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Abstract Exotic plant invasions into riparia often result in
shifts in vegetative composition, altered stream function, and
cascading effects to biota at multiple scales. Characterizing the
distribution patterns of exotic plants is an important step in
directing targeted research to identify mechanisms of invasion
and potential management strategies. In this study, we
employed occupancy models to examine the associations of
landscape, climate, and disturbance attributes with the
colonization and occupancy patterns for spotted knapweed
(Centaurea stoebe L.), Canada thistle (Cirsium arvense L.,
Scop.), and cheatgrass (Bromus tectorum L.) in the riparia of
headwater streams (n=1,091) in the Interior Columbia River
and Upper Missouri River Basins. We found relatively low
occupancy rates for cheatgrass (0.06, SE=0.02) and spotted
knapweed (0.04, SE=0.01), but moderate occupancy of
Canada thistle (0.28, SE=0.05); colonization rates were low
across all species (<0.01). We found the distributions of
spotted knapweed, Canada thistle, and cheatgrass to exhibit
significant associations with both ambient climate conditions
and anthropogenic and natural disturbances. We attribute the
low to moderate occupancy and colonization rates to the
relatively remote locations of our sample sites within

headwater streams and urge consideration of means to prevent
further invasions.
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Introduction

Riparian ecosystems combine and exchange water, energy,
matter, and organisms between aquatic and terrestrial parts
of the landscape. Riparia are active regions of the landscape
and those associated with low-order streams are particularly
dynamic and prone to frequent disturbance (Naiman et al.
2005). Consequently, these ecosystems are also particularly
vulnerable to exotic plant invasions (Wadsworth et al. 2000),
in part because physical processes supporting their high levels
of biodiversity (e.g., frequent disturbance, regular recruitment
of propagules, and elevated nutrient and moisture levels) may
also act to transport and facilitate the establishment of exotics
(Stohlgren et al. 1998; Naiman et al. 2005). When coupled
with anthropogenic-related impacts common to riparia
(Naiman et al. 2005), this vulnerability to invasion by exotic
plants may be further exacerbated (PlantyTabacchi et al.
1996; Stohlgren et al. 1998; Hood and Naiman 2000;
Naiman et al. 2005).

Exotic plant invasions are currently considered one of the
biggest threats to the biological diversity of riparia. Once
established, the proliferation of exotic plants can have
detrimental effects on the composition of riparian plant
communities (Lesica 1997; Seabloom et al. 2006).
Compositional shifts can, in turn, alter fire regimes (Dwire
and Kauffman 2003; Brooks et al. 2004), carbon storage
patterns (Bradley et al. 2006), and nutrient cycling dynamics
(Evans et al. 2001; Ehrenfeld 2003). Altered vegetative
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structure and composition can also affect sediment loading
and channel morphology (Ryan and Grant 1991), and these
changes are likely to be transferred downstream, thus neg-
atively affecting ecosystem services at a landscape scale. In
the U.S.’s Pacific Northwest, exotic plants now represent
approximately 25 % of the riparian flora (Naiman et al.
2005) and within large watersheds in this region, a signifi-
cant fraction of vegetative richness (Magee et al. 2008).

Given the ecological and economic significance of riparia
and strong potential for exotic plant invasions to detrimen-
tally impact their biodiversity and key ecosystem services
(e.g., Naiman et al. 2005), it is critically important to better
understand colonization patterns and quantify distributions
of exotic plants across large landscapes (Ringold et al. 2008).
Identifying the susceptibility of riparia to exotic plant
invasions and further expansions is particularly important in
developing risk assessments, effective management strategies
to reduce colonization, and priorities for exotic plant treat-
ments in riparia across geographic areas that span state,
ownership, and management boundaries (Pimentel et al.
2002; Mack et al. 2007; Sepulveda et al. 2012).

Here, we use riparian vegetation data within an occupancy
modeling framework to estimate the current occupancy and
colonization rates of three highly aggressive exotics in
headwater streams of the Interior Columbia River and
Upper Missouri River basins. Occupancy modeling ap-
proaches have been used effectively in species status assess-
ments (Weller 2008; Winchell and Doherty 2008; De Wan et
al. 2009) and identifying habitat use patterns for vertebrate
species (Ball et al. 2005; Bailey et al. 2009; Gorman et al.
2009). Through repeated sampling, occupancy models en-
able estimates of detection probability, thus reducing the
potential for bias associated with false absences in surveys
(MacKenzie et al. 2002; Wintle et al. 2004). Despite their
effectiveness as monitoring tools and uncovering ecological
processes, few studies have utilized occupancy models in
monitoring status and trends of exotic riparian plants; this is a
surprising pattern given the difficulties in accurately detecting
the occurrence of vegetation (Kery 2004; Alexander et al.
2009) and the need to better understand what conditions and
circumstances would permit the colonization and establish-
ment of an exotic plant (sensu Mack 1996).

For our analyses, we focused on spotted knapweed
(Centaurea stoebe L.), Canada thistle (Cirsium arvense L.,
Scop.), and cheatgrass (Bromus tectorum L.), which have
invaded and altered riparia throughout much of the Western
U.S. (Magee et al. 2008; IUCN 2010). Spotted knapweed
and Canada thistle invasions can lead to reduced forage op-
portunities for native herbivores (e.g., elk Cervus canadensis)
and alter erosional processes (Jacobs and Sheley 1998;
Jacobs et al. 2006). The detrimental environmental, eco-
nomic, and social impacts of spotted knapweed and
Canada thistle have led to their listing as noxious weeds

across much of this region (USDA 2012). Like many ex-
otics, spotted knapweed and Canada thistle employ multiple
strategies for invasion and seed dispersal mechanisms likely
facilitate invasion success (Tyser and Key 1988; Birdsall et
al. 2012). Although cheatgrass is not formally recognized as
a noxious weed, it has been documented as a widespread
exotic in Western riparian areas (Ringold et al. 2008), a
strong indicator of natural and anthropogenic disturbances
(Mack 1981), and can substantially alter natural fire cycles
and community structure (Brooks et al. 2004; Crawford et al.
2004; Chambers and Wisdom 2009). Taken together, these
three herbaceous understory exotics are among the most re-
sponsive to exogenous disturbances (Sher et al. 2008) and
occur across a range of riparian vegetation assemblages.

Our goals were to estimate the occupancy and coloniza-
tion rates for spotted knapweed, Canada thistle, and cheat-
grass, as well as the landscape, climatic, and disturbance
attributes associated with these patterns in headwater ripar-
ian ecosystems. We selected these three species due to their
relatively high prevalence in our study area, ease of identi-
fication (E. Archer, unpublished data), and demonstrated
effects on natural processes (see above). Given observed
patterns of increased spotted knapweed densities and seed
production near roads (Tyser and Key 1988; Birdsall et al.
2012), we predict higher occupancy and colonization rates
where riparia have been disturbed by road development. We
hypothesize Canada thistle would be the most widely dis-
tributed exotic and occupy more riparian sites than the other
species due to its high seed production (>1,000 seeds per
stem; Beck 2008) and ability to successfully germinate in
moist soils over a range of environmental conditions
(Laubhan and Shaffer 2006). Finally, despite the ubiquity
of cheatgrass across the western U.S., we anticipate relatively
low overall occupancy rates in riparia of this region, largely
due to the relatively wet climate of much of our study area,
and the higher prevalence of cheatgrass in riparia associated
with larger streams (Ringold et al. 2008). We do anticipate
cheatgrass distribution to be greater in areas with greater
wildfire disturbances (D’Antonio and Vitousek 1992;
Fornwalt et al. 2010) and in riparia commonly exposed to
cattle grazing (Dwire and Kauffman 2003).

Methods

Study Area

This study area spans approximately 740,000 km2 over
headwater streams (predominantly 3rd and 4th order;
Strahler 1957) in the Interior Columbia River Basin and
the Upper Missouri River Basin (Fig. 1). Elevations vary
considerably within our study area with low elevation
sites at 450 m and highest elevation sites up to 2,460 m.
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Concomitantly, climatic zones in the study area are defined
by altitudinal and latitudinal gradients, thus temperature and
precipitation (type and quantity) vary considerably through-
out the study area. In general the climate is characterized by
relatively cold winters and hot, dry summers, with monthly
average temperatures within the study area ranging from
−12 °C to 0 °C in January and from 11 °C to 23 °C in
July. Most of the precipitation falls during winter months in
the form of snow, which accumulates more readily at high
elevation sites. The mean annual precipitation ranges be-
tween approximately 0.24 myr−1 at the arid sites to around
2 myr−1 at the more mesic sites (2002–2008; PRISM Group,
Oregon State University, http://www.prismclimate.org).
Native vegetation within riparian zones ranges from grasses
and sedges (Carex spp.) in meadow systems to shrub-
dominated systems (e.g., Salix spp.), and sites dominated
by mixed-conifer (Pinaceae; e.g., Abies spp.) and poplar
(Populus spp.) forests.

Sampling Design

We collected vegetation data as part of a larger stream and
riparian habitat monitoring program (see Kershner et al.

2004) at over 1,000 stream sites within the study area
(Fig. 1). Under this monitoring program, watersheds were
selected for sampling via a spatially balanced random
sample design (Stevens and Olsen 2004) where: 1) subba-
sins (8-digit Hydrologic Unit Codes; http://nhd.usgs.gov/)
within the Interior Columbia River and Upper Columbia
River basins were randomly selected; and 2) watersheds
(12-digit watersheds) within each randomly selected
subbasin were randomly selected for sampling. Our sam-
pling schedule followed a 5-year rotating panel where 20 %
of all candidate watersheds were randomly selected and
sampled within a given year and each site was resampled
every 5 years.

Within each randomly-selected watershed we evaluated
stream conditions in the lowermost low-gradient reach
(<3 % based on visual observation) where the upstream
catchment was primarily (>50 %) under federal ownership
of the Bureau of Land Management (BLM) and/or US
Forest Service (USFS). If few low gradient reaches were
available within a watershed, we sampled the lowest-
gradient stream reaches available and included sites with
gradients up to 9 %. We focused sampling higher order
(3rd/4th) low gradient reaches as these areas are thought to

Fig. 1 Map of the study area depicting locations of annually sampled and repeat sampled sites within the Interior Columbia River and Upper
Missouri River basins

Wetlands

http://www.prismclimate.org
http://nhd.usgs.gov/


be the most sensitive to change under variable sediment and
flow regimes (Montgomery and MacDonald 2002) and are
more likely to be fish bearing (Burnett et al. 2007). The
ownership pattern in our study area along with our reach-
gradient criteria resulted in catchment sizes ranging from
400 to 15,135 ha. Unlike large, lower-elevation streams
where disturbances to riparia include conversion to agricul-
ture, water withdrawals, active stream channelization, and
development (Naiman et al. 2005; Sunil et al. 2011), riparia
within our study area are relatively intact. However, riparia
within sample catchments have been exposed to a variety of
land-use intensities from recreation, timber harvest, road
building, and livestock grazing as well as the legacies of
past activities (e.g., Harding et al. 1998).

Our sample design also included a set of 50 sites, which
we sampled each year as long-term monitoring sites. Across
most years, we also conducted intra-annual repeat sampling
at a subset of randomly-selected and opportunistic-based
sites (n=101). These sites were used for estimates of
within-year sampling probabilities under the robust-design
modeling framework (see below).

Field Methods

From June through September each year (2003 to 2010) we
conducted vegetative surveys at our sites. Our field methods
were based on the protocol of Winward (2000), which calls
for sampling streamside vegetation (greenline) and vegeta-
tion in cross-sections extending into the riparian zone adja-
cent to the stream. The greenline is the perennial vegetation
adjacent to the stream that resides within the most proximate
depositional plain at (or near) the elevation of frequent high
flow events (Winward 2000; Coles-Ritchie et al. 2007). At
each site we collected greenline species cover data at up
to 21 evenly-spaced locations on each side of the stream
(n=42) with the distance between locations determined by
the width of the stream channel. At every 5th greenline
sample location we also collected riparian cross-section data
at distances of 3, 6, and 9 m outward from the stream and
perpendicular to the valley bottom. At the greenline and the
riparian cross-section locations we collected the foliar cover
of plant species using a 0.1 m2 quadrat frame (0.5×0.2 m).
We visually estimated cover from a height of 1 m and
recorded the cover for all species with aerial cover >5 %
in the quadrat.

Landscape, Climate, and Disturbance Attributes

The occurrence and colonization ability of invasive plants is
often affected by a variety of natural and anthropogenic-
related factors (DeFerrari and Naiman 1994; Gelbard and
Harrison 2003; Bradley and Mustard 2006; Predick and
Turner 2008). Here we selected a set of landscape,

climate, and disturbance attributes a priori based on
previous research of the species-specific life history traits
(see Table 1).

We computed all of the attributes by a stream delineation
and buffering process, using Arc Macro Language (AML)
modules (ArcInfo 9.2, ESRI 2008), except for the climate
data (see below). Due to the uncertainty of scale of influence
on non-native occupancy, we calculated all disturbance
attributes at two spatial scales (Table 1): a network scale
buffer (90 m on each side of the stream proceeding upstream
throughout all tributaries within the entire catchment) and a
segment scale (90 m on each side of the stream and pro-
ceeding 1 km upstream).

Climatic Attributes We used a spatially-explicit model for
the Interior Columbia River Basin (Rieman et al. 2007) to
predict average annual air temperatures at each site. In
addition to predicted air temperature, we estimated the
average annual precipitation for each catchment upstream
of our samples sites (1971–2000; PRISM Group, Oregon
State University, http://www.prismclimate.org). Here, we
used 30-year average precipitation values and calculated
the average precipitation of each catchment as the weighted
average (by area) of all precipitation grids (16 km2) that
were intercepted by each individual catchment.

Landscape Attributes Our landscape-level attributes included
percent forested, percent shrub, and percent grassland. These
metrics were computed as percent land cover using data from
the Landscape, Fire, and Resource Management Planning
Tools Project (LANDFIRE 2008, http://www.landfire.gov/
products_national.php).

Disturbance Attributes Our disturbance attributes included
road density, percent of area grazed, and percent burned by
wildfire. We extracted information on the distribution of
roads from Forest Service and BLM databases and calculat-
ed road densities (km/km2) using AML modules at the
buffer and segment scales. Next, we calculated the percent
grazed based on allotment data from the USFS and BLM.
Finally, we calculated the percent burned of each segment
and stream buffer at each site using LANDFIRE data
(LANDFIRE 2008: http://www.landfire.gov/products_
national.php); however, in this study we did not distinguish
between human ignited and naturally-caused wildfires.

Analyses

Over the 7 years of this study we sampled 1,091 sites, with a
subset of 736 sites being visited twice and 112 sites being
visited at least three times. Canada thistle, cheatgrass and
spotted knapweed were documented at 219, 90, and 50 sites,
respectively during the course of this study. We used our
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survey data within a robust-design occupancy modeling
framework (MacKenzie et al. 2006) using Program
MARK (White and Burnham 1999). The robust design
model incorporates repeat-survey data at sites with both
closed and open population approaches to estimate species
occupancy (proportion of sites occupied; by). For our anal-
yses we used the presence and absence of each of the three
species considered herein and organized our data into two
levels, including primary and secondary sampling events
(Williams et al. 2001). The primary sampling corresponded
to sites sampled in our annual surveys and sites repeat-
sampled under the rotating panel design. Sites with multiple
primary sampling visits across years allowed for estimates
of open-population processes such as colonization (proba-
bility of an unoccupied site becoming occupied; g) and
extinction (probability of an occupied site becoming unoc-
cupied; ε). We assumed our repeat surveys within years
(secondary sampling events) were closed to new coloniza-
tion events and allowed for estimates of detection probabil-
ities (p), thus avoiding errors in estimates of occupancy that
can arise from false absences (MacKenzie et al. 2002; Kery
2004; Wintle et al. 2004).

Due to the successful invasions of spotted knapweed,
Canada thistle, and cheatgrass in the Pacific Northwest, we
considered it highly unlikely that local extinction of these
species would occur once established without exhaustive
management intervention (Sheley et al. 1998); therefore,
we initially fixed ε to zero. We used Program MARK to
generate the likelihood function value and estimate the
Akaike Information Criterion (AIC) value for each a priori
model (Burnham and Anderson 2002). We tested for differ-
ences in detection rates and colonization rates across years.
Next, we constrained our analyses to one estimate of occu-
pancy as not all sites were resampled and relied on inference
of changes in occupancy from colonization rates. We did not

consider interactions among covariates, thus only consider-
ing additive models. For all analyses, models were ranked
according to the lowest AIC score, and the difference in AIC
values (ΔAIC) between models was used to calculate an
Akaike weight (Wi) for each model (Burnham and Anderson
2002). Although the models were ranked according to the
lowest AIC score, we used model averaging to calculate
model-averaged estimates of occupancy (y) and coloniza-
tion rates (g), parameter estimates (b), and the precision
across estimates (SE) to maximize the information gained
within a multi-model approach (Burnham and Anderson
2002). We used the likelihood function in Program MARK
to estimate the beta estimates (e.g., slope) for all parameters,
and the logit-link function to transform the beta estimates
into real estimates (e.g., occupancy).

Results

Occupancy We found considerable differences in the pro-
portion of sites occupied across species (Table 2). Spotted
knapweed was the least pervasive non-native species inves-
tigated in this study (y ¼ 0:04; SE ¼ 0:01). Our results
indicated generally consistent model structure, suggesting
that the occurrence of spotted knapweed was positively
associated with ambient temperature (b ¼ 0:45; SE ¼ 0:11)
and the density of roads within the riparian zone (b ¼ 0:17;
SE ¼ 0:06), but negatively associated with percent of the
riparian buffer grazed (b ¼ �0:017; SE ¼ 0:005; Table 4).
While we did find some evidence suggesting an association
with precipitation in our models, this relationship was variable
across sites (b ¼ 0:69; SE ¼ 0:65).

We found Canada thistle had the highest occupancy in
our study area (y ¼ 0:28; SE ¼ 0:05; Table 2). The top
model exhibited a substantial amount of model weight

Table 1 A list of attributes related to the colonization and occupancy rates of the invasive plants considered in the study, as well as ecological
predictions for each factor

Attribute type Predictor Scale(s) measured Ecological prediction References

Landscape Percent Shrub Segment Xeric plant association more susceptible to cheatgrass
invasions.

(Rice and Mack 1991; Wisdom
and Chambers 2009)

Percent Grassland Segment Positively correlated to cheatgrass invasion. Indicative
of upland sites.

Percent Forested Segment & Buffer Negatively correlated to invasive plant colonization,
high elevation forests outside range.

(Pierson and Mack 1990;
Magee et al. 2008)

Disturbance Road Density Segment & Buffer Conduits for spread of invasive plant spp. (Gelbard and Harrison 2003)

Fire Segment & Buffer Positively correlated to invasive plant colonization,
especially cheatgrass.

(Knapp 1996)

Percent Grazed Segment & Buffer Positively correlated to invasive plant colonization. (Kauffman and Krueger 1984)

Climatic Precipitation Catchment Negatively correlated, lack of bare ground,
native vegetation intact.

(Pierson and Mack 1990;
Magee et al. 2008)

Predicted Air Temp Site Specific Positively correlated to invasive plants, higher
temperatures are generally drier.

(Poll et al. 2009)
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(Wi=0.39), but our results indicated multiple plausible
models (Table 3). In general, we found higher occupancy
at warmer (b ¼ 0:19; SE ¼ 0:06), drier sites (b ¼ �1:46;
SE ¼ 0:46) with less forested vegetation (b ¼ �0:013;
SE ¼ 0:007; Table 4). Disturbance was also associated with
the occupancy of Canada thistle as we observed a positive
relationship with the density of roads (b ¼ 0:10; SE ¼ 0:04)
and a negative relationship with the percent of riparian area
grazed (b ¼ �0:008; SE ¼ 0:003). The results for fire were
variable and did not indicate any strong association with the
occupancy of Canada thistle (b ¼ 0:003; SE ¼ 0:006).

Similar to spotted knapweed, we found a small pro-
portion of our sites occupied by cheatgrass (y ¼ 0:06;
SE ¼ 0:02; Table 2). Given our data, we found consistent

model structure describing the occupancy of cheatgrass
(Table 3). Our results indicated cheatgrass occupancy to be
higher in warmer (b ¼ 0:67; SE ¼ 0:14; Table 4) and drier
sites (b ¼ �4:80; SE ¼ 1:03); occupancy was also positively
related to the amount of shrubs present at sites (b ¼ 0:05;
SE ¼ 0:02). We found the extent of wildfire (b ¼ 0:018;
SE ¼ 0:007) as the only disturbance attribute to be associated
with the occupancy of cheatgrass in our study area.

Colonization Overall we found relatively low colonization
rates for each of the species (Table 2). We found multiple
plausible models describing the colonization rate for spotted
knapweed (g ¼ 0:001; SE=0.001; Tables 3, 4), which was
positively, but weakly associated with ambient temperature

Table 2 Model-averaged estimates, standard errors (SE), and 95 %
confidence intervals (CI) for occupancy (proportion of sites occupied),
colonization (probability of an unoccupied site becoming occupied),
and detection (probability of detection) rates for spotted knapweed,

Canada thistle, and cheatgrass from 2003 to 2009 in riparian areas of
headwater streams within the Interior Columbia River and Upper
Missouri River basins

Parameter Species Estimate (SE) Lower 95 % CI Upper 95 % CI

Occupancy (Ψ) Spotted knapweed 0.04 (0.01) 0.03 0.07

Canada thistle 0.28 (0.05) 0.18 0.39

Cheatgrass 0.06 (0.02) 0.02 0.12

Colonization (g) Spotted knapweed 0.001 (0.001) 0.0 0.003

Canada thistle 0.01 (0.01) 0.00 0.05

Cheatgrass 0.01 (0.005) 0.004 0.03

Detectiona (p) Spotted knapweed 0.57 (0.06) – –

Canada thistle 0.45 (0.11) – –

Cheatgrass 0.26 (0.21) – –

a Estimates of detection represent average (SE) across all years

Table 3 The top models estimating occupancy (Ψ) and colonization (g) rates for spotted knapweed, Canada thistle, and cheatgrass in riparian areas
of headwater streams in the Interior Columbia River and Upper Missouri River basins; extinction rates (ε) were fixed at zero

Scale Modela ΔAICc Wi K

Spotted knapweed Ψ(temp + grazeb + roads), γ(roads) 0.00 0.36 16

Ψ(temp + precip + grazeb + roads), γ(roads) 0.8 0.24 17

Ψ(temp + precip + grazeb + roads), γ(temp + roads) 1.8 0.15 18

Ψ(temp + precip + grazeb + roads), γ(temp) 1.9 0.14 17

Ψ(temp + precip + grazeb + roads), γ(temp + roads + grazeb) 2.6 0.10 19

Canada thistle Ψ(temp + precip + forest + grazeb + roads), γ(shrub + roadb + fireb) 0.0 0.39 22

Ψ(temp + precip + grazeb + roads), γ(shrub + roadb + fireb) 1.3 0.20 21

Ψ(temp + precip + forest + grazeb + roads + fireb), γ(shrub + roadb + fireb) 1.8 0.16 23

Ψ(temp + precip + forest + grazeb), γ(shrub + roadb + fireb) 2.3 0.13 21

Ψ(temp + precip + grazeb + roads + fireb), γ(shrub + roadb + fireb) 3.1 0.08 22

Cheatgrass Ψ (temp + precip + shrub + fireb), γ (.) 0.0 0.53 16

Ψ(temp + precip + shrub + fireb), γ(temp) 1.3 0.28 17

Ψ(temp + precip + shrub + fireb), γ(temp + fireb) 3.1 0.11 18

Ψ(temp + precip + shrub + fireb), γ(temp + precip + fireb)

aΕ (epsilon) was fixed to zero as extinction was unlikely; temp = mean air temperature, precip = precipitation, forest = % forested, grass = % grass,
shrub = % shrub, road = density of roads, fire = % burned by wildfire, grazing = % grazed by livestock, b = buffer, s = segment

Wetlands



(b ¼ 0:45; SE ¼ 0:39) and road dens i ty (b ¼ 0:32;
SE ¼ 0:19), and negatively associated with the percent of
riparian area grazed (b ¼ �0:02; SE ¼ 0:01). Across all
models, the density of roads appeared in the majority of
competing models (total Wi=0.86), while temperature (total
Wi=0.40) and grazing (total Wi=0.10) were included in
substantially fewer plausible models.

Next, we found consistent model structure in the attri-
butes associated with the colonization rates of Canada thistle
(g ¼ 0:01, SE ¼ 0:01). Colonization rate for Canada thistle
was positively associated with the amount of shrub cover
(b ¼ 0:06, SE ¼ 0:03), the density of roads (b ¼ 0:56,
SE ¼ 0:24), and the extent of recent forest fire (b ¼ 0:02,
SE ¼ 0:01) in the riparian zone.

Finally, our results indicated one top model describing

the colonization rates of cheatgrass (g ¼ 0:01, SE ¼ 0:005).
This top model had a disproportionate amount of the model
weights (Wi=0.53; Table 2) and suggested cheatgrass coloni-
zation rates were not associated with the covariates considered

herein. Competing models, however, indicated weak negative
relationships between the colonization rates of cheatgrass and
air temperature (b ¼ �0:17, SE ¼ 0:21), precipitation
(b ¼ �0:16, SE ¼ 1:26), and the extent of forest fire in the
riparian zone (b ¼ �0:008, SE ¼ 0:02).

Detection Rates The average yearly detection rates in our
field surveys differed substantially across species with sim-
ilar detection rates for spotted knapweed and Canada thistle
but considerably lower detection rates for cheatgrass
(Table 2). The model structure was consistent for all three
species but differed with respect to covariates included in
models. Detection rates for each species varied by year, but
we did not find data indicating differences within years. We
found significant negative associations between the amount
of forest cover and the detection rates for spotted knapweed
and Canada thistle, and a significant positive association
between the amount of grass cover and the detection rates
for cheatgrass.

Discussion

Exotic plant invasions have led to profound changes in
riparia worldwide (Richardson et al. 2007). Given that
changes caused by exotic plant invasions are deleterious
and potentially irreversible, there is a growing need to use
population estimation methods that provide reliable esti-
mates of exotic plant occupancy, assist in describing
distribution patterns for multiple species, and establish re-
lationships between the distribution of exotic species and
key environmental drivers (Gallien et al. 2010). Our work
demonstrates an application of occupancy modeling that can
be used to explore the distribution of exotic plants
established in riparia throughout the Interior Columbia and
Upper Missouri River basins. Specifically, we found that
cheatgrass, spotted knapweed, and Canada thistle were
broadly distributed but present at low (cheatgrass 6 %;
spotted knapweed, 4 %) to moderate (Canada thistle,
28 %) levels throughout headwater riparia within the study
area. The distribution patterns described here are similar to
previous estimates of Canada thistle invasion of riparia
across the Western U.S. (Ringold et al. 2008), but we report
slightly lower levels of occupancy for cheatgrass in our
study area. This finding may not be surprising given that
cheatgrass was disproportionately represented in riparia of
arid regions of the Western U.S. (Ringold et al. 2008) but
highlights the importance of knowing which species have
the ecological niche to establish and maintain viable
populations within riparia of a given geographic region
(Gallien et al. 2010).

Colonization rates and occupancy patterns of exotic
plants in riparian areas are often associated with both natural

Table 4 Model averaged parameter estimates with standard errors
(SE) for occupancy, colonization, and detection rates for spotted
knapweed, Canada thistle, and cheatgrass

Species Covariatesa β (SE)

Occupancy (Ψ) Spotted knapweed Temperature 0.45 (0.11)

Precipitation 0.69 (0.65)

Roads 0.17 (0.06)

Grazeb −0.017 (0.005)

Canada thistle Precipitation −1.46 (0.46)

Temperature 0.19 (0.06)

%Forest −0.013 (0.007)

Grazeb −0.008 (0.003)

Roads 0.10 (0.04)

Fireb 0.003 (0.006)

Cheatgrass Temperature 0.67 (0.14)

Precipitation −4.80 (1.03)

Shrub 0.052 (0.021)

Fireb 0.018 (0.007)

Colonization (γ) Spotted knapweed Temperature 0.45 (0.39)

Grazeb −0.02 (0.01)

Roads 0.33 (0.16)

Canada thistle %Shrub 0.06 (0.03)

Roadb 0.56 (0.24)

Fireb 0.02 (0.01)

Cheatgrass Temperature −0.17 (0.21)

Precipitation −0.16 (1.26)

Fireb −0.008 (0.017)

Detection (p) Spotted knapweed Forest −0.04 (0.014)

Canada thistle Forest −0.004 (0.005)

Cheatgrass Grass 0.40 (0.008)

a See Table 3 for notations of all other covariates

b = buffer, s = segment
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and anthropogenic-related disturbances (Ringold et al.
2008) and with important climate variables (Richardson et
al. 2007). Given that riparia are prone to natural disturbance,
it is not surprising that exotic species are becoming a com-
mon part of the riparian community (Magee et al. 2008)
however, a departure from the natural disturbance regime
(i.e. hydrologic and fire) is likely to facilitate the establish-
ment of exotic plants within riparia (Decamps et al. 1995;
Hood and Naiman 2000; Sher et al. 2000; Dwire and
Kauffman 2003; Richardson et al. 2007). Additionally, an
increase in propagule pressure is strongly associated with
adjacent road networks (Pollnac et al. 2012), livestock
grazing (Kauffman and Krueger 1984; Belsky et al. 1999),
and potentially with recreational use (Dickens et al. 2005).
Continual supply of exotic plant propagules facilitates
establishment and spread of exotics in nearby wetlands
and riparian habitats (Richardson et al. 2007). What follows
is a discussion of the common disturbance types and climate
characteristics that emerged as important contributors to the
occurrence of spotted knapweed, Canada thistle, and
cheatgrass in riparia of headwater streams of the Interior
Columbia and Upper Missouri River basins.

Disturbances

Roads We found the occupancy and colonization of riparia
by spotted knapweed and Canada thistle to be positively
associated with increasing road densities. In our study area,
road densities on public lands can reach densities of
9.2 km/km2. Vehicles on this labyrinth of roads carry and
spread plant propagules great distances and exotic plants are
well represented in the suite of propagules transported by
vehicles (Von der Lippe and Kowarik 2007). Consequently,
exotic plants are far more common along the margins of
forest roads than in roadless habitats (Trombulak and
Frissell 2000; Watkins et al. 2003). On public lands
throughout our study area forest roads are common
and likely serve as conduits for the dispersal of exotic
plant propagules to nearby natural areas including riparia
(Mortensen et al. 2009).

The positive association between road density and spot-
ted knapweed may also stem from the specific life-histories
(i.e., dispersal strategies) of this plant; spotted knapweed
can successfully spread vegetatively (Watson and Renney
1974; Sheley et al. 1998) but also has seeds with specialized
hairs that facilitate wind dispersal. Additionally, knapweed
seed production adjacent to roads is significantly higher
than the production of conspecifics growing in natural hab-
itats (Tyser and Key 1988). Once established, knapweed
populations along roadways can alter soil flora (Callaway
et al. 2004) and chemistry (Watson and Renney 1974) that
may further exclude establishment of native vegetation.
Established roadside populations of knapweed and other

exotic plants annually produce a massive supply of propa-
gules that ensure population-level resilience and, ultimately,
the local proliferation of exotics in neighboring riparian
habitats (Richardson et al. 2007).

Grazing Here, we found the occurrence of spotted knap-
weed and Canada thistle negatively associated with grazing.
This result may be due to the palatability of both species to
livestock, particularly under specific grazing rotations and
life-stages of the exotics (Kelsey and Mikalovich 1987; De
Bruijn and Bork 2006). Alternatively, the mechanical com-
paction of soil from livestock (Chanasyk and Naeth 1995;
Magner et al. 2008) may limit the establishment of all plants
including exotics (Kyle et al. 2007). Overall, the relation-
ship between livestock grazing and the distribution and
prevalence of exotic plants has been inconsistent across
studies. Livestock are considered a vector for transporting
and introducing exotic plant species (NRC 2002), and ex-
otics can represent a substantial portion of the plant diversity
in riparia exposed to grazing (Green and Kauffman 1995).
Conversely, livestock grazing can significantly reduce the
prevalence of exotics by indirectly increasing competitive
interactions (Marty 2005; Kleppel and LaBarge 2011).
Although, we did not detect a positive association between
cattle grazing and occurrence of these focal species, these
findings do not suggest that grazing does not negatively
affect riparia or contribute to the introduction of other ex-
otics not included in this study.

Wildfires In our study area, we found the strongest support
for a relationship between fire and the occupancy for cheat-
grass and the colonization rates of Canada thistle. These
findings are consistent with those of others and support the
claim that fire promotes the establishment of exotic plants in
forested and riparian ecosystems. Fornwalt et al. (2010)
documented a nearly 4-fold increase in exotic species in
upland forest plots following fire; riparian plots had greater
numbers of exotics (6.6 species/1,000 m2 plots) than upland
sites but the response to fire was less clear. Fire is believed
to support the establishment of exotics by increasing the
availability of light, bare soil, and nutrients following a burn
(Freeman et al. 2007). Canada thistle’s easily dispersed
seeds (Beck 2008) allow it to aggressively colonize bare
soils of burned sites and then spread vegetatively post-fire.
Following the Yellowstone fires of 1988, Canada thistle
achieved mean stem densities of >1,100 stems/ha near
Yellowstone Lake post-fire (Turner et al. 1997). Unlike the
wind-facilitated establishment of Canada thistle, cheatgrass
establishment in burned areas can be facilitated by livestock
grazing (Fornwalt et al. 2010). Similarly, documented
changes to climate and increases in atmospheric CO2 may
further support the invasion of cheatgrass, contribute to
increases in cheatgrass biomass, and support more intense
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and frequent fires in cheatgrass-dominated ecosystems
(Ziska et al. 2005).

Climate

Invasion success of exotic plants is often controlled by
climate, with greater invasions occurring in warmer, more
arid climates (Guo et al. 2012; Sandel and Dangremond
2012). This pattern is consistent with our results for the
occupancy of spotted knapweed, Canada thistle, and cheat-
grass. We found little evidence indicating relationships
between ambient temperature and colonization rates, indi-
cating that colonization rates do not differ across climate
regimes in our study area; these patterns, however, may be a
result of the relatively low colonization rates observed at our
sites. In addition to positive associations with ambient tem-
peratures, the occupancy of Canada thistle and cheatgrass
was more common in riparia that receive low levels of
precipitation. The positive association between the distribu-
tion of spotted knapweed, Canada thistle, and cheatgrass in
riparia of this region and warmer and drier climates are
particularly troubling given anticipated changes in regional
temperatures (Stewart et al. 2004; Hostetler et al. 2011; Jung
and Chang 2012). Specifically, increased warming in the
future may expand distribution patterns for some exotic
plants (e.g. cheatgrass) in this region (e.g., Perry et al.
2012) a hypothesis that is supported by increased occur-
rence of cheatgrass in riparia of more arid regions of the
Western U.S. (Bradford and Lauenroth 2006; Bradley 2009;
Lovtang and Riegel 2012). In contrast, the change in occur-
rence and distribution of Canada thistle in riparia under
future climate scenarios is less clear. Canada thistle has been
found to be more common in riparia that receive moderate to
high precipitation (Jacobs et al. 2006), which is contrary to
our results. Within our study area, the relatively high per-
centage of our study sites occupied by Canada thistle may
largely be driven by its prevalence on the landscape, vagil-
ity, and its deep root system (Nadeau and Vanden Born
1989), which may allow it to access moisture and/or shallow
water tables within the riparia.

Use of occupancy modeling in vegetation monitoring

The difficulties of accurately detecting plant species occurring
at low densities (Philippi 2005; Alexander et al. 2009) and the
persistent challenges of ‘false absences’ in monitoring pro-
grams (MacKenzie 2006) necessitate the incorporation of
measures of detection probability when characterizing
distribution patterns. Through multiple visits, occupancy
models can provide robust estimates of distribution patterns
as well as attributes such as colonization and extinction,
which are critical in understanding the processes behind ob-
served patterns. Designing monitoring programs for analyses

within an occupancy-modeling framework, however, requires
explicit consideration of detection rates, which strongly influ-
ence the precision of estimates (Mackenzie and Royle 2005).
Where detection rates are relatively low for target species such
as cheatgrass in our study (<0.5; Mackenzie and Royle 2005),
large sample sizes can help overcome low detection rates and
increase precision of estimates.

Conclusions

Understanding the distribution and colonization patterns of
exotic plants is an important step in protecting uninvaded
riparia, minimizing the impacts of exotic species, develop-
ing management plans for multiple land uses, and prioritiz-
ing research and suppression measures across political and
management boundaries (NRC 2002; Richardson et al.
2007; Reynolds and Cooper 2010). In addition, quantifying
ecological niches and the environmental factors that support
the colonization and expansion of exotic plant species is
essential to the development of sound management and
prevention policies (Pysek and Hulme 2005). For our study
areas we found relatively low (spotted knapweed and cheat-
grass) to moderate (Canada thistle) invasions of headwater
riparian areas and concomitantly low colonization rates over
the period evaluated herein. The observed patterns (i.e., low
distribution and colonization rates) of these exotics is likely
driven by the relative remoteness and reduced propagule
pressure in these watersheds (sensu Lockwood et al. 2005).
However, our results also suggest exotic plants may dispro-
portionately occupy downstream portions of these stream
networks (e.g., Wilson 1979) due the linear, flow-directed
nature of stream networks (Vannote et al. 1980; Naiman et
al. 2005) and strong ecological linkages between headwaters
and larger downstream segments (Wipfli et al. 2007)

Our results further indicate that controlling the spread of
exotic plants into riparia will be increasingly challenging,
particularly given the positive associations with warmer and
drier climates. Removing forest roads is likely to reduce a
major vector and facilitator of the spread of exotic plants.
Eliminating roads, however, can be socio-politically chal-
lenging on federal lands. Our results also suggest that road
decommissioning would not completely control the invasion
of exotics, as federal lands are utilized by a variety of
constituents including recreationists (e.g., hikers, horseback
riders, etc.), commercial contractors (e.g., timber companies),
biologists, native fauna, and natural resource personnel (e.g.,
fire fighters), each of which represents a potential vector for
spreading exotics. Despite these difficulties, our results high-
light the need for continued development of strategies to
prevent further invasions, particularly given the importance
of preventing exotic invasions and costs of control (Simberloff
2003; Kettenring and Adams 2011; Sepulveda et al. 2012).
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