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The United States created national parks to conserve indigenous species, ecological processes, and cultural resources

unimpaired for future generations. Curtailing impacts of exotic species is important to meeting this mission. This

synthesis identified 56 studies reported in 60 publications that evaluated effects of exotic plant treatments on

National Park Service lands. Studies encompassed 35 parks in 20 states and one U.S. territory and included 157

exotic plant species. Eighty-seven percent of studies reported that at least one treatment reduced focal exotic species.

Of 30 studies evaluating response of native vegetation, 53% reported that natives increased, 40% reported neutral

responses, and 7% reported that natives decreased. For at least some of the neutral cases, neutrality was consistent

with management objectives. In other cases, insufficient time may have elapsed to thoroughly characterize responses,

or restoration might be needed. Nonfocal exotic species increased in 44% of the 16 studies evaluating them, but the

other 56% of studies reported no increase. Results suggest that: (1) a range of exotic species spanning annual forbs to

trees have been effectively treated; (2) developing effective treatments often required extensive experimentation and

balancing nontarget impacts; (3) presence of multiple exotic species complicated treatment efforts, highlighting

importance of preventing invasions; and (4) placing treatment objectives and outcomes in context, such as

pretreatment condition of native vegetation, is important to evaluating effectiveness. Attaining the goal in national

parks of conserving native species and ecological processes minimally influenced by exotic species will likely require

comprehensive management strategies inclusive of treatment interactions with focal exotic species, other potential

invaders, and native species.
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National parks in the United States were designated to
conserve significant natural and cultural features unimpaired
for future generations (Organic Act 1916). The 2006
National Park Service management directive reaffirmed the
key objective of preserving indigenous biodiversity and
ecological processes within parks unimpaired (National Park
Service 2006). The 401 National Park Service units contain
irreplaceable features and native species, often harboring the
only locations where certain cultural sites and species occur
(Shafer 2012). Invasions by exotic species increasingly
threaten park resources and undermine the objective of
conserving indigenous biodiversity and ecological processes
within parks (Jenkins and Johnson 2008). For example,

Allen et al. (2009) assessed 216 of the parks and reported
that they contained a total of 3,756 exotic plant species. All
parks contained exotic plants, with several individual parks
containing over 400 exotic plant species. Not all exotic
plants severely impact indigenous ecosystems, but effects of
high-impact species already are evident and some current
low-impact species have potential for severe impacts in the
future (Gilbert and Levine 2013; Vilà et al. 2011). As one
example of a severe impact, invasion by exotic plants in some
parks has increased fuel loads and corresponded with
increasing extent and severity of nonindigenous wildfire
regimes (D’Antonio et al. 2011). These fires have devastated
native communities ill adapted to the novel disturbance
regime, in addition to impacting cultural resources and
altering anthropogenic visitor experiences (Brisbin et al.
2013).

In response to threats posed by exotic plant invasions, the
National Park Service, similar to many other conservation
organizations, has initiated treatments seeking to reduce
exotic plants while promoting native species (Fraley et al.
2007). Treatments encompass physical methods such as
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cutting, pulling, or fire; chemical methods including
herbicides or application of carbon to stimulate soil microbes
and reduce plant-available nutrients; or biological methods
such as establishing native plant species to compete with
exotics (Sheley et al. 2011).

Outcomes to vegetation of imposing treatments on an
invaded ecosystem can take many forms contingent upon
numerous factors (Harms and Hiebert 2006; Rinella et al.
2009; Steers and Allen 2010). A way to conceive treatment
effects is to categorize responses of the focal exotic species,
native species, and other exotic species as decreasing,
neutral, or increasing. This results in 27 potential
combinatorial responses. Native species might be unre-
sponsive to treatment through numerous mechanisms, such
as if the natives had not been reduced by the invasion (e.g.,
when exotics invade space unoccupied by plants); if
insufficient time or events (e.g., moist or dry weather

periods) occurred since treatment; or if the invasion,
treatment itself, or new climatic regime might have
somehow reduced native abundance to a lower baseline
level (D’Antonio and Meyerson 2002; Hulme et al. 2013).
On the other hand, treatments might increase native
species if natives have been reduced and limited by the
invasion, or through other mechanisms such as some
beneficial aspect of the treatment (e.g., fire stimulating
germination) that might hinge upon effects to focal exotic
species (Pyšek et al. 2012). Conversely, treatments could
decrease natives if the exotic was actually facilitating natives
(e.g., exotics with N-fixing symbioses) or if the treatment
has known or unknown impacts to native species (Rinella
et al. 2009). Secondary invasion, by other exotic species
after a focal exotic is removed, can negate treatment
benefits or even worsen the situation if the removed invader
is replaced by one more damaging (Kettenring and Adams
2011).

It is recognized that assessing treatment effectiveness,
including reporting both successful and failed control
efforts, is essential to advancing exotic plant management
(Blossey 1999; Rinella et al. 2009). Resources for land
management are limited and consequences of ineffective
treatments or unanticipated nontarget effects can be
substantial, making development of ecologically and
cost-effective strategies paramount (Pimentel et al.
2005). In fact, Maxwell et al. (2009) concluded that
dedicating 50% of time available for exotic plant
management to well-done monitoring would not result
in expansion of exotic populations (in comparison to
expending 100% of time on treatment) because of gains in
treatment efficiency.

There are some unique challenges for assessing effec-
tiveness of a management intervention such as exotic plant
treatment (Davis 2009). For a newly established, small
population, for example, collecting temporally repeated
pretreatment data to determine if the population might
decline without treatment risks expansion to a full
infestation. The most applicable assessment data in this
eradication context might be a simple binary response of
presence/absence of the species. Moreover, eradication is
scale- and time-specific to a defined area (e.g., particular
sites within a park or to a whole park) and time period, as
future introductions can necessitate further eradication
attempts (Ransom et al. 2012). It also may not be
justifiable to leave untreated areas as controls, for reasons
such as legal requirements to protect a rare native species.
As a result, before–after or treated–never invaded compar-
isons are important in study designs of exotic plant
treatment effectiveness (Kettenring and Adams 2011). For
land management purposes, practitioners are often com-
fortable knowing correlations between treatments and
outcomes when cause–effect statistical designs are not
feasible or ethical (Reid et al. 2009). These examples

Management Implications
National parks in the United States are areas where a

management goal is to conserve native species and processes free
from influences of exotic species (National Park Service 2006).
Meeting this goal in light of the approximately 4,000 exotic plant
species (in addition to other types of exotic organisms) already
present in parks will be challenging and require effective treatment
strategies applied at different scales in comprehensive ecological
and social frameworks. A systematic search of published literature
uncovered 56 projects conducted on National Park Service lands
in which effects of exotic plant treatments were assessed.

On one hand, results were encouraging in that most projects
(87%) found at least one treatment reduced focal exotic species.
Moreover, treatments negatively affected native vegetation in only
two projects. There also were five projects reporting eradication of
1 to 21 species within parks and some examples of effective broad-
scale treatments aligned with large-area infestations. On the other
hand, , 4% of exotic plant species already present in national
parks have had effects of treatments upon them evaluated on
National Park Service lands. There also is little to no documented
information on overall trends of exotic plant abundance for most
parks (Allen et al. 2009). Priorities for increasing effectiveness of
management interventions include evaluating treatment effects in a
comprehensive ecosystem benefits/tradeoffs approach (Steers and
Allen 2010), enhancing knowledge on species trends and impacts
to facilitate prioritization of limited treatment resources (Vilà et al.
2011), continued development of single- and multi-species
treatments that minimize undesired effects and are cost-effective
(Lodge et al. 2006), improving early detection and treatment
capacity (DiTomaso et al. 2007), and providing a treatment
framework encompassing ecological restoration and climate
change adaptation (Funk et al. 2009). Results further highlight
importance of assessing treatment outcomes in context of the
present condition of the ecological community, and against an
appropriate benchmark relative to doing nothing which often
should include unabated exotic species impacts. Recognizing that
multiple treatment applications and time may be required for
native species recovery, long-term, effective commitments to
managing exotic species are needed for limiting degradation in
national parks.
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illustrate that several study designs and response data are
applicable to evaluating treatment effectiveness.

The objective of this work was to synthesize effects of
exotic plant treatments on focal exotic plant species, native
species, and nonfocal exotic species on U.S. National Park
Service land. The National Park Service manages 32
million ha (79 million ac) distributed across 401 parks in
all 50 U.S. states and two U.S. territories. A significant
portion of the United States’ natural and cultural resources
are represented by these units, and they are visited by over
280 million people annually. It is increasingly recognized
that conserving these resources in accordance with the
National Park Service mission requires curtailing exotic
species impacts (National Park Service 2006).

Materials and Methods

Published literature regarding exotic plant treatments on
National Park Service land was obtained using defined
search procedures and criteria for including an article. The
following resources were searched: article databases since
inception through 2012 of Google Scholar, AGRICOLA,
JSTOR, and BioOne (including journals such as Invasive
Plant Science and Management and Natural Areas Journal
regularly publishing exotic plant articles); the individual
journals Restoration Ecology, Ecological Restoration, Biolog-
ical Invasions, and Journal of Applied Ecology; and the
National Park Service’s article database, Integration of
Resource Management Applications (http://science.nature.
nps.gov/im/datamgmt/irma.cfm). Article titles, abstracts,
and key words were searched for the following terms:
exotic, nonnative, nonindigenous, plant, vegetation, spe-
cies, treatment, management, control, effectiveness, assess-
ing, assessment, monitoring, National Park Service,
preserve, monument, and historic site. Reference lists of
located articles were also examined for relevant articles.

Criteria for inclusion of a study in the quantitative
synthesis included that it (1) be conducted on one or more
of the 401 units of the National Park Service, (2) be
published (as a journal article, book chapter, conference
proceedings, or other published outlet), and (3) report
extractable data on management interventions aimed at
reducing abundance of one or more vascular exotic plant
species in terrestrial habitat. Only published or in-press
literature was included because little unpublished literature
on treatment effects was available, key details on treatment
methods and sampling were often absent from unpublished
literature, and the unpublished work was rarely available
online or widely accessible. The criterion for reporting
extractable data required that data on one or more focal
exotic species be reported or that exotic species could be
separated out from native species and be presented as either
quantitative (e.g., biomass of a species) or categorical data
(e.g., presence/absence for eradication attempts). Only

studies evaluating in situ plant communities were included,
excluding some studies such as those by Haubensak and
D’Antonio (2006) and Abella et al. (2012) performed
within parks but examining treatment effects on experi-
mentally seeded exotic plants or in created common
gardens.

For each article meeting inclusion criteria, data were
extracted from the article text, tables, or figures and entered
into a database. A statistical meta-analysis was considered
but was not performed because data reported in studies
took numerous forms (including presence/absence), and
study designs varied substantially from before/after or
control/impact to full factorial designs including pretreat-
ment data with controls. As a result, data were summarized
according to original measures reported in an article, as
derived counts of the number of treated species (e.g.,
number of species eradicated based on absence data), or as
calculated averages such as for presenting overall exotic
plant community abundance in addition to individual
exotic species. Native/exotic status to the Pacific Islands
and lower 48 states and growth form classification followed
the Natural Resources Conservation Service (2013). The
number of studies that reported reductions, no change
(neutral), or increases in the focal exotic species, native
species, and other exotic species was compiled. The
reduced, neutral, or increase responses were categorized
based on the longest-term data reported in articles and on
measures including statistical significance (or lack thereof)
or means of responses and presence/absence of a focal
exotic in eradication. Cover was used as the response
whenever it was reported; otherwise, plant density or other
measures were used.

Results and Discussion

Description of the Literature. Fifty-six studies, reported
in 60 publications between 1984 and 2013, evaluated
exotic plant treatments on National Park Service lands
(Appendix 1). Studies encompassed 35 national park units
in 20 states and one U.S. territory. Parks with the most
studies included Hawaii Volcanoes National Park (seven
studies), and with four studies each, Everglades National
Park (Florida), Big Cypress National Preserve (Florida),
Channel Islands National Park (California), and Lake
Mead National Recreation Area (Arizona–Nevada). The
vegetation types of desert, shrubland, prairie, wetland, and
forest were all represented in the studies. Treatments
evaluated included herbicide, cutting, girdling, mowing,
clearing (soil or sod removal), controlled grazing, pre-
scribed burning, solarization, fertilizing native species,
covering (with fabric to limit plant emergence), carbon
addition (to reduce nutrient availability), and planting or
seeding competitive native species. There were 157 focal
exotic species evaluated, with 72 (46%) of these assessed
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only in Hawaiian parks. Species were distributed according
to the following growth forms: 34 trees (22% of the total
157 species), 23 shrubs (15%), 65 forbs (41%), five vines
(3%), and 30 graminoids (19%). Life spans of the species
included 11 annual (7%), two annual–biennial (1%), eight
biennial (5%), 13 annual–perennial (8%), six biennial–
perennial (4%), and 117 perennial (75%). The number of
focal exotic species evaluated in a study ranged from 1
(62% of studies) to 62 species (Tunison 1992).

Fifty-three (95%) of the 56 studies reported data on a
focal exotic plant, and the remaining three studies reported
only native species. Thirty (54%) of the studies evaluated
native species, and 16 studies (29%) evaluated exotic
species other than the focal exotic species. Twenty-nine
(52%) studies collected some pretreatment data, which
included recording presence of an exotic species before

treatment in an eradication context of small populations.
Twenty-five (45%) studies compared treatments within
their study, and seven studies evaluated effects of timing of
treatment. Studies evaluated responses from , 1 to 12 yr
after treatment, with a median of 3 yr.

Treatment Effects. Most studies reported that at least one
treatment within a study reduced focal exotic species
(Figure 1a). About half of studies reported increases in
native species (Figure 1b). No response or reductions in
other (nonfocal) exotic species occurred in 56% of studies,
with the remaining 44% reporting increases (Figure 1c).
Treatment effects on focal exotic, native, and other exotic
species are discussed in the following sections.

Focal Exotic Species. Five studies were conducted in an
eradication context where populations of focal exotic
species were small and geographically restricted (Abella et
al. 2009; Dalrymple et al. 2003; Tunison 1992; Tunison
and Zimmer 1992; Whipple 2001). Studies reported that
between 1 and 21 species were eradicated from an area
within a park or entire park, at least at the time of the
study, recognizing that future introductions could occur.
Eradication treatments included hand-pulling, herbicide,
cutting, or a combination of these. Populations of up to
several hundred plants and 1 ha were eradicated. The #
1-ha size of eradicated populations was smaller than the
1-ha cutoff, below which Rejmánek et al. (2005) reported
eradications were most economical.

Considering all studies including the eradication studies,
at least one treatment within a study reduced focal exotic
species in 46 of 53 studies (87%) reporting data on focal
exotics (Figure 1a). The remaining seven studies (14%)
reported no effect. The three studies that did not report on a
focal exotic were conducted in a context where it was likely
that the focal exotic had been eliminated or sharply reduced,
and only responses of native species were evaluated (Bay and
Sher 2008; D’Antonio et al. 1998; Hughes and Vitousek
1993). With few exceptions, the seven studies that reported
neutral effects on the focal exotic species either facilitated
identifying future treatments that could reduce the focal
exotic or still achieved some partial resource benefit. For
example, Doren et al. (1991) found that prescribed fire did
not reduce Brazilian peppertree (Schinus terebinthifolius
Raddi) in Everglades National Park, but these findings led
to testing and development of more intensive clearing
treatments that did reduce Schinus (Dalrymple et al. 2003).
In another example, Tyser et al. (1998) found no overall
effect of spraying the herbicide clopyralid along roadsides of
Glacier National Park because increases in exotic graminoids
offset reductions in exotic forbs. This suggested, however,
potential for combining herbicide regimes effective for both
broad-leaf and grass plants, coupled with seeding of native
species, which promoted native community establishment.

Figure 1. Summary of responses of (a) focal exotic plant
species, (b) native species, and (c) nonfocal exotic species to
exotic plant treatments on National Park Service lands in the
United States. For response of (b) native and (c) nonfocal exotic
species, response of the focal exotic species to treatment is cross-
tabulated. In (b), for example, the focal exotic species was
reduced by treatment in 8 of the 12 studies where native species
displayed a neutral response to treatment of the focal exotic.
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Potential publication bias warrants consideration (Møl-
ler and Jennions 2001), such as a possibility of studies that
did not find significant reductions in focal exotic species
being least preferentially published. Seven studies did not
report significant reductions; there were many examples
reported of unsuccessful treatments within the 46 studies
that did report at least one successful treatment, and there
also was reporting of treatments that increased other exotic
species. Consequently, there was no evidence of exclusive
reporting of successful treatments. It is important to report
both perceived successes and failures to provide a balanced
view of treatment effectiveness. Eventual control of several
species such as Schinus terebinthifolius and melaleuca
[Melaleuca quinquenervia (Cav.) S.F. Blake] in Florida
parks resulted from learning from ineffective treatments
(Dalrymple et al. 2003).

Native Species. Of 30 studies reporting responses of native
species to exotic plant treatments, most studies (16 studies,
53%) reported that natives increased, but a substantial
portion (12 studies, 40%) reported that natives were not
affected (Figure 1b). Two studies (7%) reported that
natives decreased, despite finding that treatments had
reduced the focal exotic species. In one of the studies, in
prairies at Lyndon B. Johnson National Historical Park in
Texas, Simmons et al. (2007) found that none of the suites
of treatments (herbicide, fire, and mowing) consistently
increased native species 1 yr after treatment. These authors
were dealing with an aggressive exotic perennial grass,
yellow bluestem [Bothriochloa ischaemum (L.) Keng], and a
short study duration, and called for future testing of timing
of treatment. On burned sites in Zion National Park,
Fuhrmann et al. (2009) found that native species richness
was greater on untreated areas than on areas that had
received herbicide plus seeding of natives. It is important to
note, however, that treatments did reduce biomass per
plant by 75% of the focal exotic species foxtail brome
(Bromus madritensis L.) and downy brome (Bromus
tectorum L.). Reducing exotic grass fuel loads that facilitate
novel fire regimes is a primary management goal in
American Southwest arid lands where the study was
conducted (Brisbin et al. 2013).

In 33% of the 12 studies where treatments did not affect
native species, treatments also had no measurable effect on
focal exotic species. In contrast, 14 of the 16 studies (88%)
reporting beneficial treatment effects on natives found that
the treatments reduced focal exotic species. The other two
studies did not quantitatively report treatment effects on
focal exotic species, but reductions in focal exotics were
apparent (D’Antonio et al. 1998; Hughes and Vitousek
1993).

Although the data suggest that treatments overall more
frequently reduced focal exotic species than they increased
native species, native species did increase in 53% of studies.

Among examples of native species increases, exotic plant
treatment along Lake Michigan sand dunes in Sleeping
Bear Dunes National Lakeshore both increased native plant
density and enhanced pollination of the federally threat-
ened sand dune thistle [Cirsium pitcheri (Torr. ex Eaton)
Torr. & A. Gray] (Baskett et al. 2011). In tropical forests of
National Park of American Samoa, Hughes et al. (2012)
found that 6 yr after girdling the exotic tree peacocksplume
[Falcataria moluccana (Miq.) Barneby & Grimes], forest
community biomass was dominated (95%) by native
species.

In studies where native species were unaffected by
treatments, it is important to recognize that this neutral
response of native species to removal of an exotic might
sometimes be desired by managers. In Saguaro National
Park in Arizona, for example, removing the perennial
buffelgrass [Pennisetum ciliare (L.) Link] resulted in native
communities indistinguishable from those of never-invaded
areas 1 to 4 yr after treatment (Abella et al. 2013a).
Pennisetum dramatically increases fuel loads and fire risk in
these Sonoran Desert ecosystems where fires were not a
major part of the evolutionary environment of the native
species. The study suggested that the goal of reducing fire
risk could be achieved without impacting the native
community. An increase in native community measures
would not necessarily have been desirable if the treatments
resulted in increases of early colonizing native species, as
instead the park seeks to conserve mature cactus–shrub
communities (Abella et al. 2013a).

Nonfocal Exotic Species. A major concern in exotic plant
management is that other exotic species, sometimes even
more damaging to native species, simply replace a focal
exotic species that was removed (Moyes et al. 2005). Of 16
studies reporting data on treatment effects on nonfocal
exotics, nine studies (56%) reported neutral effects or
reductions to nonfocal exotics (Figure 1c). The focal exotic
species was reduced in all nine studies reporting neutral
effects or reductions for other exotics, suggesting that
secondary invasion by other exotics did not occur or that
other exotic species already present did not increase. Seven
studies (44%) found that nonfocal exotics increased. In six
of those, the focal exotic was reduced, suggesting secondary
invasion. Moyes et al. (2005), working in Santa Monica
Mountains National Recreation Area in California,
provided a dramatic example where prescribed fire resulted
in type conversion from exotic annual grassland dominated
by ripgut brome (Bromus diandrus Roth) to monoculture
of the exotic annual forb black mustard [Brassica nigra (L.)
W.D.J. Koch]. In another example, Love and Anderson
(2009) found that treatments that reduced the exotic shrub
Morrow’s honeysuckle (Lonicera morrowii A. Gray) in-
creased several other exotics in old fields at Fort Neces-
sity National Battlefield in Pennsylvania. These authors
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concluded that treatments effective on the focal species
would need to be coupled with treatments for the nonfocal
exotics and potentially with planting native species.

Treatment Type, Timing, and Frequency. The variables
of type, timing, and frequency of treatment were often
important to outcomes in studies that examined these
variables. In Shenandoah National Park of Virginia, for
example, Burch and Zedaker (2003) found that six
different herbicides applied to uncut stems all similarly
induced 98 to 100% mortality of tree-of-heaven [Ailanthus
altissima (Mill.) Swingle]. Cutting the trees, however, only
induced 21% mortality and stimulated sprouting. A similar
response is observed in the exotic Tamarix spp. in
American Southwest arid lands where cutting simply
promotes sprouting unless herbicide is immediately applied
to stumps (Harms and Hiebert 2006). Illustrating the
importance of combining treatment types, Daehler and
Goergen (2005) reported that prescribed burning coupled
with herbicide optimally reduced Pennisetum ciliare, while
increasing native species at Puukohola Heiau National
Historic Site in Hawaii. Faulkner et al. (1989) showed
importance of treatment timing, where fall burns increased
one focal exotic species (Chinese privet [Ligustrum sinense
Lour.]) while decreasing another (Japanese honeysuckle
[Lonicera japonica Thunb.]). Winter burns reduced both
species. In another example, Abella et al. (2013b) found
that pulling and herbicide both reduced germination when
applied early in rosette development in the exotic annual
African mustard (Brassica tournefortii Gouan) in the
Mojave Desert at Lake Mead National Recreation Area,
whereas only herbicide prevented germinable seed when
plants were fully developed. In some examples where
timing was unimportant, such as Snyder’s (1999) finding
that cutting during any month never induced mortality
. 8% for Melaleuca quinquenervia in Florida’s Big
Cypress National Preserve, the treatment type was
ineffective regardless of timing. Illustrating importance of
frequency of treatment, Alexander and D’Antonio (2003)
found that at least three prescribed burns were required to
reduce exotic shrubs and promote native species at Point
Reyes National Seashore in California. Results underscore
that optimally selecting treatment type, timing, and
frequency are critical to achieving effectiveness, and
combinations of treatments or multiple applications can
be necessary.

Although studies in this synthesis reinforced principles
of invasive plant management highlighting importance of
type, timing, and frequency of treatments (Flory and Clay
2009), results also suggested that extensive experimentation
was often needed to identify effective treatments. Although
some general principles on treatment regimes exist for some
related groups of species, effective treatments often are
identified on an individual species basis owing to diversity

in species traits and the often individualistic responses of
species and sites (Sheley et al. 2011). Treatment protocols
exist for killing some major exotic species such as Tamarix
spp., but even for these species, more remains to be learned
about optimizing treatments to meet other objectives such
as promoting natives and reducing invasion by other exotic
plants (Harms and Hiebert 2006). There remains a need to
assess effects of a range of treatment alternatives not only on
focal exotic species, but also on impacts of treatments and
removal of the exotic on the rest of the ecosystem (Brown et
al. 2008). This task is particularly complicated when
multiple focal exotic species exist in an area and differ in
their traits. However, the finding of this review—that 87%
of studies identified at least one effective treatment on a focal
exotic species, and only two studies reported that native
plants were overall negatively affected—is encouraging.

Species Amenability to Treatment. Thirty-four (61%)
studies focused on only one focal exotic species, whereas 22
(39%) studies evaluated more than one species, including
communities dominated by many exotic species. In
comparing species across studies that were examined in
more than one study and in comparing species within
multi-species studies, no overall trends were evident for
differential amenability to treatment among plant groups
(e.g., annual vs. perennial, forb, or shrub). Additionally, in
some of the examples where particular exotic species were
affected more than others by treatment within a multi-
species study, this could vary among treatment types (e.g.,
Choi and Pavlovic 1998). In Hawaii Volcanoes National
Park, Santos et al. (1992) illustrated how seven priority
species could be individually controlled through develop-
ment of reliable species-specific treatment protocols. The
56 studies collectively highlighted that many plant growth
forms have been reduced by treatments on National Park
Service lands.

Site, Landscape, and Temporal Perspectives. Most
studies were conducted at a site or collection of sites, with
few studies examining effects of treatments at a landscape
scale. This should be kept in context where in many cases,
such as in an eradication context where a species might
only occupy one small site, the scale and spatial extent of
studies were aligned with the scale of exotic plant
occurrences. In an eradication context in addition to other
situations, however, surveying or monitoring across larger
areas can increase inference regarding treatment effective-
ness. Moreover, invasions in many parks are extensive such
that results of treatment effects at one site are not
necessarily informative for how feasible or effective
treatments are at landscape scales. Although parks often
have specific high-priority sites (e.g., sites containing rare
native species or anthropogenic visitor services), ultimately
the mission of the National Park Service of conserving
indigenous ecosystems applies to entire parks. This makes
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understanding treatment effectiveness across landscapes
important.

There were some examples of landscape-scale assess-
ments of treatment effects. Big Cypress National Preserve
and Everglades National Park in Florida have conducted
landscape-scale clearing of the exotic trees Schinus
terebinthifolius and Melaleuca quinquenervia. Pernas and
Snyder (1999), for instance, reported that 48,000 ha of
Melaleuca existed in Big Cypress in 1992, but after 5 yr of
treatment, the infestation extent was reduced by 60% to
19,000 ha. In Gateway National Recreation Area near New
York City, Greller et al. (2000) used a vegetation mapping
approach to measure the proportion of the landscape
covered by Japanese knotweed (Polygonum cuspidatum
Siebold & Zucc.). Before treatment, Polygonum vegetation
occupied 4.5% of the 579-ha study landscape compared to
5.1% after 7 yr of mowing treatments. Greller et al. (2000)
discussed difficulty with their assessment approach regard-
ing mapping of the Polygonum vegetation type, however, as
they noted that density of Polygonum within patches had
been sharply reduced even if the perceived map cover had
increased. In a more recent example, Ransom et al. (2012)
used a reproducible mapping approach with defined
criteria for designating points and polygons to map cover
of 21 exotic species on two areas, each of 648 ha in
Dinosaur National Monument of Utah. One to 5 yr after
several treatments, area infested by 15 of the exotic species
was sharply reduced, but the study also illustrated
importance of treating new invaders following initial
treatments.

Several considerations are important to understand how
well results of treatments applied at fine scales (such as the
, 0.1-ha plots often used) correspond with treatments
applied to broader areas. First, treatment application
procedures might need to differ between small and large
areas. For example, small areas can be treated by manual
methods such as backpack-spraying of herbicide, but larger
areas can require different methods such as herbicide
application by helicopter (Brisbin et al. 2013). This could
affect treatment outcomes, as, for example, precision in
location of treatment application might decrease when
moving from small to large areas. Second, when spatial
heterogeneity is high or treatment outcomes are scale-
specific such as for species richness, size of sampling unit
can influence perception of treatment effects (Kettenring
and Adams 2011). The study by Erksine Ogden and
Rejmánek (2005) was one of the few to discuss feasibility of
extrapolating treatments applied on small areas to larger
areas. These authors reported that general trends in exotic
fennel (Foeniculum vulgare Mill.) and native species cover
were similar between the small and large treated areas, but
there were differences detected between the small and large
areas in temporal fluctuations. This could result from many
factors, such as large areas containing more diverse soil

moisture regimes than smaller areas, which could affect
perceptions of temporal vegetation fluctuations related to
weather.

As is well-documented in invasive plant science
(Kettenring and Adams 2011), the short duration of most
studies hinders understanding potential longer-term vege-
tation dynamics posttreatment. Even within the short-
duration posttreatment assessment period (typically , 4 yr),
some studies reported that the specific year in which
measurements were made could affect perception of
treatment effects or that there were temporal gradients in
vegetation responses (Choi and Pavlovic 1998). If exotic
plant invasion, treatment, and removal is viewed as a
disturbance, it may be unsurprising that some studies did
not report recovery of native species within the few-year
measurement period posttreatment. In desert parks, for
example, recovery of native desert vegetation from distur-
bance can require decades to centuries and hinge upon
presence of infrequent years favorable for plant establish-
ment (Abella 2010). The longest posttreatment assessment
of any study was 12 yr. That study was conducted in the
Mojave Desert and found that posttreatment communities
were dominated by native species but at lower abundance
than noninvaded reference communities (Bay and Sher
2008). Short funding duration and personnel turnover
hinder longer-term assessments in exotic plant science,
similar to other fields of science (Kettenring and Adams
2011). In addition to trying to overcome these barriers to
extend monitoring periods, one way to expand generality of
results of retrospective studies is to measure multiple years or
account for extreme events to avoid the assumption that a
single measurement year is representative (Diez et al. 2012).
It is important to note, however, that short-term results can
be extremely informative in exotic plant management for
adjusting treatments, such as when unacceptable outcomes
of initial treatments are immediately revealed (e.g.,
stimulation of sprouting or expansion of species).

Comparison to other Syntheses. Findings of this synthesis
are partially consistent with findings of two recent
syntheses of exotic plant removal: the review by Reid
et al. (2009) of treatment effects on 20 priority weeds in
Australia and Kettenring and Adams’s (2011) global review
of effects of exotic plant removal. All three syntheses
highlighted the short duration of studies, which had a
median of 3 yr in the present synthesis, 2 yr (range , 1 to
8 yr) in Reid et al. (2009), and in Kettenring and Adams
(2011), # 2 yr for 75% of studies. Concern of other exotic
species simply replacing treated exotic species was noted in
all three syntheses: 44% of studies that evaluated this in the
present synthesis, about 39% in Reid et al. (2009), and
about 25% in Kettenring and Adams (2011). It should not
be overlooked, however, that all three syntheses found
incidence of this ‘‘secondary invasion’’ in fewer than 50% of
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studies, at least during the short posttreatment periods of the
studies. The present synthesis found that study distribution
among vegetation types was more balanced and had greater
representation of deserts (16% of studies) than that of
Kettenring and Adams (2011), who reported that studies
were dominantly in grasslands (39% of studies), with only
1% in deserts. A greater percentage of papers evaluated
native species responses to treatments in this synthesis (54%)
than in either Reid et al. (2009; 19%) or Kettenring and
Adams (2011; 42%). Moreover, this synthesis uncovered
greater overall evidence of native species increases after
treatments than reported by either previous synthesis. This
could potentially relate to better overall ecological condition
of U.S. national parks (among the highest protected status in
the United States) compared to other types of land units.
Reid et al. (2009) concluded that selecting sites for treatment
that have some existing good-quality native vegetation may
increase treatment effectiveness, and this situation would
generally characterize U.S. parks.

Future Context of Treatments on National Park Lands.
Results of this study help provide broad context for making
future progress in exotic plant management and assessment
on National Park Service and similar conservation
landscapes. First, emphasizing promotion and assessment
of broader functions and ecosystem responses after
treatment beyond focal exotic species is a growing thrust
in exotic species science (Brown et al. 2008). Exotic plant
treatments and removal can affect many ecosystem
components and functions. Evaluations of functional
effects of exotic plant removal such as was done on
pollination ecology of a rare plant species at Sleeping Bear
Dunes National Lakeshore have potential for evaluating
comprehensive tradeoffs and benefits of exotic plant
treatment (Baskett et al. 2011). Second, it should be
noted, however, that studies focused solely on developing
control techniques for specific invaders will likely remain
critical. This synthesis found that treatment effects on 157
exotic species have been reported, but Allen et al. (2009)
found that at least 3,756 exotic plant species infest U.S.
national parks. Although treatment protocols for some
exotic species can be gleaned from literature on other lands,
the fact that treatment effects have been evaluated on
, 4% of plant invaders already in national parks is
sobering. Third, it is important to have a realistic baseline
against which to evaluate treatment effects. Nontarget
treatment effects on native species, for example, is a
concern, yet negative treatment effects on native plants
were only reported in two studies (Fuhrmann et al. 2009;
Simmons et al. 2007). Even with some undesired treatment
effects, these effects might be far less severe than
consequences of doing nothing. In the many western and
Hawaiian parks where invasion by exotic grasses augment-
ed fuel load and altered fire regimes, the benchmark against

which to compare treatment effects should include burned
landscapes where mature native ecosystems and cultural
features are destroyed (Brisbin et al. 2013).

Fourth, some studies suggest that presence of multiple
exotic species on a site (rather than a single species)
complicates exotic plant management (e.g., Alexander and
D’Antonio 2003). Multiple species can necessitate multiple
treatment types, including different application timings,
increasing treatment costs (Sheley et al. 2011). In some
parks, such as California grassland parks dominated by
exotic plants, simply having treatments maintain native
plants as a component of the vegetation might be a
reasonable goal (Moyes et al. 2005). These observations
reinforce a major principle of exotic plant science that,
where feasible, prevention and early treatment of new
invaders to reduce the number of invaders to control is
likely a most cost- and ecologically effective strategy
(DiTomaso et al. 2007). Minimizing the number of
invaders in a park might also reduce chance of secondary
invasion of other exotics replacing a treated exotic. Fifth,
similar to findings of Kettenring and Adams (2011),
assessments of financial costs or resources required to
implement treatments were rare (e.g., Love and Anderson
2009). While understanding ecological effectiveness might
be a key first step to understand which treatments are
viable, studies comparing costs and feasibility of a range of
ecologically acceptable treatments would be valuable
(Lodge et al. 2006).

Sixth, framing treatments within an ecological restora-
tion and climate change adaptation context warrants
further consideration. Application of ecological restoration,
such as restoring indigenous fire regimes to naturally
frequent-fire ecosystems, can create a management conun-
drum where restoration treatments are now conducted in
ecosystems containing exotic plants (DiTomaso et al.
2006). Fire can increase some exotic plants (Keeley 2006),
and efficacy of prescribed fire for reducing exotics and
promoting natives was mixed in the few studies that
evaluated fire in the present synthesis (e.g., Faulkner et al.
1989). Moreover, as suggested by other authors (Kettenr-
ing and Adams 2011), effects of invasions and exotic plant
removal could be viewed as a disturbance following which
native species might benefit from assisted recovery through
restoration (Funk et al. 2009). As evaluations of the ethics
and feasibility of potential climate change adaptation
strategies in conservation areas continue, removing exotic
species as a stressor to help facilitate adaptation of native
communities to climate change is a potentially beneficial
management strategy (Morales and Traveset 2009). In
some parks, exotic species removal might be one of the only
ethical and feasible climate change adaptation strategies
available. It also is possible that climate change will actually
create opportunities for reducing exotic species while
promoting natives (Bradley and Wilcove 2009). Furthermore,
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effectiveness of treatments can change as exotic plants evolve,
native communities change, and climates shift (Davis
2009).

Seventh, in some contexts it should be recognized that a
finding that native species have a neutral response to
treatment might concur with management goals. Many
earlier studies and reviews have apparently assumed that
native species have decreased as a result of invasion
(Kettenring and Adams 2011; Reid et al. 2009). This is
often, but not always, the case (Pyšek et al. 2012). In
Saguaro National Park, Abella et al. (2013a) provided an
example where native species had not necessarily decreased,
removal of the exotic resulted in a native plant community
indistinguishable from noninvaded areas, and the removal
eliminated the exotic grass fuel load that posed significant
fire hazard. In that study, the goal was to maintain mature
desert shrubland, and increases in native measures such as
species richness through an influx of early colonizing
species would not have been desirable. These observations
suggest that response of the native community should be
placed in context of management objectives and that
sometimes a ‘‘neutral’’ response of natives to exotic plant
removal is desirable.

Acknowledgments

The authors of Choi and Pavlovic (1998), Alexander and
D’Antonio (2003), Harms and Hiebert (2006), Bay and Sher
(2008), Wolf (2008), Fuhrmann et al. (2009), and Brisbin et
al. (2013) are gratefully acknowledged for providing raw data
or correspondence regarding their data sets. Sharon Altman
formatted Figure 1 and Appendix 1. Peter Budde, the
Associate Editor, and two anonymous reviewers provided
helpful comments on the manuscript. This paper is a
contribution of the Natural Resource Stewardship and Science
Directorate, National Park Service, of the U.S. Government.
Any use of trade names is for descriptive purposes only and
does not imply endorsement by the U.S. Government.

Literature Cited

Abella SR (2010) Disturbance and plant succession in the Mojave and
Sonoran deserts of the American Southwest. Int J Environ Res Public
Health 7:1248–1284

Abella SR, Chiquoine LP, Backer DM (2013a) Soil, vegetation, and
seed bank of a Sonoran Desert ecosystem along an exotic plant
(Pennisetum ciliare) treatment gradient. Environ Manag 52:946–957

Abella SR, Craig DJ, Smith SD, Newton AC (2012) Identifying native
vegetation for reducing exotic species during the restoration of desert
ecosystems. Restor Ecol 20:781–787

Abella SR, Spencer JE, Hoines J, Nazarchyk C (2009) Assessing an
exotic plant surveying program in the Mojave Desert, Clark County,
Nevada, USA. Environ Monit Assess 151:221–230

Abella SR, Suazo AA, Norman CM, Newton AC (2013b) Treatment
alternatives and timing affect seeds of African mustard (Brassica
tournefortii), an invasive forb in American Southwest arid land.
Invasive Plant Sci Manag. 6:559–567

Alexander JM, D’Antonio CM (2003) Control methods for the removal
of French and Scotch broom tested in coastal California. Ecol Restor
21:191–198

Allen JA, Brown CS, Stohlgren TJ (2009) Non-native plant invasions of
United States national parks. Biol Invasions 11:2195–2207

Baskett CA, Emery SM, Rudgers JA (2011) Pollinator visits to
threatened species are restored following invasive plant removal.
Int J Plant Sci 172:411–422

Bay RF, Sher AA (2008) Success of active revegetation after Tamarix
removal in riparian ecosystems of the southwestern United States: a
quantitative assessment of past restoration projects. Restor Ecol 16:
113–128

Blossey B (1999) Before, during and after: the need for long-term
monitoring in invasive plant species management. Biol Invasions 1:
301–311

Bradley BA, Wilcove DS (2009) When invasive plants disappear:
transformative restoration possibilities in the western United States
resulting from climate change. Restor Ecol 17:715–721

Brisbin H, Thode A, Brooks M, Weber K (2013) Soil seedbank
responses to postfire herbicide and native seeding treatments designed
to control Bromus tectorum in a pinyon–juniper woodland at Zion
National Park, USA. Invasive Plant Sci Manag 6:118–129

Brown CS, Anderson VJ, Claassen VP, Stannard ME, Wilson LM,
Atkinson SY, Bromberg JE, Grant TA, Munis MD (2008)
Restoration ecology and invasive plants in the semiarid West.
Invasive Plant Sci Manag 1:399–413

Burch PL, Zedaker SM (2003) Removing the invasive tree Ailanthus
altissima and restoring natural cover. J Arboric 29:18–24

Choi YD, Pavlovic NB (1998) Experimental restoration of native
vegetation in Indiana Dunes National Lakeshore. Restor Ecol 6:
118–129

Daehler CC, Goergen EM (2005) Experimental restoration of an
indigenous Hawaiian grassland after invasion by buffel grass
(Cenchrus ciliaris). Restor Ecol 13:380–389

Dalrymple GH, Doren RF, O’Hare NK, Norland MR, Armentano TV
(2003) Plant colonization after complete and partial removal of
disturbed soils for wetland restoration of former agricultural fields in
Everglades National Park. Wetlands 23:1015–1029

D’Antonio CM, Hughes RF, Mack M, Hitchcock D, Vitousek PM
(1998) The response of native species to removal of invasive exotic
grasses in a seasonally dry Hawaiian woodland. J Veg Sci 9:699–712

D’Antonio CM, Hughes RF, Tunison JT (2011) Long-term impacts of
invasive grasses and subsequent fire in seasonally dry Hawaiian
woodlands. Ecol Appl 21:1617–1628

D’Antonio C, Meyerson LA (2002) Exotic plant species as problems and
solutions in ecological restoration: a synthesis. Restor Ecol 10:
703–713

Davis MA (2009) Invasion Biology. New York: Oxford University Press.
288 p

Diez JM, D’Antonio CM, Dukes JS, Grosholz ED, Olden JD, Sorte
CJB, Blumenthal DM, Bradley BA, Early R, Ibáñez I, Jones SJ,
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Appendix 1. Summary of studies assessing effects of exotic plant treatments on National Park Service lands in the United States.
Studies are arranged from the Pacific Islands to the eastern and western lower 48 states.

Reference Parka State/ territory Vegetation Focal exotic species

Santos et al. (1992) Hawaii Volcanoes NP Hawaii Various Various
Tunison (1992a) Hawaii Volcanoes NP Hawaii Prairie Pennisetum setaceum
Tunison (1992b) Hawaii Volcanoes NP Hawaii Various Various
Tunison and Zimmer (1992) Hawaii Volcanoes NP Hawaii Various Various
Hughes and Vitousek (1993) Hawaii Volcanoes NP Hawaii Forest Schizachyrium

condensatum, others
D’Antonio et al. (1998) Hawaii Volcanoes NP Hawaii Forest Schizachyrium

condensatum
Loh and Daehler (2007, 2008) Hawaii Volcanoes NP Hawaii Forest Morella faya
Daehler and Goergen (2005) Puukohola Heiau National Historic Site Hawaii Prairie Pennisetum ciliare
Hughes et al. (2012) NP of American Samoa American Samoa Forest Falcataria moluccana
Burkhead (1991) Big Cypress National Preserve Florida Prairie/

forest
Melaleuca quinquenervia

Molnar et al. (1991) Everglades NP Florida Wetland Melaleuca quinquenervia
Pernas and Snyder (1999) Big Cypress National Preserve Florida Wetland Melaleuca quinquenervia
Snyder (1999) Big Cypress National Preserve,

Everglades NP
Florida Wetland Melaleuca quinquenervia,

Schinus terebinthifolius
Myers et al. (2001) Big Cypress National Preserve Florida Wetland Melaleuca quinquenervia
Doren and Whiteaker (1990),

Doren et al. (1991)
Everglades NP Florida Wetland Schinus terebinthifolius

Dalrymple et al. (2003) Everglades NP Florida Wetland Schinus terebinthifolius
Price and Weltzin (2003) Great Smoky Mountains NP Tennessee Forest Various
Faulkner et al. (1989) Chickamauga and Chattanooga

National Military Park
Georgia Forest Lonicera japonica,

Ligustrum sinense
Greller et al. (2000) Gateway National Recreation Area New York Wetland Polygonum cuspidatum
Burch and Zedaker (2003) Shenandoah NP Virginia Forest Ailanthus altissima
Love and Anderson (2009) Fort Necessity National Battlefield Pennsylvania Forest Lonicera morrowii
Wilcox et al. (1988) Indiana Dunes National Lakeshore Indiana Wetland Lythrum salicaria
Choi and Pavlovic (1994, 1998) Indiana Dunes National Lakeshore Indiana Forest Perennial grasses
Pavlovic et al. (2009) Indiana Dunes National Lakeshore Indiana Forest Hesperis matronalis
Baskett et al. (2011),

Emery et al. (2013)
Sleeping Bear Dunes National

Lakeshore
Michigan Forest Gypsophila paniculata

Larson et al. (2007) Theodore Roosevelt NP North Dakota Shrubland Euphorbia esula
Forde et al. (1984) Wind Cave NP South Dakota Prairie Bromus japonicus,

Melilotus spp.
Simmons et al. (2007) Lyndon B. Johnson National

Historical Park
Texas Prairie Bothriochloa ischaemum

Whipple (2001) Yellowstone NP Montana,
Wyoming

Various Various

Tyser et al. (1998) Glacier NP Montana Prairie Centaurea stoebe,
Phleum pratense, others

Wolf (2008) Rocky Mountain NP Colorado Prairie Melilotus officinalis,
Melilotus alba

Floyd et al. (2006) Mesa Verde NP Colorado Woodland Bromus tectorum, Carduus
nutans, others

Ransom et al. (2012) Dinosaur National Monument Utah Desert Acroptilon repens, others
Fuhrmann et al. (2009) Zion NP Utah Woodland Bromus tectorum, Bromus

madritensis
Brisbin et al. (2013) Zion NP Utah Desert Bromus tectorum, B.

madritensis
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Appendix 1. Extended.

Treatments Comparisonb Pretreatmentc Years posttreatmentd Focal exotice Native species Other exotic

H, C Yes Yes 1 Q 0 —
P No No 6 Q — —
Various No No Various Q — —
P, H No No Various Q — —
Cleared No No 1 — q —

P No No 3 — q —

C + H, G + H Yes Yes 3 Q q q
B, P, H Yes Yes 4 Q q 0
G No No 3, 6 Q q —
C + H Yes No 1 Q — —

C + H No No 3 Q — —
C, H, clear Yes Yes 5 Q — —
C No, T Yes 2 Q — —

B No No 2 Q — —
B No No 6 0 — q

Soil removal Yes No 8 Q — —
B + H No Yes 4 0 0 —
B, H Yes, T Yes 1 Q — —

M No Yes 5 0 — —
C, H Yes No 1 Q q 0
C, H, clear Yes, T Yes 1 Q q q
C, fertilize natives No Yes , 1 Q q —
B, H, sod removal Yes Yes 3 Q q 0
P No Yes 3 Q 0 q
P, H Yes Yes 3 Q q 0

H Yes No 3 0 — —
B No Yes 2 0 0 —

B, H, M Yes, T Yes 1 Q Q —

P, H No No Various Q — —

H, PN No No 3 0 0 —

B No Yes 1 Q 0 0

PN, H, clear No No 6 Q q Q

H, C, grazing, M No Yes 1–5 Q — —
H, PN Yes No 1 Q Q —

H No No 3 Q 0 —
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Reference Parka State/ territory Vegetation Focal exotic species

Belote et al. (2010) Grand Canyon NP Arizona Desert Tamarix spp.
Reynolds and Cooper (2011) Canyon de Chelly National

Monument
Arizona Desert Tamarix spp., Elaeagnus

angustifolia
Woods et al. (2012) Saguaro NP Arizona Desert Pennisetum ciliare
Abella et al. (2013a) Saguaro NP Arizona Desert Pennisetum ciliare
Rutman and Dickson (2002) Organ Pipe Cactus National

Monument
Arizona Desert Pennisetum ciliare

Harms and Hiebert (2006) Lake Mead National Recreation Area,
Arches NP, Canyonlands NP,
Petrified Forest NP

Nevada, Arizona,
Utah

Desert Tamarix spp.

Bay and Sher (2008) Lake Mead National Recreation Area Nevada, Arizona Desert Tamarix spp.
Abella et al. (2009) Lake Mead National Recreation Area Nevada, Arizona Desert Nicotiana glauca,

Peganum harmala
Abella et al. (2013b) Lake Mead National Recreation Area Nevada, Arizona Desert Brassica tournefortii
Randall (1991) Yosemite NP California Forest Cirsium vulgare
Ordóñez and Schweizer (2003) Yosemite NP California Forest Rubus discolor
Pollak (2008) Golden Gate National Recreation Area California Forest Muehlenbeckia complexa
Alexander and D’Antonio

(2003a)
Golden Gate National Recreation Area,

Point Reyes National Seashore
California Prairie Genista monspessulana,

Cytisus scoparius
Alexander and D’Antonio

(2003b)
Point Reyes National Seashore California Prairie Genista monspessulana

Halvorson (1992) Channel Islands NP California Prairie Erechtites glomerata
Dash and Gliessman (1994) Channel Islands NP California Prairie Foeniculum vulgare
Brenton and Klinger (2002) Channel Islands NP California Prairie Foeniculum vulgare
Erksine Ogden and Rejmánek

(2005)
Channel Islands NP California Prairie Foeniculum vulgare

Brigham (2004) Santa Monica Mountains National
Recreation Area

California Shrubland Brassica nigra, Foeniculum
vulgare, others

Moyes et al. (2005) Santa Monica Mountains National
Recreation Area

California Prairie Bromus diandrus, Brassica
nigra, others

Mitchell and Bakker (2011) Ebey’s Landing National Historical
Reserve

Washington Prairie Various

a Abbreviations: NP, national park; B, burning; C, cutting; G, girdling; H, herbicide; M, mowing; P, pulling; PN, planting natives;
T, temporal comparisons of treatments.

b Yes or no for whether a study compared different treatment types.
c Yes or no for whether pretreatment data were collected.
d The longest duration after treatments were implemented that assessment was performed.
e Response of focal exotic species, native species, and other exotic species are indicated as increasing (q), neutral (0), or decreasing

(Q). Dashes indicate not measured.
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Treatments Comparisonb Pretreatmentc Years posttreatmentd Focal exotice Native species Other exotic

C + H No Yes 1–3 Q 0 0
C + H, clear Yes Yes 2 Q q Q

P, H, PN No Yes 2 0 0 —
P, H Yes No 4 Q 0 —
P No Yes 1 Q — —

B, C + H Yes No 1–6 Q q 0

B, H, clear No No 2–12 — q —
P, H No Yes 3 Q — —

P, H Yes, T No , 1 Q — —
C and remove, leave Yes No 1 Q — —
P, digging, tilling No Yes 1 Q — —
C, H, scraping, fabric Yes Yes 1 Q — —
P, C, B Yes No 1–3 Q q —

B Yes No 1–2 Q 0 q

P No Yes 3 Q — —
C, H, uproot Yes No 3 Q q —
C, H No Yes 3 Q q —
B + H No Yes 4 Q 0 q

Mulch, PN Yes No 1 Q — —

B, solarization Yes No ,1 Q — q

Carbon addition Yes, T No 1 Q — —
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