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Abstract Natural and anthropogenic site character-

istics play a role in determining the current distribution

of invasive plant species. An understanding of these

characteristics can be used to prioritize areas for

monitoring and control efforts and to determine

appropriate management actions to lower site invasion

risk. We used species distribution models to look for

attributes associated with invasion and to determine

the extent to which these attributes varied across a

suite of species. We modeled the presence-absence of

11 invasive plant species along riparian areas in the

northwestern United States using the model Random

Forests. We found that climate variables were most

important for predicting species distributions across

the large study area and factors related to nutrients,

land cover, and disturbance had moderate importance.

We also found that there was a general pattern related

to invasion for almost all species. Invasion was more

likely to occur at hotter, drier sites near roads in

unforested areas. In addition, high nutrient levels and

proximity to streams with lower baseflow values also

generally increased the likelihood that at least one

invasive species would be present. Examining patterns

across a broad range of regions can help suggest

general mechanisms of invasion as well as provide

region-specific management recommendations.

Keywords Distribution models � Invasive plant

species � Fluctuating resource � Propagule pressure �
Riparian

Introduction

Invasive plant management is an expensive undertak-

ing, with over $9 billion spent annually on control of

invasive plant species in the United States alone

(Pimentel et al. 2005). The effectiveness of manage-

ment actions can increase with a better understanding

of how underlying site characteristics relate to inva-

sive species presence on the landscape. Sites identified

as having a high likelihood of new infestations can be

targeted for early detection and rapid response

programs (Pyšek and Richardson 2010), increasing

the efficiency of control efforts. Furthermore, it may

be possible to identify and directly manage site

attributes that contribute to successful establishment

of invasive species. In many cases, this may be more

successful than managing individual species if site
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conditions are such that reinvasion by a variety of

species is likely to occur following control efforts

(Hobbs and Humphries 1995).

Empirical work has investigated the relationship

between site attributes and invasive species establish-

ment on the landscape in a variety of ways. Research

sometimes focuses on one or a few species of

particular management concern (Evangelista et al.

2008; Ibáñez et al. 2009; Loo et al. 2009), which can

provide management recommendations and spatial

predictions for the focal species. Other studies look for

patterns underlying the presence or richness of all non-

native species at sites without focusing in particular on

species of concern (Catford et al. 2011; Ohlemüller

et al. 2006). Factors contributing to invasion success

have been studied across both study areas subject to a

broad spectrum of land uses (Chytry et al. 2009;

Stohlgren et al. 2005a) and in protected areas like

reserves and parks with more limited types of anthro-

pogenic disturbances (Allen et al. 2009; Pyšek et al.

2002).

Site attributes relate to invasive species establish-

ment in two ways. Attributes such as proximity to roads

and nearby human population density can help approx-

imate the likelihood of propagules being introduced to

a site (i.e. propagule pressure) (Pyšek et al. 2010). Once

introduced, site conditions such as light availability,

nutrient levels, and soil moisture influence the likeli-

hood of invasive species being able to establish (i.e. site

invasibility). These two factors, propagule pressure

and site invasibility, drive the overall pattern of

invasive species presence on the landscape (Chytrý

et al. 2008). These patterns are also mediated by traits

of potential invading species, with each species

requiring specific sets of conditions (Catford et al.

2012). It can be useful to identify in a suite of species

both the commonalities and differences in conditions

favoring successful invader establishment.

In this study, we simultaneously looked for species-

specific habitat relationships and overall patterns

underlying the establishment of a suite of invaders

using a wide range of predictor variables. Some of the

variables, such as proximity to roads and livestock

grazing, can indicate both the relative degree of

propagule pressure and underlying site conditions that

may influence invasibility. We focused on non-native

species that are known to be invasive in order to have

the greatest relevance for management. We used a

dataset that covers riparian areas on federal land in the

eastern Columbia and western Missouri river basins

and includes presence and absence data for 11 plant

species. Our study area is composed of sites on

federally managed land which allows us to assess

invasion patterns in a region with a limited number of

anthropogenic influences. Our research addressed two

primary questions: (1) What types of variables (e.g.

climatic, nutrient-related, disturbance) are important

for predicting the distribution of invasive plant

species? and (2) Are there specific factors that make

sites susceptible to invasive species establishment by a

range of species or is susceptibility primarily species-

specific? We separately modeled the distributions of

eleven invasive species in riparian areas in the

northwestern United States using presence-absence

data and with predictor variables related to climate,

disturbance, nutrient and soil conditions, land cover,

and site hydrology. We used model results to provide a

better understanding of what makes some sites more

prone to invasion and to provide management sug-

gestions for our study region.

Methods

Study area and species data

We used data from the United States Forest Service

(USFS) Pacific Anadromous Fish Strategy and the

Inland Fish Strategy Biological Opinion Effectiveness

Monitoring Program (PIBO) to build models (Hen-

derson et al. 2005). PIBO collects data from randomly

selected stream segments on federally owned Bureau

of Land Management (BLM) and USFS lands in the

eastern Columbia and western Missouri river basins, a

region that includes parts of eastern Oregon and

Washington, northern Utah and Nevada, and much of

Idaho and Montana (Fig. 1). Stream segments range in

length from 80 to 500 m, with a mean of 191 m. USFS

and BLM lands are managed for a variety of uses

including recreation, logging, livestock grazing, and

wilderness. Due to often incomplete records, the level

of most anthropogenic disturbances at sites can only

be approximated by proximity to roads and the

presence or absence of grazing allotments at sites.

Few, if any, of the sites, were cultivated or developed

before becoming federal lands over 50–100 years ago,

and today agriculture and development are absent

from the study sites and extremely uncommon within
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their vicinity. The majority of sites are on unimpound-

ed waterways, with less than 3 % of sites downstream

from dams.

At each site, vegetation data were collected in

20 9 50-cm quadrats placed along the first location

upslope from the stream with at least 25 % perennial

vegetation cover and in cross-sectional transects that

extended 9.5 m perpendicular from the stream edge.

Only sites with at least 27 cross-sectional and 40

greenline quadrats were included in the analysis. A

species was considered present at a site if it was found

in at least one quadrat during at least one survey

between 2003 and 2009. There were a total of 1,138

sites in the Columbia River Basin and 191 sites in the

Missouri River Basin included in this analysis.

Study species

We focused our study on all plant species listed as

noxious weeds (http://plants.usda.gov) in at least one

of the states in our study area except for those species

occurring at \15 sites. We excluded extremely

uncommon species due to the lack of adequate data to

effectively model their distributions. State noxious

weeds are species that, due to their perceived eco-

nomic, ecological, and/or socio-political impact, are

regulated by law and prioritized for prevention and

control programs (Skinner et al. 2000). Bromus

tectorum L. (cheatgrass), though not listed as a nox-

ious weed, was also included in the study because it is

a species of particular management concern in the

study region. Our final species list included one annual

grass species, two perennial grass species, and eight

perennial or biennial forbs (Table 1).

Predictor variables

We selected predictor variables based on factors

expected to influence the establishment and spread of

invasive plant species, then reduced our initial explor-

atory set to 20 variables with Pearson correlations

\|0.70| (Table 2). When choosing between two highly

correlated variables, we selected variables with higher

data resolution and/or more direct application to factors

controlling species’ distributions (e.g. mean minimum

temperature instead of elevation). Data was extracted in

ArcMap 10 and Geospatial Modelling Environment

0.5.2 (www.spatialecology.com/gme). We included

variables related to climate, disturbance, site hydrol-

ogy, land cover, and nutrient and soil conditions.

Climate variables were extracted from 30 year

mean data from the parameter-elevation regressions

on independent slopes model (PRISM) (Daly et al.

2008). We selected variables that represent the

extremes of conditions that species have to toler-

ate. Final climate variables we used were mean

Fig. 1 Sites, chosen from BLM and USFS land in the study region, where vegetation data was collected by USFS PIBO Effectiveness

Monitoring Program. Data from these sites were used to model the distributions of invasive plant species
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precipitation of the driest and wettest months, mean

temperatures of the coldest and warmest months, and

number of days per year between the first and last

freeze.

Road, grazing, and fire history data were used as

indicators of site disturbance. Distance to the nearest

road and density of roads in a 1-km buffer around each

site were calculated separately using road data from

topologically integrated geographic encoding and

referencing system (TIGER) (US Census Bureau

2009) and from USFS and BLM spatial data. The

least conservative road values were used at each site

since readily available road data is often under-

representative of true road density (Hawbaker and

Radeloff 2004) and because this trend was observed in

a random sample of sites examined in Google Earth

(Google Inc 2010). We used USFS and BLM spatial

data on the locations of grazing allotments to make a

categorical variable for grazing presence or absence at

each site. We also calculated the percent of area within

a 1-km buffer around each site that contained grazing

allotments. Fire data was extracted from Monitoring

Trends in Burn Severity (Eidenshink et al. 2007). Sites

were considered burned if they experienced a fire

anytime between 1993 and 2008. Fire was not frequent

enough in the study area to allow us to look for effects

of only the most recent fires.

We looked at two measures of hydrologic condi-

tions at sites. The slope of the site stream segment was

calculated using 30-m digital elevation models (Gesch

et al. 2009). Slope is a strong predictor of unit stream

power, which is indicative of flooding force (Bendix

Table 1 Species used in this study

Species Code Growth form US (Western)

introduction

date

Means of introduction Methods of

reproduction

Bromus

tectorum

BRTE Annual grass Mid-1800s Contaminated crop seed, ship ballast Seed only

Centaurea

biebersteinii

CEBI Biennial/

perennial

forb

Late 1800s

(post-1920)

Contaminated crop seed, ship ballast Primarily seeds, some

lateral shoots

Cirsium arvense CIAR Perennial forb 1600s Contaminated crop seed, ship ballast Seed and lateral roots

Cirsium vulgare CIVU Biennial forb 1700s

(late 1800s)

Contaminated crop seed Seed only

Cynoglossum

officinale

CYOF Biennial forb Mid-1800s Contaminated crop seed Seed only

Elymus repens ELRE Perennial grass 1600sa Contaminated crop seedb Primarily rhizomes,

some seed

Hypericum

perforatum

HYPE Perennial forb Late 1700s

(early 1900s)

Intentional for garden cultivation Seed and lateral roots

Leucanthemum

vulgarec
LEVU Perennial forb (late 1800s) Contaminated crop seed, intentional for

garden cultivation

Seeds and rhizomes

Phalaris

arundinacea

PHAR Perennial grass 1850d Intentional for forage, wastewater

treatment, bioenergy cropd
Seeds and rhizomes

Ranunculus

acrise
RAAC Perennial forb Before 1821 Intentional for cultivation Seeds and rhizomes

Tanacetum

vulgare

TAVU Perennial forb 1600s (late

1800s)

Intentional for garden cultivation Seeds and rhizomes

All information from USDA forest service fire effects information database, http://www.fs.fed.us/database/feis/plants/index.html,

unless otherwise noted
a http://www.invasivespeciesinfo.gov/plants
b http://na.fs.fed.us/fhp/invasive_plants/weeds/quackgrass.pdf
c all information for this species from http://www.nwcb.wa.gov/weed_info/Written_findings/Leucanthemum_vulgare.html
d Lavergne and Molofsky (2004)
e all information for this species from Lovett-Doust et al. (1990)
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1997). Baseflow values were extracted from the U.S.

Geological Survey Base-flow Index Grid for the

Conterminous United States (Wolock 2003). Baseflow

is the percentage of total stream flow that comes from

ground water discharge and is often used as an

indicator of low-flow conditions (Smakhtin 2001).

Large baseflow values indicate little fluctuation in

stream water levels and little responsiveness to large

rain events, while low baseflow values indicate large

water level fluctuations and more contribution of

seasonal rain events to stream flow.

We obtained estimates of land cover by calculating

the percent of area at each site composed of grassland,

shrubland, forest, or other (e.g. development, agricul-

ture, standing water) from a national vegetation map

(LANDFIRE National Existing Vegetation Type layer

from US Department of the Interior, Geologic Survey,

http://gisdata.usgs.net/website/landfire). Only grass-

land and shrubland were used in the final analysis

because forest and grassland were highly negatively

correlated (Pearson correlations \-0.9) and land

cover in the ‘‘other’’ category was rare.

Table 2 Variables used in species distribution models with range and units

Category Variable Description Range Units

Climate Pmin Mean monthly precipitation of the

driest month of the year

7–96 mm

Climate Pmax Mean monthly precipitation of the

wettest month of the year

28–273 mm

Climate Tmax Mean monthly temperature of the

hottest month of the year

15.5–31.9 �C

Climate Tmin Mean monthly temperature of the

coldest month of the year

-18.8–3.1 �C

Climate Gdays Mean number of annual growing

days (days between last and first

freeze)

10–176 days

Disturbance Fire Presence of fire within last

10 years at site

191 of 1329 sites

Disturbance Grazing1k Percent of 1-km buffer around site

with grazing allotments

0–100 %

Disturbance GrazingSite Presence of grazing allotments at

site

783 of 1329 sites

Disturbance Rd1k Length of roads in 1-km buffer

around site

0–30408 m

Disturbance RdNear Distance from site to nearest road 0.29–19220 m

Geology, soil, nutrient RockP Percent phosphorous in the

dominant rock at sites

0.066–3.15 %

Geology, soil, nutrient RockN Percent nitrogen in the dominant

rock at sites

0–0.65 %

Geology, soil, nutrient Nfixer Cover of nitrogen fixing species at

site

0–56 %

Geology, soil, nutrient Ndep Atmospheric nitrogen deposition 1.05–5.31 kg/ha

Geology, soil, nutrient OM Percent of fines composed of

organic matter

1.16–10.78 %

Geology, soil, nutrient pH pH of site 5.083–8.46

Land cover Shrub Shrubland at site 0–92 %

Land cover Grass Grassland at site 0–100 %

Hydrologic Slope Slope of site stream segment 0–25.5 %

Hydrologic Baseflow Stream flow attributed to ground-

water discharge into streams

31–89 %

Categorical variables have the number of sites with presence of the category listed instead of the range and units
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We used a variety of data to provide both direct and

indirect measures of site nutrient availability and soil

conditions. We extracted pH and percent soil organic

matter from the U.S. General Soil Map (STATSGO2)

(http://soildatamart.nrcs.usda.gov). Rock phosphorous

and nitrogen at each site were derived from maps of

bedrock percent phosphorous and nitrogen composition

(Olson and Hawkins 2012) based on the Preliminary

Integrated Geologic Map Databases for the United

States (Ludington et al. 2007). The total cover of

nitrogen fixing species at each site was calculated from

PIBO vegetation data. All Fabaceae and species in the

genera Alnus, Ceanothus, and Elaeagnus were consid-

ered nitrogen fixers. Atmospheric nitrogen deposition

data were extracted from the U.S. Environmental Pro-

tection Agency Atmospheric Modeling and Analysis

Division Watershed Deposition Tool (Schwede et al.

2009). Abbreviations used in subsequent text for all

predictor variables are listed in Table 2.

Modeling and variable assessment

We created distribution models for each species using

Random Forests (RF) with the randomForest package

in R 2.12.1 (Liaw and Wiener 2002; R Development

Core Team 2010). RF distribution models have

performed well in comparative work (Cutler et al.

2007; Thomaes et al. 2008) and automatically include

interactions between variables in models, simplifying

the modeling process. RF averages results from many

un-pruned classification trees to create models that are

more stable and accurate than single classification

trees (Cutler et al. 2007). Each tree is built with a

bootstrapped sample of the data, and the variables

used at each split are selected from a random subset of

the total predictor variables. We used 1000 trees in

each model and the default package values for the

bootstrapped sample size and number of predictor

variables selected from at each split.

We obtained accuracy measures for distribution

models using tenfold cross validation (Fielding and

Bell 1997), taking the average across ten runs to obtain

more stable results. We report percent correctly

classified (PCC), sensitivity, specificity, and area

under the receiver operating characteristic curve

(AUC). The first three measures require that predicted

probabilities of occurrence are converted to 0 s and

1 s. We used species’ observed prevalence in the study

area as the threshold for conversion (Freeman and

Moisen 2008) so that if a species was found at 25 % of

study sites, predicted probabilities for that species of

C0.25 would be converted to 1 and probabilities\0.25

would be converted to 0. PCC is the percent of all sites

where the model prediction is correct. Sensitivity is

the percent of correctly classified presences and

specificity is the percent of correctly classified

absences. AUC is the area under the curve of a plot

of the sensitivity versus 1 minus the specificity at all

possible thresholds. As the threshold value increases, a

good model will have an increasing number of true

positives while maintaining a low false presence rate

until the point where almost all presences are correctly

modeled. An AUC value of 1 indicates perfect model

fit and 0.5 indicates no better than random.

To determine the contribution of each variable to

model performance, we averaged the mean decrease in

accuracy for all variables across ten model runs for

each species. The mean decrease in accuracy is the

normalized difference in classification accuracy for

models with the variable of interest and when that

variable is randomly permuted, with higher values

indicating that a variable contributes more towards

classification accuracy. For each species, we then

divided each predictor variable’s mean decrease in

accuracy by that species’ highest mean decrease in

accuracy to obtain a variable importance value that

could be compared among species. Variables with an

importance value of 1.00 are the most important for

model fit while variables with a value of 0.50 have half

the contribution as the most important variable.

We used partial dependence plots to determine the

relationship between variables and presence of each

species, focusing in particular on the area between the

first and tenth deciles of data to avoid relationships

strongly influenced by outliers. These plots show the

marginal effect of a predictor variable when other

variables are held constant. We determined whether

relationships were positive, negative, or flat, and left

unclear relationships unidentified.

Results

Presence of species in the dataset

Our focal species were found at between 31 (Tanace-

tum vulgare) and 257 (Cirsium arvense) study sites,

with most species at less than 100 sites. Some species,
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such as Ranunculus acris, appear to be clustered in a

small part of the study area whereas most species have

a broader spatial distribution (Online Resource 1). No

more than six of our 11 study species co-occurred at

any one site, and 58 % of sites had none of our focal

species.

Model evaluation

All models performed at acceptable (AUC [0.7) or

excellent (AUC[0.8) levels (Hosmer and Lemeshow

2000), except for the model of C. arvense which had

an AUC of 0.662 (Table 3). PCC values ranged from

58.6 % for C. arvense to 76.1 % for Hypericum

perforatum, with a mean of 68 %. Sensitivity, with a

mean of 72.6 %, was higher than specificity, with a

mean of 67.6 %, for all species except Elymus repens,

meaning that models generally were better at correctly

predicting presence than absence.

Variables important for predicting invasive species

distributions

Climate variables had the two highest variable

importance values for all species (Online Resource

2). Precipitation and temperature variables generally

had higher importance values than Gdays and had the

four highest median variable importance values of all

variables (Fig. 2). Variables related to soil and nutri-

ent conditions ranked as the next highest contributors

to model performance, though the importance of these

variables varied more among species and by the

specific variable. The top variable in each of the

remaining categories, disturbance, land cover, and

hydrology, had similar median variable importance

values. Variables in these categories showed consid-

erable heterogeneity in importance values among

species. For example, Grass (a land cover variable)

had a variable importance value of 0.81 for B.

tectorum and 0.29 for H. perforatum (Online Resource

2). Most species had at least one disturbance variable

with importance at least half that of their most

important model variable, except for R. acris and H.

perforatum, where all disturbance variable importance

values were less than 0.44. Fire was considerably more

important for three species, B. tectorum, Cirsium

vulgare, and E. repens, than for the remaining species

for which this variable contributed little to model

performance and often slightly decreased model

performance, as indicated by negative variable impor-

tance values.

Factors that make sites susceptible to invasion

Seven or more species had positive relationship with

Gdays, Tmin, and/or Tmax and negative relationships

with Pmin and/or Pmax (Table 4, Online Resource 3).

Only three species, Phalaris arundinacea, T. vulgare,

and H. perforatum, had a positive relationship with

Pmin and/or Pmax (Online Resource 3). Our study

species were also fairly consistently associated with

higher nutrient levels. All species had a positive

relationship with Nfixer and RockN and most with

RockP and Ndep (Table 4). OM and pH did not have

consistent patterns across species. Grass and Shrub

had a positive relationship with presence for all

species except H. perforatum, which showed a flat

relationship. Six of the 11 species had a negative

relationship with Baseflow, with most of the remain-

ing species having an unclear relationship with this

variable. Nine of 11 species had positive relationships

with Fire and Rd1k and negative relationships with

RdNear. One species, H. perforatum, was more likely

to be present in areas with fewer roads (Online

Resource 2). There were an almost equal number of

species with a positive association to grazing as those

Table 3 Accuracy statistics for Random Forest models of the presence of 11 invasive plant species. Statistics include percent

correctly classified (PCC), specificity, sensitivity, and area under the receiver operating characteristic curve (AUC)

Species BRTE CEBI CIAR CIVU CYOF ELRE HYPE LEVU PHAR RAAC TAVU

PCC 75.0 65.1 58.6 63.0 66.6 66.7 76.1 67.1 67.4 66.9 75.2

Specificity 75.0 64.6 57.2 62.8 66.4 66.8 75.9 66.5 66.9 66.8 75.1

Sensitivity 75.8 74.2 64.3 65.0 73.3 64.2 83.8 78.3 71.2 70.3 78.4

AUC 0.823 0.769 0.662 0.701 0.790 0.706 0.873 0.803 0.764 0.728 0.835

See text for description of accuracy statistics and Table 1 for a list of study species

Climate conditions and resource availability drive invasive plant establishment 1607

123



with a negative association, with several species

showing no clear relationship.

Discussion

Variables important for predicting invasive species

distributions

Climate variables were the strongest predictors of the

distribution of invasive plant species in our study.

Appropriate climatic conditions are necessary for a

species’ survival, growth and reproduction, or at least

for individuals of the species to survive long enough to

be detected by surveyors in the field. In a large region

such as our study area, climate generally varies enough

to make climatic variables useful for distinguishing

between suitable and unsuitable sites, while in smaller

areas other conditions become more important (Milbau

et al. 2009). Our finding also fit with several recent

theoretical frameworks that discuss invasion as a series

of stages with filters determining progress from one

stage to the next and climate and/or abiotic conditions

serving as the first filters after a species is initially

introduced to a broad region (Milbau et al. 2009;

Richardson and Pyšek 2006; Richardson et al. 2000;

Theoharides and Dukes 2007).

Our results for non-climate variables suggest that

the particular variable selected for distribution mod-

eling matters more than the category of variable used.

Nitrogen deposition, pH, and grassland cover were at

least moderately important (variable importance over

0.50) for predicting distribution for over 75 % of the

target species, while other nutrient, soil and land cover

variables were not particularly important for a similar

percent of the species. Similarly, road density and

stream baseflow were relatively important and grazing

at sites and stream slope were not. The stronger

contribution of particular variables rather than cate-

gories of variables is probably driven in part by

differences in the data quality, amount of variability

within the study area, and ecological importance of the

Fig. 2 Boxplots of variable importance of predictor variables

across Random Forest distribution models for 11 invasive plant

species. Variable importance is the mean decrease in model

accuracy for a variable divided by the highest mean decrease in

accuracy for any variable in the model of a particular species.

Boundary of boxes indicate the first and third quartiles, solid

lines mark the medians, and whiskers indicate data beyond 1.5

times the interquartile range. See Methods for explanation of

how mean decrease in accuracy is calculated in Random Forest

models

Table 4 Number of species with positive, flat, negative, and

unclear relationships with predictor variables used in modeling

the presence of 11 invasive plant species

Variable Positive Flat Negative Unclear

Pmin 3 0 7 1

Pmax 2 0 8 1

Tmax 11 0 0 0

Tmin 8 2 0 1

Gdays 8 1 1 1

Fire 9 2 0 0

Grazing1k 4 3 4 0

GrazingSite 5 2 4 0

Rd1k 9 1 1 0

RdNear 0 0 9 2

RockP 9 0 1 1

RockN 11 0 0 0

Nfixer 11 0 0 0

Ndep 7 1 3 0

OM 5 2 4 0

pH 5 4 2 0

Shrub 10 1 0 0

Grass 10 1 0 0

Slope 5 3 0 3

Baseflow 1 1 6 3

Variable direction was determined by visual assessment of

partial dependence plots from Random Forest models (Online

Resource 3). See Table 2 for description of predictor variables
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predictor variables. Furthermore, many variables

could be classified into more than one category or

into categories that were not included in our analysis,

such as nitrogen deposition falling into both soil and

disturbance, and roads falling into both disturbance

and dispersal.

Disturbance is an oft-cited factor in invasion

success and one of the few site characteristics

consistently associated with invasive species estab-

lishment across studies and taxa (Colautti et al. 2006;

Hobbs and Huenneke 1992; Richardson et al. 2007).

We were somewhat surprised then to find that

disturbance variables were not the most important

predictors of invasive species’ distributions. However,

upon further reflection, we realized that climate should

be the most important in a large region for the reasons

discussed above. Furthermore, disturbance was at least

moderately important for almost all of our study

species despite the fact that we had only a small range

of anthropogenic disturbances at our study sites and

we were not able to fully capture the nuances of

disturbance regimes at sites, such as the frequency and

timing of livestock grazing. Our results cannot neces-

sarily be extrapolated to areas with broader ranges of

disturbance. We expect that disturbance would have

had a larger role earlier in the introduction of our study

species to the region, when they were most propagule-

limited, and may also play a larger role determining

the abundance, rather than presence, of our study

species.

Factors that make sites susceptible to invasion

We found that individual invasive species exhibited a

similar relationship to many of the site attributes we

studied. Hotter, drier sites near roads in unforested

areas were more likely to contain one or more invasive

species. In addition, high nutrient levels and proximity

to streams with lower baseflow values also generally

increased the likelihood of the presence of invasive

species. Our results agree with other studies that have

found that warmer, drier environments (Ohlemüller

et al. 2006; Pyšek et al. 2002; Sandel and Dangremond

2012 but see Chong et al. 2006; Stohlgren et al.

2005b), sparsely or unforested areas (Allen and Shea

2006), high nutrient sites (Alpert et al. 2000; Bakker

and Berendse 1999; Brooks 2003; Colautti et al. 2006;

Jefferies and Maron 1997; Loo et al. 2009), and areas

near roads (Gelbard and Harrison 2003; Hansen and

Clevenger 2005; Parendes and Jones 2000) are more

likely to contain invasive species. Hot, dry sites with

higher soil fertility were associated with the presence

of non-native species in both Australia (Catford et al.

2011) and north-eastern Germany (Jansen et al. 2011),

and a meta-analysis found that anthropogenic activity,

disturbance, and resource availability were all posi-

tively related to the establishment and spread of non-

native species (Colautti et al. 2006).

There are several reasons why roads may promote

invasive species establishment, as indicated by our

study results. Roads are associated with increased

dispersal opportunities because road traffic can trans-

port seeds and other propagules to new sites (Lonsdale

and Lane 1994). Roadsides also frequently have

suitable conditions for species’ establishment, such

as low competition and high light levels (Coffin 2007).

The roadside pool of invaders can serve as a reservoir

from which species can move into adjacent areas when

conditions are favorable. Roads may also be indicators

of nearby disturbances that could promote invasion,

such as construction, logging, or higher rates of foot

traffic (Parendes and Jones 2000).

We propose two potential explanations for why we

found a suite of conditions (high nutrients, low

baseflow, low precipitation, high temperatures) asso-

ciated with the presence of most of our study species.

First, these conditions may relate to processes that

make sites more prone to invasive establishment.

Resource opportunities, periods when essential

resources are highly available, are important for the

establishment of new species in a community, includ-

ing invasive species (Shea and Chesson 2002). High

background nutrient and light levels combined with

occasional increased stream flows and rain events in

our study area may periodically free up resources to

create opportunities for establishment, as predicted by

the fluctuating resource hypothesis (Davis et al. 2000).

Alternatively, species adapted to these conditions may

have been more frequently introduced to the region

and thus it would be more likely that some would

become invasive (propagule bias, sensu Colautti et al.

2006). The majority of our study species were

introduced as seed contaminant in crops or forage

and therefore may be adapted to a similar suite of

conditions. Future studies should attempt to decouple

whether these conditions are related to resource

availability or propagule bias by incorporating more

factors that relate to propagule pressure (Chytrý et al.
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2008; Pyšek et al. 2010) and looking at a larger

number of invasive species with different introduction

histories.

While there was a general set of conditions that

made sites more susceptible to invasion, there were

also important differences between species. Relation-

ships with livestock grazing were almost equally

divided between species more and less likely to be

found near grazing allotments. This corroborates a

recent review that found no consistent direction of

relationship between grazing and non-native species

richness (Diaz et al. 2007). The effect of grazing on

invasive species establishment and spread appears to

be species-specific rather than uniform within the

study region. Responses of individual species may be

mediated by each species’ evolutionary history with

grazing (Milchunas et al. 1988) or by particular

traits that confer resistance (Dı́az et al. 2001) or

vulnerability.

Management implications and conclusions

Species distribution models can inform both manage-

ment decisions and theory regarding invasive plant

species. Our research can be used to prioritize sites for

early detection and rapid response programs. Our

results also suggest actions that can be undertaken to

lower risk of invasive species establishment at sites by

altering underlying site conditions. For example,

invasion risk in our study area may be reduced by

planting low-nitrogen species at sites during restora-

tion projects and following disturbance in order to

lower soil nutrient levels (Perry et al. 2010; Vasquez

et al. 2008). Our study informs invasion theory by

validating the idea of climatic filters operating at large

scales to determine the distributions of invasive plant

species. We also identified conditions that make sites

more vulnerable to establishment by a wide range of

invasive species, lending support to the fluctuating

resources hypothesis. Our approach should be more

broadly applied to see if discrete patterns of invasion

emerge in other regions. Examining patterns across a

broad range of regions could help suggest general

mechanisms of invasion as well as provide region-

specific management recommendations.
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