twice within a season
(1 June — 2 July and 6 July — 2 September)
in order to capture the phenology of plants
and to reduce observer bias (observers
were switched between sampling sessions).

Shrub, grass (non-native and native),
and forb (non-native and native) cover was
estimated using an ordinal rank scheme: 1
=<1%;2 =2-5%;3 =6-10%;4 = 11-25%;
5=26-50%;6 =51-75%;and 7 = 76-100%
(modified from Daubenmire 1959). In ad-
dition to shrub cover by species, the fol-
lowing estimates were measured in each
plot: (1) live shrub canopy cover (total
canopy cover of all shrub species com-
bined); (2) dead shrub canopy cover (total,
includes the dead portions of live shrubs
and cover of shrubs that were 100% dead);
(3) bare ground (including rocks, but not
rocky outcrops); (4) litter, defined as dead
biotic material on the ground (did not in-
clude standing dead shrub material, but
included vegetation such as dead mats of
phlox [Phlox spp.], dead grasses, etc.); (5)
rocky outcrop (rocky structures projecting
above the ground surface or large fields of
boulders or very rocky areas [measured
in five height classes: 0-10 cm, >10-25 cm,
>25-50 c¢cm, >50-75 cm, and >75 cm]); (6)
native forb cover (total for all species com-
bined, includes any native forbs for which
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cover was recorded separately in previ-
ous sampling); (7) non-native forb cover
(includes any non-native forbs on our list
[Appendix 4.3] and non-native plants not
on our list); (8) native grass cover (in-
cludes any native grasses for which cover
was recorded separately in previous sam-
pling); and (9) non-native grass cover (in-
cludes non-native grasses on our list and
others not on the list [Appendix 4.3]). We
also estimated percent cover for 20 target
non-native invasive plant species (Appen-
dix 4.3). Non-native invasive target spe-
cies were selected based on discussions
with staff from U.S. Bureau of Land Man-
agement (BLM) Field Offices throughout
the study area, the Wyoming BLM State
Invasive Weed Coordinator, our prior field
experience, current state lists of invasive
or noxious plants, and several publications
that describe invasive plants in the sage-
brush ecosystem or arid rangelands of the
western U.S. (e.g., Pyke 2000).

Shrub height (live and dead) was mea-
sured at four cardinal directions along the
periphery of each circle and at the center
of each vegetation plot. For each measure-
ment location, the height of the nearest
live or dead shrub was measured within a
2-m circle (five vegetation plots per survey
block, total height measurements per sur-
vey block = 25). Those sites containing no
shrubs received a zero height score.

For tree species, the number of trees was
counted according to four height classes:
<1 m,>1-5m, >5-8 m, and >8 m. For juni-
per (Juniperus spp.), we also assigned suc-
cessional classes: (1) pre-settlement = old
trees, (2) mixed = old and young trees, and
(3) post-settlement = young trees.

We assessed plant community domi-
nance within plots by ranking dominant
species by class. Dominance was based on
the percent canopy among all species pres-
ent in the plot within that class (e.g., native
forb, shrub). We recorded the name of the
dominant shrub, native grass, native forb,
exotic grass, and non-native forb, by spe-
cies, for each plot. If no individual species
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was clearly dominant for that class of veg-
etation, we recorded the two co-dominant
species. If dominants or co-dominants
were not apparent, we noted that fact and
did not assign a dominance rank to any
species. A dominant native forb was listed
only if cover exceeded 5%. Here we re-
port on the occurrence of the four most
common non-native invasive species —
cheatgrass, crested wheatgrass, halogeton,
and Russian thistle — encountered within
the plots over the two seasonal periods
(seasonal observations were combined).

Environmental and Anthropogenic Predic-
tors of Invasive Plant Occurrence

To predict non-native invasive plant oc-
currence and to evaluate the responses of
species to environmental and anthropo-
genic features, we used field plot measures
of non-native invasive plant occurrence
and a suite of common Geographic Infor-
mation Systems (GIS) predictor variables
consisting of vegetation productivity, dis-
tance to anthropogenic features, and abi-
otic environments (e.g., terrain-derived
variables, soil characteristics, and climate).
Unlike prior work in this volume, vegeta-
tion characteristics measured in field plots
were used rather than from remote sens-
ing products because direct measures of
vegetation cover were made at the scale
relevant to the plants being assessed. To
thematically link these field measures to
spatial data, we used the collected vegeta-
tion characteristics to classify each plot to
the appropriate ecological system (Comer
et al. 2003), the classification system used
in the LANDFIRE existing vegetation
type (LANDFIRE 2007) spatial dataset,
and we applied the crosswalk used to re-
classify the spatial data (Appendix 1.1)
to label plots as either sagebrush or non-
sagebrush. Vegetation productivity was
measured as the maximum Normalized
Difference Vegetation Index (NDVI) for
the growing season (May through August)
using Moderate Resolution Imaging Spec-
troradiometer (MODIS) satellite imagery
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(Carroll et al. 2006). Distances from an-
thropogenic disturbances were measured
in a GIS for 10 feature types that included:
agriculture (AG), communication towers
(TOWER), oil-gas wells as of August 2005
(WELL), pipelines (PIPE), power lines
(POWER), populated areas defined in
year 2005 (POP), railroads (RAIL), sec-
ondary roads (2RD), major roads (MjRD),
and all road types (RD). Both Euclid-
ian distance and distance decay functions
were used. Distance decay functions
(e(Euclidean distance from feature (km)/-distance parameter) Wlth
the distance parameter set at 0.05,0.25,0.5,
1, and 5 km (Nielsen et al. 2009) allowed
for nonlinear responses of species to dis-
tance from anthropogenic features. Sev-
eral terrain-derived variables were gener-
ated from a 90-m digital elevation model
(DEM) including growing season (May
to August) global solar radiation (SOLR,
Area Solar Radiation Analysis, ESRI
2006), topographic relative moisture index
(TRMI, Manis et al. 2001), and topographic
ruggedness index (TRI, Riley et al. 1999).
We used the conterminous United
States multilayer soil characteristics data-
set (Miller and White 1998) to character-
ize soil information including: soil depth
(SOIL,,), available water content (AWC),
salinity (SALIN), and percentages of sand
(SAND) and clay (CLAY). Distance
from perennial (pH20d) water sources
were estimated in a GIS from hydrologi-
cal features and were also transformed
into negative exponential decays using
the same distance parameters used for the
anthropogenic disturbance variables. Fi-
nally, mean annual minimum temperature
(Tmin) was estimated from Parameter-ele-
vation Regressions on Independent Slopes
Model (PRISM) (PRISM Group 2007).

Species Occurrence Modeling

Because plots were nested within survey
blocks, we used a random-effects logistic
regression model (survey block was used
as a random effect to account for non-in-
dependence of plots) using the XTLOGIT
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command in STATA 10.1 (Stata Corpora-
tion, College Station, TX) to estimate the
probability of occurrence for each of the
four non-native invasive plant species.
Predictors included local habitat, abiotic,
and anthropogenic factors. Because we
lacked knowledge about specific responses
of species to anthropogenic disturbances,
as well as appropriate extents for assessing
habitat conditions, we refrained from using
an a priori model building and assessment
approach (Burnham and Anderson 2002).
Instead, we modeled species occurrences
using a multi-stage hierarchical design
reflecting the three major groupings of
factors influencing occupancy of our four
selected invasive plants: habitat effects
(sagebrush and NDVI), abiotic effects (cli-
mate, soils, and terrain), and human distur-
bance effects (roads, railroads, well-pads,
etc.). Sub-models were developed individ-
ually for each major group and combined
into a final composite model by assessing
all possible combinations of variables cho-
sen in sub-models and ranking models us-
ing Akaike’s Information Criterion (AIC)
to penalize for complexity.

First, to account for the fact that two
habitat variables were originally used for
stratification of survey blocks, a single
‘base’ model was selected using AIC from
models containing either sagebrush, NDVI
(including a quadratic term), or sagebrush
and NDVI variables (note that interaction
terms were not assessed due to difficultly in
interpretation). The top ranked base model
then was carried forward for inclusion in
each of the three sub-models and the final
composite model. Total number of model
variables considered for each species was
limited to a ratio of one variable per ten
occurrences (e.g., 10 variables if found in
100 plots). To determine which factors to
include within each sub-model, univariate
models (including hypothesized quadratic
terms) were fit for all variables and multi-
collinearity among variables assessed using
Spearman rank (Rho) correlations. The fi-
nal model was selected from the set of com-

posite models based on all combinations of
the sagebrush-NDVI base model and the
variables from the AIC-best abiotic and
anthropogenic disturbance sub-models. To
incorporate model uncertainty, weighted-
average coefficients (Burnham and Ander-
son 2002) were estimated from top-ranked
composite models having a cumulative AIC
weight (w;) of just > 0.9. Coefficients were
set to zero when a model did not contain
a particular variable. Model accuracy was
assessed using a receiver operating charac-
teristic (ROC) area under the curve (AUC)
estimate (Metz 1978).

Model Predictions

We predicted species occurrence using
the final model coefficients in our GIS at
a 90-m cell size (0.81 ha) using ArcGIS
9.3 raster calculator (ESRI 2006) and
displayed final model predictions in 10%
probability classes. When sagebrush was
a variable in the final model, the all sage-
brush (Artemisia spp.; ALLSAGE) spatial
dataset (Ch. 4) was used as a substitute
for the field-derived sagebrush variable
to facilitate spatial extrapolation of the
statistical model. To prevent predictions
in high-elevation conifer forests or al-
pine vegetation where we did not sample
(study design was focused on sagebrush
vegetation) and would not expect similar
responses, we masked areas having <3%
of the landscape dominated by sagebrush
vegetation within a 5-km radius moving
window. To examine responses in occur-
rence to selected anthropogenic distur-
bances, we calculated the mean predicted
species occurrence by distance classes us-
ing the Dose Response Calculator for Arc-
GIS (Hanser et al. 2011) and interpreted
this as a dose-response function. We also
estimated risk ratios using mean map pre-
dictions at or adjacent to an anthropo-
genic disturbance in comparison to distant
locations for exponential decay distance
variables (risk ratios = p,./p.) or a 1-km
distance for Euclidean distance variables
(risk ratios = p./P1im)-
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TABLE 10.1.

PART III: Spatially Explicit Models of Sagebrush-Associated Species in the Wyoming Basins

Summary of invasive plant detections in the Wyoming Basins Ecoregional Assessment area at the

plot sample level within survey blocks stratified to on-road, near-road, or far-road classes. Number of occurrences
reported by species and frequency of detection in parentheses. Total plots per stratum reported under stratum

name. Refer to Appendix 4.3 for a list of sampled species.

On-road Near-road Far-road Total
Common name Scientific name (n=590) (n=510) (n =485) (n=1,585)
Russian knapweed  Acroptilon repens 0 (0%) 1 (0.2%) 0 (0%) 1 (0.1%)
Crested wheatgrass  Agropyron cristatum 39 (7.6%) 30 (5.1%) 14 (2.9%) 83 (52%)
Cheatgrass Bromus tectorum 76 (14.9%) 80 (13.6%) 58 (12%) 214 (13.5%)
Whitetop Cardaria draba 0 (0%) 0 (0%) 1 (0.2%) 1 (0.1%)
Curveseed bit- Ceratocephala tes- 9 (1.8%) 5 (0.8%) 0 (0%) 14 (0.9%)
terwort ticulata
Canada thistle Cirsium arvense 13 (2.5%) 1 (02%) 7 (1.4%) 21 (1.3%)
Halogeton Halogeton glomeratus 51 (10%) 51 (8.6%) 28 (5.8%) 130 (8.2%)
Perennial pepper- Lepidium latifolium 1 (0.2%) 0 (0%) 0 (0%) 1 (0.1%)
weed
Russian thistle Salsola spp. 40 (7.8%) 37 (6.3%) 8 (1.6%) 85 (5.4%)
Tumble mustard Sisymbrium altissi- 4 (0.8%) 10 (1.7%) 1 (0.2%) 15 (0.9%)
mum
Tamarisk Tamarix ramosissima 1 (02%) 0 (0%) 1 (02%) 2 (0.1%)
RESULTS energy wells with a 0.05-km distance pa-
Crested Wheatgrass rameter (WELL,,), and near populated

Crested wheatgrass was found at 5.2%
of sampled plots (n = 83), with frequency of
occurrence highest in the on-road stratum
at 6.6% of sites (Table 10.1). Of the two
top-supported AIC models (AAIC < 2),
crested wheatgrass was explained by one
survey design habitat variable, three abiot-
ic factors, and four anthropogenic factors
(Table 10.2). For the habitat-based survey
design factor, crested wheatgrass was more
likely to occur in areas of intermediate veg-
etation productivity as measured by NDVI
(Table 10.2). For abiotic factors, crested
wheatgrass occurrence was more likely in
areas of less rugged terrain (TRI) and in
soils with either moderate amounts of clay
(CLAY) or high salinity levels (SALIN)
(Table 10.2). Finally, anthropogenic pre-
dictors of crested wheatgrass included ar-
eas near major roads with a 1-km distance
parameter (MjRD,,,,), local areas around

places (POP,) or agricultural (AG,) areas
(Table 10.2). Although only two models
were most supported (AAIC <2), a total of
20 candidate models were used to derive
model-averaged coefficients predicting the
probability of crested wheatgrass occur-
rence using summed AIC weights (w;) of
just > 0.9 (Table 10.3). The final composite
crested wheatgrass occurrence model had
a ROC AUC value of 0.88 (SE = 0.01), sug-
gesting very good predictive accuracy.
Crested wheatgrass was predicted to oc-
cur along major road corridors and around
energy wells throughout the WBEA area
(Figure 10.1). Although occurrence of
crested wheatgrass was reduced in areas
of more rugged terrain, anthropogenic
factors were the most important predic-
tor of crested wheatgrass occurrence, with
individual roads and energy wells easily
observed as hot spots on the distribution
map. Based on mean predicted occur-
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TABLE 10.2. Continued

Wi

AAIC

AIC

LL

Species — Model*

SAGE + NDVI + SOLR + SOLR? + Tmin + Tmin? + SALIN + SALIN? + AWC + AWC? +
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0.028

1.77

532.82

15

-248.41

SOIL,, + RAIL, + TOWERy,, + POWER,, + WELLy, + RD,,,
SAGE + NDVI + SOLR + SOLR? + Tmin + Tmin? + SALIN + SALIN? + AWC + AWC? +

0.028

1.77

532.82

14

-249.41

TOWER,,, + POWER., + AG, + WELL,, + RD,,..,
SAGE + NDVI + SOLR + SOLR? + Tmin + Tmin® + SAND + SAND? + SALIN + SALIN? +

0.026

1.89

532.94

16

-247.47

AWC + AWC? + RAIL, + TOWER,, + POWER,, + WELL,, + RD,,,
SAGE + NDVI + SOLR + SOLR2 + Tmin + Tmin? + SAND + SAND2 + AWC + AWC2 +

0.026

1.95

533.00

16

-247.50

SOILcm + RAIL, + TOWERS00 + POWERS0 + AG, + WELLS0 + RD1km

D. Russian thistle (Salsola spp.)

0.462

0.00

442.67

10

-211.33

NDVI + NDVP + SOLR + pH20d,,,, + POP, + 2RD,5, + WELL,,,, + MjRDy,

* See Appendix 10.1 for variable definitions

rences of crested wheatgrass by distance
classes, crested wheatgrass was predicted
to occur, on average (threshold probabil-
ity predicting occurrence at 0.05), when
within 270 m of energy wells, 825 m of
major roads, 2.5 km of railroads, 1.6 km
of populated places (Figure 10.2), and 100
m of agriculture. Associations of crested
wheatgrass were strongest for major roads
and energy wells with mean probabilities
of occurrence adjacent to major roads at
0.33 and for energy wells at 1.0 (Figure
10.2). Railroads also showed associations
with mean probabilities of occurrence ad-
jacent to railroads at 0.23. When compar-
ing mean probabilities of occurrence at
sites closest to anthropogenic disturbances
to sites furthest from those disturbances,
risk ratios were estimated at 79.0 for major
roads, 59.0 for energy wells, 19.0 for rail-
roads, and 3.2 for populated places.

Cheatgrass

Cheatgrass occurred at 13.5% of sam-
pled plots (n = 214), with frequency of
occurrence highest in the near-road stra-
tum at 15.7% of plots (Table 10.1). Of the
three top-supported AIC models (AAIC <
2),cheatgrass occurrence was explained by
one survey design habitat variable, three
abiotic factors, and four anthropogenic
factors (Table 10.2). For the habitat-based
survey design factor, cheatgrass occur-
rence was more likely in areas of interme-
diate vegetation productivity (NDVI) (Ta-
ble 10.2). For abiotic factors, cheatgrass
occurrence was more likely in areas of
intermediate summertime solar radiation
(SOLR), areas of warmer minimum tem-
peratures (Tmin), and showed non-linear
responses to topographic-related moisture
(TRMI) (Table 10.2). Anthropogenic pre-
dictors of cheatgrass included areas very
close to major roads or energy wells with a
distance parameter of 50 m for both distur-
bances (MjRDs, and WELL,), areas near
populated places with a 1-km distance pa-
rameter (POP,,,,), and areas near railroads
(RAIL,) (Table 10.2). Although three
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models were most supported (AAIC < 2),
a total of six candidate models were used
to derive model-averaged coefficients pre-
dicting the probability of cheatgrass occur-
rence using summed AIC weights (w;) of
just > 0.9 (Table 10.4). The final composite
cheatgrass occurrence model had a ROC
AUC value of 0.91 (SE = 0.01), suggesting
excellent predictive accuracy.

Cheatgrass was predicted to be preva-
lent throughout the Wind River/Bighorn
Basin in Wyoming, the far northern parts
of the Wyoming Basins in Montana, the
area southeast of the Uintas Mountains
in eastern Utah and along the Colorado
border, and the southwestern and eastern
boundaries of the Wyoming Basins (Fig-
ure 10.3). Distribution patterns of cheat-
grass appear to be driven mainly by abi-
otic limitations, although anthropogenic
disturbances increase local patterns of
cheatgrass occupancy (Figure 10.4). As-
sociations of cheatgrass were strongest for
major roads and energy wells, with mean
probabilities of occurrence adjacent to
major roads at 0.71 and for energy wells at
1.0 (Figure 10.4). When comparing mean
probabilities of occurrence at sites closest
to anthropogenic disturbances to sites fur-
thest from those disturbances, risk ratios
for major roads and energy wells were es-
timated at 3.0 and 4.1 respectively.

Halogeton

Halogeton occurred at 8.2% of sampled
plots (n = 130), with frequency of occur-
rence highest in the near-road stratum at
10.0% of plots (Table 10.1). Support was
high (AAIC < 2) for 13 halogeton models
that contained two habitat-based survey
design variables, six abiotic factors, and six
anthropogenic disturbance factors (Table
10.2). The habitat-based survey design
factors included both sagebrush habi-
tat (SAGE) and vegetation productivity
(NDVI), with halogeton positively associ-
ated with sagebrush and negatively associ-
ated with vegetation productivity (NDVI)
(Table 10.2). For abiotic factors, halogeton
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responded in a non-linear manner to sum-
mertime solar radiation (SOLR) and posi-
tively related to minimum temperatures
(Tmin) but negatively related to available
soil water content (AWC) (Table 10.2).
For anthropogenic effects, halogeton was
predicted to occur in areas near railroads
(RAIL,), close to agriculture (AG,), near
transmission towers with a distance pa-
rameter of 0.5 km (TOWERy,), very close
to power lines with a distance parameter of
0.05 km (POWER,), very close to energy
wells with a distance decay parameter of
0.05-km (WELL,,), and near roads with a
distance parameter of 1 km (RD,,,,) (Table
10.2). Although 13 models were most sup-
ported (AAIC < 2), a total of 93 candidate
models were used to derive model-aver-
aged coefficients predicting the probabil-
ity of halogeton occurrence with summed
AIC weights (w;) of just 2 0.9 (Table 10.5).
The final composite halogeton occurrence
model had a ROC AUC value of 0.91 (SE
= 0.01), suggesting excellent predictive ac-
curacy.

Similar to the distribution of cheat-
grass, but at a reduced extent and lower
probabilities, halogeton was predicted
throughout the Wind River/Bighorn Basin
in Wyoming, the far northern parts of the
Wyoming Basins in Montana, and in the
area southeast of the Uintas Mountains in
eastern Utah and along the Colorado bor-
der (Figure 10.5). Like cheatgrass, abiotic
factors appear to be particularly important
in limiting the distribution of halogeton,
but with additional anthropogenic effects
increasing local occurrences of halogeton.
Associations of halogeton with anthro-
pogenic disturbances were strongest for
transmission towers and energy wells with
mean probabilities of occurrence adjacent
to towers at 0.99 and for energy wells at
1.0 (Figure 10.6). When comparing mean
probabilities of occurrence at sites clos-
est to anthropogenic disturbances to those
sites furthest from those disturbances, risk
ratios were estimated at 6.6 for towers and
6.5 for energy wells.
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TABLE 10.3. Crested wheatgrass random-effects logistic regression model* parameter estimates (beta [SE]), model
log-likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the
top model (AAIC), and Akaike weight (w,) for all candidate models in the Wyoming Basins Ecoregional Assessment
area where Akaike weights sum to just > 0.9. Superscript numbers reflect quadratic terms, while subscript numbers for
anthropogenic and water variables represent the distance parameter value of the exponential distance decay function
used to scale distance effects. Anthropogenic terms ending in the subscript letter “d” reflect Euclidian distance variables
rather than distance decay functions.

Rank Intercept NDVI NDVP TRI CLAY CLAY>  MjRD,,  WELL,
1 368(182) 977(377) -1435(696)  -008(0.02)  0.16(023) -0.01(001) 453(097)  44.76 (14.66)
2 400(097)  559(345) -8.13(598)  -0.08(0.02) 418(095)  47.82(15.13)
3 479(100)  694(347)  946(619)  -0.08 (0.03) 463(100) 4568 (15.32)
4 453(095) 721(341) 964(613)  -0.08(0.02) 441(096) 4595 (14.83)
5 488(103)  750(345) 961 (616)  -0.08(0.02) 419(098) 4643 (14.87)
6 -457(095) 745(344) -10.04(620)  -0.08 (0.03) 441(097) 4572 (14.83)
7 363(095) 521(357) -838(624)  -0.08(0.02) 403(1.00)  49.56 (15.85)
8 335(088) 460(361) -841(633)  -0.08(0.03) 462(103) 4835 (16.39)
9 308(084) 493(356) -867(626)  -0.08(0.03) 441(099) 4862 (15.86)
10 -547(096) 619(353) -813(628)  -0.08(0.02) 384(098) 50,01 (1542)
11 -675(1.89) 11.57(393) -1502(745  -0.07(003)  028(024) -001(001) 431(1.00) 4639 (14.79)
12 -390(086) 629(357) -1002(647)  -0.08(0.03) 488(1.06) 4625 (16.04)
13 364(082) 667(352) -1035(642)  -0.08(0.03) 467(102) 4665 (1558)
14 446(L00) 671 (361) -992(649)  -0.08(0.03) 459(106) 46,83 (16.01)
15 314085 521(359) -912(633)  -0.08(0.03) 441(100) 4839 (15.86)
16 -417(096)  7.08(356) -1026(643)  -0.08(0.03) 438(1.03) 4723 (1555)
17 -508(092) 529(368) -827(659)  -0.07(0.03) 420(1.05)  50.60 (16.62)
18 -396(087) 658(3.60) -105(655)  -0.08(0.03) 488(1.06) 4597 (16.02)
19 -479(087) 560(363) -853(653)  -0.08(0.02) 398(1.02)  50.88(16.09)
20 -370(082)  695(355) -1081(6.50)  -0.08(0.03) 467(102) 4639 (15.56)

*See Appendix 10.1 for variable definitions
® Coefficients and standard errors multiplied by 10°

TABLE 104. Cheatgrass random-effects logistic regression model* parameter estimates (beta [SE]), model log-
likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the
top model (AAIC), and Akaike weight (w,) for all candidate models in the Wyoming Basins Ecoregional Assessment
area where Akaike weights sum to just > 0.9. Superscript numbers reflect quadratic terms, while subscript numbers
for anthropogenic and water variables represent the distance parameter value of the exponential distance decay func-
tion used to scale distance effects. Anthropogenic terms ending in the subscript letter “d” reflect Euclidian distance
variables rather than distance decay functions.

Rank Intercept NDVI NDVI? SOLR® SOLR™ Tmin Tmin? TRMI

1 22156(12388) 1170(268) -1271(373)  059(030) -038(0.18) 194(048) 0.17(0.07) -027(0.15)
22375(12401)  11.62(269) -13.11(385)  059(0.30) -038(0.18) 1.97(049)  0.18(0.07)  -026(0.16)
24086 (12562)  11.56 (2.69) -1277(386)  0.63(031) -041(0.19) 205(0.50)  020(0.07)  -026(0.16)
23695 (12535) 1166 (2.68) -1235(375)  0.62(031) -041(019) 200(0.50) 0.19(0.07) -027(015)
23527(12290)  11.57(259) -1207(356)  0.62(030) -040(018) 182(046)  0.16(0.07)
6 25002(12428) 1154(259) -11.71(358)  0.65(030) -042(0.18) 1.88(047)  0.17(0.07)

L A

* See Appendix 10.1 for variable definitions
® Coefficients and standard errors multiplied by 10°
¢ Coefficients and standard errors multiplied by 10°
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TABLE 10.3. Extended
POP,? SALIN 2RD,, RAIL,, AG, pH20d, LL K AIC  AAIC  Yw
-0.10 (0.04) 20325 10 426.78 000 0222
-0.10(0.04)  0.33(0.16) -0.10 (0.10) 20399 10 42826 148 0328
-0.10(0.04)  0.33(0.17) 0.84(0.56) 20428 10 42885 206 0407
-0.10 (0.04)  0.33(0.16) -205.33 9  428.88 215 0483
-0.10 (0.04)  0.31(0.16) 1.50 (1.50) 20484 10 429.96 317 0528
-0.10 (0.04)  0.33(0.16) -18.66 (32.07) 20492 10 430.13 334 0570
-0.10 (0.04) 2.31(1.53) -0.10(0.10) 20496 10 430.20 341 0610
-0.10 (0.04) 0.85 (0.56) -0.10 (0.10) 20507 10 43042 364  0.646
-0.10 (0.04) -0.10(0.10) -206.14 9 43051 377 0.680
0.31(0.17) 314 (141) -020(0.10) 20522 10 430.73 394 0711
3.99 (1.43) 20533 10 43093 415 0739
-0.10 (0.04) 0.88 (0.56) -206.40 9 431.04 430  0.765
-0.10 (0.04) 207.54 8 431.27 458  0.787
-0.10 (0.04) 0.89(0.56)  2.01 (1.57) 20557 10 43143 464 0809
-0.10 (0.04) -0.10(0.10) -20.41(32.80) -205.66 10 431.60 482 0.829
-0.10 (0.04) 1.94 (1.54) -206.74 9 43171 498  0.847
0.90 (0.56)  3.76 (1.47) -0.20(0.10) 20584 10 431.96 518 0.864
-0.10 (0.04) 0.89 (0.56) 21.82(33.76) 20590 10  432.09 530 0.880
371 (1.44) -0.20(0.10) -207.03 9 43228 555 0.89%
-0.10 (0.04) 2045 (33.17)  -207.08 9 43239 5.66 0907
TABLE 10.4. Extended
TRMI? MjRD;, WELL,, POP,,.. RAIL LL K AIC  AAIC >w,
0.01 (0.004) 371 (1.03) 15.05 (7.70) 31979 12 66397 0.00 0.349
0.01 (0.004) 3.71 (1.03) 14.96 (7.69) 1.57(21) 31942 13 66531 127 0.534
0.01 (0.004) 3.67 (1.03) 15.09 (7.79) 1.85(2.74) 0.01(0.01) -31962 13 66571 1.67 0.685
0.01 (0.004) 3.67 (1.03) 15.19 (7.80) -0.01(001) -323.03 10 666.35 2.49 0.785
3.79 (1.02) 14.59 (7.37) 231920 14 666.94 2.83 0.870
375 (1.02) 14.73 (7.46) -0.01(0.01) -32268 11  667.70 3.79 0.923




368

PART III: Spatially Explicit Models of Sagebrush-Associated Species in the Wyoming Basins

75 300

km

Probability of occurrence
oo

I o.1-02
Boz-03

Bl oz-04

B 04-05
[os-oe

[ Jos-07
[lo7-08

B 0s-09

B os-1

[ studyarea

I 1ot assessed

i I: Outside of species range

MT

| Cco

FIG. 10.1.

Predicted probability of occurrence for crested wheatgrass in the Wyoming Basins Ecoregional As-

sessment. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body of

water).

Russian Thistle

Russian thistle was found at 5.4% of
sampled plots (n = 85), with frequency of
occurrence highest in the near-road stra-
tum at 7.3% of plots (Table 10.1). Sup-
port was high (AAIC < 2) for a single
Russian thistle model that contained one
habitat-based survey design variable, two
abiotic factors, and three anthropogenic
disturbance factors (Table 10.2). For
the habitat-based survey design variable,

Russian thistle occurrence was predicted
to increase in areas associated with in-
termediate vegetation productivity as
measured by NDVI (Table 10.6). For
abiotic factors, Russian thistle occurrence
was more likely in areas of low summer-
time solar radiation (SOLR) and in ar-
eas further away from perennial sources
of water with a distance parameter of 1
km (pH20d,,,) (Table 10.6). For anthro-
pogenic factors, Russian thistle occur-
rence was more likely along secondary
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FIG.10.2. Dose-response curves illustrating mean predicted probability of occurrence (=1 SD) of crested
wheatgrass across the Wyoming Basins Ecoregional Assessment area as a function of distance from anthropogenic
feature types of energy wells (A), major roads (B), railroads (C), and populated centers (D).

roads with a distance parameter of 0.25
km (2RD.,s,), in areas near energy wells
with a distance decay parameter of 1
km (WELL,,,,), and in areas near major
roads with a distance decay parameter of
0.5 km (MjRDs,) (Table 10.6). Although
a single model was most supported, a to-
tal of 13 candidate models were used to

derive model-averaged coefficients pre-
dicting the probability of Russian thistle
occurrence with summed AIC weights
(w;) of just = 0.9 (Table 10.6). The final
composite Russian thistle occurrence
model had a ROC AUC value of 0.89 (SE
= 0.02), suggesting very good predictive
accuracy.
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FIG.10.3. Predicted probability of occurrence for cheatgrass in the Wyoming Basins Ecoregional Assessment
area. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body of water).

A probability of occurrence map for
Russian thistle was generated for the
WBEA area using model-averaged co-
efficients and associated GIS variables.
Russian thistle was predicted to occur
throughout the Wind River/Bighorn Basin
in Wyoming, along the I-80 corridor in Wy-
oming and associated secondary roads in
the area, and finally in the area southeast
of the Uintas Mountains in eastern Utah
(Figure 10.7). The distribution map for

Russian thistle illustrates the importance
of anthropogenic factors with individual
roads and energy wells easily observed as
hot spots. Based on mean predicted occur-
rences of Russian thistle by distance class-
es, Russian thistle was predicted to occur,
on average (threshold probability > 0.05),
within 700 m of populated places, 550 m
of major roads, 90 m of secondary roads, 1
km of pipelines, and 1.3 km of energy wells
(Figure 10.8). Associations of Russian



Invasive Plants — Nielsen et al.

1.0

371

0.8

0.6

0.4 -

0.2

Probability of occurrence

0.0 T T
100

Probability of occurrence

0.0 T T

100

Distance {m) to major roads

150 200 250

0.8 1

0.6

Probability of occurrence

0.0 T

0.4 \—\\\\\‘\—\
0.2

10000 20000

Distance (m) to railroads

30000 40000 50000

R P N

0.8
0.6
0.4 4

0.2 ——

Probability of occurrence

0.0

/—\——‘""‘——/’\____/‘\,___,—

N - — e~

D

— T e e

uJ\——/—\___,\_,_ —

250

T T

500 750 1000

Distance {m) to populated centers

FIG.10.4. Dose-response curves illustrating mean predicted probability of occurrence (+1 SD) of cheatgrass
across the Wyoming Basins Ecoregional Assessment area as a function of distance from anthropogenic feature

types of energy wells (A), major roads (B), railroads (C),

thistle were strongest for major roads and
energy wells with mean probabilities of
occurrence adjacent to major roads at 0.23
and for energy wells at 0.36 (Figure 10.8).
When comparing mean probabilities of oc-

and populated centers (D).

currence at sites closest to anthropogenic
disturbances to those sites furthest from
those disturbances, risk ratios were esti-
mated at 11.4 for major roads and 17.2 for
energy wells.
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TABLE 10.5. Halogeton random-effects logistic regression model® parameter estimates (beta [SE]), model log-
likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the
top model (AAIC), and Akaike weight (w;) for all candidate models in the Wyoming Basins Ecoregional Assessment
area where Akaike weights sum to just > 0.9. Superscript numbers reflect quadratic terms, while subscript numbers
for anthropogenic and water variables represent the distance parameter value of the exponential distance decay
function used to scale distance effects. Anthropogenic terms ending in the subscript letter “d” reflect Euclidian
distance variables rather than distance decay functions.

Rank Intercept SAGE NDVI SOLR" SOLR* Tmin Tmin’ SALIN SALIN? AWC AWC? RAILs

1 37729(16035) -058(038) -183(275) -0.88(03) 051(024) -0.08(054) -0.18(0.12) 136(069) -0.12(0.08) -199(094) 0.13(0.08) -032(0.17)
2 40108(15633) -055(037) -147(307) 093(038) 054(023) -0.03(056) -016(0.12) 120(0.68) -010(0.08) -1.82(1.00) 011(0.09) -035(0.18)
3 35620(16407) -059(037) 205(242) 084(040) 049(024) -0.08(059) -021(0.14) 142(062) -017(0.08) -1.71(093) 0.07(0.08) -030(0.17)
4 35293(16240) 055(040) -151(249) -083(039) 048(024) -017(058) -020(013) 1I8(0.68) -0.10(0.08) -1.67(0.96) 0.10(0.08) -031(0.20)
5 38936(15909) -056(037) -092(212) -092(039) 053(023) -001(0.60) -0.19(0.14) 138(0.63) -0.16(0.08) -1.65(0.87) 0.07(0.07) -032(0.16)
6 38936(15909) -056(037) -092(212) -092(039) 053(023) -001(0.60) -0.19(0.14) 138(0.63) -016(008) -1.65(0.87) 0.07(0.07) -032(0.16)
7 39225(16298) -050(037) 217(207) 093(040) 054(024) -024(0.62) -024(0.16) 1.72(082) -019(0.10) -1.92(096) 0.09 (0.08)

8 39898(175.11) -0.60(036) -2.14(288) -093(042) 054(026) -005(055) -019(012) 145(0.69) -014(009) -219(096) 0.13(0.08) -034(0.18)
9 403.69(16243) -046(036) 225(233) 095(040) 055(024) 0.10(055) -017(0.13) -139(085)  0.04(007) -032(0.18)
10 41166 (16000) 059(037) -137(272) -096(039) 056(024) -001(057) -0.17(0.12) 135(0.69) -0.13(0.09) -202(0.99) 0.11(0.08) -0.35(0.17)
11 4242(15842) 051(037) -178(207) -099(039) 058(023) -025(055) -022(0.12) 179(071) -0.17(008) -224(0.96) 0.15(0.08)

12 38508(15740) 051(037) -0.68(219) -090(038) 052(023) -012(056) -0.18(0.13) 115(0.60) -0.10(007) -160(0.89) 0.09(0.07) -033(0.17)
13 40223(17086) 043(037) -246(207) -0.94(042) 054(025) 015(0.53) -0.17(0.12) 181(087)  009(007) -031(0.15)
14 45186(16434) 054(036) -1.08(211) -1.05(040) 061(024) -024(062) -021(013) 161(0.67) -0.14(008) -204(0.99) 0.13(0.08)

15 39095(167.73) 051(036) -261(193) -0.89(041) 051(025) 019(0.63) -0.12(013) 176 (096)  0.09(0.08) -039(0.16)
16 41520(16996) 044 (037) -1.97(215) -098(041) 057(025) -040(054) -027(015) 138(0.60) -0.11(007) -190(101) 0.12(0.08)

17 372248(17070) 051(036) 250(231) -0.86(042) 050(025) 0.11(0.60) -0.14(0.14) 121(092)  005(008) -036(0.16)
18 42281(15832) 054(038) -1.81(214) -099(039) 058(023) -027(059) -023(013) 192(092) -0.19(012) -232(0.94) 0.14(0.08)

19 34691 (168.04) 059(039) -265(725) -0.80(041) 046(025) -025(0.53) -020(012) 130(121) -0.11(016) -211(154) 0.13(015) -039(0.19)
20 42514(15820) -050(036) -L60(215)  -1(038)  058(023) -003(061) -0.18(0.12) 153(069) -0.18(0.09) -156(0.83) 0.06(0.07)

21 39124(17188) -050(036) -322(210) -0.90(042) 052(025) 020(061) -0.13(0.12) -1.86(093)  0.11(008) -038(0.15)
2 37535(15961) -055(038) -183(274) -087(039) 050(024) -0.18(056) -0.18(0.12) 122(065) -0.11(0.08) -200 (1.02) 0.12(0.09) -041(0.17)
23 33383(17472) 053(038) 268(247) -077(042) 044(026) 0.02(061) -0.16(0.14) -130(097) 006 (0.08) -036(0.15)
24 39187(16326) -049(037) -191(237) -091(039) 053(024) -0.06(054) -018(0.12) 131(063) -0.11(0.07) -210(086) 0.14(0.08) -0.34(0.16)
25 38966 (160.02) -053(036) -222(1.90) -0.89(039) 051(023) 0.17(060) -0.13(0.13) -1.88(088)  0.09(0.07) -042(0.18)
26 38940 (16033) -057(036) -121(234) -090(039) 052(023) 001(053) -017(0.12) 148(062) -0.12(0.07) -219(088) 0.15(0.07) -036(0.16)
27 36344(16374) -059(036) -L12(218) -0.84(040) 048(024) 0.08(056) -0.15(0.12) 128(059) -0.10(0.07) -167(086) 0.09(0.08) -0.37(0.16)
28 35575(15933) -053(037) -233(226) -084(039) 049(023) 0.00(058) -0.18(0.13) 138(062) -0.17(0.08) -172(092) 0.08(0.08) -0.31(0.16)
29 35575(15933) -053(037) -233(226) -0.84(039) 049(023) 0.00(058) -0.I8(0.13) 138(062) -0.17(0.08) -172(092) 0.08(0.08) -0.31(0.16)
30 32335(16144) -058(036) -221(241) -076(039) 043(024) -029(059) -024(0.15) 140(060) -0.16(0.08) -190(0.90) 0.09(0.08) -0.36(0.17)

31 40428(16220) -048(036) -LIS(251) -0.94(039) 054(024) -004(054) -017(0.12) 118(060) -0.10(0.07) -196(0.93) 0.13(0.08) -0.36(0.16)



Invasive Plants — Nielsen et al. 373
TABLE 10.5. Extended

TOWERy, POWER,, AG WELLL, RD,,, SAND SAND? SOIL,, LL K  AIC  AAIC  Iw,
1579(826)  3.03(130)  078(059)  2788(30.16)  242(1.11) 24753 15 53194 000 0068
1540(7.70)  3.11(131) 2808(2945)  249(1.10) 24857 14 53193 009 0133
1515(7.76)  2.89(130)  -100(0.65)  2500(3003)  271(120)  023(0.12) -037(0.19) 0.03(0.02) 24487 18 53293 069 0181
1566 (854)  305(133)  -087(063)  2572(3028)  250(118)  0.17(0.10)  -024(0.16) 24621 17 53350 137 0216
1508(725)  3.06(1.34) 2643(3078)  271(117)  022(013) -035(020) 003(0.02) -24623 17 53354 140 0249
1508(725)  3.06(134) 2643(3078)  271(117)  022(013) -035(020) 003(0.02) -24623 17 53354 140 0283
1614 (744)  303(133)  -121(0.68) 2273(27.16)  271(L16)  025(0.13)  -040(020) 0.04(0.03) 24635 17 53378 164 0313
1600(815)  302(129)  082(062)  29.18(30.85)  249(1.12) 001(002) 24736 16 53370 166 0343
1546 (694) 297 (1.34) 2527(3008)  275(113)  027(015) -042(023) 003(001) -24840 15 53369 176 0371
1546 (747)  3.12(131) 2014(2991)  2.58(1.10) 001(002) 24841 15 53370 177 039
1686(7.13)  318(133)  -101(0.65)  2574(3049)  2.54(1.03) 24941 14 5361 177 0427
1551(822)  3.15(133) 2711(3024)  262(117)  016(011)  -023(0.16) 2474716 53392 188 0453
1710(841)  282(139)  -086(0.60)  2564(30.17)  269(1.04)  026(0.15) -041(023) 0.03(001) 24750 16 53399 195 0479
1699 (647)  336(130) 2551(3095)  264(1.12) 25086 13 53443 268 0497
1500(711)  3.08(137) 2535(29.56)  2.85(1.10) 25190 12 53442 274 0514
1686(792)  323(131)  -126(071) 2601 (3134)  274(118)  020(0.11)  -030(0.17) 24798 16 53495 291 0530
1411(695)  3.17(130) 2300(2877)  294(L14)  019(013) -028(0.18) 25019 14 3517 333 0543
1670(707)  318(133)  -101(065)  2555(3033)  2.58(1.06) 001(002) 24921 15 53531 338 0555

305(129)  -087(066)  27.52(30.60)  2.82(1.19) 25022 14 53524 340 0568
1683 (6.64)  3.13(130) 220(2859)  251(114)  023(012) -038(0.19) 003(002) -24825 16 53548 345 0580
1570(765)  296(140) 064 (0.54)  2537(29.77)  272(1.08) 25127 13 3523 348 0592

311(134) 2767(2975)  286(1.14) 25128 13 53526 350 0.604
1448(761)  300(131)  080(0.62) 2255(2578)  285(112)  021(0.13)  -031(0.20) 24936 15 53560 367 0614
16.13 (8.35) 084(056)  2795(3052)  220(1.04) 25043 14 53566 38 0625
1556 (748)  3.03(141) 2646(2957)  275(112) 001(001) 25145 13 53561 386  0.634
1971(759) 275125  077(055)  32.98(30.79) 25047 14 53574 390 0644
1920(7.05)  2.96(1.23) 3191 (30.12) 25148 13 53565 390 0654
15.06 (7.71) 03(061)  2335(2832)  253(L17)  023(0.12) 036(0.18) 004(002) 24757 17 53623 409 0663
15.06 (7.71) 03(061)  2335(2832)  253(L17)  023(0.12)  -036(0.18) 0.04(0.02) 24757 17 53623 409 0671

303(131)  -109(068)  2450(2824)  318(124)  024(012) -038(0.19) 003(0.02) -24761 17 53632 418 068
15.75 (8.02) 2865(30.02)  226(1.02) 25165 13 53601 426 0688



374

TABLE 10.5. Continued

PART III: Spatially Explicit Models of Sagebrush-Associated Species in the Wyoming Basins

Rank  Intercept SAGE NDVI SOLR® SOLR* Tmin Tmin? SALIN  SALIN? AWC AWC RAIL;
32 M4896(160.81) -055(036) -101(209) -105(039) 0.61(024) -025(063) -021(0.13) 168(0.72) -0.16(0.09) -210(094) 0.13(0.08)

33 34585(160.81) -0.57(043) -053(210) -080(039) 046(024) -042(062) -023(0.14) 131(066) -0.12(0.08) -176(091) 0.10(0.08) -043(0.18)
34 31475(16214) -061(039) -183(348) -0.73(039) 042(024) -045(057) -024(0.13) 129(068) -0.11(0.09) -184(094) 0.11(0.08) -040(0.19)
35 36471(16273) -047(039) -232(234) -085(040) 048(024) -0.08(058) -0.18(0.14) 167 (090) 006 (0.07) -041(0.18)
36 35209(16140) -057(038) -080(212) -082(039) 047(024) -025(060) -022(0.14) 143(061) -0.17(0.08) -181(087) 0.08(0.07) -040(0.17)
37 45831(17573) -050(036) -160(218) -1.08(043) 0.63(026) -0.15(056) -021(0.13) 140(061) -0.13(0.07) -146(091) 0.08(0.07)

3 40003(17227) 053(037) 347(258) -092(042) 053(025) 0.12(058) -0.15(0.13) 205(092)  010(008) -042(0.17)
39 38588(15834) -049(038) -125(216) -091(038) 053(023) 007(057) -0.16(0.13) 131(062) -0.16(0.08) -161(087) 0.07(0.08) -0.33(0.16)
40 33183(17375) 055(039) 275(245) -077(042) 044(025) -021(061) -022(0.16) 175(097)  007(008) -042(0.18)
41 31160(16038) -050(039) -200(243) -071(039) 040(024) -013(062) -0.16(0.13) 146 (1.06) 006 (0.09) -0.44(0.18)
£ 38324(15610) -038(037) 271(213) -089(038) 052(023) 021(053) -0.14(0.12) -181(084)  0.09(0.07) 036 (0.15)
43 36582(18057) -058(037) -251(351) -085(044) 049(026) -020(054) -020(0.12) 138(074) -0.13(0.10) -236(L11) 0.15(0.10) -039(0.18)
44 40664(16347) -054(036) -226(243) -0.95(040) 055(024) -0.02(055) -0.18(0.12) 143(067) -0.14(0.09) -227(086) 0.14(0.07) -035(0.16)
45 38386(16210) -057(037) -176(304) -089(039) 051(024) -0.16(056) -0.19(0.12) 131(069) -0.13(0.09) -214(L14) 0.12(0.10) -041(0.17)
46 39906(160.77) -039(036) -220(2.19) -0.93(039) 054(024) 023(054) -0.13(0.12) 1,69 (0.85)  0.08(0.07) -039(0.18)
47 359.13(16219) -048(037) -186(242) -084(039) 049(024) -0.14(056) -0.19(0.12) 1.10(062) -0.09(0.08) -170(095) 0.11(0.08) -032(0.17)
48 36397(16250) -054(036) -0.75(216) -085(039) 049(024) -007(051) -0.18(0.12) 137(058) -0.11(0.06) -189(096) 0.12(0.08) -0.34(0.16)
49 42670(166.73) -040(037) -301(1.83) -L01(041) 058(025) -0.10(053) -023(0.13) 156 (097) 005 (0.08)

50 37715(16577) -056(035) -0.54(202) -088(040) 051(024) 0.16(054) -0.18(0.13) 147(065) -0.16(0.08) -204(127) 0.11(0.11) -032(0.14)
51 37529(14929) -042(037) -247(206) -089(036) 052(022) -0.09(058) -0.19(0.13) 164(074) -0.19(0.10) -184(0.91) 0.09 (0.08)

52 39021(16037) -061(038) -140(231) -090(039) 052(023) 003(054) -0.17(0.13) 161(071) -0.15(0.09) -227(088) 0.14(0.07) -0.36(0.16)
53 36637(17307) -0.60(036) -111(226) -0.84(042) 049(025) 0.08(057) -015(0.12) 132(064) -0.11(0.08) -174(100) 0.09(0.09) -036(0.17)
54 34362(15923) -049(038) -249(1.98) -0.77(039) 044(023) 001(061) -0.14(0.12) 210(103)  012(0.08) -046(0.16)
55 41808(16554) -052(037) -132(229) -097(040) 056(024) 001(056) -017(0.12) 129(062) -0.12(0.08) -212(089) 0.13(0.08) -037(0.16)
56 38279(17091) -055(035) -051(218) -089(041) 051(025) 001(052) -0.17(0.12) 127(064) -0.10(0.06) -176(098) 0.11(0.09) -037(0.17)
57 38646 (16630) -047(037) 228(212) -091(040) 053(025) -047(060) -028(0.15) 183(067) -021(0.09) -225(1.04) 0.11(0.09)

58 37387(19267) -054(036) 469(197) -091(047) 054(028) 041(048) -0.13(0.13) 164(058) -0.17(0.07) 2030 (0.14)
59 27878(15525) -053(037) -247(248) -0.63(038) 036(023) -021(059) -0.18(0.14) 146 (099)  007(0.08) -043(017)
60 36983(15382) 058(035) -1.09(221) -0.86(037) 050(023) -017(055) -021(012) 192(073) -0.17(0.09) -210(1.05) 0.13(0.09)

61 47565(17433) -049(035) -232(1.88) -L12(043) 065(026) 0.04(056) -020(0.12) 157 (085) 0.6 (0.07)

62 38230(15863) -045(036) -093(223) -089(038) 052(023) -0.11(055) -0.18(0.13) 109(058) -0.09(0.06) -155(088) 0.09(0.07) -0.35(0.16)
63 43151(20429) -049(035) 423(202) -L04(050) 0.62(030) 049(047) -0.11(0.14) 157(059) -0.15(0.07) -028(0.13)
64 33986(15187) -055(036) -132(223) -080(037) 047(022) 001(057) -0.18(0.13) 174(071) -0.19(0.10) -163(0.92) 0.07 (0.08)

65 41948(15517) 044(036) -1.92(217) -098(038) 057(023) -028(056) -022(0.12) 171(072) -0.15(009) -228(0.93) 0.15(0.08)

66 33212(16756) -051(040) -3.08(216) -0.75(041) 043(025) -0.04(063) -0.15(0.13) 206(099)  012(0.09) -045(0.17)



Invasive Plants — Nielsen et al. 375
TABLE 10.5. Extended
TOWERy, POWER,, AGS WELL,, RD,,, SAND SAND? SOIL,, LL K AIC  AAIC 3w,
17.04(652)  333(130) 2496(30.50) 2,60 (1.07) 001(0.02) 25066 14 53611 427 0.69
324(151) 2706(3129)  329(141)  019(012)  -027(0.18) 24967 15 53623 429 0704
321(139)  -1.02(082)  2557(3029)  313(132)  0.8(0.10)  -027(0.15) 24868 16 53635 432 0712
3.04(135) 2345(2858)  305(124)  026(0.12) -039(0.18) 002(001) -25072 14 53623 439 0719
316(134) 2579(3121)  324(127)  024(013) -037(020) 003(0.02) -24873 16 53645 441 0727
1698(652)  343(129) 2544(3125)  278(122)  015(010)  -024(0.15) 24975 15 53639 445 073
1574(795)  298(139)  072(062)  2659(3045)  276(1.18) 002(001) 25084 14 53648 464 0741
1521 (747) 2507(3029)  246(111)  021(013) -035(020) 003(0.02) -24910 16 53719 516 0746
299(140)  -089(0.66)  2354(2393)  314(120)  030(0.16) -044(022) 002(001) -250.11 15 53710 516 0751
309 (1.28) 2041(2477)  316(121)  021(013)  -030(0.18) 25211 13 53692 517 0756
17.00 (9.02) 088(057)  2352(2737)  240(L00)  023(0.13)  -037(0.19) 0.03(001) 25014 15 53718 524 0761
304(128)  -088(067)  2837(31.06)  283(1.16) 001(001) 25015 15 53718 525 0766
16.04 (8.07) 087(058)  2883(3097)  233(1.08) 001(0.02) 25019 15 53726 532 0771
312(133) 2844(3013)  290(1.12) 001(002) -25120 14 53720 536 0776
15.66 (7.64) 2375(2906)  240(113)  020(012) -032(0.18) 003(001) -25122 14 53723 539 0780
1542 (8.05) 093(061)  2499(3008)  235(L12)  016(0.11)  -024(0.16) 24922 16 53743 540 0785
1988(765)  28(121)  -0.86(0.58)  30.98(31.03) 019(0.12)  -028(0.17) 24927 16 53753 550 0789
1773(679)  329(126)  095(0.77)  2418(2591)  314(L16)  039(0.17) -060(026) 0.03(001) 25029 15 53747 554 0793
2172(946)  273(129) 3281 (32.58) 033(024)  -052(036) 0.04(002) 249932 16 53762 558 0798
16.11 (7.61) 118(061)  2009(2228)  251(106)  024(0.13)  -039(020) 0.04(0.02) -24934 16 53766 563 0802
1956(728)  274(128)  -0.80(0.56) 3350 (31.14) 001(002) 25036 15 53761 568  0.806
1908(7.03)  2.92(1.26) 32,05 (30.13) 000(002) 25137 14 53753 569 0810
3.05(137) 2355(871)  312(117) 25440 11 53734 575 0813
1575 (7.74) 2047(3023)  2.34(1.04) 001(002) 25142 14 53763 579 0817
2018(7.57)  294(L18) 31.32/(3081) 0.19(0.16)  -028(023) 25044 15 53777 584 0821
318(141)  -128(064)  2313(2573)  318(124)  028(0.14) -044(022) 004(003) -24950 16 53799 596 0824
1792(7.02)  308(152)  -108(065)  27.10(3239)  261(112)  023(0.12)  -0.41(0.19) 25058 15 53805 612 0827
302(131)  -084(064)  2150(2090)  317(121)  023(013)  -033(0.19) 25158 14 53796 612 0831
2037(730)  304(127)  -105(0.64)  2868(30.68) 25259 13 53788 612 0834
1930(682)  341(136) 2568(2095)  342(123)  030(0.13) -049(020) 003(001) -251.63 14 53806 622 0837
1537 (8.01) 2686(3046)  241(107)  015(011)  -022(0.16) 25064 15 53816 623 0840
1832(688)  320(1.80) 2819(3273)  287(132)  022(013)  -039(020) 25166 14 53812 628 0843
1976(752)  278(123)  -105(0.68) 2503 (29.67) 026(0.14)  -043(022) 0.03(0.02) 24971 16 53840 637 0846
1697 (7.58) 1.09(0.63)  2494(3001) 236 (1.05) 25275 13 53821 645 0848
297(135)  -065(060)  2338(2824)  298(1L15) 25375 12 53813 645 0851
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TABLE 10.5. Continued

PART III: Spatially Explicit Models of Sagebrush-Associated Species in the Wyoming Basins

Rank Intercept SAGE NDVI SOLR® SOLR* Tmin Tmin® SALIN SALIN? AWC AWC? RAIL ¢
67 39066(17378) 057(036) -377(200) -093(042) 055(026) 016(050) -0.16(0.12) 142(0.55) -0.11(0.06) 2029 (0.13)
68 391.64(16602) -039(037) -191(214) -092(040) 053(024) -058(056) -029(0.14) 141(062) -0.11(007) -240(112) 0.15(0.09)

69 43925(18161) -057(036) -340(202) -104(044) 061(027) 017(049) -016(0.12) 131(055) -0.09(0.06) 2029 (0.14)
70 41603(15999) -044(038) -180(217) -097(039) 056(024) -043(057) -025(012) 193(077) -0.18(0.09) -273(100) 0.18(0.08)

T 46537(16373) -0.68(035) -084(173) -108(039) 0.62(024) 045(043) -0.18(0.10) 1.99(0.83)  0.09(0.06) -037(0.13)
T2 38132(16333) -046(036) -273(191) -087(040) 050(024) 0.19(060) -0.11(0.12) -171(088)  010(0.07) 046 (0.18)
73 38417(15534) -061(035) 011(229) -089(038) 051(023) -014(066) -020(0.13) 197(094) -0.18(0.12) -197(1.08) 0.12(0.09)

74 39317(15695) -052(035) -139(227) -091(038) 053(023) -002(050) -0.18(011) 138(059) -0.11(007) -214(082) 0.15(0.07) -039(0.16)
75 35285(16290) -052(038) 231(260) -081(039) 047(024) -023(055) -020(013) 132(064) -0.12(008) -226(0.94) 0.15(0.08) -040(0.16)
76 41683 (16494) -0.64(036) -128(1.89) -0.97(040) 056(024) 045(043) -0.17(0.10) 1.91(082)  009(006) -037(013)
77 35571(15871) -052(038) -242(204) -080(038) 046(023) -001(060) -0.15(0.13) 218(106)  0.12(0.08) -0.46 (0.16)
78 38537(15948) -045(036) -352(207) -088(039) 051(023) 021(059) -0.12(0.11) -1.88(088)  011(0.07) 042 (0.14)
79 41335(16347) -054(035) -092(252) 095(039) 055(024) 001(054) -0.17(012) 119(061) -0.09(007) -206(0.99) 0.14(0.09) -041(0.17)
80 45057(19869) -051(036) -344(206) -1.08(048) 064(029) 027(051) -016(016) 148(057) -0.12(0.07) 2029 (0.12)
81 34948(151)  -057(035) -103(225) 082(037) 047(022) -024(053) -022(0.13) 167(064) -0.14(008) -159(0.94) 0.09(0.08)

82 37037(17629) 058(037) -395(205) -0.89(043) 053(026) 025(0.52) -015(014) 154(057) -0.14(0.07) 2029 (0.13)
83 38524(16961) -056(036) -114(360) -088(041) 051(025) -002(054) -017(012) 122(064) -0.10(007) -232(1.87) 015(017) -045(0.18)
84 37316(16309) 047(037) -152(269) -086(039) 050(024) -015(056) -0.17(013) 118(0.63) -0.10(007) -214(1.07) 0.14(0.09) -0.42(0.16)
85 43090(16121) 047(037) -1.04(209) -1.00(039) 058(024) -033(060) -023(0.12) 174(0.69) -0.16(008) -256(1.08) 0.16(0.09)

86 38235(17129) -057(036) -299(265) -088(042) 051(025) 036(065) -0.10(0.15) 1.19(089) 005 (007) 044 (020)
87 33624(16411) -047(036) 241(217) -082(040) 047(024) 016(058) -0.11(0.12) 142(096) 008 (0.08) -0.43(0.18)
88 32773(15833) 052(036) -239(222) -077(038) 044(023) -022(058) -022(013) 138(0.59) -0.17(0.08) -190(0.89) 0.09(0.08) -0.36(0.16)
89 39272(15897) -047(036) -234(1.94) -090(038) 052(023) 020(057) -0.12(0.12) -1.95(0.88)  0.10(0.07) 046 (0.18)
90 332.14(15908) 049(037) -2.69(249) -076(039) 044(023) 008(0.60) -0.14(013) -157(093)  009(0.08) -041(0.15)
91 39574(15397) -040(036) -222(219) -093(037) 054(023) -033(055) -023(0.12) 142(061) -011(007) -1.86(099) 0.12(0.08)

92 34555(15260) 052(038) -154(222) -081(037) 047(022) 010(052) -016(0.12) 149(0.63) -017(0.09) -177(093) 0.08(0.08) -032(0.15)
93 37230(15457) -058(035) -106(222) -086(038) 050(023) -0.16(056) -021(0.12) 195(077) -018(0.10) -2.14(103) 0.3 (0.09)

* See Appendix 10.1 for variable definitions

® Coefficients and standard errors multiplied by 10°
¢ Coefficients and standard errors multiplied by 10°
¢ Coefficients and standard errors multiplied by 10*
f Coefficients and standard errors multiplied by 10?



Invasive Plants — Nielsen et al. 377
TABLE 10.5. Extended

TOWERy, POWER;, AGg WELL,, RD,,, SAND SAND? SOIL,, LL K AIC  AAIC 3w,
1775(750)  324(143)  -072(054)  3034(3166)  243(1.05) 003(001) 25175 14 53830 646 0854
327(137)  -126(065)  2462(2971)  315(127)  020(011)  -031(017) 25077 15 53843 650 0.8%
1839(732)  342(143) 3145(3150)  267(L15) 003(001) 25279 13 53829 654 0859
329(137)  -107(065)  2578(30.14)  2.90(1.16) 25280 13 53830 654 0862
2726(811)  3.07(1.23) 3640 (37.94) 035(0.12)  -054(0.19) 003(001) -25194 14 53867 683 0864
14.99 (7.86) 2454(29.03)  244(107) 25498 11 53850 691 0866
2092(769)  324(134) 27.64 (3150 25399 12 53860 693 0868
19.30 (749) 084(055)  33.68(31.68) 25302 13 53874 699 087
091 (061)  2693(3083)  257(L11) 25311 13 5892 717 0872
2639(860)  288(124)  -053(056)  34.65(37.52) 033(0.13)  -052(020) 0.03(001) 25113 15 53904 720 0874
308 (142) 2499 (2949)  3.16(127) 001(001) 25415 12 53892 725 0876
15.72(8.18) 076(054)  2429(2919)  242(1.00) 25417 12 53895 728 0877
18.93 (7.24) 33.74(3131) 25418 12 53897 730 0879
1812(7.03)  331(1.60) 3072(3361)  294(118)  016(0.11) -028(0.18) -0.02(001) 2512 15 53929 736 0881
2074(742)  302(128)  -L15(071)  27.69(31.28) 0.17(0.11)  -027(0.16) 25124 15 53937 744 0883
1748(7.14)  321(168)  -098(0.59)  2798(3253)  267(1.06)  018(0.12) -031(0.19) -0.01(001) -25026 16 53950 746  0.884
281 (1.20) 3237 (3120) 25433 12 53927 760 0886
2715(3024)  2.56(1.07) 25434 12 53929 762 0887
340(1.29) 2582(3020)  275(1.26) 25434 12 53931 764 0889
1825(7.00)  3.14(129) 2579 (30.92) 022(012)  -032(017) 25335 13 53940 765 0890
1430 (7.61) 2184(2749)  252(L10)  012(0.10)  -019(0.14) 25335 13 53941 765 0892
110(063)  2358(2653)  297(120)  024(0.12)  -039(0.19) 0.03(002) 25036 16 53970 766 0893
1572 (7.95) 2631(2932)  248(1.07) 001(001) 25436 12 53934 767 0895
15.17 (827) 094(0.64)  2227(2501)  258(1.05)  016(0.12)  -025(0.18) 25236 14 53951 767 089%
1639 (7.79) 123(064)  2293(2820)  260(L13)  017(0.11)  -027(0.16) 25137 15 53963 769 0898
1842 (7.05) 094(059) 2773 (30.86) 024(0.14)  -038(022) 0.04(002) 25039 16 53976 773 0899
2036(733)  301(128)  -104(064) 2881 (30.62) 0.00(002) 25245 14 53969 78  0.900
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FIG. 10.5. Predicted probability of occurrence for halogeton in the Wyoming Basins Ecoregional Assess-
ment area. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body

of water).

DISCUSSION

Fragmentation of sagebrush by anthro-
pogenic disturbance, particularly major
roads and energy wells, increased the oc-
currence of the four most common inva-
sive plants in the Wyoming Basins: crested
wheatgrass, cheatgrass, halogeton, and Rus-
sian thistle. Although the positive associa-
tion between anthropogenic disturbance
and non-native invasive plants was com-
mon across all species examined, the shape
of the response to individual anthropogenic

disturbances (i.e., the dose-response) varied
among species. Response shapes were often
non-linear and dependent on distance from
disturbance type and species and limited
by abiotic environments of climate, soils,
and terrain. Anthropogenic factors that
influenced non-native species occurrence
included major roads, secondary roads, all
road types, energy wells, railroads, agricul-
tural areas, pipelines, power lines, transmis-
sion towers, and populated places. Crested
wheatgrass and Russian thistle showed the
strongest association with anthropogenic
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FIG.10.6. Dose-response curves illustrating mean predicted probability of occurrence (+1 SD) of halogeton
across the Wyoming Basins Ecoregional Assessment area as a function of distance from anthropogenic feature

types of energy wells (A), towers (B), and railroads (C).

disturbances, particularly major roads and
energy wells, which were included and
among the strongest anthropogenic factors
in all four invasive species models. Crested
wheatgrass was often planted by manage-
ment agencies to reduce erosion (Lorenz
1986, Lesica and DelLuca 1996). Thus, the
distribution of this species likely reflects the
location of those past activities. Crested
wheatgrass has been one of the most com-
monly planted non-native grasses in west-
ern North America occupying between 6
and 10.5 million hectares (Holchek 1981,

Rogler and Lorenz 1983). Several million
hectares of crested wheatgrass were plant-
ed onidle farmland as part of the Conserva-
tion Reserve Program (Lesica and Del.uca
1996). The success of crested wheatgrass is
due in part to its wide adaptability to dif-
ferent soil types and cold tolerance (Lesica
and DeLuca 1996). Unlike the prior two
species, cheatgrass and halogeton were pre-
dicted to occur across a much wider area of
the Wyoming Basins, and thus appear to be
limited by either abiotic environments or
alternatively, biotic mechanisms associated
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TABLE 10.6. Russian thistle random-effects logistic regression model* parameter estimates (beta [SE]), model
log-likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from
the top model (AAIC), and Akaike weight (w,) for all candidate models in the Wyoming Basins Ecoregional As-
sessment area where Akaike weights sum to just > 0.9. Superscript numbers reflect quadratic terms, while subscript
numbers for anthropogenic and water variables represent the distance parameter value of the exponential distance
decay function used to scale distance effects. Anthropogenic terms ending in the subscript letter “d” reflect Euclid-
ian distance variables rather than distance decay functions.

Rank  Intercept  NDVI NDVE SOLR®  pH20d,,  POP} 2RD,,  WELL,,  MjRDy,
1 2971(645) 398(360) -1044(725) -0.04(001) -329(1.53) -008(003) 276(068) 347(1.12) 335(0.98)
2 2766(643) 157(355) -1211(831) -0.04(0.01) 009(003) 274(069) 336(L15) 346 (L01)
3 2679(647) 181(356) -1172(824) -0.04(0.01) 009(003)  277(069) 319(L16) 307 (1.06)
4 3071(659) 468(359) -970(724) -0.04(001) -437(1.60) 276(068)  423(116)  324(1.00)
5 3099(662) 321(355) -1843(821) -0.04(0.01) 012(003) 264 (0.67) 2.88(0.97)
6 2588(791) 087(34) -1210(753) -0.04(001) 0.10(0.03) 292 (0.68) 347 (1.00)
7 3303(656) 612(356) -1168(754) -0.05(001) -3.86(1.53) 275(067)  408(114) 353(099)
8 2735(654) 137(363) -1190(834) -0.04(0.01) 009(003) 273(069) 340(L16) 343 (L02)
9 3198(662) 616(357) -1142(750) -0.05(001) -3.64(1.54) 277(068)  390(115) 3.16(1.04)
10 3421(775) 600(345) -1387(706) -0.05(0.01) -3.74(1.44) 2.92 (0.66) 348 (0.96)
11 3124(653) 360(354) -1726(308) -0.04 (0.01) 011(003)  224(064) 256 (1.07)

12 2881(649) 398(353) -18.11(808) -0.03(0.01) 011(003) 241 (065)

13 2237(771) 134(339) -1036(7.18) -0.03 (0.01) 0.09(0.03) 266 (0.65)

* See Appendix 10.1 for variable definitions
® Coefficients and standard errors multiplied by 10°

with dispersal capabilities and competition
(thus a much more diffuse distribution from
anthropogenic disturbances).

The shape of the response to anthropo-
genic disturbances (distances) varied sub-
stantially among species and disturbance
types, showing local (<100 m) to meso-
scale (100 m to 1 km) associations, such as
energy wells and major roads respectively,
to more macro-scale (>1 km) associations,
particularly railroads and agricultural dis-
turbances. In general, energy wells illus-
trated very strong local effects, roads and
other linear features showed strong me-
so-scale effects, and agriculture and rail-
roads displayed weaker macro-scale re-
sponses. The more local effects of energy
wells may be simply an artifact of being a
relatively young disturbance compared to
other disturbance types. The zone of in-
fluence around energy wells may expand
with time.

Similar to the results of our study,
Bergquist et al. (2007) found in the Powder
River Basin of Wyoming that non-native in-
vasive plant occurrence varied based on the
type of disturbance (coal bed methane de-
velopments), although they did not exam-
ine the zone (distance) of influence around
individual disturbance types or make spa-
tially explicit predictions of the overall
landscape effect. Comparing the results of
our analysis of non-native invasive species
in the WBEA area (using much larger-sized
quadrats at 1,257 m?) to the Powder River
Basin work (1-m? quadrats) by Bergquist
et al. (2007), halogeton was much rarer in
the Powder River Basin, while the overall
occurrence of both crested wheatgrass and
Russian thistle were similar among study
areas. Cheatgrass was much more common
in the Powder River Basin, being found in
approximately 60% of sampled 1-m? quad-
rats, while frequency of occurrence in the
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TABLE 10.6. Extended

PIPE,,  CLAY CLAY? Tmin Tmin? AGy LL K AIC AAIC  Iw
21133 10 44295 000 0462

21406 9 44634 344 0545

130(097) 21318 10 44663 369 0618
009(005) 21343 10 44714 420 0675

-0.45(0.14)  0.012 (0.004) 21359 10 44746 452 073

0.90 (0.45)  0.16 (0.06) 21385 10 44798 504 0760

21487 9 44796 507 0797

001(005) 21403 10 44833 539 0828

122 (095) 21406 10 44840 546 0858
0.72(0.43) 016 (0.06) 21506 10 45041 746 0869

043 (0.14)  0.012 (0.004) 21500 10 45046 752 0880

215(0.88)  -0.44(0.14) 0012 (0.004) 21515 10 45058 763 089
2.87(091) 0.96 (0.44)  0.17 (0.06) 21515 10 45059 764 0900

WBEA quadrats was only 13.5%, despite
the larger size of our plots. This difference
may reflect the study extent of the Powder
River Basin work, which at the regional
scale occurs in optimal climates for cheat-
grass, consistent with our model predictions.
Our predictions of cheatgrass occurrence
were also similar to those estimated using
bioclimatic envelopes by Bradley (2009),
even though we used only one climate vari-
able — mean annual minimum temperature.
However, in both cases cheatgrass appears
to be limited by cold temperatures (winter
or annual temporal scale). We also used ad-
ditional environmental habitat predictors,
including remotely-sensed vegetation pro-
ductivity (found most commonly in inter-
mediate areas of NDVI) and terrain-based
solar radiation (found most commonly in
sites having intermediate amounts of sum-
mertime solar radiation). Both NDVI and
solar radiation are likely to be correlated

with other climate variables, including those
used by Bradley (2009). Without further
experiments it is not possible to distinguish
which factors are more important or what
specific factors (physiological limitations,
competition effects, etc.) limit the distribu-
tion of cheatgrass.

CONCLUSIONS

Distribution maps and dose-response
predictions for four major non-native
invasive plants offer an important re-
gional management and planning tool for
stakeholders and management agencies
interested in controlling invasive plants.
Knowledge about the current distribu-
tion and potential risk of further devel-
opments can help target implementation
of management actions and effective-
ness monitoring, improve assessments of
the long-term spread of invasive species,
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FIG 10.7. Predicted probability of occurrence for Russian thistle in the Wyoming Basins Ecoregional Assessment
area. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body of water).

and identify areas of sagebrush habitat
relatively free from invasive species prob-
lems for conservation purposes. Future
research should evaluate establishment
rates around energy wells and new roads
for common invasive plants in the WBEA
area, with sites sampled (stratified) by
age of disturbance. Such information
could be used to predict future threats
(growth) associated with energy develop-
ment within the WBEA area and where
invasive species control measures may be
most needed.
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APPENDIX 10.1. Variable descriptions and summary statistics from field plots in the Wyoming Basins Ecore-

gional Assessment area.

Variable Summary statistics
Group  Code Description X SD Min Max
A. Habitat and survey design factors
NDVI Maximum Natural Difference Vegetation
Index (vegetation productivity) from
MODIS sensor (Carroll et al. 2006) 0.13 022 -0.26 1.10
SAGE Sagebrush presence/absence 0.79 0.41 0.0 1.0
B. Abiotic factors
TRI Terrain Ruggedness Index (Riley et al. 1999) 20.7 21.1 0.0 154.0
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APPENDIX 10.1 Continued

Variable Summary statistics
Group  Code Description X SD Min Max

TRMI Topographic Relative Moisture Index

(Manis et al. 2001) 15.1 5.6 1.0 27.0
SOLR® Solar radiation (WH/m? May - August)

estimated from a DEM 849.2 305  733.6 950.7
Tmin Mean minimum temperature (°C) of coldest

month 29 1.9 -7.4 0.9
SAND Percent sand in soils (Miller and White 1998) 39.2 14.7 0.0 88.3
CLAY Percent clay in soils (Miller and White 1998) 16.6 7.1 0.0 47.0
AWC Available water content (Miller and White

1998) 52 1.7 1.5 9.2
SALIN Salinity of soils (Miller and White 1998) 23 1.6 0.0 9.5
SOIL,, Soil depth (cm) (Miller and White 1998) 101 29 38 152
pH20d Distance (m) to perennial water source 3913 3,683 0 20,390

C. Anthropogenic factors

RD Any road type (distance in meters) 481 529 0 3,711
MjRD Major roads (distance in meters) 9,048 9,862 0 43,926
2RD Secondary roads (distance in meters) 521 546 0 3,711
RAIL Railroad (distance in meters) 38,944 24,850 485 107,281
WELL Energy well (distance in meters) 10,591 8,647 0 41,180
TOWER  Tower (distance in meters) 16,124 9,654 371 46,584
POWER  Power line (distance in meters) 11,316 14,466 0 70,495
PIPE Pipeline (distance in meters) 10,856 11,682 0 53,224
POP Populated place (distance in meters) 17,320 10,293 180 50,766
AG Agriculture (distance in meters) 6,337 6,091 90 29,158

2 Units are multiplied by 10
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	Scott E. Nielsen, Cameron L. Aldridge, Steven E. Hanser, Matthias Leu, and Steven T. Knick 
	Abstract. The invasion of non-native plants in the Wyoming Basins Ecoregional Assessment (WBEA) area is a major economic and ecological stress, with invasions thought to be hastened by energy developments. Given the potential impacts of nonnative invasive plants and the rapid changes in land use in the WBEA, broad-scale assessments and predictive models of nonnative invasive plant distribution are needed.  Using this information, the current extent of populations for targeting treatment and monitoring can b
	Key words: cheatgrass, crested wheat-grass, energy development, exotic species, halogeton, occurrence, Russian thistle, sagebrush, species distribution, Wyoming. 
	Energy developments in Colorado, Montana, Utah, and especially Wyoming are largely associated with the sagebrush (Artemisia ssp.) ecosystem, a common interior western United States vegetation type named for the dominant shrub species, big sagebrush (A. tridentata). Many wildlife species, including pygmy rabbit (Brachylagus idahoensis) and greater sage-grouse (Centrocercus urophasianus), depend on sagebrush (Green and Flinders 1980, Connelly et al. 2011) and are threatened by the loss and fragmentation of sa
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	In fact, roads and vehicle trafﬁc now provide one of the most effective conduits for non-native plant dispersal, with transport of seed or plant parts on tires/mud and movement of seed through vehicle-related air turbulence being common (Gelbard and Belnap 2003, Davies and Sheley 2007, von der Lippe and Kowarik 2007). As example, in three road tunnels in Berlin, Germany, seed rain due to vehicle transport represented 12.5% of the total ﬂora (197 of 1,606 species; 50% of which were exotics), demonstrating th
	As non-native invasive plants spread into native habitats, they alter ecosystem function (Brooks et al. 2004), with the sagebrush ecosystem being particularly sensitive. Cheatgrass (Bromus tectorum) invasions of sagebrush habitats have resulted in dramatic reductions in ﬁre return intervals from historic intervals of 30 to 100 years, or even much longer (centuries), to less than ﬁve years following cheatgrass invasion (Whisenant 1990, Baker 2006). At this ﬁre frequency, the deﬁning structural element of the
	– is lost and replaced instead by annual grasses, predominately cheatgrass (Mack 1981, Whisenant 1990, Brooks et al. 2004, Baker 2006).  Not surprisingly, the loss of this sagebrush structure and food resource results in cascading losses to sagebrush-
	In addition to major ecological changes, non-native invasive species also cause signiﬁcant economic damage. Pimentel et al. (2005) estimated that invasive species result in annual economic damages of $138 billion, with $5 billion spent annually on invasive species control and annual forage loss on pastures estimated at $1 billion. Because energy developments are the major source of new roads and, more generally, surface disturbances favored by invasive plants within the sagebrush ecosystem, it is not surpri
	Despite these threats, there is no regionally consistent source of information describing where non-native invasive species are most likely to occur across the Wyoming Basins Ecoregional Assessment (WBEA) area or how environmental factors and/or types of human disturbance, such as energy developments, hasten invasions by non-native plants in the sagebrush ecosystem. Understanding these relationships and mapping these threats will inform management of invasive plants in the WBEA area and thus improve our abi
	Vegetation sampling was completed in 2005 and 2006 at 317 survey blocks located across the WBEA area (Ch. 4).  Survey blocks measured 270 m by 270 m (7.29 ha) with ﬁve 20-m radius (1,257 m) plots systematically located in the survey block at 45º, 135º, 225º, and 315º angles and at a 127.3-m distance from the survey block center resulting in 1,585 total plots.  Each survey block was visited twice within a season (1 June – 2 July and 6 July – 2 September) in order to capture the phenology of plants and to red
	Shrub, grass (non-native and native), and forb (non-native and native) cover was estimated using an ordinal rank scheme: 1 = .1%; 2 = 2–5%; 3 = 6–10%; 4 = 11–25%; 5 = 26–50%; 6 = 51–75%; and 7 = 76–100% (modiﬁed from Daubenmire 1959). In addition to shrub cover by species, the following estimates were measured in each plot: (1) live shrub canopy cover (total canopy cover of all shrub species combined); (2) dead shrub canopy cover (total, includes the dead portions of live shrubs and cover of shrubs that wer
	(3) bare ground (including rocks, but not rocky outcrops); (4) litter, deﬁned as dead biotic material on the ground (did not include standing dead shrub material, but included vegetation such as dead mats of phlox [Phlox spp.], dead grasses, etc.); (5) rocky outcrop (rocky structures projecting above the ground surface or large ﬁelds of boulders or very rocky areas [measured in ﬁve height classes: 0–10 cm, >10–25 cm, >25–50 cm, >50–75 cm, and >75 cm]); (6) native forb cover (total for all species combined, 
	Shrub height (live and dead) was measured at four cardinal directions along the periphery of each circle and at the center of each vegetation plot.  For each measurement location, the height of the nearest live or dead shrub was measured within a 2-m circle (ﬁve vegetation plots per survey block, total height measurements per survey block = 25). Those sites containing no shrubs received a zero height score. 
	For tree species, the number of trees was counted according to four height classes: <1 m, >1–5 m, >5–8 m, and >8 m.  For juniper (Juniperus spp.), we also assigned successional classes: (1) pre-settlement = old trees, (2) mixed = old and young trees, and 
	(3) post-settlement = young trees. 
	We assessed plant community dominance within plots by ranking dominant species by class. Dominance was based on the percent canopy among all species present in the plot within that class (e.g., native forb, shrub). We recorded the name of the dominant shrub, native grass, native forb, exotic grass, and non-native forb, by species, for each plot. If no individual species 
	To predict non-native invasive plant occurrence and to evaluate the responses of species to environmental and anthropogenic features, we used ﬁeld plot measures of non-native invasive plant occurrence and a suite of common Geographic Information Systems (GIS) predictor variables consisting of vegetation productivity, distance to anthropogenic features, and abiotic environments (e.g., terrain-derived variables, soil characteristics, and climate). Unlike prior work in this volume, vegetation characteristics m
	(Euclidean distance from feature (km)/-distance parameter
	the distance parameter set at 0.05, 0.25, 0.5, 1, and 5 km (Nielsen et al. 2009) allowed for nonlinear responses of species to distance from anthropogenic features. Several terrain-derived variables were generated from a 90-m digital elevation model (DEM) including growing season (May to August) global solar radiation (SOLR, Area Solar Radiation Analysis, ESRI 2006), topographic relative moisture index (TRMI, Manis et al. 2001), and topographic ruggedness index (TRI, Riley et al. 1999). 
	We used the conterminous United States multilayer soil characteristics dataset (Miller and White 1998) to characterize soil information including: soil depth (SOILcm), available water content (AWC), salinity (SALIN), and percentages of sand (SAND) and clay (CLAY). Distance from perennial (pH2Od) water sources were estimated in a GIS from hydrological features and were also transformed into negative exponential decays using the same distance parameters used for the anthropogenic disturbance variables.  Final
	Species Occurrence Modeling 
	Because plots were nested within survey blocks, we used a random-effects logistic regression model (survey block was used as a random effect to account for non-independence of plots) using the XTLOGIT 
	First, to account for the fact that two habitat variables were originally used for stratiﬁcation of survey blocks, a single ‘base’ model was selected using AIC from models containing either sagebrush, NDVI (including a quadratic term), or sagebrush and NDVI variables (note that interaction terms were not assessed due to difﬁcultly in interpretation). The top ranked base model then was carried forward for inclusion in each of the three sub-models and the ﬁnal composite model. Total number of model variables 
	We predicted species occurrence using the ﬁnal model coefﬁcients in our GIS at a 90-m cell size (0.81 ha) using ArcGIS 
	9.3 raster calculator (ESRI 2006) and displayed ﬁnal model predictions in 10% probability classes. When sagebrush was a variable in the ﬁnal model, the all sagebrush (Artemisia spp.; ALLSAGE) spatial dataset (Ch. 4) was used as a substitute for the ﬁeld-derived sagebrush variable to facilitate spatial extrapolation of the statistical model. To prevent predictions in high-elevation conifer forests or alpine vegetation where we did not sample (study design was focused on sagebrush vegetation) and would not ex
	On-road Near-road Far-road Total Common name Scientifc name (n = 590) (n = 510) (n = 485) (n = 1,585) 
	TABLE 10.1. Summary of invasive plant detections in the Wyoming Basins Ecoregional Assessment area at the plot sample level within survey blocks stratiﬁed to on-road, near-road, or far-road classes. Number of occurrences reported by species and frequency of detection in parentheses. Total plots per stratum reported under stratum name.  Refer to Appendix 4.3 for a list of sampled species. 
	Crested wheatgrass was found at 5.2% of sampled plots (n = 83), with frequency of occurrence highest in the on-road stratum at 6.6% of sites (Table 10.1). Of the two top-supported AIC models (.AIC . 2), crested wheatgrass was explained by one survey design habitat variable, three abiotic factors, and four anthropogenic factors (Table 10.2).  For the habitat-based survey design factor, crested wheatgrass was more likely to occur in areas of intermediate vegetation productivity as measured by NDVI (Table 10.2
	Crested wheatgrass was predicted to occur along major road corridors and around energy wells throughout the WBEA area (Figure 10.1). Although occurrence of crested wheatgrass was reduced in areas of more rugged terrain, anthropogenic factors were the most important predictor of crested wheatgrass occurrence, with individual roads and energy wells easily observed as hot spots on the distribution map.  Based on mean predicted occur
	TABLE 10.2. Log-likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the top model (.AIC), and Akaike weight (wi) of (A) crested wheatgrass, (B) cheatgrass, (C) halogeton, and (D) Russian thistle random-effects logistic regression models of species occurrence in the Wyoming Basins Ecoregional Assessment area. Only models with .AIC . 2 are shown. 
	Species – ModelLL K AIC .AIC wi 
	Crested wheatgrass (A. Agropyron cristatum) NDVI + NDVI + TRI + CLAY + CLAY + MjRD1km + WELL + POPd -203.25 10 426.50 0.00 0.222 NDVI + NDVI + TRI + SALIN + MjRD1km + WELL + AGd + POPd -203.99 10 427.98 1.47 0.106 
	B. Cheatgrass (Bromus tectorum) NDVI + NDVI + SOLR + SOLR + Tmin + Tmin + TRMI + TRMI + MjRD + WELL-319.79 12 663.57 0.00 0.349 NDVI + NDVI + SOLR + SOLR + Tmin + Tmin + TRMI + TRMI + MjRD + WELL + RAILd -319.42 13 664.85 1.27 0.185 NDVI + NDVI + SOLR + SOLR + Tmin + Tmin + TRMI + TRMI + MjRD + WELL + POP1km -319.62 13 665.25 1.67 0.151 
	C. Halogeton (Halogeton glomeratus) 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SALIN + SALIN + AWC + AWC + RAILd + TOWER + POWER + AGd + WELL + RD1km -247.53 15 531.05 0.00 0.068 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SALIN + SALIN + AWC + AWC + RAILd + TOWER + POWER + WELL + RD1km -248.57 14 531.14 0.09 0.065 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SAND + SAND + SALIN + SALIN + AWC + AWC + SOILcm + RAILd + TOWER + POWER + AGd + WELL + RD1km -244.87 18 531.74 0.69 0.048 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SAND + SAND + SALIN + SALIN + AWC + AWC + RAILd + TOWER + POWER + AGd + WELL + RD1km -246.21 17 532.42 1.37 0.034 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SAND + SAND + SALIN + SALIN + AWC + AWC + SOILcm + RAILd + TOWER + POWER + WELL + RD1km -246.23 17 532.45 1.40 0.034 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SAND + SAND + SALIN + SALIN + AWC + AWC + SOILcm + RAILd + TOWER + POWER + WELL + RD1km -246.23 17 532.45 1.40 0.034 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SAND + SAND + SALIN + SALIN + AWC + AWC + SOILcm + TOWER + POWER + AGd + WELL + RD1km -246.35 17 532.69 1.64 0.030 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SALIN + SALIN + AWC + AWC + SOILcm + RAILd + TOWER + POWER + AGd + WELL + RD1km -247.36 16 532.71 1.66 0.030 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SAND + SAND + AWC + AWC + SOILcm + RAILd + TOWER + POWER + WELL + RD1km -248.40 15 532.81 1.76 0.028 
	TABLE 10.2. Continued 
	Species – ModelLL K AIC .AIC wi 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SALIN + SALIN + AWC + AWC + SOILcm + RAILd + TOWER + POWER + WELL + RD1km -248.41 15 532.82 1.77 0.028 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SALIN + SALIN + AWC + AWC + TOWER + POWER + AGd + WELL + RD1km -249.41 14 532.82 1.77 0.028 
	SAGE + NDVI + SOLR + SOLR + Tmin + Tmin + SAND + SAND + SALIN + SALIN + AWC + AWC + RAILd + TOWER + POWER + WELL + RD1km -247.47 16 532.94 1.89 0.026 
	SAGE + NDVI + SOLR + SOLR2 + Tmin + Tmin + SAND + SAND2 + AWC + AWC2 + SOILcm + RAILd + TOWER500 + POWER50 + AGd + WELL50 + RD1km -247.50 16 533.00 1.95 0.026 
	D. Russian thistle (Salsola spp.) NDVI + NDVI + SOLR + pH2Od1km + POPd + 2RD + WELL1km + MjRD-211.33 10 442.67 0.00 0.462 
	 See Appendix 10.1 for variable defnitions 
	rences of crested wheatgrass by distance classes, crested wheatgrass was predicted to occur, on average (threshold probability predicting occurrence at 0.05), when within 270 m of energy wells, 825 m of major roads, 2.5 km of railroads, 1.6 km of populated places (Figure 10.2), and 100 m of agriculture. Associations of crested wheatgrass were strongest for major roads and energy wells with mean probabilities of occurrence adjacent to major roads at 
	0.33 and for energy wells at 1.0 (Figure 10.2). Railroads also showed associations with mean probabilities of occurrence adjacent to railroads at 0.23. When comparing mean probabilities of occurrence at sites closest to anthropogenic disturbances to sites furthest from those disturbances, risk ratios were estimated at 79.0 for major roads, 59.0 for energy wells, 19.0 for railroads, and 3.2 for populated places. 
	Cheatgrass 
	Cheatgrass occurred at 13.5% of sampled plots (n = 214), with frequency of occurrence highest in the near-road stratum at 15.7% of plots (Table 10.1). Of the three top-supported AIC models (.AIC < 2), cheatgrass occurrence was explained by one survey design habitat variable, three abiotic factors, and four anthropogenic factors (Table 10.2).  For the habitat-based survey design factor, cheatgrass occurrence was more likely in areas of intermediate vegetation productivity (NDVI) (Table 10.2).  For abiotic fa
	Cheatgrass was predicted to be prevalent throughout the Wind River/Bighorn Basin in Wyoming, the far northern parts of the Wyoming Basins in Montana, the area southeast of the Uintas Mountains in eastern Utah and along the Colorado border, and the southwestern and eastern boundaries of the Wyoming Basins (Figure 10.3). Distribution patterns of cheat-grass appear to be driven mainly by abiotic limitations, although anthropogenic disturbances increase local patterns of cheatgrass occupancy (Figure 10.4). Asso
	1.0 (Figure 10.4). When comparing mean probabilities of occurrence at sites closest to anthropogenic disturbances to sites furthest from those disturbances, risk ratios for major roads and energy wells were estimated at 3.0 and 4.1 respectively. 
	Halogeton 
	Halogeton occurred at 8.2% of sampled plots (n = 130), with frequency of occurrence highest in the near-road stratum at 10.0% of plots (Table 10.1). Support was high (.AIC . 2) for 13 halogeton models that contained two habitat-based survey design variables, six abiotic factors, and six anthropogenic disturbance factors (Table 10.2). The habitat-based survey design factors included both sagebrush habitat (SAGE) and vegetation productivity (NDVI), with halogeton positively associated with sagebrush and negat
	6.5 for energy wells. 
	TABLE 10.3. Crested wheatgrass random-effects logistic regression model parameter estimates (beta [SE]), model log-likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the top model (.AIC), and Akaike weight (wi) for all candidate models in the Wyoming Basins Ecoregional Assessment area where Akaike weights sum to just . 0.9.  Superscript numbers reﬂect quadratic terms, while subscript numbers for anthropogenic and water variables represent the distance p
	 Coeffcients and standard errors multiplied by 10
	TABLE 10.4. Cheatgrass random-effects logistic regression model parameter estimates (beta [SE]), model log-likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the top model (.AIC), and Akaike weight (wi) for all candidate models in the Wyoming Basins Ecoregional Assessment area where Akaike weights sum to just . 0.9.  Superscript numbers reﬂect quadratic terms, while subscript numbers for anthropogenic and water variables represent the distance parameter
	Rank Intercept NDVI NDVISOLRSOLRTmin TminTRMI 
	TABLE 10.3. Extended 
	TABLE 10.4. Extended 
	FIG. 10.1. Predicted probability of occurrence for crested wheatgrass in the Wyoming Basins Ecoregional Assessment. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body of 
	water). 
	Russian thistle was found at 5.4% of sampled plots (n = 85), with frequency of occurrence highest in the near-road stratum at 7.3% of plots (Table 10.1). Support was high (.AIC . 2) for a single Russian thistle model that contained one habitat-based survey design variable, two abiotic factors, and three anthropogenic disturbance factors (Table 10.2).  For the habitat-based survey design variable, 
	FIG. 10.2. Dose-response curves illustrating mean predicted probability of occurrence (±1 SD) of crested wheatgrass across the Wyoming Basins Ecoregional Assessment area as a function of distance from anthropogenic feature types of energy wells (A), major roads (B), railroads (C), and populated centers (D). 
	0.5 km (MjRD) (Table 10.6). Although model had a ROC AUC value of 0.89 (SE a single model was most supported, a to-= 0.02), suggesting very good predictive tal of 13 candidate models were used to accuracy. 
	FIG. 10.3. Predicted probability of occurrence for cheatgrass in the Wyoming Basins Ecoregional Assessment area. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body of water). 
	A probability of occurrence map for Russian thistle was generated for the WBEA area using model-averaged coefﬁcients and associated GIS variables. Russian thistle was predicted to occur throughout the Wind River/Bighorn Basin in Wyoming, along the I-80 corridor in Wyoming and associated secondary roads in the area, and ﬁnally in the area southeast of the Uintas Mountains in eastern Utah (Figure 10.7). The distribution map for 
	FIG. 10.4. Dose-response curves illustrating mean predicted probability of occurrence (±1 SD) of cheatgrass across the Wyoming Basins Ecoregional Assessment area as a function of distance from anthropogenic feature types of energy wells (A), major roads (B), railroads (C), and populated centers (D). 
	TABLE 10.5. Halogeton random-effects logistic regression model parameter estimates (beta [SE]), model log-likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the top model (.AIC), and Akaike weight (wi) for all candidate models in the Wyoming Basins Ecoregional Assessment area where Akaike weights sum to just . 0.9.  Superscript numbers reﬂect quadratic terms, while subscript numbers for anthropogenic and water variables represent the distance parameter 
	e
	Rank Intercept SAGE NDVI SOLRb SOLR2c Tmin TminSALIN SALINAWC AWCRAILd 
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	TOWERPOWERAGd WELLRD1km SAND SAND2f SOILcm LL K AIC .AIC .wi 
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	TABLE 10.5. Continued 
	e
	TOWERPOWERAGd WELLRD1km SAND SAND2f SOILcm LL K AIC .AIC .wi 
	FIG. 10.5. Predicted probability of occurrence for halogeton in the Wyoming Basins Ecoregional Assessment area. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body 
	of water). 
	Fragmentation of sagebrush by anthropogenic disturbance, particularly major roads and energy wells, increased the occurrence of the four most common invasive plants in the Wyoming Basins: crested wheatgrass, cheatgrass, halogeton, and Russian thistle. Although the positive association between anthropogenic disturbance and non-native invasive plants was common across all species examined, the shape of the response to individual anthropogenic 
	FIG. 10.6. Dose-response curves illustrating mean predicted probability of occurrence (±1 SD) of halogeton across the Wyoming Basins Ecoregional Assessment area as a function of distance from anthropogenic feature 
	types of energy wells (A), towers (B), and railroads (C). 
	disturbances, particularly major roads and energy wells, which were included and among the strongest anthropogenic factors in all four invasive species models. Crested wheatgrass was often planted by management agencies to reduce erosion (Lorenz 1986, Lesica and DeLuca 1996). Thus, the distribution of this species likely reﬂects the location of those past activities. Crested wheatgrass has been one of the most commonly planted non-native grasses in western North America occupying between 6 and 10.5 million 
	TABLE 10.6. Russian thistle random-effects logistic regression model parameter estimates (beta [SE]), model log-likelihood (LL), number of parameters (K), Akaike’s Information Criterion (AIC), change in AIC value from the top model (.AIC), and Akaike weight (wi) for all candidate models in the Wyoming Basins Ecoregional Assessment area where Akaike weights sum to just . 0.9.  Superscript numbers reﬂect quadratic terms, while subscript numbers for anthropogenic and water variables represent the distance para
	Rank Intercept NDVI NDVISOLRpH2Od1km POPd2RDWELL1km MjRD
	 See Appendix 10.1 for variable defnitions  Coeffcients and standard errors multiplied by 10
	with dispersal capabilities and competition (thus a much more diffuse distribution from anthropogenic disturbances). 
	The shape of the response to anthropogenic disturbances (distances) varied substantially among species and disturbance types, showing local (<100 m) to mesoscale (100 m to 1 km) associations, such as energy wells and major roads respectively, to more macro-scale (>1 km) associations, particularly railroads and agricultural disturbances.  In general, energy wells illustrated very strong local effects, roads and other linear features showed strong meso-scale effects, and agriculture and railroads displayed we
	Similar to the results of our study, Bergquist et al.  (2007) found in the Powder River Basin of Wyoming that non-native invasive plant occurrence varied based on the type of disturbance (coal bed methane developments), although they did not examine the zone (distance) of inﬂuence around individual disturbance types or make spatially explicit predictions of the overall landscape effect. Comparing the results of our analysis of non-native invasive species in the WBEA area (using much larger-sized quadrats at
	TABLE 10.6. Extended 
	WBEA quadrats was only 13.5%, despite the larger size of our plots. This difference may reﬂect the study extent of the Powder River Basin work, which at the regional scale occurs in optimal climates for cheat-grass, consistent with our model predictions. Our predictions of cheatgrass occurrence were also similar to those estimated using bioclimatic envelopes by Bradley (2009), even though we used only one climate variable – mean annual minimum temperature. However, in both cases cheatgrass appears to be lim
	Distribution maps and dose-response predictions for four major non-native invasive plants offer an important regional management and planning tool for stakeholders and management agencies interested in controlling invasive plants. Knowledge about the current distribution and potential risk of further developments can help target implementation of management actions and effectiveness monitoring, improve assessments of the long-term spread of invasive species, 
	FIG 10.7. Predicted probability of occurrence for Russian thistle in the Wyoming Basins Ecoregional Assessment area. Black areas are outside the inference of our models (<3% sagebrush within 5 km or within a body of water). 
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	APPENDIX 10.1. Variable descriptions and summary statistics from ﬁeld plots in the Wyoming Basins Ecoregional Assessment area. 
	Variable Summary statistics 
	–
	Group Code Description x SD Min Max 
	A.Habitat and survey design factors 
	NDVI Maximum Natural Difference Vegetation 
	Index (vegetation productivity) from 
	MODIS sensor (Carroll et al. 2006) 0.13 0.22 -0.26 1.10 
	SAGE Sagebrush presence/absence 0.79 0.41 0.0 1.0 
	B.Abiotic factors 
	TRI Terrain Ruggedness Index (Riley et al. 1999) 20.7 21.1 0.0 154.0 
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	Variable Summary statistics 
	–
	Group Code Description x SD Min Max 
	 Units are multiplied by 10




