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Abstract
Although human influence across rural landscapes is often discussed, interactions between the native, natural systems and
human activities are challenging to measure explicitly. We assessed the distribution of introduced, invasive species as related to
anthropogenic infrastructure and environmental conditions across southwestern Wyoming. to discern direct correlations as well
as covariate influences between land use, land cover, and abundance of invasive plants, and assess the supposition that these
features affect surrounding rangeland conditions. Our sample units were 1 000 m long and extended outward from target
features, which included roads, oil and gas well pads, pipelines, power lines, and featureless background sites. Sample sites were
distributed across the region using a stratified, random design with a frame that represented features and land-use intensity. In
addition to land-use gradients, we captured a representative, but limited, range of variability in climate, soils, geology,
topography, and dominant vegetation. Several of these variables proved significant, in conjunction with distance from
anthropogenic features, in regression models of invasive plant abundance. We used general linear models to demonstrate and
compare associations between invasive plant frequency and Euclidian distance from features, natural logarithm transformed
distances (log-linear), and environmental variables which were presented as potential covariates. We expected a steep curvilinear
(log or exponential) decline trending towards an asymptote along the axis representing high abundance near features with rapid
decrease beyond approximately 50–100 m. Some of the associations we document exhibit this pattern, but we also found some
invasive plant distributions that extended beyond our expectations, suggesting a broader distribution than anticipated. Our
results provide details that can inform local efforts for management and control of invasive species, and they provide evidence of
the different associations between natural patterns and human land use exhibited by nonnative species in this rural setting, such
as the indirect effects of humans beyond impact areas.
Key Words: anthropogenic influence, land use, noxious weeds, sagebrush steppe, semiarid ecosystem, species distributions

INTRODUCTION
The distribution and spread of invasive plants is the result of
complex combinations of determinants, including attributes of
the species and ecosystem conditions (Richardson et al. 1994;
Thomas and Maloney 2013). Although many invasive species
are well-adapted to spread and reproduce based on biological
factors (e.g., Thompson et al. 1995; Smith and Knapp 2001;
Decker et al. 2012), ecosystem conditions and human-mediated
disturbance can have a critical role in determining potential for
invasion (Beans et al. 2012; Catford et al. 2012; Decker et al.
2012; Uddin et al. 2013). A review of multiple factors and
recent research approaches that illuminate these relationships
was recently provided by Decker and others (2012); findings
indicate that despite the important interactions of biotic
potential of species and natural environmental patterns, human
activities and density of human occupancy have positive
associations with invasive plant distributions (Decker et al.
2012). Further, Decker and others (2012) recognized that
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studies that are limited to the distribution of a single species are
common, but provide limited ability to make generalized
inferences about invasive plant distributions; this project
provided a multiple-species perspective that helps inform
comparative interpretation and assess the relative potential
for these species to influence ecosystem conditions.
Interactions between human society and natural ecosystems
are extensive, affecting landscapes globally, and often with
persistent or maintained effects. Although vast tracts of land in
western North America remain minimally occupied by human
residents, economic, domestic, sustenance, and recreational
activities generate both extensive, and intensive, patterns of
human influence across these landscapes. The distribution of
roads, for example, in rural areas can be both regionally
extensive and locally intensive, and the ecological effects of
roads, beyond habitat displacement and fragmentation, are
often discussed, occasionally modeled, but rarely measured
directly. Additionally, modern disturbances and landscape
fragmentation are superimposed on a long history of land use
with various impacts. Although some level of human manipulation of the landscape has likely existed for thousands of
years (Bahre and Shelton 1993; Baisan and Swetnam 1997;
Grayson and Millar 2008; Jacobs and Whitlock 2008; Bjorkman and Vellend 2010), the influential and manipulative
occupation of open rangelands resulting from modern activities
including oil, gas and mineral extraction, urban and exurban
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growth, agriculture, hunting, recreation, and active management of land and water is above and beyond the scope and
capacity of preindustrial inhabitants.
Theory clearly points to a combination of factors working
independently, or in combination, to drive biological invasions
(Elton 1958), including the intensity of introduction via
transport and reproduction (Crawley et al. 1996; Lockwood
et al. 2005), community conditions and available resource
niches (Sher and Hyatt 1999; Davis and Pelsor 2001), frequent
disturbance (Elton 1958; Sher and Hyatt 1999; Huston 2004),
interactions with competitors (Huston 2004; Catford et al.
2009), herbivory (Alba and Hufbauer 2012), and biotic
capacity of the species (Elton 1958; Burke and Grime 1996;
Catford et al. 2009). Processes that provide physical space and
resource availability are likely to increase the probability of
invasion (Davis et al. 2000; Catford et al. 2009). Evidence and
theory also suggest that human modification of disturbance
regimes (e.g., type, frequency, intensity) can have determinant
effects on community composition by affecting resource
availability (Davies et al. 2009; Catford et al. 2012). Systems
that have developed with periodic disturbance to vegetation,
such as fire and herbivory, can display shifts in composition and
susceptibility to invasion when these factors are removed
(Davies et al. 2009). Further, clear interactions between
invasive species and fire regimes have been documented in
similar, semiarid shrublands of the Great Basin (D’Antonio et
al. 2009; Davies et al. 2012; Balch et al. 2013). Clearly, there
are multiple factors that can influence invasive plant distributions (we were not able to account for all of them in this study),
but in summary, most species invasions are facilitated by a
combination of changing environmental resource conditions
and the ability of potential invaders to outcompete existing
(native) species based on reproductive and/or physiological
responses to the environmental flux. Human activities are one
important, common source of flux in physical and chemical
resource patterns (Daehler 2003), and we focused our inquiry
on this relationship in this study.
Anthropogenic land use varies spatially and temporally, and
new developments and activities interact with previous land
uses, potentially leading to gradual, widespread accumulation
of effects. We were able to control only current manifestations
of this dynamic history; therefore, our interpretation of prior
effects is based on inductive reasoning. Sagebrush-dominated
systems might be resilient to low-level disturbances—for
example, light (Yeo 2005; Manier and Hobbs 2006) and
moderate (Davies et al. 2009) grazing and small and infrequent
wildfires (Beck et al. 2009; Davies et al. 2011); however, intense
or frequent disturbances to vegetation and surface soils can
lead to alterations and systemic limitations generally regarded
as degradation (Milchunas and Lauenroth 1993; Milchunas et
al. 1994;Weber et al. 2000; Yeo 2005; Manier and Hobbs
2006; Muscha and Hild 2006). Importantly, systems that are
stressed, by drought or intense grazing, for example, might be
more susceptible to invasion by exotic plants due to reduced
competition from natives and increased niche availability
(Milchunas et al. 1994). Further, the development and use of
roads in rural areas create new potential habitats (roadsides)
for invasion, as well as potential for vehicular seed transport
and off-road activities (With 2004; Christen and Matlack
2009; Kosaka et al. 2010).
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Here, we assess correlations among the distributions of
introduced, invasive plants, proximity to human infrastructure,
and several environmental variables to associate and/or
distinguish the influence of human activities on the northern
sagebrush steppe ecosystem in southwestern Wyoming from
other environmental factors. We defined assessment targets by
compiling the best data available to represent the distribution
of human infrastructure across the landscape; admittedly, these
data are extensive, often detailed, but chronically imperfect. To
quantitatively distinguish the potential connection between
invasive species’ distributions and infrastructure, we sampled
the distribution of invasive plants across the landscape,
maintaining explicit consideration of proximity to anthropogenic features as well as other environmental determinants
(soil, geology, dominant vegetation, geography, and climate).
As such, we recognized and integrated two important
theoretical aspects relating to the distribution of invasive
plants: 1) human activities can act as a vector for dispersal of
invasive species (With 2004; Christen and Matlack 2009;
Minor et al. 2009), which contributes to new establishments
and spread rates; and 2) the distribution and abundance of
species across large, heterogeneous regions (millions of
hectares), including invaders, will also be heterogeneous based
on species traits and associated responses to a combination of
environmental factors relating to resource availability and
growing conditions (Chambers et al. 2007; Endress et al. 2007;
Kelly et al. 2009; Uddin et al. 2013). A third component of this
interaction is created when human activities create niche space
for invasive plants through effects of the frequency and
intensity of disturbance (Mack et al. 2000; Keeley et al.
2003; Kelly et al. 2009; Baughman et al. 2010; Catford et al.
2012); however, we could not explicitly test these historic
disturbance associations at this time. To assess and model
potential relationships between the distribution of invasive
plants and other (nonanthropogenic) environmental patterns,
we evaluated independent and interactive (covariate) correlations between environmental patterns (e.g., vegetation and soil
types) as predictors of abundance of plants in addition to
proximity (distance).

METHODS
Study Area
Our field samples were distributed across roughly 3 million ha,
including heterogeneity in soils, geology, topography, climate,
hydrology, and dominant vegetation, in addition to differences
in land-use attributes (Fig. 1). The climate is dry continental,
with typical mean annual precipitation totals of 25 to 33 cm
(Western Regional Climate Center 2009). Across the region,
mean maximum temperatures in July range from 29–358C,
with mean minimum in January typically between 158 and
128C (Western Regional Climate Center 2009). We sampled
within the Green River and Great Divide basins, which are
dominated by Wyoming sagebrush (Artemisia tridentata Nutt.
subsp. wyomingensis Beetle & Young), greasewood (Sarcobatus vermiculatus [Hook.] Torr.), and saltbush (Atriplex
gardnerii [Moq.] D. Dietr.), with varying abundances of
rabbitbrush (Chrysothamnus viscidiflorus [Hook.] Nutt.),
native bunchgrasses such as bluebunch wheatgrass (Pseudo-
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Figure 1. The target region within the state of Wyoming, depicted using soil management units (underlying, brown polygons) and dominant vegetation
(Landfire program; www.landfire.gov). Sample sites are shown as triangles.

roegneria spicata [Pursh] Á. Löve), needlegrass (Achnatherum
contractum [B. L. Johnson] Barkworth, and A. hymenoides
[Roem. & Schult.] Barkworth), and native and introduced
wheatgrasses (e.g., Agropyron cristatum [L.] Gaertn. subsp.
cristatum and A. desertorum [Fisch. ex Link] Schult.).
Importantly, there is also a widespread, but heterogeneous
distribution of annual, biennial, and perennial weedy plants
including annual bromes (Bromus tectorum L., B. arvensis L.),
desert alyssum (Alyssum desertorum Stapf), halogeton (Halogeton glomeratus [M. Bieb.] C. A.Mey.), marginated stickseed
(Lappula marginata [M. Bieb.] Guerke), prickly Russian thistle
(Salsola tragus L.), and tumble mustard (Sisymbrium altissimum L.). All nomenclature follows the standards published by
the US Department of Agriculture (Natural Resources Conservation Service 2011).
In southwestern Wyoming, where human population numbers are remarkably low, with an average of 8.6 persons per 5.2
km2 (US Census Bureau 2000), we might expect low levels of
human influence on wild lands. Yet oil and gas well densities
are admittedly high in this region, with an average of 1 well per
5.22 km2, rising to 2–6 per 5.2 km2 across established fields
(Wyoming Oil and Gas Conservation Commission 2008). The
western United States, and the State of Wyoming, has
historically (circa 1870s) supported important agricultural
and natural resource extraction economies (Larson 1978).
Despite recent concerns about the welfare of wildlife, livestock,
and native ecosystems, increasing energy demand and expanding infrastructure alters habitats cumulatively, albeit temporarily, across extensive regions with locally intensive activities
punctuating widespread impacts; understanding and off-setting
impacts is an ongoing effort across the region. Spatial data
representing anthropogenic land-use patterns, urban areas,
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paved and unpaved roads and highways, and industrial land
uses, including energy and mineral extraction, were compiled
and edited using a Geographic Information System (GIS) to
represent the distribution of human land-use activities as
accurately as possible. By sampling across a wide area, we
also captured a sample of environmental heterogeneity,
including geologic and soil types, precipitation and temperature
gradients, and topographic patterns, which we represented
using geospatial data and field observations. Across this target
area, we implemented a stratified-random sample design (Fig.
1) using a representation of anthropogenic and environmental
features distributed across the area to drive the design.

Field Methods
We sampled vegetation using 60 sites with paired, 1 000-mlong by 1m-wide belt transects extended perpendicular (þ/
108) to the margin of a target feature (except for background
sites which consisted of unpaired transects); vegetation
sampling simulations have indicated that larger, longer sample
units were superior to smaller units for sampling irregular
(clumped) distributions (Elzinga et al. 1998; Stohlgren et al.
1998), although the dimensions employed here were not
specified in those comparisons. Transects were extended in
divergent directions to capture variability in composition and
patchy distributions across the sampled region; individual
angles varied, depending on site conditions and avoidance of
neighboring infrastructure. Transects were surveyed manually
using compass, sighting poles, and measuring tapes, followed
by examination of each square meter along each transect by a
botanist. We evaluated each 1 m2 and noted the presence of all
species appearing on our target species list that were rooted in
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plots (our target species list was based on invasive and noxious
plants prioritized by county, state, and federal agencies). This
allowed us to accurately record presence or absence of priority
species in each 1-m segment, which should enable superior
statistical power compared to ‘‘presence-only’’ data (Elith and
Leathwick 2007; Jones et al. 2010). Thus, although all plants
occurring in subsamples (1-m2 plots) were noted by species,
those species that appeared on our list were also confirmed to
be absent at the time of observation, thereby generating
‘‘confirmed zeros’’ (0) in our data records. Site characteristics,
potential sources of variability, and dominant vegetation were
documented for each transect, in addition to invasive species
data. These data were postprocessed to generate frequency
estimates within 50-m segments of the belt transect (maximum
value of 50 when all 1 -m2 plots in the segment contained the
species). This process reduced spatial autocorrelation in the
samples, provided ‘‘point estimates’’ that could be linked to
environmental covariates (in GIS), and supported quantitative
assessment of patterns in abundance. Due to the dynamic landuse environment, not all land features were accurately
represented in GIS data when sample designs were created;
therefore, in cases where transects approached ‘‘adjacent
features,’’ distances were updated based on field observations
and aerial photography. This resulted in a reduced number of
data points representing large distances from features and
ultimately, resulted in an increased number of points less than
400 m from features; distance estimates for these transect
segments were reclassified and rounded to the nearest 25 m.
Ten sites were identified where we expected a 1 000-m transect
could be extended without interference from adjacent land-use
features by evaluating random points using GIS data. Only four
of these truly maintained the desired distance from adjacent
features upon field inspection; therefore, due to lack of
replication, these sites did not contribute to distance analyses,
but provided some evidence of the occurrence of invasive plants
beyond distances represented in our other samples.

GIS Data Development
Spatial data representations were instrumental for characterizing landscape configuration for both sample design and
analyses. The stratified random sampling design was used to
locate transect origins along margins of well pads and four
classes of roads (highway, primary, secondary, and tertiary),
railroads, pipelines, power lines, and ditches. Highway samples
were collected from beyond the fenced margins of a major
Interstate highway; primary roads included paved federal and
state roads; secondary roads included major state and county
roadways, and were generally unpaved; tertiary roads were
represented by a mixture of unpaved small roads and terminal,
local access routes. Roads data, in particular, required
compilation from multiple data sources because national-level
data are inaccurate at local scales. Additional anthropogenic
features in our designs included agricultural fields and ditches,
transmission lines and towers, railroads, campgrounds, urban
centers, refineries, power plants, airports, golf courses, and
sand and gravel pits (Table S1; available online at http://dx.doi.
org/10.2111/REM-D-12-00056.s1). To minimize the effects of
additional anthropogenic influences along each transect, we
curtailed the selection of locations by avoiding areas with
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potential for close interactions among multiple features based
on Euclidian distances. We expected that the very long transect
design would allow our samples to extend beyond the zone
influenced by features and provide evidence of latent conditions.
We developed an a priori set of candidate variables
representing basic system determinants (substrate, climate,
topography) to accompany anthropogenic influences as potential
covariates in models. An extensive candidate list was refined
based on performance of variables in competing models, and
with the exception of linear road density (LRD), most
anthropocentric covariates do not appear in final models.
Environmental covariates included dominant vegetation, surface
hydrology, soils, geology, climate, and topography (Table S1;
available online at http://dx.doi.org/10.2111/REM-D-12-00056.
s1). Class variables were available from existing attributes for
vegetation and surface geology, so these data were applied
without special adaptations. Soils data were culled from analyses
because they did not improve the resolution provided by surface
geology data, due to limited detail in soil maps of this region.
Because the influence of linear features (e.g., rivers and riparian
wetlands, ephemeral drainages, and roads) on surrounding
habitats can be underrepresented by a linear footprint, surfaces
representing proximity of each cell to layer features (Euclidian
distance), or density within a designated (moving) window, were
created for a continuous, quantitative representation of the
potential for influence of these features beyond the mapped
footprint. We developed five different neighborhoods (computation windows) to create continuous density surfaces, and
subsequently tested and compared the predictive value of
different surfaces as covariates with distance effects (dimensions
noted in Table S1; available at http://dx.doi.org/10.2111/
REM-D-12-00056.s1). Oil and gas field developments create
industrial facilities at varying densities, and management
expectations typically include gradients of effects on wildlife
and habitats coincident with the land-use gradients (Gilbert and
Chalfoun 2011). To characterize these patterns, we generated
density surfaces based on the location of active and reclaimed
well pads across the region. Road data distinguished four size
classes of roads, from large highways and primary transportation
routes down to small gravel driveways and spur roads (tertiary
roads), and we developed distance and neighborhood surfaces
representing individual and aggregate classes; other data required
fewer variations but still resulted in multiple representations for
each potential predictor. This process resulted in a large set of
candidate predictors that were subsequently assessed using model
comparisons to identify correlated predictors and select the likely
‘‘best’’ predictors based on univariate model performance.
Despite our intentions to develop ‘‘control’’ sites based on
sampling of the landscape distant from the influence of human
activities, we found it difficult to remain more than 1 000 m away
from known features. We used random selection of points from a
spatial data layer representing distance from known (mapped)
features to guide selection of these points, and then evaluated
selected points using remote sensing imagery to confirm or
discount their ‘‘remoteness.’’ Upon field visitation, we discovered
a surprising abundance of invasive species in these locations.
Therefore, our ‘‘control’’ sites really represent background levels
of invasion resulting from an undocumented combination of land
uses prior to this investigation. This information remains
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important for comparison and context because it helps distinguish the local effects of the current features.

Statistical Analyses
We assessed the distance–abundance relationship based on field
observations gathered using our long-transect design and
individual observations documented for each 1 m2 along
transects. Based on a simple, conceptual expectation of high
abundance of weeds near disturbance features (e.g., roads, well
pads) with an observable decrease in abundance moving away
from features, we developed and compared models that could
characterize and test this pattern. We compared strength of
associations for predicting weed abundance (count and
frequency) based on the independent variable, distance from
the edge, using general linear models (Ott 1988; Verzani 2005)
to test linear-, log-linear–, and exponentially transformed
distance effects for individual species and all observed invaders
collectively (All Weeds) as well as specific associations between
abundant species and proximity to identified features. Analyses
were conducted using libraries developed for the open-source
analytical software, R (Bates and Maechler 2010; R Development Core Team 2010). Between-model comparisons were
made using analysis of variance and nonparametric, Kolmogorov–Smirnov, tests (Sokal and Rohlf 1987). In addition, we
tested a specified set of potentially significant environmental
factors as covariates, with values extracted from GIS datasets,
using a combination of frequentist (e.g., P values and explained
deviance for multivariate linear, random, and mixed effects
models; Ott 1988; Guisan and Zimmermann 2000) and
inferential statistics (e.g., Akaike Information Criterion, AIC;
Burnham and Anderson 1998) to assess covariate effects on
model suitability. We used AIC to help distinguish among
covariates, and we used traditional statistics to confirm the
significance of the strongest variables and models. We screened
the set of potential covariates, based on conceptual and
statistical assessment of the candidate variables, and associated
derivatives such as variations on buffer size. Similar and highly
correlated variables were not considered in the same models,
and response distributions (scatter plots) were used with
performance and correlation statistics to select among different
neighborhood calculations. Based on these analyses, we
identified the combinations of environmental patterns and
proximity to anthropogenic disturbances most useful for
predicting invasive plant distributions in this region. Although
calculation of these statistics is distinctive, results here were
complementary, where models with small AIC values also had
the smallest residual deviation; this result was expected because
complicated multivariate combinations that would be penalized for over fitting were not considered.

RESULTS
Simple Distance Relationships
We combined data for a pooled response of plant frequency,
including the combination of all observed species related to a
single land-use feature (Fig. 2), and one species across all
features, expecting to find strong associations among these
combinations. Simple summary approaches, such as this, did
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Figure 2. Frequency distributions of invasive species abundance (all species
combined) as a function of distance from roads using four different size-use
classes across southwestern Wyoming: A, primary roads; B, secondary
roads; C, tertiary roads; and D, unofficial roads. Plots depict the median
frequency (box) with whiskers extended up to the third quartile of the
distribution and down to the first quartile to demonstrate the range in the data.
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Table 1. Linear or curvilinear (log-linear, marked with *) model results
representing significant associations between invasive species abundance
and land-use features. Linear and natural logarithm-transformed distances
were compared for overall weed abundance (all species) in southwestern
Wyoming; results show the best predictor with an asterisk (*), designating
coefficients for transformed distances. P values were calculated based on
the Chi-square distribution and indicate a significant fit for each described
association.
Feature
Major highway

Intercept

Distance coefficient

P( . Chi)

4.191

0.00062

, 0.00001

Irrigation ditch

4.699

0.01328

Oil and gas pipeline (buried) *
Power lines *

3.709
4.349

0.06463 *
0.10414 *

Railroad *

4.924

0.19822 *

, 0.00001

Reclaimed well pad

3.604

0.00033

, 0.00001

, 0.00001
, 0.00001
, 0.00001

Reclaimed tertiary road

3.675

0.00402

, 0.00001

Primary road (paved or gravel)

3.725

0.00104

, 0.00001

Secondary road (gravel) *

3.784

Tertiary road (gravel)

3.726

0.00057

, 0.00001

Unofficial roads/routes
Oil and gas well pad

4.11
4.21

0.00194
0.00058

, 0.00001
, 0.00001

0.00829 *

0.00329

not readily reveal the relationship between distance and
abundance, except in the range of response (e.g., quartile
ranges in Fig. 2). However, linear and log-linear models
revealed significant associations between the pooled frequency
of invasive plants and proximity to anthropogenic features by
way of consistently positive intercept values (Table 1). These
associations were more apparent, visually, without pooled
species responses (Figs. 3–6) ,allowing us to distinguish species
with sustained distributions (Figs. 4A, 5A, 6A), and species
with clear spatial trends (Figs. 3, 4B, 5B, 6B). Model
coefficients indicated subtle linear or log-linear decay in weed
abundance (all species) with increasing distance from anthropogenic features (Table 1). The small magnitude of coefficients
indicated that, although equations are statistically significant,
trends are very gradual (small); these patterns can be observed
in the regression lines provided for species with sufficient data
to model (equations appear within Figs. 3–6).

Covariate–Distance Models
While univariate, distance-based models are desirable due to
their simplicity, scattergram distributions based on distance
demonstrate considerable variability around distance associations (Figs. 3–6). Multivariate model comparisons revealed that
prediction of invasive plant occurrence improved with inclusion of an environmental covariate representing habitat
suitability (evident from changes in AIC values; Table 2).
These results indicated that dominant vegetation classes (Veg)
and surficial geology (Geo) offered an improved fit over
distance-only models (Table 2). Also notable, the linear density
of roads (LRD) was a strong predictor in several models
(irrigation ditch, power lines, reclaimed roads, and unofficial
roads; Table 2). Although we anticipated climate-driven
patterns, the coarse-grain precipitation data used here only
improved models of associations with irrigation ditches.
Change in Akaike Information Criterion (DAIC; Burnam and
Anderson 1998; White and Lubow 2002; Vieira et al. 2008)

67(2) March 2014

Figure 3. Frequency distribution depicting invasive species abundance as
a function of distance from primary roadways across southwestern
Wyoming. Each point represents observed abundance of a species, at one
site. Species abbreviations represent genus and specific epitaph: ALYDES
(Alyssum desertorum Stapf), desert alyssum; BROINE (Bromus inermis
Leyss.), smooth brome; BROTEC (Bromus tectorum L.), cheatgrass;
CHEALB (Chenopodium album L.), lambsquarters; HALGLO (Halogeton
glomeratus [M. Bieb.] C. A. Mey.), halogeton; MELOFF (Melilotus officinale
[L.] Lam.), sweetclover; SALTRA (Salsola tragus L.), Russian thistle;
TAROFF (Taraxacum officinale F. H. Wigg), common dandelion; and
THLARV (Thlaspi arvense L.), field pennycress.

indicated in several cases that the second-best model had
support nearly as strong (given the candidate set of models) as
the best model (indicated by small DAIC, Table 2), whereas
other features were characterized by a single, strongest model
(as indicated by large DAIC, Table 2). Analysis of variance
tests, demonstrated that the strongest covariate models, also
contained significant model coefficients (P values in Table 2).
An explicit goal of this project was to investigate the impacts
of industrial activities on rural lands to better inform land-use
planning. To elucidate this relationship, several features
associated with development, especially oil and gas well pads,
were foci. Observations of active well pads and reclaimed well
pads versus the surrounding landscape revealed important
differences; distant landscapes (. 1 000 m from features) and
reclaimed pads demonstrated less abundance of invasive plants
compared to the frequency of observations around active well
pads (Fig. 7). In other words, total abundance was significantly
greater for active well pads (Fig. 7A) versus reclaimed pads
(Fig. 7B; D¼0.3902, P value , 0.00001) and background levels
(Fig. 7C; D¼0.0714, P value¼0.05). Reclaimed pads were not
statistically discernible from background levels (D¼0.0368, P
value¼0.81).

Invasive Species Richness
In addition to frequency of occurrence, we considered richness
(number of species) of invasive plants adjacent to features as an
indicator of the relationship between features and plant
invaders. We observed more invasive plant species in association with informal roads (two-track, double-track, off-highway
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Figure 4. Frequency distributions depicting invasive species abundance as
a function of distance from secondary roads separated by species that
demonstrated A, sustained or slightly decreasing distributions versus B,
increasing distributions with increasing distance from roads. Species
abbreviations are identified in Figure 3 caption, plus TRADUB (Tragopogon
dubius Scop.), yellow salsify.

vehicle [OHV] track) than other features; however, well pads,
pipelines, and all size classes of official roads were also
positively associated with greater total invasive plant richness
than background sites. It is interesting to note that we observed
greater cumulative richness (cumulative within individual
transects) of invasive plant species at background sites than
in association with several prominent features, including
powerline corridors, major highways, and reclaimed well pads
(Fig. 8). Number of different species alone does not generally
indicate good or poor condition of a particular rangeland,
especially without assessment of relative cover and function,
but presence of invasive species is one important indicator of
condition. Clearly a site with a low richness of invasive plants
could be thoroughly infested by one or two species; nonetheless, we interpreted this metric to be an indicator of relations
between infrastructure and invasive plant distributions in this
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Figure 5. Frequency distributions depicting invasive species abundance as
a function of distance from tertiary roads separated by species that
demonstrated A, sustained or increasing distributions versus B, declining
distributions of observed invasive species with increasing distance from
roads. Species abbreviations are identified in Figure 3 caption.

region and an indicator of potential for impact and expansion
of species’ distributions.

Background Distributions
Weed abundance at the semiremote, ‘‘background’’ locations
provided evidence of the wide-ranging influence of some
invasive species on resource conditions. Informal roads were
associated with the greatest weed abundances within our
sample set from across the region, suggesting one potential
source for widespread invasive plants; however, other land uses
cannot be ignored. Halogeton, cheatgrass, desert alyssum, and
bur buttercup (Ceratocephala testiculata [Crantz] Roth) were
relatively abundant at distances greater than 1 000 m from
current infrastructure. Six other problematic species, including
flixweed (Descurainia sophia [L.] Webb. ex. Prantl), pennycress
(Thlaspi arvense [L.]), pepperweed (Lepidium latifolium [L.]),
and Russian thistle (Salsola tragus [L.]) were also observed in
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Figure 6. Frequency distributions depicting invasive species abundance as
a function of distance from unofficial roads separated by species that
demonstrated A, sustained or increasing distributions versus B, declining
distributions with increasing distance from roads. Species abbreviations are
identified in Figures 3 and 4 captions, plus DESSOP (Descurainia sophia
[L.] Webb ex Prantl), herb sophia; and SISALT (Sysimbrium altimissium
L.), tumblemustard.

these ‘‘less disturbed’’ areas. Importantly, not all species were
found in these remote locations, making the composition and
distribution of this guild important for informing control
strategies.

DISCUSSION
Our data and analyses investigated the potential relations
between human infrastructure and activities and the composition and condition of this semiarid landscape; however, we
must recognize that because invasions occurred before this
research was initiated, multiple factors affecting the distribution of these species cannot be fully distinguished here.
Nonetheless, our observations provide quantified evidence of
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the role that anthropogenic infrastructure can play in facilitating the distribution of nonnative, invasive plants. In some
areas, roads and other features can aggravate an existing
invasive plant problem through increased surface disturbance,
whereas in other areas, the features might introduce species by
providing propagules and habitat. Our results cannot distinguish between these alternate possibilities; however, the greater
abundance of invasive plants we observed in proximity to
infrastructure should encourage further research into mechanistic relationships between surface disturbances, infrastructure, and invasive plant distributions in this region.
Specifically we found strong univariate associations between
abundance of invasive plants and anthropogenic features of the
rural landscape (positive intercept values ranging from 3.6 to
4.9 and P , 0.01 for all; Table 1). These simple associations
identify the significant connection between human land-use
patterns (represented here by ‘‘Features’’) and the abundance of
invasive plants. Intercept values (plot distance¼0) were all
positive, indicating that an average of 3–5 invasive individuals
are observable along each meter of the margins of any given
feature (e.g., a section of road). Of particular concern are the
apparently low rates of decline in abundance with increasing
distance (negative slope coefficients) from highways, irrigation
ditches, official and unofficial roads, and reclaimed roads for
several species, namely desert alyssum, halogeton, Russian
thistle, cheatgrass, and tumble mustard (Figs. 4A, 5A, 6A). The
lack of declining abundance exhibited around these features is
complimented by high frequency of occurrences 500–700 m
away from land-use targets, demonstrated in relation to roads
in Figures 4–6 and well pads in Figure 7. Surprisingly,
abundance of several exotic invasive plants associated with
pipelines, power lines, secondary roads, reclaimed pads, and
active well pads increased slightly with distance from the
feature, clearly indicating that frequency of occurrence did not
decline when moving away from these features, and suggesting
a disconnect (independence) between human features and those
species distributions. We might conclude that these abundance
patterns indicate the extensive effect of current and historic
land uses on sagebrush rangelands. However, it is difficult to
discern details of the dispersal process and causal relationships
without an accurate picture of changes in these distributions
through time. Thus, the temporal component of these invasions
is lacking, and this information might better discern differences
in the causes and effects of plant invasions on these complicated
landscapes. Nonetheless, the current association of invasive
plant species with anthropogenic features of the rural landscape
is clear, given the highly significant results presented here.
Statistical distributions demonstrated a significant, negative,
log-linear trend with increasing distance in the abundance of
invasive plants near railroads, active well pads, secondary and
tertiary roads, reclaimed roads, and reclaimed pads, as
predicted. However, the associations between invasive abundance and several other features (highways, primary roads,
informal roads, and irrigation ditches) showed significant,
negative, linear trends with increasing distance. This is not a
critical distinction from our hypothesized negative, log-linear
trend, especially considering the small effect sizes, but it does
indicate that some species of invasive plants associated with
these features might be more likely to spread ubiquitously
across the surrounding landscape than others. Further investi-
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Table 2. Parsimonious models of local distribution of invasive plants in southwestern Wyoming based on linear or log-linear abundance-distance associations and inclusion of one covariate predictor. P
values (based on Chi-square distribution) were considered along with total variance and residual deviation confirming the fit of these models (values not presented here).1
168

gation of these distinctions is required to elucidate mechanisms behind these patterns. Finally, the associations between
invasive abundance, pipelines, and power lines showed
increasing abundance with increasing distance, suggesting
two distinct possibilities: 1) that frequent, perpetual disturbance (e.g., by traffic) might not be necessary to generate
widespread effects of major, linear features; or 2) that these
features are embedded within heavily invaded areas, and the
new contribution of these features is relatively small. Despite
the significance of the associations and trends disclosed by
linear model analyses, we observed variability in the
distribution of species and associations among different
anthropogenic features such that a simple, summary relationship such as this left clear possibilities for improvement.
Multivariate model comparisons helped us select environmental covariates from a set of candidate variables. We
selected the strongest models (using AIC), and demonstrated
the significance of model coefficients, despite small effect sizes
for some associations (Table 2), emphasizing caution when
inferring and applying these results. Information embedded
within these models (Table 2) indicated that all models
relating invasive plant abundance to anthropogenic features
were improved by including one environmental covariate
related to site-type classification. Nine of these abundance
models (highway, primary, secondary, and tertiary roads,
pipelines, power lines, railroad corridors, and active and
reclaimed well pads) were improved by including vegetation
or substrate covariates (Table 2). Road models (highways,
primary, secondary, tertiary, informal, reclaimed, and railroads) were improved by inclusion of the surface geologic
type (categorical), whereas models for distributions around
pipelines (buried), power lines (overhead with surface access),
and well pads (active and reclaimed) were all improved by
inclusion of the dominant vegetation (Table 2). Only models
for irrigation ditches were most improved by addition of
regional land-use intensity (represented by linear road density,
LRD), however LRD was a strong, alternate predictor in
several other distribution models.
Specifically, it is clear that habitat-type associations are
relevant for understanding the distribution of these species, as
is the case with native species associations. Furthermore, we
were surprised to note that surface geologic patterns were a
good predictor of suitability of habitats for invasion; we were
surprised because we anticipated an association with soil
type, not geology, despite the known relationship between
these variables. Associations, or aversions, between invasive
plants and dominant vegetation types improved models for all
other features, except irrigation ditches, confirming what
others have noted (Endress et al. 2007; Evangelista et al.
2008; Kelly et al. 2009; Andrew and Ustin 2010; Mandle et
al. 2010; Rahlao et al. 2010), namely an association between
many invaders and particular habitat conditions. Associations
in all of these cases are characterized by positive associations
with particular vegetation or geologic types (e.g., Wyoming
sagebrush–prickly pear associations) and negative associations with other types (e.g., Wyoming sagebrush–rabbitbrush
associations; see Table S2, for a list of model coefficients;
available online at http://dx.doi.org/10.2111/
REM-D-12-00056.s2), and these details should be useful for
local managers. For example, industrial activities such as well
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Figure 8. Cumulative richness (bars) of invasive plants (estimate and 1
standard deviation) observed within 800 m of common rural land uses, as
listed, in southwestern Wyoming, and deviation of this estimate from the
observed norms in the sample (line and points) estimated based on sample
size trends.

Figure 7. Frequency distributions representing nonnative species occurrence (all species combined) as a function of distance from: A, oil and gas
pads; B, reclaimed well pads; or C, background distributions (. 1 000 m
from infrastructure) in southwestern Wyoming. Plots depict the median
frequency (box) with whiskers extended up to the third quartile of the
distribution and down to the first quartile to demonstrate the range in the
data. Note differences in Y-axis ranges.

pads, pipelines, and electrical transmission lines (power lines)
could be evaluated based on the dominant vegetation characteristics of potentially affected site(s), adding likelihood to
support noxious invasion to considerations of impacts to
livestock and wildlife habitats. Similarly, based on the
associations between invasive plant abundance and roads,
geologic types and vegetation associations, construction,
removal, or mitigation could be evaluated based on overlap
with identified geologic substrates that are sensitive to invasion
(see Table S2; available online at http://dx.doi.org/10.2111/
REM-D-12-00056.s2).
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Cumulative richness distributions confirmed the indications
of frequency distributions and linear analyses. Informal roads,
also known as two-tracks and double-tracks, appear to harbor
the greatest richness of invasive species when compared to
other similar features. Well pads, pipelines, and several size
classes of unpaved roads are secondary to informal roads in
invasive abundance, whereas other long-term features of the
landscape, including power lines, highways, earthen dams, and
irrigation ditches had fewer numbers of invasive species than
our remote, background sites. This gradient helps put
treatment planning in perspective by highlighting major
contributors, but it also highlights a more difficult problem,
the distributions of invasive plants that extend far beyond the
footprint of current human activities. Natural dynamics due to
drought, flood, snow, wind, and fire, combined with former
land-use activities (including domestic grazing, homesteading,
mining, exploration, and recreation), created the template that
we work with today. Current activities are superimposed on
this variable mosaic of stressed and healthy lands, making
susceptibility to invasion variable across ecosystems, due to
variation in ecological condition (Chambers et al. 2007; Rew
and Johnson 2010), grazing (Milchunas and Lauenroth 1993;
Kimball and Schiffman 2003; Seefeldt and McCoy 2003), and
fire (Rew and Johnson 2010; Pierson et al. 2011).
The distribution of nonnative, invasive plants that we
discovered and modeled here, affects the composition and
condition of the vegetation across a landscape that is important
for both domestic livestock and wildlife. Several of these
species, most notably cheatgrass among the current group, are
known to have detrimental effects on ecosystem functions and
services, forage quality, and disturbance regimes (Knapp 1996;
Young and Allen 1997; Asay et al. 2003; Epanchin-Niell et al.
2009). However, even these management implications can be
conditional and apparently contradictory, and understanding
of the effects and implications of other nonnative species for
native ecosystems is lacking. Therefore, although rapid
response is necessary to control noxious invaders before they
reach major infestation levels, prudence, efficiency, and
financial limitations make evaluation of the potential effects
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on ecological functions and services an important part of
management, planning, and research on invasive plants.

IMPLICATIONS
Conservation of habitats and management of ecosystems in
the modern era is a challenge that is complicated by
widespread human activities that can encourage exotic
species invasions both through habitat manipulations and
dissemination of species. Due to natural and anthropogenic
causes, public and private rangelands are subject to a variety
of factors that affect the productivity of individuals and
populations, and cumulatively affect condition and productivity across the ecosystem (Fetcher and Trlica 1980; Fisser et
al. 1990; Milchunas and Lauenroth 1993; Milchunas et al.
1994; Heitschmidt et al. 2005). Natural and anthropogenic
environmental factors can stress native, perennial species
through direct damage, growth reductions (off-take), and
reproductive restrictions, causing population and community
level effects (Laycock and Harniss 1974; Weber et al. 2000;
Asay et al. 2003; Kimball and Schiffman 2003; Heitschmidt
et al. 2005;Yeo 2005; Manier and Hobbs 2006). These cycles
(natural and modified) also have an interactive role by
affecting the availability of physical and resource space
(niche) for colonist species. For example, likelihood of
invasion of Great Basin ecosystems by cheatgrass, even after
fire, is closely linked to the condition of the native, perennial
vegetation at the time of the disturbance and the environmentally determined growing conditions (Chambers et al.
2007). To complicate matters, many species and systems have
evolved with periodic disturbances (including, fire, drought,
and grazing), and the population and community dynamics
associated with cyclical disturbances promote systemic
function, species, and habitat diversity (Pickett and White
1985). Most noxious invaders respond aggressively to
available niches (via rapid growth and maturation and
prolific reproduction), especially those created by human
activities that increase or magnify the effects of natural
stressors (With 2004; Christen and Matlack 2009). Therefore, successful management for rangeland health, including
resistance and resilience to nonnative, invasive plants, is a
balancing act between stimulating native perennial species
and enabling nonnative invasions (Firn et al. 2009). However,
it is also clear from these data that not all invasive species
have the same relations with anthropogenic and natural
environmental patterns (i.e., predictive, independent variables); these differences are likely associated with difference
in reproductive capacity and dispersal mechanisms, but those
details were not specified here. The interaction between
disturbance and other environmental conditions is important
because it will help focus limited time and funds by informing
planning and design about sensitivity and risk factors, to
avoid damage, and to target reclamation and recovery efforts.
In addition, these results have implications for both
modeling and planning at the landscape scale with new
perspective on the range of influence afforded by human
infrastructure and associated activities. Our work suggests
that the range of indirect influence, often depicted in spatial
buffers (e.g., Nasen et al. 2011), is well beyond previous
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expectations, implying that applications which place reference sites (for comparisons) at short distances, actually are
within the affected environment (and therefore are not
suitable reference sites). By incorporating locally accurate
relationships among invasive plants, land use, and environmental patterns into spatially extensive models, we can better
forecast the influence of activities and conditions in critical
areas for conservation and management planning. This
includes identifying opportunities for restoration and remediation of priority areas for protection and control. Actions
to control species distributions that are limited in expanse,
such as roadsides, are quite different from actions to control
the distribution and abundance across broad expanses of
landscape, due to both economic limitations and strategic
planning. Improved understanding of different species’
responses to different disturbance regimes and different
environmental conditions should lead to better planning
and strategic options for targeting problem species. Finally,
accurate spatial models of suitable caliber for management
planning require incorporation of predictive relationships
(driver-response) to inform independent (predictive) variable
selection, and these results can provide some guidance for
future investigation into these relationships.
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