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Abstract The Williston Basin, located in the Northern
Great Plains, is experiencing rapid energy development
with North Dakota and Montana being the epicenter of
current and projected development in the USA. The
average single-bore well pad is 5 acres with an estimated
58,485 wells in North Dakota alone. This landscape-
level disturbance may provide a pathway for the estab-
lishment of non-native plants. To evaluate potential
influences of energy development on the presence and
abundance of non-native species, vegetation surveys
were conducted at 30 oil well sites (14 ten-year-old
and 16 five-year-old wells) and 14 control sites in native
prairie environments across the Williston Basin. Non-
native species richness and cover were recorded in four
quadrats, located at equal distances, along four transects
for a total of 16 quadrats per site. Non-natives were
recorded at all 44 sites and ranged from 5 to 13 species,
7 to 15 species, and 2 to 8 species at the 10-year, 5-year,
and control sites, respectively. Respective non-native
cover ranged from 1 to 69, 16 to 76, and 2 to 82 %.
Total, forb, and graminoid non-native species richness
and non-native forb cover were significantly greater at
oil well sites compared to control sites. At oil well sites,
non-native species richness and forb cover were signif-
icantly greater adjacent to the well pads and decreased
with distance to values similar to control sites. Finally,
non-native species whose presence and/or abundance

were significantly greater at oil well sites relative to
control sites were identified to aid management efforts.
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Introduction

The Williston Basin, which spans portions of Montana,
North Dakota, and South Dakota in the USA as well as
parts of Manitoba and Saskatchewan in Canada, has
been a leading domestic source of oil and gas production
for over a half century (Fig. 1). New advances in hori-
zontal drilling and hydraulic fracturing technologies
have resulted in a dramatic increase in drilling and oil
production from the Bakken Total Petroleum System
(TPS). The Bakken TPS includes strata from the Devo-
nian Three Forks Formation, the Devonian and Missis-
sippian Bakken Formation, and the lower portion of the
Mississippian Lodgepole Formation (Gaswirth et al.
2013). While the presence of oil in the Bakken TPS
had been known since the early 1950s, it was not until
the first successful horizontal test well targeting the
middle Bakken was drilled in 2000 in the Elm Coulee
field of Montana that the full potential of this resource
was understood (Sonnenberg and Pramudito 2010). The
U.S. Geological Survey (USGS) estimates that the
Bakken TPS contains 7.38 billion barrels of recoverable
oil and 6.7 trillion cubic feet of natural gas (Gaswirth
et al. 2013). The majority of current oil development
within the US portion of theWilliston Basin is occurring
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within the lateral extent of the Three Forks Continuous
Oil Assessment Unit (COAU) defined byGaswirth et al.
(2013).

Previous studies have documented increased pres-
ence and abundance of non-native plant species in lands
disturbed by energy development (Bergquist et al. 2007;
Manier et al. 2011; Nasen et al. 2011; Nielsen et al.
2011; Manier et al. 2014). Increased presence and abun-
dance of non-natives is associated with road and well
pad construction as well as increased vehicular traffic
which can provide a vector for the transport and dis-
persal of these species. For example, significantly great-
er non-native species richness and greater proportions of
non-native species were documented in Wyoming’s
Powder River Basin at sites disturbed from energy de-
velopment relative to undisturbed control sites
(Bergquist et al. 2007). Additionally, the large amount
of vehicle traffic to the well pad sites, estimated at up to

1000 truck trips during installation of the typical hy-
draulically fractured well (Gibson 2013), likely provides
a transport mechanism for non-native species as vehi-
cles can transport seeds and plant parts on tires/mud and
air turbulence generated by passing vehicles can induce
seed dispersal (Lonsdale and Lane 1994; Gelbard and
Belnap 2003; Davies and Sheley 2007; von der Lippe
and Kowarik 2007). Therefore, the construction of oil
well pads and the vehicle traffic required to develop the
Bakken TPS will likely provide landscape-level distur-
bances and transport mechanisms conducive to the in-
troduction and establishment of non-native plant
species.

The presence of noxious weeds and non-native plant
species has significant biological implications. Non-
native species compete with native species for limited
resources (Ringwall et al. 2000), can reduce native
species richness and abundance (Wilcove et al. 1998),

Fig. 1 Map showing the Williston Basin, Three Forks Continuous Oil Assessment Unit (COAU), study sites, and petroleum-related wells
drilled since 2000 in the Williston Basin
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degrade native habitat (Ellstrand and Schierenbeck
2000), affect native wildlife through trophic (i.e., food)
and non-trophic (i.e., habitat) pathways (Litt and Pear-
son 2013), and reduce forage potential and agricultural
yields (Pimentel et al. 2005). For example, in the North-
ern Great Plains, the presence of Euphorbia esula (leafy
spurge) has been shown to reduce habitat use by bison,
deer, and elk in North Dakota (Trammel and Butler
1995), and Centaurea maculosa (spotted knapweed)
was reported to influence elk and deer population dis-
tribution in Montana (Thompson 1996).

The Montana and North Dakota Departments of
Agriculture list 32 and 11 species on their respective
state noxious weed lists, with another 18 listed on
North Dakota county noxious weed lists. According
to the latest reports, it is estimated that noxious
weeds covered roughly 7.6 million acres in Montana
in 2008 (Duncan 2008) and 2.05 million acres in
North Dakota in 2013 (North Dakota Department of
Agriculture 2014). The Montana and North Dakota
state and county noxious weed lists are dominated
by highly aggressive forbs; however, other non-
native plant species pose similar and unique threats
to vegetation and animal communities in the North-
ern Great Plains (Larson et al. 2001; Sinkins and
Oftinowski 2012). For example, non-native grass
species are often omitted from state noxious weed
lists as they provide forage for livestock (Rice
2012); however, non-native grasses, which account
for the majority of non-native cover in the Great
Plains (Cully et al. 2003), can spread into native
grasslands and adversely affect the diversity of na-
tive plant communities (D’Antonio and Vitousek
1992), invertebrates (Litt and Pearson 2013), small
mammals (Kurz et al. 1995), and ecosystem proper-
ties such as fire regimes and nutrient cycling
(D’Antonio and Vitousek 1992).

Given the rapid pace of energy development and the
numerous potential ecological threats posed by non-
native species in Montana and North Dakota, this pro-
ject explored the relationship between energy develop-
ment and non-native forb and graminoid species pres-
ence and abundance in the Williston Basin. Specifically,
this work focused on oil wells drilled within native
prairie (i.e., non-tilled) environments within the geo-
graphic extent of the Three Forks COAU of the Bakken
TPS (Gaswirth et al. 2013). Field surveys documented
the presence and abundance of non-native species adja-
cent to well pads constructed 10 and 5 years ago

(referred to as 10-year and 5-year sites hereafter). Con-
trol sites, located in similar, undeveloped native prairie
environments, were also sampled.

Methods

Site selection

Much of the site selection process was done within a
geographic information systems (GIS) framework, and
unless otherwise noted, all spatial analyses were per-
formed with ArcGIS10. Shapefiles identifying the loca-
tions of all oil and gas wells in Montana and North
Dakota were obtained on 11 April 2013 from the Mon-
tana Board of Oil and Gas and the North Dakota Indus-
trial Commission, Division of Oil and Gas, respectively.
To identify well pads constructed 10 and 5 years ago,
only wells with spud dates (defined as the date at which
drilling first began) of 2003 or 2008 and classified as oil
or oil and gas were retained. Next, the remaining oil
wells were clipped to the geographic extent of the Three
Forks COAU (Gaswirth et al. 2013) and a 150-m buffer
was created around eachwell. Land cover classifications
in the 150-m buffer were determined from the 30-m
resolution National Land Cover Dataset (NLCD) (Fry
et al. 2011) using the Bisectpolyrst^ tool, which calcu-
lates the percentage of all raster pixel values within a set
of polygons, in the Geospatial Modeling Environment
from SpatialEcology.com. To ensure well pads were in
prairie environments, a minimum of 70 % of the pixels
within the 150-m buffer had to be classified as either
grassland/herbaceous or shrub/scrub from the NLCD
and have no pixels classified as cultivated crops or
pasture/hay. A total of 191 wells, 27 ten-year-old and
164 five-year-old wells, met the study criteria. Potential
well sites were randomly ordered within each age cate-
gory, and landowner permissions were obtained for 22
of the 10-year-old wells and 28 of the 5-year-old wells.

Potential control sites were identified by creating a
32.2-km (20-mile) buffer around the 191 possible oil
wells and generating 500 random points using a random
point generator in a GIS. As with oil well sites, land
cover classifications were determined within 150-m
buffers created around the random points. In order for
the control sites to be as similar as possible to the oil
well sites, the land cover classification requirements for
control sites were the same as for oil well sites; however,
control sites had to be at least 1.6 km from the nearest oil
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well, regardless of the spud date. Additionally, control
sites had to be located within 0.8 km of a road visible on
aerial imagery to facilitate access by foot. A total of 38
potential control sites meet all the study requirements.
Landowner permissions were obtained for 31 control
sites.

Vegetation surveys

Field surveys of non-native plant species were conduct-
ed by a two-person field crew from theMontana Natural
Heritage Program during three separate field trips in
summer 2013 (25 July–30 July, 8 August–14 August,
and 22 August–26 August). To ensure maximum spatial
coverage across theWilliston Basin, oil well and control
sites were grouped into three broad geographic strata
(southern North Dakota, northern North Dakota, and
Montana). The three strata contained a similar number
of sites (approximately 25 to 30), and sites within each
stratum were randomly selected for field surveys. Each
of the three field trips focused on one geographic stra-
tum. Although it was expected that less than 20 sites
could be surveyed in the allotted time during each field
trip, extra sites were included in each stratum in case
sites had been overly grazed or hayed. Field trips were
timed to minimize differences in plant phenology; there-
fore, it is assumed that detection of non-native species
was not confounded by survey date or geographic
stratum.

A total of 51 sites were sampled (17 ten-year, 18 five-
year, and 16 control sites); however, the site selection
process was insufficient to ensure that all study sites
were in previously unbroken prairie environments.
Follow-up interviews with landowners and historical
aerial photo interpretation revealed that 44 of the 51
study sites were located in native prairie (prior to well
construction) and seven sites were located in areas that
had been broken (tilled) in the past and reseeded either
as part of the Conservation Reserve Program or by the
landowner. The primary goal of this study was to eval-
uate the presence and abundance of non-native species
associated with energy development in native prairie
environments; therefore, the seven previously tilled sites
were removed, leaving a total of 44 sites (14 ten-year
sites, 16 five-year sites, and 14 control sites).

Non-native species were recorded within four quad-
rats (5 by 10 m) located along four transects at each
study site for a total of 16 quadrats per site. At the oil
well sites, transects were located along the cardinal

directions and began at the edge of the well pad. At
the control sites, transects were also orientated along the
cardinal directions and began 15 m from the random
point identified during the site selection process to sim-
ulate a well pad. A quadrat was placed at 0–10, 40–50,
80–90, and 120–130 m along each transect. Only three
of the four transects were surveyed at one of the 5-year
sites due to pipeline construction.

All non-native vascular plant species in each quadrat
were determined from visual field identification and
recorded using nomenclature from the USDA PLAN
TS database (U.S. Department of Agriculture 2014).
The abundance, determined by the percent of canopy
cover within the quadrat, was also recorded for each
non-native species. Visually estimated cover was re-
corded as an integer value corresponding to a cover
class (Table 1). Due to time and financial constraints,
no data were collected on the presence and abundance of
native plant species.

Statistical analysis

Total, forb, and graminoid non-native species richness
(number of non-native species) and cover (percent) were
determined for each study site. For this and all other
abundance analyses, cover was assigned as the midpoint
of the recorded cover class similar to Daubenmire
(1959), with cover class values of 1 (<1 %) assigned a
value of 0.5 %. One-way analysis of variance (ANOVA)
tests were used to evaluate differences in total, forb, and
graminoid non-native species richness and cover be-
tween the different site classes (10-year, 5-year, and
control sites).

To assess whether there was a preferential direction
of invasion and the distance of invasion, total non-native
species richness and non-native forb and graminoid
cover were determined for each transect (combined
across the four quadrats) and each distance (combined

Table 1 Cover classification system used for visually estimated
non-native vegetation cover

Cover class Cover (%) Cover class Cover (%)

0 Unobserved 5 10–<25

1 <1 6 25–<50

2 1–<2 7 50–<75

3 2–<5 8 75–<95

4 5–<10 9 >95
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across each set of concentric quadrats), respective-
ly. ANOVAs with transect direction and distance
that included site as a fixed effect were used to
assess differences in total non-native species rich-
ness and forb and graminoid cover for each site
class. The response variables were total non-native
species richness and forb and graminoid cover in
each transect and set of concentric quadrats. These
fixed effects models account for the fact that all
cardinal directions or sets of concentric quadrats
were assessed within each site. Additionally,
ANOVA was used to evaluate whether non-native
species richness and forb and graminoid cover
varied by distance between the different site
classes.

Additionally, non-native species richness and
non-native forb and graminoid cover were evaluated
between quadrats disturbed from energy develop-
ment and those without disturbance at the oil well
sites. Oil well pads in the Williston Basin often have
a Bhalo^ of reclaimed land around the well pad that
represents the original pad dimensions and/or areas
where material was either taken from or deposited
during the construction of the well pad. After dril-
ling is completed, the area of the pad is reduced to
the minimal size required for production and previ-
ous ly dis turbed areas around the pad are
revegetated; however, the reclaimed area is often
visible in aerial photos. Quadrat locations were re-
corded with a handheld GPS in the field, and quad-
rats within the reclaimed area, determined from
orthoimagery interpretation, were classified as dis-
turbed, as were the first quadrat in each transect.
Disturbance of the first quadrat in each transect were
clearly visible in aerial photos at 27 of 30 well pad
sites and deemed likely in the remaining three. This
resulted in a total of 169 quadrats out of the 476
quadrats examined at the oil well sites being classi-
fied as disturbed: 79 of the 224 quadrats (35.3 %) at
the 10-year sites and 90 out of 252 quadrats
(35.7 %) at the 10-year sites. Paired t tests were
used to determine differences in the average non-
native species richness and forb and graminoid cov-
er per area surveyed (total number of non-native
species and non-native forb and graminoid cover
divided by the number of quadrats sampled) for
disturbed and undisturbed quadrats at the 10-year
and 5-year sites. This approach was used to remove
the influence of differences in the amount of

surveyed area between the disturbed and undis-
turbed quadrats at each oil well site.

Finally, a pair of analyses was performed to deter-
mine which non-native species were more common
and more abundant at the oil well sites compared to
control sites. To determine if certain non-native spe-
cies occurred at a greater proportion of oil well sites
relative to control sites, proportion tests comparing
both the 10-year and 5-year sites to control sites were
conducted for each species identified from the vege-
tation surveys. A proportion test examines the number
of success (the number of sites in each site class with a
given species present in at least one quadrat) versus
the number of trials (the total number of sites in each
class) to determine if the proportions of the two clas-
ses are statistically different. To determine if certain
non-native species were more abundant between site
classes, ANOVA analyses were performed on the
cover data, combined for the first quadrat in each
transect, of each species observed in the vegetation
surveys. For this and all previously described
ANOVA analyses, a Tukey multiple comparison test
was used to determine significant differences in
pairwise comparisons.

Species accumulation curves are a common tech-
nique to determine species richness between sites at
the landscape level (Thompson et al. 2003) and to
evaluate if the sampling effort was sufficient to provide
reliable estimates of species richness (Ugland et al.
2003). Therefore, species accumulation curves were
generated to evaluate the observed non-native species
richness at the landscape level and sampling effort of
this study. Data from the oil well sites was separated into
quadrats disturbed from energy development and those
without disturbance, producing species accumulation
curves for the 10-year disturbed, 10-year undisturbed,
5-year disturbed, 5-year undisturbed, and control
quadrats.

All statistical analyses were performed in R: A Lan-
guage and Environment for Statistical Computing ver-
sion 2.14.0 from the R Foundation for Statistical Com-
puting, as was the generation of the species accumula-
tion curves. Statistical analyses used a significance level
of 0.05 for statistically significant results and 0.1 for
suggestive results. Mean and standard errors were cal-
culated for each spatial scale of analysis described
above. Normality of all variables was checked prior to
analysis, and skewed data was log(x+1) transformed
due to the presence of zeros in the dataset.
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Results

Vegetation surveys

A total of 25 non-native plant species were identified
during the vegetation surveys and included a mixture of
forbs and graminoids. The list of non-native plant spe-
cies identified and the number of sites in each site class
in which they occurred are listed in Table 2. Although

the species from the Brassica genus was unknown,
USDA PLANTS lists all species in this genus that occur
in the study area as invasive.

Species richness and abundance

At the site level, non-native species richness and cover
varied between site classes (Table 3). Non-native spe-
cies richness ranged from 5 to 13 species, 7 to 15

Table 2 List of the 25 non-native species observed in the vegetation surveys as well as the number of sites in each site class in which each
species was observed

Scientific name Number of recorded occurrences

10-year 5-year Control Total

n 14 16 14 44

Agropyron cristatum (crested wheatgrass) g 12 11 12 35

Arctium minus (lesser burdock) f 0 1 0 1

Artemisia absinthium (absinthe wormwood)b f 0 3 1 4

Brassica (unknown mustard species) f 1 1 0 2

Bromus arvensis (field or Japanese brome) g 12 9 5 26

Bromus inermis (smooth brome) g 9 13 5 27

Bromus tectorum (cheatgrass)b,c g 1 0 0 1

Carduus nutans (nodding plumeless thistle)b f 1 0 0 1

Cirsium arvense (Canada thistle)a,b f 5 11 0 16

Cirsium vulgare (bull thistle)b f 3 5 1 9

Convolvulus arvensis (field bindweed)a,b f 4 8 2 14

Descurainia sophia (herb sophia) f 4 0 0 4

Elymus repens (quackgrass) g 0 4 1 5

Euphorbia esula (leafy spurge)a,b f 6 2 1 9

Kochia scoparia (kochia)b f 8 12 0 20

Lactuca serriola (prickly lettuce) f 7 10 5 22

Lythrum salicaria (purple loosestrife)a,b f 1 0 0 1

Medicago sativa (alfalfa) f 2 7 4 13

Melilotus albus (honey clover) f 0 3 0 3

Melilotus officinalis (yellow sweet clover) f 4 9 0 13

Poa pratensis (Kentucky bluegrass) g 14 16 12 42

Salsola kali (Russian thistle) f 5 8 0 13

Sonchus arvensis (field sowthistle)b f 3 5 0 8

Thinopyrum intermedium (intermediate wheatgrass) g 2 6 0 8

Tragopogon dubius (yellow salsify) f 13 15 13 41

Growth habit identified by the single letter at the end of the common name: f forb, g graminoid
aMontana state noxious weed list
b North Dakota state or county noxious weed list
cMontana regulated species
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species, and 2 to 8 species at the 10-year, 5-year,
and control sites, respectively, while non-native cov-
er ranged from 0.8 to 89.5, 15.2 to 71.2, and 1.7 to
79.4 %. Total non-native species richness was sig-
nificantly greater at the 10-year and 5-year sites
compared to control sites. Non-native forb species
richness was significantly greater at the 10-year and
5-year sites compared to control sites and suggestive
at the 5-year sites compared to the 10-year sites.
Non-native graminoid species richness was signifi-
cantly greater at the 10-year and 5-year sites com-
pared to control sites. No differences existed in total
or graminoid non-native cover between the 10-year,
5-year, and control sites; however, non-native forb
cover was significantly greater at the 10-year and 5-
year sites relative to control sites and suggestive at
the 5-year sites compared to the 10-year sites. Since
both forbs and graminoids were significantly con-
tributing to non-native species richness, additional
analyses were done on total non-native species rich-
ness for simplicity; however, since the significant
differences in non-native cover were dependent on
growth habit, additional analyses continued to ex-
amine potential differences in the cover of non-
native forbs and graminoids.

Combining data by transect direction yielded no sig-
nificant differences in total non-native species richness
between the different transects at the 10-year (range 4.1
to 5.1±0.5 to 0.6 (mean±1 SE)), 5-year (5.0 to 6.4±0.3
to 0.7), or control sites (2.6 to 2.9±0.3 to 0.4). Similarly,
there were no significant differences in total non-native
forb cover between the four transects at the 10-year
(range 1.8 to 4.3 %±0.8 to 1.4), 5-year (5.1 to 9.4 %±
1.4 to 2.3), or control sites (1.1 to 1.9 %±0.6 to 1.3).

There were also no significant differences in non-native
graminoid cover between the different transects at the
10-year (15.6 to 22.5 %±4.9 to 5.3), 5-year (21.7 to
34.9 %±4.9 to 6.4), or control sites (14.9 to 22.0 %±5.0
to 6.9); however, at the 5-year sites, greater non-native
graminoid cover in the west transect was suggestive
compared to the south transect.

Combining data for each set of concentric quadrats
provided evidence that the presence and abundance of
non-native species varied by distance (Fig. 2). Although
mean non-native species richness was greatest near the
well pad and decreased with distance from the well pad
at the 10-year sites, these differences were non-
significant (plot 1, Fig. 2). At the 5-year sites, total
non-native species richness in quadrat 1 (0 m) was
significantly greater than quadrats 2 (40 m), 3 (80 m),
and 4 (120 m). Additionally, total non-native species
richness in quadrat 2 was significantly greater than
quadrat 4 (plot 2, Fig. 2). No differences in total non-
native species richness existed between the four sets of
concentric quadrats at the control sites (plot 3, Fig. 2).
Non-native forb cover in quadrat 1 was significantly
greater than quadrat 2 and quadrat 4 at the 10-year sites
(plot 4, Fig. 2). At the 5 year sites, non-native forb cover
was significantly greater in quadrat 1 compared to all
other quadrats (plot 5, Fig. 2). No differences existed in
non-native forb cover between the four sets of concen-
tric quadrats at the control sites (plot 6, Fig. 2). Finally,
no differences existed in non-native graminoid cover
between the four sets of concentric quadrats at the 10-
year and control sites (plots 7 and 9, respectively,
Fig. 2); however, non-native graminoid cover was sig-
nificantly greater in quadrats 1 and 2 compared to quad-
rats 3 and 4 at the 5-year sites (plot 8, Fig. 2).

Table 3 The mean total, forb, and graminoid non-native species richness and mean total, forb, and graminoid non-native cover (1 SE in
parenthesis) for each site class

Study sites 10-year 5-year Control

Non-native species richness (total) 8.4a (0.7) 9.9a (0.6) 4.4b (0.5)

Non-native species richness (forbs) 4.8a (0.6) 6.3a (0.5) 1.9b (0.3)

Non-native species richness (graminoids) 3.6a (0.2) 3.7a (0.3) 2.5b (0.3)

Non-native cover (total) 21.8a (4.8) 35.5a (4.4) 20.9a (5.9)

Non-native cover (forbs) 3.0a (0.6) 7.1a (1.4) 1.5b (0.9)

Non-native cover (graminoids) 18.8a (4.4) 28.4a (4.4) 19.4a (5.2)

Superscript letters a and b denote significant differences at the 0.05 level in mean values between site classes (Tukey multiple comparison
test)
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Comparing the combined concentric quadrat data
between site classes further illustrated the differences
in non-native species richness and abundance between
the oil well and control sites (Table 4). Total non-native
species richness was significantly greater in quadrat 1 at
both the 10-year and 5-year sites compared to control

sites and at the 5-year sites relative to the 10-year sites.
Additionally, total non-native species richness was sig-
nificantly greater in quadrat 2 at the 5-year sites com-
pared to control sites. Non-native forb cover was signif-
icantly greater in quadrat 1 at both the 10-year and 5-
year sites compared to control sites and at the 5-year
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sites relative to the 10-year sites. Additionally, non-
native forb cover was significantly greater in quadrat
2 at the 5-year sites compared to the 10-year sites and
control sites. No significant differences existed in non-
native graminoid cover in any set of concentric quadrats
between the three site classes; however, greater non-
native graminoid cover in quadrat 1 was suggestive at
the 5-year sites compared to the 10-year sites and con-
trol sites.

Furthermore, average non-native species richness
and non-native forb and graminoid cover varied in
quadrats disturbed from energy development compared
to those without disturbance at the oil well sites. At the
10-year and 5-year sites, average non-native species
richness in the disturbed quadrats (1.1±0.1 and 1.6±
0.1, respectively (mean±1 SE)) was significantly great-
er than the undisturbed quadrats (0.6±0.07 and 0.5±
0.04, respectively). There was suggestive evidence for
greater non-native forb cover between the disturbed
quadrats (5.2±1.6 %) and undisturbed quadrats (1.9±
0.6 %) at the 10-year sites, while non-native forb cover
was significantly greater in the disturbed quadrats (14.7
±3.1 %) compared to the undisturbed quadrats (2.6±
0.8 %) at the 5-year sites. No significant difference

existed in average non-native graminoid cover between
the disturbed quadrats (20.0±6.1 %) and undisturbed
quadrats (17.3±4.8 %) at the 10-year sites; however,
disturbed quadrats (40.2±5.6%) had significantly great-
er average non-native graminoid cover than undisturbed
quadrats (20.8±5.0 %) at the 5-year sites.

Several non-native plant species occurred at a signif-
icantly greater proportion of oil well sites relative to
control sites (Fig. 3). Three species, Cirsium arvense
(Canada thistle), Kochia scoparia (kochia), and Salsola
kali (Russian thistle), occurred in a significantly greater
proportion of both the 10-year and 5-year sites com-
pared to control sites. Additionally, relative to control
sites, Bromus arvensis (field brome) and E. esula oc-
curred in a significantly greater proportion of 10-year
sites, while Bromus inermis (smooth brome), Convolvu-
lus arvensis (field bindweed), Melilotus officinalis (yel-
low sweet clover), Sonchus arvensis (field sowthistle),
and Thinopyrum intermedium (intermediate wheatgrass)
occurred in a significantly greater proportion of 5-year
sites. Finally, there was suggestive evidence that
Descurainia sophia (herb sophia) andM. officinalis oc-
curred in a greater proportion of 10-year sites compared
to control sites.

Furthermore, the abundance of several non-native spe-
cies in the first set of concentric quadrats varied between
the site classes (Table 5). Differences in non-native cover
were greatest between the 5-year and control sites, with
six species having significantly greater cover at the 5-year
sites: C. arvense, K. scoparia, Lactuca serriola (prickly
lettuce), M. officinalis, S. arvensis, and T. intermedium.
Additionally, greater cover of B. inermis, Elymus repens
(quackgrass), and S. kali at the 5-year sites compared to
control sites was suggestive. The cover of M. officinalis
was also significantly greater at the 5-year sites compared
to the 10-year sites, while greater cover of C. arvense,
E. repens, K. scoparia, L. serriola, S. arvensis, and
T. intermedium was suggestive. Although no non-native
species had significantly greater cover at the 10-year sites
compared to control sites, there was suggestive evidence
for greater cover of D. sophia at the 10-year sites com-
pared to the 5-year sites. Finally, greater cover of
P. pratensis was suggestive at the control sites compared
to the 10-year sites.

Finally, the species accumulation curves demonstrat-
ed greater non-native species richness near oil well sites
compared to control sites at the landscape level (Fig. 4).
Specifically, non-native species richness near the oil
well sites was greatest in the 5-year disturbed quadrats

Table 4 Mean non- and forb and graminoid cover for each set of
concentric quadrats at each of the three site classes. Values in this
table are the mean values of boxplots in Fig. 2

10-year 5-year Control

Non-native species richness

Quadrat 1 (0–10 m) 5.2a (0.5) 8.1b (0.6) 2.5c (0.2)

Quadrat 2 (40–50 m) 4.6a,b (0.6) 5.3b (0.6) 3.0a (0.4)

Quadrat 3 (80–90 m) 4.6a (0.5) 4.0a (0.5) 3.3a (0.4)

Quadrat 4 (120–130 m) 3.9a (0.5) 3.6a (0.3) 3.1a (0.5)

Non-native forb cover

Quadrat 1 (0–10 m) 6.5a (2.1) 18.4b (4.0) 1.2c (0.7)

Quadrat 2 (40–50 m) 1.0a (0.4) 4.8b (1.5) 1.6a (1.1)

Quadrat 3 (80–90 m) 2.9a (1.4) 2.3a (1.0) 1.7a (1.1)

Quadrat 4 (120–130 m) 1.4a (0.8) 2.6a (1.1) 1.5a (1.0)

Non-native graminoid cover

Quadrat 1 (0–10 m) 20.6a (7.0) 40.1a (6.3) 19.0a (6.8)

Quadrat 2 (40–50 m) 21.3a (5.1) 33.6a (5.3) 20.4a (5.6)

Quadrat 3 (80–90 m) 17.4a (5.5) 18.3a (5.2) 19.5a (5.4)

Quadrat 4 (120–130 m) 16.0a (4.1) 19.2a (4.8) 18.9a (5.5)

Superscript letters a, b, and c denote significant differences in
mean values at the 0.05 level between site classes (Tukey multiple
comparison test)
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and decreased through the 10-year disturbed, 10-year
undisturbed, and 5-year undisturbed quadrats. Control
quadrats exhibited the lowest non-native species
richness. As expected, the species accumulation

curves all exhibit a steep rise at the start of the
curve; however, there are differences in the slope
of this initial part of the curve with the steepest
slopes observed in the 10-year and 5-year
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Fig. 3 Bar chart showing the percentage of sites in the different
site classes at which each non-native species was observed. Letters
in parenthesis following species name are as follows: a, species
occurred in a significantly (p<0.05) greater proportion of both 10-
year and 5-year sites compared to control sites; b and c, species

occurred in a significantly (p<0.05) greater proportion of 10-year
or 5-year sites, respectively, compared to control sites; and d,
suggestive (p<0.1) evidence that species occurred in a greater
proportion of 10-year sites compared to control sites

Table 5 Mean cover values (1 SE in parenthesis) for the six non-native species with significant differences in cover between site classes
within the first set of concentric quadrats

Scientific name 10-year 5-year Control

n 14 16 14

Cirsium arvense (Canada thistle) 0.7a,b (0.5) 2.1a (0.8) 0.0b (0.0)

Kochia scoparia (kochia) 1.9a,b (1.4) 6.3a (2.8) 0.0b (0.0)

Lactuca serriola (prickly lettuce) 0.03a,b (0.01) 0.16b (0.07) 0.00a (0.00)

Melilotus officinalis (yellow sweet clover) 0.03a (0.01) 1.06b (0.69) 0.00a (0.00)

Sonchus arvensis (field sowthistle) 0.07a,b (0.07) 0.95a (0.44) 0.00b (0.00)

Thinopyrum intermedium (intermediate wheatgrass) 1.5a,b (1.4) 11.6a (5.2) 0.0b (0.0)

Superscript letters a and b denote significant differences in mean values at the 0.05 level between site classes (Tukey multiple comparison
test)

200 Page 10 of 16 Environ Monit Assess (2015) 187: 200



disturbed quadrats. Additionally, the initial curves
are steeper for the 10-year and 5-year undisturbed
quadrats relative to control quadrats. Although all
curves continue to rise, indicating that additional
non-native species likely existed in the landscape,
they appear to level off, implying that the sam-
pling effort was sufficient to capture most of
the non-native species richness. Lastly, it should
be noted that the entire dataset was used to gen-
erate the species accumulation curves and the dif-
ferent lengths are due to different sample sizes for
each curve.

Discussion

Non-native species were recorded at all 44 study sites.
Control sites for this study were located at least one mile

from the nearest oil well so the presence of non-natives
at these sites likely cannot be attributed to energy de-
velopment. Therefore, these results show that the inva-
sion of non-native species in the Williston Basin has
been occurring irrespective of energy development (for
example, see DeKeyser et al. 2013); however, areas
adjacent to oil wells have significantly greater non-
native species richness and non-native forb cover rela-
tive to areas without these facilities.While this study did
not collect data on the presence and abundance of native
species, previous studies have shown that the changes
observed in vegetation communities from energy devel-
opment are predominantly the result of increases in non-
native species as opposed to decreases in native species.
For example, Nasen et al. (2011) reported that despite
increased abundance and diversity of undesirable (non-
native) species, namely rhizomatous and tufted grasses
and perennial forbs, adjacent to oil and natural gas wells
in Saskatchewan grasslands, these sites had similar
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compositions of desirable (native) species compared to
control sites. Similarly, in the Powder River Basin of
Wyoming, Bergquist et al. (2007) only found significant
differences in native species richness and cover between
control sites and the actual coal bed methane well pads,
but not between control sites and areas adjacent to well
pads. Therefore, it is likely that the primary changes in
vegetation communities in theWilliston Basin related to
energy development are the result of the increases in
non-native species described here.

Total non-native species richness was significantly
greater at both the 10-year and 5-year sites compared to
control sites. Indeed, the oil well sites had approximate-
ly twice as many non-native species as control sites. The
increase in total non-native species richness was driven
by increases in forb and graminoid species richness,
both of which were significantly greater at the oil well
sites compared to control sites. These results are similar
to other studies examining non-native species richness
adjacent to energy development. For example,
Bergquist et al. (2007) reported significantly greater
non-native species richness in areas disturbed from en-
ergy development in Wyoming’s Powder River Basin,
and Manier et al. (2011) reported that areas adjacent to
active well pads had greater non-native species richness
relative to ten other anthropogenic features in south-
western Wyoming.

Additionally, non-native forb cover was significantly
greater at both the 10-year and 5-year sites compared to
control sites; however, no differences existed in total or
graminoid non-native cover at the site level. The in-
crease in non-native forb cover is likely due to greater
non-native species richness as Stohlgren et al. (2002)
concluded that areas where several non-native species
have become established, non-native species cover can
substantially increase. Although this logic would sug-
gest increased non-native graminoid cover as well, non-
native graminoids comprised approximately 20% of the
vegetative cover in the control sites and the increase in
cover near the well pads was not sufficient to produce
significant increases at the site level. Since the habitat
characteristics for several wildlife species are a function
of vegetation structure and composition (Rotenberry
1985), increased dominance by non-native plants that
create monotypic stands decrease the heterogeneity of
native vegetation structure and diversity resulting in loss
of suitable habitat (Martin and Murray 2011).

Many non-native species present in the Williston
Basin utilize anemochory (wind dispersal of seeds);

therefore, this study examined differences in non-
native species richness and non-native forb and
graminoid cover between transects to determine if the
invasion dynamics are directional. Annual wind direc-
tions reported at Sloulin Field International Airport
(Williston, North Dakota) are from the north (15 % of
the time), west (13 %), and northwest (12 %); however,
winds from the south (13 %) and southwest (12 %) are
also common (http://weatherspark.com/averages/
30611/Williston-North-Dakota-United-States). Based
on the annual wind data, it would seem possible that
the invasion of non-natives could be greater in the
downwind transects (south or east) relative to the up-
wind transects (north or west). However, the only dif-
ference between transects within site classes was at the
5-year sites, where there was suggestive results for
greater non-native graminoid cover in the western tran-
sect compared to the southern transect. This result is
contrary to what would be expected from the wind data
and also appears not to be related to differences in the
number of disturbed quadrats (which also had greater
non-native graminoid cover relative to undisturbed
quadrats at the 5-year sites) between the western (23),
northern (21), southern (21), or eastern (25) transects.
Therefore, it appears that the spread of non-natives near
oil well pads is not strongly directional, and, where a
directional component does exist, the average annual
wind data may not be the best indicator of directionality.

However, examining the differences in non-native
species richness and cover by distance from the well
pads as well as between the oil well sites and control
sites provides a better understanding of invasion dynam-
ics in the Williston Basin. Within the oil well sites,
significant differences in the presence and abundance
of non-native species were the result of greater values in
the first (10-year and 5-year sites) and second (5-year
sites) quadrats compared to quadrats located at further
distances from the well pad. Similarly, the comparison
of oil well sites to the control sites demonstrated that the
significant differences in non-native species presence
and abundance existed in the first quadrat at the 10-
year sites and in the first two quadrats at the 5-year sites;
however, no significant differences existed between the
oil well sites and control sites in the third or fourth
quadrats. Taken together, these results demonstrate that
the increase in non-native species richness and cover at
the oil well sites is predominately localized near the well
pad and allows for the distance of invasion to be calcu-
lated. At the 10-year sites, the distance of invasion is at
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least 10 m and possibly as great as 40 m, while the
distance of invasion is at least 50m and possibly as great
as 80 m at the 5-year sites. These results are similar to
research by Nasen et al. (2011) that examined petroleum
and natural gas wells installed over the previous 50 years
in Saskatchewan grasslands. They estimated that the
impacts to vegetation communities from oil and gas
development extended 25 m from the well pad; howev-
er, they also noted that range health was reduced at least
40 m (as far as they surveyed) from the well pad.

Revegetated quadrats that were disturbed during well
pad construction had greater non-native species richness
and cover compared to undisturbed quadrats. Average
non-native species richness was significantly greater in
disturbed quadrats compared to undisturbed quadrats at
the 10-year sites, while average non-native species rich-
ness and forb and graminoid cover were significantly
greater in disturbed quadrats relative to undisturbed
quadrats at the 5-year sites. According to the North
Dakota Petroleum Council, the surface footprint of oil
wells targeting the Bakken Formation requires the con-
struction of a large (4–6 acres for single wells and 5–
7 acres for multiple wells) pad during the drilling phase,
with up to 25 % of the initial pad reclaimed after
production starts. During interim reclamation, the land
is contoured to blend with the surrounding topography,
covered by topsoil removed during well pad construc-
tion, and revegetated with native perennial species or
other plant materials as specified by the surface owner
(North Dakota Petroleum Council 2014). Several stud-
ies have documented positive correlations between the
invasion of non-native species and increased amount of
bare ground (i.e., Burke and Grime 1996; Watkins et al.
2003). While vegetation growth on well pads (bare
ground) is kept to a minimum per operating require-
ments, Bergquist et al. (2007) reported that approxi-
mately half of the cover observed on oil well pads in
the Powder River Basin was comprised non-native spe-
cies. Additionally, enhanced recruitment of non-native
species compared to native species in disturbed areas
following revegetation was reported at grassland sites in
western Montana (Maron et al. 2012). Therefore, the
creation of large areas of bare ground for the well pad
and revegetation of disturbed areas adjacent to the pro-
ducing well pad (halo) likely provides a pathway for the
introduction and establishment of non-native species
which can then act as a source of propagules for non-
native species to establish in undisturbed areas
(D’Antonio et al. 2001). This is supported by the species

accumulation curves which clearly show that the dis-
turbed quadrats adjacent to the well pads had the
greatest non-native species richness; however, the un-
disturbed quadrats at the oil well sites also exhibited
greater non-native species richness relative to control
sites.

Several non-native species occurred at a greater
proportion of oil well sites relative to control sites.
None o f the th r ee spec i e s (C. arvense ,
K. scoparia, and S. kali) that occurred in a signif-
icantly greater proportion of both the 10-year and
5-year sites relative to control sites were observed
at any of the control sites. Similarly, seven other
species occurred at a significantly greater propor-
tion of either the 10-year sites (B. arvensis and
E. esula) or 5-year sites (B. inermis, C. arvensis,
M. officinalis, S. arvensis, and T. intermedium)
compared to control si tes ; however, only
B. arvensis, B. inermis, and C. arvensis occurred
at more than one control site. Nielsen et al. (2011)
documented a significant increase in the occur-
rence of common non-native plant species near
oil and gas wells in Wyoming; however, these
results show that several non-native species that
commonly occur near oil well pads in the
Williston Basin do not appear to be pervasive in
areas lacking energy development. Therefore, the
presence of these non-pervasive species near oil
well pads may increase the potential for their
introduction and establishment in native prairie
environments across the Williston Basin.

The list of species with significantly greater cover at
the oil well sites compared to control sites included five
of the ten species that occurred at a significantly greater
proportion of oil well sites. Combining these two lists
produced 11 non-native species that exhibited greater
presence and/or abundance near oil well pads compared
to control sites in native prairie environments within the
Williston Basin: B. inermis, B. arvensis, C. arvense,
C. arvensis, E. esula, K. scoparia, L. serriola,
M. officinalis, S. kali, S. arvensis, and T. intermedium.
Due to the timing of the vegetation surveys (July–Au-
gust), it is possible this list is missing some early-season
non-native species that were no longer present. While the
effects on native plant communities of each of the 11 non-
native species listed above likely vary across the
Williston Basin due to differences in soil type, vegetation
type, land use, etc., five of these species (C. arvense,
C. arvensis, E. esula, K. scoparia, S. arvensis) are of
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serious concern to land managers due to their listing on
either the state of Montana noxious weed list or the state
and county noxious weed lists of North Dakota.

Although the most pronounced differences were
between the oil well and control sites, the presence
and abundance of non-native species also varied
between the oil well sites with the 5-year sites gen-
erally having greater non-native species richness and
cover relative to the 10-year sites as well as a greater
number of more common and/or abundant species.
The differences between the oil well sites are likely
due to differences in plant dynamics between the
observed non-native species. Certain species are ca-
pable of establishing within, and even dominating,
native communities. For example, areas with high
soil displacement can lead to the establishment of
pers is tent forb-r ich communit ies including
C. arvense (Jensen 1991), removal of top soil can
result in S. kali dominance for up to a decade (Allen
1989), and K. scoparia has been documented a
decade after disturbance in mixed prairie (Samuel
and Hart 1994). These three species occurred at a
greater proportion of both the 10-year and 5-year
sites compared to control sites indicating they have
likely become established at the oil well sites. Other
species, however, are early successional species and/
or annual or biennial and it is possible these species
rapidly colonized the disturbed areas adjacent to the
well pad but were then unable to persist, leading to
the drop in non-native species richness and cover
near the well pad with increasing time. For example,
reduced sunlight from shading by other plants can
force C. arvensis into dormancy (Holm et al. 1977),
reductions in the occurrence of L. serriola were
reported 3 to 5 years after initial disturbance
(Ferguson and Craig 2010), and M. officinalis rap-
idly colonizes bare ground, but rarely persists as a
dominant (Gucker 2009). Relative to control sites,
these three species occurred at a significantly greater
proportion of and/or had significantly greater cover
at the 5-year sites, but not the 10-year sites; there-
fore, these species, if initially present at the 10-year
sites, may have failed to become established. Al-
though these results demonstrate that the presence
and abundance of non-native species decreases with
time, non-native forb and graminoid species richness
as well as non-native forb cover at the 10-year sites
was still significantly greater than control sites.
Thus, the effects to vegetation communities of

energy development within native prairie environ-
ments in the Williston Basin are still clearly visible a
decade after well pad construction.

Conclusions

This study examined non-native species richness and
cover near oil well pads constructed 10- and 5-years
ago, as well as similar control sites, in native prairie
environments. At the site level, total, forb, and
graminoid non-native species richness, as well as non-
native forb cover, were significantly greater at both the
10-year and 5-year sites compared to control sites. Non-
native species richness and forb cover were greatest
adjacent to the well pad and decreased with distance.
Non-native species richness and forb cover returned to
levels similar to control sites by 40m at the 10-year sites
and 80 m at the 5-year sites. Finally, relative to undis-
turbed areas, the disturbed and revegetated areas had
significantly greater non-native species richness at both
the 10-year and 5-year sites and significantly greater
forb and graminoid cover at the 5-year sites.

Based on these results and previous studies, much of
the increase in non-native species richness and forb and
graminoid cover near oil well pads is likely the result of
disturbance and subsequent interim reclamation of areas
adjacent to the producing well pad. Increased non-native
species richness and cover in these disturbed and
revegetated areas then act as sources of propagules into
undisturbed areas. The most recent update on producing
counties in North Dakota predicted that full well capac-
ity in the state would be 58,485 wells (North Dakota
Industrial Commission 2014). Assuming these wells are
all installed on a single, 5-acre, square well pad, this
would equate to approximately 292,000 acres of dis-
turbed land in North Dakota alone. Greater non-native
species richness and forb cover were documented at
least 50 m from the edge of the well pads at the 5-year
sites, and using this buffer around the idealized well pad
produces a zone of impact that covers an additional
555,000 acres. This estimate is likely high as it does
not account for factors such as multiple boreholes on
larger well pads; however, it also does not include
additional oil field infrastructure such as access roads
or pipelines, both of which have large Bedge^ areas and
significantly contribute to the total area disturbed for
energy development. The introduction of non-native
species in such a large and geographically expansive
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area could allow for their establishment across the
Williston Basin. Therefore, reducing the initial footprint
of the well pad during the drilling phase and better
suppression efforts in revegetated areas after interim
reclamation would likely have the greatest effects in
minimizing the establishment of non-native species in
native prairie environments across the Williston Basin.

To that end, this study identified several non-native
species that were more common near oil well sites and/
or had greater cover immediately adjacent (0–10 m) to
the well pads compared to control sites. Ten non-native
species occurred in a significantly greater proportion of
the 10-year, 5-year, or both well site classes relative to
control sites with suggestive results for an additional
three species. Similarly, six non-native species had sig-
nificantly greater cover immediately adjacent to the well
pad at the 5-year sites compared to control sites, with
greater cover of one additional species at the 10-year
sites being suggestive. Five of the non-native species on
these two lists overlapped. Therefore, these results could
be used by land managers to enhance current suppres-
sion efforts by placing additional emphasis on the more
common and abundant non-native species associated
with oil and gas development in the Williston Basin.
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