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Abstract
Loss and degradation of sagebrush rangelands due to 

an accelerated invasive annual grass-wildfire cycle and other 
stressors are significant management, conservation, and 
economic issues in the western United States. These sage-
brush rangelands comprise a unique biome spanning 11 states, 
support over 350 wildlife species, and provide important 
ecosystem services that include stabilizing the economies of 
western communities. Impacts to sagebrush ecosystem pro-
cesses over large areas due to the annual grass-wildfire cycle 
necessitated the development of a coordinated, science-based 
strategy for improving efforts to achieve long-term protec-
tion, conservation, and restoration of sagebrush rangelands, 
which was framed in 2015 under the Integrated Rangeland 
Fire Management Strategy (IRFMS). Central to this effort 
was the development of an Actionable Science Plan (Plan) 
that identified 37 priority science needs (Needs) for inform-
ing the actions proposed under the 5 topics (Fire, Invasives, 
Restoration, Sagebrush and Sage-Grouse, Climate and 
Weather) that were part of the collective focus of the IRFMS. 
Notable keys to this effort were identification of the Needs 
co-produced by managers and researchers, and a focus on 
resulting science being “actionable.”

Substantial investments aimed at fulfilling the Needs 
identified in the Plan have been made since its release in 
2016. While the state of the science has advanced consider-
ably, the extent to which knowledge gaps remain relative to 
identified Needs is relatively unknown. Moreover, new Needs 
have likely emerged since the original strategy as results from 
actionable science reveal new questions and possible (yet 
untested) solutions. A quantifiable assessment of the progress 
made on the original science Needs can identify unresolved 
gaps and new information that can help inform prioritization 
of future research efforts.

This report details a systematic literature review that 
evaluated how well peer-reviewed journal articles and formal 
technical reports published between January 1, 2015, and 
December 31, 2020, addressed six needs (hereinafter “Needs”) 
identified under the Invasives topic in the Plan. The topic 

outlined research Needs related to the control of invasive plant 
species in sagebrush rangelands, with a special emphasis on 
invasive annual grasses. We established the level of progress 
towards addressing each Need following a standardized set 
of criteria, and developed summaries detailing how research 
objectives nested within Needs identified in the Plan (“Next 
Steps”) were either addressed well, partially addressed, or 
remain outstanding (that is, addressed poorly) in the litera-
ture through 2020. Our searches resulted in the inclusion of 
198 science products that at least partially addressed a Need 
identified in the Invasives topic. The Needs that were well and 
partially addressed included:

(1)	 studies of natural and anthropogenic factors influencing 
the distribution and spread;

(2)	 methods of preventing, eradicating and controlling 
invasive plant species;

(3)	 development of mapping techniques that provide regu-
larly updated annual grass and fine fuel projections; and

(4)	 assessment of the efficacy of potential cheatgrass bio-
control agents.

Needs that were addressed poorly included (1) investi-
gations of livestock grazing as a tool for managing invasive 
plants and (2) investigations of cheatgrass die-offs and identifi-
cation and subsequent study of potential biocontrol agents 
associated with those die-offs. The information provided in 
this assessment will assist updating the Plan along with other 
science strategies.

Introduction
Stemming the cumulative loss and degradation of 

sagebrush (Artemisia spp.) rangelands that comprise a unique 
biome across western North America represents a challenge 
to land managers and applied researchers in the 21st century. 
Functioning and viable sagebrush rangelands not only support 
over 350 plant and animal species of conservation concern 
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(Suring and others, 2005), these landscapes are also essential 
for agricultural and recreational industries, and thereby play a 
vital role in stabilizing the economies of western communities. 
This is of particular importance given dramatic fluctuations 
resulting from the traditional dependence of these communi-
ties on energy development (Western Governors’ Association, 
2017; Bureau of Land Management [BLM], 2020). Roughly 
55–60 percent of sagebrush rangelands of the western 
United States have been lost (direct conversion) or degraded 
(alteration of understory vegetation or fragmentation) since 
European settlement (Knick and others, 2003; Miller and 
others, 2011). Sagebrush rangelands are currently distributed 
across 160 million acres of 14 western states (Remington and 
others, 2021; fig. 1).

Arresting downward trends in sagebrush ecosystems 
is complex owing to multiple and often interacting stress-
ors, including conversion to agricultural crops or non-native 
perennial grasses (for example, crested wheatgrass [Agropyron 
cristatum]), energy development, improper livestock grazing, 
expansion of native conifers, and other anthropogenic surface 
disturbing activities (for example, roads, transmission lines, 
exurban development; Hanser and others, 2018; Shinneman, 
2019; BLM, 2020). However, altered wildfire regimes driven 
largely by positive feedbacks from invasive annual grasses 
(Miller and Eddleman, 2001; Balch and others, 2013) are 
perhaps the most immediate and pervasive threat to sagebrush 
rangelands (U.S. Fish and Wildlife Service, 2013; fig. 2). 
The proliferation of invasive annual grasses (for example, 
cheatgrass [Bromus tectorum]) and resulting increases in fire 
frequency and extent can ultimately result in long-term and 
often permanent loss of fire-intolerant species of sagebrush 
along with deep rooted bunchgrass and soil microbial com-
munities that normally promote resilience to disturbance and 
resistance to invasion in sagebrush ecosystems (Chambers 
and others, 2014; Germino and others, 2016). The threat from 
the annual grass-wildfire cycle is greatest throughout west-
ern portions of the sagebrush biome (that is, Great Basin and 
Snake River Plain), where trends in proportion of larger fires 
and fire season length have increased since the mid-1980s and 
fire frequency has increased substantially compared to historic 
frequencies (Brooks and others, 2015). Over the next 20 years, 
median annual total area burned in western states supporting 
sagebrush is projected to increase (from a 1961–2004 baseline 
period; Kitzberger and others, 2017), suggesting that increas-
ing trends in sagebrush rangeland fires are likely to continue.

The increasing frequency and impact of wildfires 
prompted the development of an enhanced strategy for 
addressing rangeland fire across sagebrush-dominated regions. 
A significant milestone in this effort was the drafting of the 
Integrated Rangeland Fire Management Strategy (hereinafter 

IRFMS; U.S. Department of Interior [DOI], 2015) follow-
ing the issuance of Secretarial Order 3336. The IRFMS 
outlined coordinated, science-based approaches for improv-
ing the efficiency and efficacy of actions to better prevent 
and suppress rangeland fire and to improve efforts to achieve 
long-term protection, conservation, and restoration of the 
sagebrush biome. Inherent in the IRFMS was the recognition 
that a strong science foundation was fundamental to successful 
rangeland fire prevention and suppression, and to manage-
ment and restoration of sagebrush rangelands and wildlife 
populations reliant on those rangelands. Therefore, the IRFMS 
further called for the development of an Actionable Science 
Plan (hereinafter, Plan) that identified the priority science 
needed to inform another generation of management strategies 
and tools (Integrated Rangeland Fire Management Strategy 
Actionable Science Plan Team, 2016). Critical elements to the 
Plan’s success were:

(1)	 the collaborative identification of knowledge gaps by 
managers and researchers which, when filled, would 
break down barriers to successful implementation of 
management actions; and

(2)	 a focus on the resultant priority science having “action-
able” traits by:

(i)	immediately filling knowledge gaps;

(ii)	 directly informing management action 
aimed at protecting, conserving, or restoring sage-
brush ecosystems; and

(iii)	 facilitating funding mechanisms for effective 
research and communication of results to manage-
ment audiences.

Accordingly, needed science was identified by consid-
ering planning and prioritization efforts conducted in the 
previous 5 years by Federal and State agencies. The result-
ing comprehensive list was prioritized with engagement of 
the broader research and management communities. The 37 
highest-priority science needs (hereinafter, Needs) identified 
through these efforts were then organized under five topics 
outlined in the IRFMS: (1) Fire, (2) Invasives (plant spe-
cies), (3) Restoration, (4) Sagebrush and Sage-Grouse, and 
(5) Climate and Weather. A multi-disciplinary team of experts 
developed narratives describing these highest-priority Needs 
and outlined a series of research objectives (hereinafter, Next 
Steps) to help guide the development of new knowledge, syn-
theses, and decision-support tools for addressing each Need.
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Figure 1.  Map showing the landscape cover of sagebrush-dominated (Artemisia ssp.) ecological systems in the 
western United States. Figure is taken from Chambers and others (2017, fig. 28).
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Figure 2.  Map showing large fire probability for the sagebrush biome in the western United States. Figure taken from 
Chambers and others (2017, fig. 34).
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Conservation strategies depend on the consideration and 
application of the best available science, and ongoing efforts to 
address gaps in that scientific knowledge, to achieve manage-
ment success. While the state of the science has ostensibly 
advanced owing to substantial research investments since the 
Plan’s release in 2016, the extent to which knowledge gaps 
remain relative to identified Needs is largely unknown. Several 
annotated bibliographies have made strides towards making 
results from research efforts in the sagebrush biome available 
and tractable for management audiences (for example, Carter 
and others, 2020; Poor and others, 2021). However, many 
knowledge gaps likely remain, and an assessment of progress 
made on achieving previously identified priorities is needed 
to help focus the next prioritization on unresolved gaps in the 
science and new science needs that have arisen since devel-
opment of the original strategy. A quantifiable and targeted 
assessment of progress made towards meeting the original 
Needs under the Plan’s five topics can help identify unresolved 
gaps and prioritize future actionable research efforts for new 
questions and possible (yet untested) solutions.

The Invasives topic in the Plan identified six Needs 
focused on understanding components of exotic plant species 
invasions and approaches to manage them, with an emphasis 
on invasive annual grasses, especially cheatgrass (fig. 3). The 
priorities identified across the six Needs broadly encompassed:

(1)	 determining the factors that influence invasive plant 
species distributions and spread;

(2)	 improving prevention, eradication, and control mea-
sures for invasive plant species;

(3)	 developing high-resolution maps and monitoring 
tools to inform early detection and invasive plant con-
trol efforts;

(4)	 assessing the effectiveness of targeted livestock grazing 
to reduce invasive annual grasses; and

(5)	 investigating potential biocontrol agents for cheatgrass 
and developing approaches for improving the production 
and delivery of successful biocontrol agents.

This report details a literature review that quantified 
how well peer-reviewed journal articles and formal technical 
reports published between January 1, 2015, and December 31, 
2020, addressed six Needs identified under the Invasives topic 
in the Plan. Five years was considered an adequate time period 
for implementation of science projects that coincided with 
or were inspired by the Plan and, as such, a suitably defined 
interval for completing this assessment and updating priority 
science and management needs. Our objective was to compre-
hensively summarize the scientific literature generated since 
the release of the Plan. Leveraging advances in bibliographic 
search-engine tools, we developed a quantitative “scorecard” 
to assess progress towards addressing each Need following a 
standardized set of criteria. The scorecard informed summa-
ries detailing how Next Steps were addressed in the literature 
as well as those that remain unresolved. The summaries are 
intended to provide information for stakeholder-driven efforts 
aimed at identifying the next set of science needs in a forth-
coming updated version of the Plan.
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Figure 3.  Map showing percent cover of herbaceous annuals across the sagebrush biome from 2016 to 2018 (Western 
Governors’ Association Toolkit, 2020).
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Methods
We organized literature reviews on the five overarch-

ing topics included in the Plan (that is, [1] Fire, [2] Invasives 
(plant species), [3] Restoration, [4] Sagebrush and Sage-
Grouse, and [5] Climate and Weather). For the Invasives topic, 
we initially reviewed the invasive plant species literature 
that was included in broad searches for literature pertaining 
to cheatgrass, medusahead (Taeniatherum caput-medusae) 
and ventenata (Ventenata dubia) provided by Poor and others 
(2021). We then used USGS BiblioSearch (Kleist and Enns, 
2022) to search the reference databases Web of Science and 
Scopus using broad search terms (for example, cheatgrass) 
then search terms specific to the Next Steps (for example, rush 
skeletonweed AND sagebrush) to capture the science prod-
ucts that may have been excluded by the broad search terms 

(table 1). We examined all papers included in the resulting lists 
of literature for relevance to the science Needs identified in the 
Invasives topic. Products searched included published litera-
ture and peer-reviewed Federal research reports (for example, 
Open-File Reports released by the U.S. Geological Survey 
[USGS]). Data releases, popular articles, “gray” literature, 
and other lower-tier publications were not included in search 
results (Kleist and Enns, 2022), although some of these types 
of literature (for example, data releases) were summarized in 
the annotated bibliographies we accessed (for example, Carter 
and others, 2020; Poor and others, 2021) and included in our 
review when pertinent. In situations where a research report 
was later published in the peer-reviewed literature, we only 
considered the published manuscript; in situations where the 
research report included pertinent information not included in 
the manuscript, we considered both.

Table 1.  Search results for the Invasives topic in the Integrated Rangeland Fire Management Strategy Actionable Science Plan 
establishing the terms searched, the number of unique articles resulting from that search (Unique Results), and general descriptions of 
each search (Comment).

[For more information on the individual Needs, please see Needs 1–6 described in the report. Search terms: We used a search algorithm (Kleist and Enns, 2022) 
during early stages of tool development, and at that time the entire term between the word AND in the search terms was not searched (for example, “invasive” 
and “species” searched, not “invasive species”). This resulted in broader and more inclusive lists of literature. Unique results: The number of papers associated 
with each search term represent the number of unique papers resulting from that search but are not necessarily unique to the search (for example, the same paper 
could be included in the count of both the “cheatgrass” and “invasive species AND sagebrush” searches).]

Search terms
Unique 
results

Comment

cheatgrass OR cheat grass OR downy brome OR 
Bromus tectorum 345 2015–20; broad search term

medusahead OR medusa head 115 2015–20; broad search term
ventenata OR Ventenata dubia 27 2015–20; broad search terms captured in Poor and others (2021)
invasive species AND sagebrush1 88 2015–20; broad search term
soil mapping AND sagebrush 12 2015–20; Need 1; targeted search term
leafy spurge AND sagebrush1 0 2015–20; Needs 1–3; targeted search term
knapweed AND sagebrush1 1 2015–20; Needs 1–3; targeted search term
thistle AND sagebrush1 2 2015–20; Needs 1–3; targeted search term
kochia AND sagebrush1 7 2015–20; Needs 1–3; targeted search term
mediterranean sage AND sagebrush1 0 2015–20; Needs 1–3; targeted search term
hoary cress AND sagebrush1 0 2015–20; Needs 1–3; targeted search term
perennial pepperweed AND sagebrush1 0 2015–20; Needs 1–3; targeted search term
rush skeletonweed AND sagebrush1 0 2015–20; Needs 1–3; targeted search term
yellow starthistle AND sagebrush1 0 2015–20; Needs 1–3; targeted search term
dyer’s woad AND sagebrush1 0 2015–20; Needs 1–3; targeted search term
feral horses AND sagebrush 6 2015–20; Need 4; targeted search term
livestock grazing AND fuel AND sagebrush 3 2015–20; Need 4; targeted search term
livestock grazing AND invasive grass 48 2015–20; Need 4; targeted search term
livestock grazing AND sagebrush treatment 10 2015–20; Need 4; targeted search term
targeted livestock grazing AND economics AND 

sagebrush 0 2015–20; Need 4; targeted search term

biocontrol AND cheatgrass 6 2015–20; Needs 5 and 6; targeted search term

1The search algorithm (Kleist and Enns, 2022) used was updated to include the entire search term between the word AND for these searches.
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We established how well Needs (that is, priority sci-
ence required to inform the next generation of management 
strategies) listed in the Plan were addressed in the literature 
by independently “scoring” each Need from Next Steps (that 
is, science objectives required to address a Need) associ-
ated with the Invasives topic. Papers that were relevant to a 
Next Step were considered when scoring that Next Step. Our 
review approach initially focused on summaries provided in 
Poor and others (2021), or a paper’s abstract. If this informa-
tion suggested that the research was related to a Next Step, 
we focused our in-depth examination on research objectives, 
study area descriptions, and data collection and analysis meth-
ods. Because the objective of this project was to assess if Next 
Steps had been addressed, we did not systematically summa-
rize results, although we considered results when necessary to 
determine if the research addressed a Next Step. A given paper 
could be relevant to more than one Next Step in a Need, more 
than one Need, and more than one topic.

Each Next Step was scored based on the relevant litera-
ture following a set of criteria (table 2). Scores were scaled 
from 0.00 to 1.00 with 0.00 indicating that the Next Step had 
not been considered (that is, no papers were reviewed that 
considered the objective(s) detailed in the Next Step) and 1.00 
indicating that the Next Step had been considered at the full 
spatial extent of the issue being investigated. Scores progres-
sively decreased as the applicability of the research associated 
with a Next Step became more regional or localized. The scale 
of inference for Next Steps that were pertinent to the entire 
sagebrush biome was based on Western Association of Fish 
and Wildlife Agencies Management Zones (WAFWA; MZ) for 
sage-grouse (Stiver and others, 2006; fig. 1). If studies were 
distributed in one MZ or less than or equal to three adjoining 
MZs, the scale of inference was considered local or regional, 
respectively. “NA” was assigned when a Next Step could not 
be evaluated with the literature review approach we used (for 
example, data releases, online tools), and that Next Step was 
not scored. A Next Step that could be addressed adequately 
following our approach but that had no relevant literature 

identified was scored 0.00 (not NA) and included in the scor-
ing of the Need. Each Need was scored as the proportion of 
the Next Steps associated with that Need that received a score 
greater than or equal to (≥) 0.75 (table 2). We categorized each 
Need based on the scores as addressed well by the literature 
(scores ≥0.67; that is, a majority of the Next Steps associated 
with that Need received a score of 0.75 or greater), partially 
addressed by the literature (scores 0.50–0.66) or addressed 
poorly by the literature (scores less than or equal to [≤] 0.49). 
We did not distinguish between Next Steps identified in the 
Plan as accomplishable within 3 years (short-term) and longer 
than 3 years (long-term) because 5 years had elapsed between 
plan formulation and this report.

For each Need, we developed a summary of the Next 
Steps. Summaries were organized by Need and describe Next 
Steps or portions of a Next Step that had been “Addressed” 
and those that had not (that is, “Outstanding”) based on the 
details in the Next Steps rather than each Need in entirety. As 
such, descriptions of the research related to a given Next Step 
could be included in both the summaries of the science that 
had been Addressed as well as what remains Outstanding for 
a Need. These summaries provide details of how well specific 
science objectives established in the Plan were addressed and 
are important for evaluating the scores and informing the next 
set of science needs in the updated Plan.

Research relevant to the science Needs identified in the 
Plan continues to be conducted and published. However, 
because we are not privy to all the research being conducted 
throughout the sagebrush biome, and we did not want to bias 
assessments to internal research efforts, products released after 
2020 and interim updates of ongoing research were not dis-
cussed in this report. As such, the completion scores provided 
in this assessment are snapshots, and should be augmented 
with knowledge of newly published and ongoing research 
programs using the search and scoring methods described in 
this report when updating the Plan.

Table 2.  Criteria used to score Next Steps established for the Needs included in the Invasives topic in the Integrated Rangeland Fire 
Management Strategy Actionable Science Plan.

Scoring description Score

Next Step addressed across the sagebrush range, or at the full spatial extent of the issue being investigated 1.00
Next Step addressed and was scale independent (for example, literature summaries) 1.00
Next Step partially addressed across the sagebrush range, or at the full spatial extent of the issue being investigated 0.75
Next Step partially addressed and was scale independent 0.75
Next Step fully addressed at the local or regional level 0.50
Next Step partially addressed at the local or regional level 0.25
Next Step not addressed 0.00
Next Step could not be assessed through literature review approach used (for example, development of databases) NA1

1Next Step not included in scoring of Need
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Results and Summary
We reviewed 670 products that were identified by the 

literature searches conducted for the Invasives topic (table 1). 
Of those, 198 unique products were directly related to at 
least one of the six Needs. Most (84 percent) of the 44 Next 
Steps included in the topic had greater than or equal to one 
published product that at least partially addressed the science 
objective(s) detailed by that Next Step. Seven Next Steps 
could not be effectively assessed with the evaluation approach 
we used and were not scored (“NA”; table 2). The seven Next 
Steps that could be effectively assessed but had no related 
products (that is, were scored as 0.00 not as NA) included:

(1)	 a meta-analysis of literature addressing the distribution, 
spread, and environmental associations of cheatgrass 
(although a meta-analysis of changes in plant community 
structure in response to exotic vegetation not including 
cheatgrass has been conducted; Need 1);

(2)	 a synthesis of the effectiveness and economic effi-
ciencies of using livestock to create and maintain fire 
breaks and for targeted fuel treatments (two Next Steps 
under Need 4);

(3)	 study designs developed to assess the impacts to 
non-target plant, animal and microbial communities of 
biocontrol agents being considered for broad-scale appli-
cation (two Next Steps under Need 5); and

(4)	 approaches to measuring pathogen loads in soils and 
identification of locations for conducting study trials on 
cheatgrass die-offs (two Next Steps under Need 6).

Table 3 provides the completion scores for each Need 
and summaries of the literature evaluated for Next Steps. 
Literature citations are provided in Appendix 1, organized by 
Next Step.

The Needs that were addressed well (scores ≥0.67) 
included the development of biome-wide mapping and inven-
tory techniques that can provide regularly updated, spatially-
explicit invasive annual grass and fine fuel projections from 
remotely sensed data (Need 3). Further, although the Next 
Steps associated with improving production and delivery of 
cheatgrass biocontrol agents (Need 5) were not expressly 
addressed, the lack of replication of Kennedy's (2018) results 
across the sagebrush range indicated low efficacy of currently 
formulated agents. Hence, several of these Next Steps appear 
no longer relevant and Need 5 can be considered to have been 
addressed well.

Two Needs that were partially addressed by the litera-
ture (scores 0.50–0.66), included investigations of the natural 
and anthropogenic factors influencing the distribution and 
spread of invasive plants (Need 1); and the identification of 
improved methods of prevention, eradication, and control for 
invasive plant species (Need 2). Numerous local and regional 
scale studies have investigated relationships among various 
biotic and abiotic ecosystem characteristics and invasive plant 

distributions. Additionally, sagebrush ecosystem responses to a 
suite of invasive annual grass management measures through-
out the sagebrush biome have been investigated.

The Needs that were addressed poorly (scores <0.49) 
were studies which examined the effectiveness of targeted 
livestock grazing as a management tool for invasive annual 
grasses and evaluations of impacts of these activities on native 
plants (Need 4); and investigations of cheatgrass die-offs and 
identification and subsequent study of potential biocontrol 
agents associated with those die-offs (Need 6). Although 
several local scale studies have investigated different aspects 
of livestock grazing on fine fuel loads, assessments of the 
effectiveness of using livestock to maintain fuel load objec-
tives and create fuel discontinuity (for example, fuel breaks) 
require spatial replication across the sagebrush biome. Further, 
several local scale or greenhouse studies have investigated 
the effects of different soil pathogens on cheatgrass, but links 
between pathogen soil loading, invasive annual grass survival, 
and the potential for broad applicability of these pathogens as 
biocontrol agents or management tools have not been made.

There were several Next Steps identified under the 
Invasives topic that were addressed poorly, even when the 
overall Need was well or partially addressed. There remains 
a paucity of studies related to natural and anthropogenic pro-
cesses influencing invasive plant species other than invasive 
annual grasses (for example, leafy spurge [Euphorbia esula], 
knapweed [Centaurea spp.], kochia [Kochia scoparia]) across 
the range of these other species in the sagebrush biome (Needs 
1 and 2). Assessments of the effectiveness of potential control 
measures for these other invasive species are also lacking. 
Risk assessments for establishing cost-benefit estimates of 
different invasive annual grass management measures have 
not been conducted (Need 2). Strategies for minimizing or 
interrupting major vectors (that is, seed dispersal mechanisms) 
contributing to the spread of invasive annual grasses are 
needed (Need 2). Investigations into the effects of biocontrol 
agents on soil microbial communities, best management prac-
tices for the use of biocontrols, and delivery mechanisms of 
bacteria applications over large areas are lacking (Need 5).

The completion scores and summaries in this report 
provide the basis to identify new actionable science priorities 
that are needed to address the issues continuing to drive the 
loss, degradation, restoration, and fragmentation of sagebrush 
habitats in the western United States. The resulting informa-
tion can directly inform an update to the Plan, as well as other 
highly relevant science planning documents including, but not 
limited to: Parts 1 and 2 of the Science Framework (Chambers 
and others, 2017; Crist and others, 2019), the WAFWA 
Sagebrush Conservation Strategy (Remington and others, 
2021), and online science portals for managers in various 
stages of development. Because actionable science produc-
tion continues to move forward quickly, Needs and Next Steps 
likely to be addressed by science released after 2020 will 
require consideration in Plan updates.
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Table 3.  Priority science Needs detailed under the Invasives topic in the Integrated Rangeland Fire Management Strategy Actionable 
Science Plan establishing the completion score (Score), and a summary of science objectives addressed and not addressed 
(Outstanding) in the scientific literature published 2015–20.

Need Score Summary of 2015–20 literature

Need 1: Improve understanding of the 
natural and anthropogenic factors 
that influence invasive plant species 
distributions, including invasion 
history, surface disturbance, habitat 
condition, and fire history, and deter-
mine whether those factors can help 
identify tradeoffs among alternative 
management approaches.

0.78 Addressed: Substantial numbers of local and regional scale studies distributed 
throughout the sagebrush biome have investigated ecosystem responses to different 
invasive annual grass management options and post-disturbance habitat recovery 
rates have been studied predominantly in the context of investigating sagebrush hab-
itat restoration efforts (see also Restoration topic Needs 5, 6, 7, 8, and 9 summaries). 
Literature reviews regarding the influence of weather and climate on the spread of 
cheatgrass have been completed, and multiple local scale studies have investigated 
relationships between weather, climate, and other biotic and abiotic conditions on 
the spread of invasive annual grasses including cheatgrass and medusahead (see also 
Invasives topic Need 2 summary). The distribution and percent cover of cheatgrass 
has been mapped at local, regional, and range-wide scales, and several automated 
tools have been developed to estimate cheatgrass cover through time to characterize 
seasonal and annual variation across the sagebrush biome. Probability of occur-
rence modeling (climate suitability models) for 15 invasive plant species has been 
conducted range wide. Soil properties have been mapped at local, regional, and 
range-wide scales and these maps have been used to inform invasive annual grass 
decision support tools.

Outstanding: Studies linking biotic and abiotic variables with the distribution and 
invasion of medusahead and ventenata have not been replicated across the range of 
these two species. A meta-analysis investigating the distribution, spread, envi-
ronmental associations and management of cheatgrass has not been completed. 
Literature reviews for nonnative annual grasses other than cheatgrass are lacking. 
Maps and remote sensing monitoring tools for invasive annual grasses other than 
cheatgrass (for example, medusahead and ventenata) are lacking across much of 
these species' ranges. Range-wide soil mapping products lack local specificity limit-
ing management relevance in certain areas of the sagebrush biome.

Need 2: Improve measures for preven-
tion, eradication, and control of 
invasive plant species, and use risk 
assessments to weigh potential 
benefits and deleterious effects of 
different measures on native plant 
species.

0.40 Addressed: A substantial number of predominantly local-scale studies distributed 
throughout the sagebrush biome have investigated relationships among various 
biotic and abiotic ecosystem characteristics and invasive annual grass response to 
vegetation management. The ecology of invasive annual grass seed dispersal in the 
context of treating invaded sites has been investigated at local scales. Frameworks 
for managing invasive annual grasses through the identification of areas resistant to 
invasion for targeting conservation and restoration actions have been developed at 
local and range-wide scales.

Outstanding: Risk assessments for generating cost-benefit estimates of different 
invasive annual grass management measures have not been conducted. Guidelines 
for evaluating causes of cheatgrass and medusahead invasion and expansion have 
not been developed. Strategies to minimize or interrupt major vectors contributing 
to the dispersal of invasive annual grasses are needed. Investigations of the ecology 
of invasive annual grass seed dispersal to inform strategies for preventing invasion 
are limited.
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Table 3.  Priority science Needs detailed under the Invasives topic in the Integrated Rangeland Fire Management Strategy Actionable 
Science Plan establishing the completion score (Score), and a summary of science objectives addressed and not addressed 
(Outstanding) in the scientific literature published 2015–20.—Continued

Need Score Summary of 2015–20 literature

Need 3: Conduct invasive plant 
inventory, including spatial data on 
infestations and current range maps, 
to improve the ability for managers 
to prioritize actions to prevent and 
control nonnative plant populations 
before they become established and 
spread.

1.00 Addressed: Spatially-explicit invasive annual grass datasets, mapping products, and 
early detection monitoring approaches that rely on remotely sensed data have been 
developed at local, regional and range-wide scales across the sagebrush biome. 
Fine fuels projections for informing wildfire risk have been developed in relation to 
climatic conditions and used to predict future cheatgrass and other invasive annual 
grass distributions range wide (see also Invasives topic Need 1 and Fire topic Need 
3 summaries). 
Outstanding: Although this Need is scored as being addressed, note that the level of 
completion of the initiation of standardized field collection protocols for informing 
early detection of invasive annual grasses, and the development of a centralized 
clearinghouse of invasive annual grass occurrence data (two objectives associated 
with this Need) are unknown because these types of products or efforts would not be 
identified consistently by the literature search approach we used. These Next Steps 
were not included in the scoring of this Need.

Need 4: Assess effectiveness of targeted 
grazing with livestock to reduce non-
native annual grasses and understand 
the impact on native plants in the 
sagebrush ecosystem.

0.27 Addressed: Local scale studies investigating different aspects of livestock grazing 
on fine fuel loads and flammability, and fire behavior have been completed. A 
large number of local, regional and range-wide studies investigating the restora-
tion of sagebrush habitats dominated by invasive annual grasses, including studies 
that assessed the seeding of a variety of native and introduced vegetative species, 
have been conducted throughout the sagebrush biome (see also Restoration topic 
Needs 2, 6, and 8 summaries). Several local, regional and range-wide studies have 
investigated long-term, interactive responses of sagebrush habitats to restoration 
options combined with livestock grazing pre- and post-treatment (see also Fire topic 
Need 7 summary). Local scale fire behavior fuel models incorporating precipita-
tion variables and dynamic fuel estimates have been developed. Several local scale 
studies investigating relationships between livestock grazing, herbaceous cover 
and sage-grouse habitat suitability have been conducted throughout the sagebrush 
biome (see also Sagebrush and Sage-grouse topic Need 2 summary). Relationships 
between livestock grazing and invasive annual grass occurrence and probabilities 
of invasion have been investigated by local scale studies distributed throughout the 
sagebrush biome. A limited number of feeding trial studies investigating approaches 
to promote high herbaceous biomass utilization of invasive annual grasses by live-
stock have been conducted. Literature pertaining to the ecological effects of feral 
horses on rangelands has been summarized.

Outstanding: Assessments of the effectiveness of using livestock to manage fine fuel 
loads, including evaluations of the rate, frequency, and timing of grazing events 
required to maintain fuel load objectives, require spatial replication across the 
sagebrush biome. Using livestock to create fire breaks has not been investigated. 
Investigations of chemical and mechanical fuels treatments in combination with 
livestock grazing are lacking. Economic studies of targeted livestock grazing as a 
fuel treatment have not been conducted. Studies explicitly linking livestock grazing 
to manage fuel loads and habitat suitability for sage-grouse and other sagebrush 
associated wildlife are limited. Studies investigating approaches to managing live-
stock to ameliorate the spread of invasive annual grasses are lacking. Specific guid-
ance for implementing fuels management programs using livestock have not been 
published. The effects of feral horses on the proliferation of invasive annual grasses 
requires further study across the sagebrush biome.
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Table 3.  Priority science Needs detailed under the Invasives topic in the Integrated Rangeland Fire Management Strategy Actionable 
Science Plan establishing the completion score (Score), and a summary of science objectives addressed and not addressed 
(Outstanding) in the scientific literature published 2015–20.—Continued

Need Score Summary of 2015–20 literature

Need 5: Conduct detailed optimization 
studies on production and delivery 
systems of biocontrol agents, fol-
lowed by evaluation in scaled-up 
field inoculation trials.

0.60 Addressed: The effectiveness of weed-suppressive bacteria treatments at reducing 
cheatgrass has been assessed through a series of spatially-replicated studies attempt-
ing to replicate the results of successful suppression of invasive annual grasses 
by biocontrol agents published by Kennedy (2018). These studies investigating 
the effectiveness of biocontrol agents have been summarized in a special issue of 
Rangeland Ecology and Management (vol. 73; 2020).

Outstanding: Studies assessing the impacts to non-target plant, animal and soil micro-
bial communities of biocontrol agent use across broad spatial scales have not been 
published. However, the lack of replication of Kennedy's (2018) results across the 
sagebrush range indicated low efficacy of currently formulated agents, and several 
of the Next Steps not addressed in Need 5 (and included in the scoring) appear no 
longer relevant. Functionally, Need 5 can be considered to have been addressed.

Need 6: Investigate cheatgrass die-off 
and potential biocontrols for cheat-
grass to provide effective tools for 
site preparation.

0.29 Addressed: Numerous local scale or greenhouse studies have been conducted investi-
gating the effects on cheatgrass of several different potential soil pathogens. Local 
and regional studies presenting cheatgrass die-off geospatial mapping approaches 
have been conducted in the Great Basin. Several experimental local scale stud-
ies have investigated cheatgrass seed survival in combination with manipulated 
environmental conditions in response to different soil pathogens. Local scale studies 
have been conducted investigating seedling survival and productivity of restoration 
treatments using native seeds (perennial grasses, forbs, and shrubs) in cheatgrass 
die-offs.

Outstanding: The link between pathogen soil loading, invasive annual grass survival, 
and using pathogens as a management approach to prepare for restoration seeding 
have not been investigated. Predictive spatial models of cheatgrass die-offs need to 
be spatially replicated across the Great Basin. Spatial replication of studies assess-
ing restoration success of seeding cheatgrass die-off areas and non-target species 
response to cheatgrass pathogens is lacking. Molecular-genetic techniques for 
measuring pathogen loads in soils and approaches to predicting seedbed pathogen 
loading for informing study designs have not been published.
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Glossary
Addressed  Objective detailed in a Next Step that was 
addressed in the literature published between January 1, 2015, 
and December 31, 2020

Fire frequency  The recurrence of fire in a given area 
over time

Need  A shared vision among researchers and managers of 
priority science required to fill knowledge gaps and inform the 
next generation of management strategies and tools

Next step  Science objectives (that is, new research, 
syntheses, and tools) required to address a Need

Objective  Science or research goals detailed as Next Steps 
in the Plan

Outstanding  Objective detailed in a Next Step that was not 
addressed in the literature published between January 1, 2015, 
and December 31, 2020

Plan  IRFMS Actionable Science Plan (Integrated Rangeland 
Fire Management Strategy Actionable Science Plan 
Team, 2016)

Score  Relative measure of the level of progress towards 
addressing the Next Steps established in a Need

Topic  One of five science themes identified in the Plan 
relevant to the management of sagebrush ecosystems
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Appendix 1.  Literature Included in Scoring Next Steps for the Invasives Topic 
in the Actionable Science Plan

The literature in this appendix is organized by Need 
and Next Step. Needs are defined as a shared vision among 
researchers and managers of priority science required to fill 
knowledge gaps and inform the next generation of manage-
ment strategies and tools. Next Steps are defined as science 
objectives (that is, new research, syntheses, and tools) required 
to address a Need. Next Steps scored as 0.00 in table 2 are 
described as “Not addressed.” Next Steps that could not be 
assessed through literature review approach used (for example, 
development of databases) are described as “NA.”

Invasives Need 1
Improve understanding of the natural and anthropogenic 

factors that influence invasive plant species distributions, 
including invasion history, surface disturbance, habitat condi-
tion, and fire history, and determine whether those factors 
can help identify tradeoffs among alternative management 
approaches.

Next Step 1a

Develop high-resolution maps of the current distribution 
of cheatgrass (Bromus tectorum), and create mechanisms or 
geospatial tools to update the maps regularly.
Anderson, K.E., Glenn, N.F., Spaete, L.P., Shinneman, D.J., 

Pilliod, D.S., Arkle, R.S., McIlroy, S.K., and Derryberry, 
D.R., 2018, Estimating vegetation biomass and cover across 
large plots in shrub and grass dominated drylands using ter-
restrial lidar and machine learning: Ecological Indicators, v. 
84, p. 793–802.

Barnett, D.T., Jarnevich, C., Chong, G.W., Stohlgren, 
T.J., Kumar, S., and Holcombe, T., 2017, Ecology and 
space—A case study in mapping harmful invasive spe-
cies, in Brunn, S., and Dodge, M., eds., Mapping across 
academia: Dordrecht, Springer, p. 63–81. [Also available at 
https://doi.org/​10.1007/​978-​94-​024-​1011-​2_​4.]

Bishop, T.B.B., Munson, S., Gill, R.A., Belnap, J., St Clair, 
S.B., and Petersen, S.L., 2019, Spatiotemporal patterns of 
cheatgrass invasion in Colorado Plateau National Parks: 
Landscape Ecology, v. 34, p. 925–941.

Boyte, S.P., and Wylie, B.K., 2016, Near-real-time cheatgrass 
percent cover in the northern Great Basin, USA, 2015: 
Rangelands, v. 38, no. 5, p. 278–284.

Boyte, S.P., Wylie, B.K., Gu, Y., and Major, D.J., 2020, 
Estimating abiotic thresholds for sagebrush condition 
class in the western United States: Rangeland Ecology and 
Management, v. 73, no. 2, p. 297–308.

Boyte, S.P., Wylie, B.K., Rigge, M.B., and Dahal, D., 2018, 
Fusing MODIS with Landsat 8 data to downscale weekly 
normalized difference vegetation index estimates for cen-
tral Great Basin rangelands, USA: GIScience & Remote 
Sensing, v. 55, no. 3, p. 376–399.

Boyte, S.P., Wylie, B.K., and Major, D.J., 2019, Validating a 
time series of annual grass percent cover in the sagebrush 
ecosystem: Rangeland Ecology and Management, v. 72, no. 
2, p. 347–359.

Bradley, B.A., Curtis, C.A., Fusco, E.J., Abatzoglou, J.T., 
Balch, J.K., Dadashi, S., and Tuanmu, M.N., 2018, 
Cheatgrass (Bromus tectorum) distribution in the inter-
mountain western United States and its relationship to fire 
frequency, seasonality, and ignitions: Biological Invasions, 
v. 20, no. 6, p. 1493–1506.

Hak, J.C., and Comer, P.J., 2020, Modeling invasive annual 
grass abundance in the cold desert ecoregions of the 
interior western United States: Rangeland Ecology and 
Management, v. 73, no. 1, p. 171–180.

Horning, N., Fleishman, E., Ersts, P.J., Fogarty, F.A., and 
Wohlfeil Zillig, M., 2020, Mapping of land cover with 
open-source software and ultra-high-resolution imagery 
acquired with unmanned aerial vehicles: Remote Sensing in 
Ecology and Conservation, v. 6, no. 4, p. 487–497.

Irvine, K.M., Wright, W.J., Shanahan, E.K., and Rodhouse, 
T.J., 2019, Cohesive framework for modelling plant cover 
class data: Methods in Ecology and Evolution, v. 10, no. 10, 
p. 1749–1760.

Jarnevich, C.S., Talbert, M., Morisette, J., Aldridge, C., 
Brown, C.S., Kumar, S., Manier, D., Talbert, C., and 
Holcombe, T., 2017, Minimizing effects of methodological 
decisions on interpretation and prediction in species distri-
bution studies—An example with background selection: 
Ecological Modelling, v. 363, p. 48–56.

Pastick, N.J., Dahal, D., Wylie, B.K., Parajuli, S., Boyte, S.P., 
and Wu, Z., 2020, Characterizing land surface phenology 
and exotic annual grasses in dryland ecosystems using 
Landsat and Sentinel-2 data in harmony: Remote Sensing, 
v. 12, article 725, 17 p. [Also available at https://doi.org/​
10.3390/​rs12040725.]

https://doi.org/10.1007/978-94-024-1011-2_4
https://doi.org/10.3390/rs12040725
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Pastick, N.J., Wylie, B.K., and Wu, Z.T., 2018, Spatiotemporal 
analysis of Landsat-8 and Sentinel-2 data to support 
monitoring of dryland ecosystems: Remote Sensing, v. 10, 
article 791, 15 p. [Also available at https://doi.org/​10.3390/​
rs10050791.]

Rigge, M., Homer, C., Cleeves, L., Meyer, D.K., Bunde, 
B., Shi, H., Xian, G., Schell, S., and Bobo, M., 2020, 
Quantifying western U.S. rangelands as fractional compo-
nents with multi-resolution remote sensing and in situ data: 
Remote Sensing, v. 12, no. 3, article 412, 26 p. [Also avail-
able at https:// doi.org/​10.3390/​rs12030412.]

West, A.M., Evangelista, P.H., Jarnevich, C.S., and Schulte, 
D., 2018, A tale of two wildfires—Testing detection and 
prediction of invasive species distributions using models fit 
with topographic and spectral indices: Landscape Ecology, 
v. 33, no. 6, p. 969–984.

West, A.M., Evangelista, P.H., Jarnevich, C.S., Kumar, S., 
Swallow, A., Luizza, M.W., and Chignell, S.M., 2017, 
Using multi-date satellite imagery to monitor invasive 
grass species distribution in post-wildfire landscapes—An 
iterative, adaptable approach that employs open-source 
data and software: International Journal of Applied Earth 
Observation and Geoinformation, v. 59, p. 135–146.

Next Step 1b

Create high-resolution maps of the current distributions 
of other invasive nonnative annual grasses such as medusa-
head rye (Taeniatherum caput-medusae) and ventenata 
(Ventenata dubia).
Bateman, T.M., Villalba, J.J., Ramsey, R.D., and Sant, E.D., 

2020, A multi-scale approach to predict the fractional cover 
of medusahead: Rangeland Ecology and Management, v. 
73, no. 4, p. 538–546.

Bradley, B.A., 2016, Predicting abundance with presence-only 
models: Landscape Ecology, v. 31, no. 1, p. 19–30.

Dronova, I., Spotswood, E.N., and Suding, K.N., 2017, 
Opportunities and constraints in characterizing landscape 
distribution of an invasive grass from very high resolution 
multi-spectral imagery: Frontiers in Plant Science, v. 8, 
article 890, 17 p. [Also available at https://doi.org/​10.3389/​
fpls.2017.00890.]

Next Step 1c

Conduct a meta-analysis of literature addressing the 
distribution, spread, and environmental associations of cheat-
grass. Focus on relationship between disturbance events and 
activities that affect cheatgrass abundance, including wildfire, 

prescribed fire, grazing, roads, industrial activities and infra-
structure, habitat treatments, and environmental conditions 
associated with cheatgrass abundance and dominance.
James, J.J., Gornish, E.S., DiTomaso, J.M., Davy, J., Doran, 

M.P., Becchetti, T., Lile, D., Brownsey, P., and Laca, 
E.A., 2015, Managing medusahead (Taeniatherum caput-
medusae) on rangeland—A meta-analysis of control effects 
and assessment of stakeholder needs: Rangeland Ecology 
and Management, v. 68, no. 3, p. 215–223.

Scasta, J.D., Engle, D.M., Fuhlendorf, S.D., Redfearn, D.D., 
and Bidwell, T.G., 2015, Meta-analysis of exotic forages as 
invasive plants in complex multi-functioning landscapes: 
Invasive Plant Science and Management, v. 8, no. 3, 
p. 292–306.

Next Step 1d

Map and model additional invasive plants. Prioritization 
of this work should consider potential of an invasive plant to 
negatively affect ecosystems, habitats, or both.
Bradley, B.A., 2016, Predicting abundance with presence-only 

models: Landscape Ecology, v. 31, no. 1, p. 19–30.

Next Step 1e

Develop locally specific spatially-explicit soil maps, 
including soil temperature and moisture estimates, to inform 
spatial models and decision support tools at management-
relevant scales.
Balzotti, C.S., Kitchen, S.G., and McCarthy, C., 2016, 

Beyond the single species climate envelope—a multifac-
eted approach to mapping climate change vulnerability: 
Ecosphere, v. 7, no. 9, 23 p.

Boyte, S.P., Wylie, B.K., and Major, D.J., 2016, Cheatgrass 
percent cover change—Comparing recent estimates to 
climate change–driven predictions in the northern Great 
Basin: Rangeland Ecology and Management, v. 69, no. 4, 
p. 265–279.
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Interior’s Integrated Rangeland Fire Management Strategy 
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at http​s://www.fs​.usda.gov/​treesearch/​pubs/​53983.]

Palmquist, K.A., Schlaepfer, D.R., Bradford, J.B., and 
Lauenroth, W.K., 2016a, Mid-latitude shrub steppe plant 
communities—Climate change consequences for soil water 
resources: Ecology, v. 97, no. 9, p. 2342–2354.

Palmquist, K.A., Schlaepfer, D.R., Bradford, J.B., and 
Lauenroth, W.K., 2016b, Spatial and ecological variation 
in dryland ecohydrological responses to climate change—
Implications for management: Ecosphere, v. 7, no. 11, 20 p.

Next Step 1f

Review the literature about the role of weather and cli-
mate in facilitating the spread of nonnative annual grasses.
Belnap, J., Stark, J.M., Rau, B.M., Allen, E.B., and Phillips, 

S., 2016, Soil moisture and biogeochemical factors influ-
ence the distribution of annual Bromus species, in Germino, 
M.J., Chambers, J.C., and Brown, C.S., eds., Exotic brome-
grasses in arid and semiarid ecosystems of the western U.S: 
Switzerland, Springer International Publishing, p. 227–256.

Bradley, B.A., Curtis, C.A., and Chambers, J.C., 2016, Bromus 
response to climate and projected changes with climate 
change, in Germino, M.J., Chambers, J.C., and Brown, C.S., 
eds., Exotic brome-grasses in arid and semiarid ecosystems 
of the western U.S: Switzerland, Springer International 
Publishing, p. 257–274.

Hufft, R.A., and Zelikova, T.J., 2016, Ecological genet-
ics, local adaptation, and phenotypic plasticity in Bromus 
tectorum in the context of a changing climate, in Germino, 
M.J., Chambers, J.C., and Brown, C.S., eds., Exotic brome-
grasses in arid and semiarid ecosystems of the western U.S: 
Switzerland, Springer International Publishing, p. 133–154.
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K.A., Lauenroth, W.K., Bradford, J.B., and Schlaepfer, 
D.R., 2018, Effects of climate change on rangeland vegeta-
tion in the Northern Rockies, in Halofsky, J., and Peterson, 
D., eds., Climate change and Rocky Mountain ecosystems 
v. 63: Advances in Global Change Research, p. 97–114.

Zefferman, E., Stevens, J.T., Charles, G.K., Dunbar-Irwin, 
M., Emam, T., Fick, S., Morales, L.V., Wolf, K.M., Young, 
D.J.N., and Young, T.P., 2015, Plant communities in harsh 
sites are less invaded—A summary of observations and pro-
posed explanations: AoB Plants, v. 7, 21 p. [Also available 
at https://doi.org/​10.1093/​aobpla/​plv056.]

Next Step 1g

Initiate treatment and restoration experiments using coop-
erative efforts between management and research. Distribute 
study areas across the region using environmental gradients to 
capture and explain variability in response, seeking single or 
combined treatments that “mimic” positive effects of distur-
bance on habitat quality, and that minimize stimulation of non-
native annual grasses, annual forbs, and perennial invaders.
Adler, P.B., Kleinhesselink, A., Hooker, G., Taylor, J.B., Teller, 

B., and Ellner, S.P., 2018, Weak interspecific interactions in 
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D.M., 2019, Landscape and organismal factors affecting 
sagebrush‐seedling transplant survival after megafire resto-
ration: Restoration Ecology, v. 27, no. 5, p. 1008–1020.

Davidson, B.E., Novak, S.J., and Serpe, M.D., 2016, 
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and Shreading, L.N., 2015, Effects of competition with 
Bromus tectorum on early establishment of Poa secunda 
accessions—Can seed source impact restoration success?: 
Restoration Ecology, v. 23, no. 3, p. 277–283.
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no. 3, p. 388–395.

Next Step 1h

Conduct studies aimed at understanding the distribu-
tion, spread, and environmental associations of other rapidly 
spreading nonnative annual grasses (for example, medusa-
head rye and ventenata), including the effects of weather 
and climate.
Esposito, D.M., Rodhouse, T.J., Mata-Gonzalez, R., and 
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Conduct integrated landscape (remote-sensing) and local 
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Initiate standardized early-season field collection to 
inform early detection efforts and map development.

See Next Step 3b citations.

Next Step 3b

Develop nonnative annual grass spatial datasets to inform 
annual predictive fire models and identify of potential treat-
ment areas.
Boyte, S.P., and Wylie, B.K., 2016, Near-real-time cheatgrass 

percent cover in the northern Great Basin, USA, 2015: 
Rangelands, v. 38, no. 5, p. 278–284.

Boyte, S.P., Wylie, B.K., Major, D.J., and Brown, J.F., 2015, 
The integration of geophysical and enhanced Moderate 
Resolution Imaging Spectroradiometer Normalized 
Difference Vegetation Index data into a rule-based, piece-
wise regression-tree model to estimate cheatgrass beginning 
of spring growth: International Journal of Digital Earth, v. 8, 
no. 2, p. 118–132.

Bradley, B.A., Curtis, C.A., Fusco, E.J., Abatzoglou, J.T., 
Balch, J.K., Dadashi, S., and Tuanmu, M.N., 2018, 
Cheatgrass (Bromus tectorum) distribution in the inter-
mountain western United States and its relationship to fire 
frequency, seasonality, and ignitions: Biological Invasions, 
v. 20, no. 6, p. 1493–1506.

Fusco, E.J., Finn, J.T., Balch, J.K., Nagy, R.C., and Bradley, 
B.A., 2019, Invasive grasses increase fire occurrence and 
frequency across US regions: Proceedings of the National 
Academy of Sciences of the United States of America, v. 
116, no. 47, p. 23594–23599.

Next Step 3c

Develop a centralized clearinghouse of occurrence data 
for invasive plants that aggregates data from existing data 
entry systems and databases.
Barker, B.S., Pilliod, D.S., Welty, J.L., Arkle, R.S., Karl, M.G., 

and Toevs, G.R., 2018, An introduction and practical guide 
to use of the soil-vegetation inventory method (SVIM) 
data: Rangeland Ecology and Management, v. 71, no. 6, 
p. 671–680.



Appendix 1.  Literature Included in Scoring Next Steps for the Invasives Topic in the Actionable Science Plan    25

Next Step 3d

Develop datasets to map current cheatgrass and sage-
brush extent and productivity, in relation to annual weather 
conditions, that will readily integrate into fire models to 
identify spatially explicit fire probabilities, and enable predic-
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without inoculum additions.

NA.

Next Step 6g

Carry out die-off induction trials over large geographic 
areas, and include post-die-off restoration seeding (using 
appropriate native plant materials) to determine how well this 
type of site preparation facilitates the establishment of seeded 
species across a range of site types in different environments.
Baughman, O.W., Burton, R., Williams, M., Weisberg, P.J., 

Dilts, T.E., and Leger, E.A., 2017, Cheatgrass die-offs—A 
unique restoration opportunity in northern Nevada: 
Rangelands, v. 39, no. 6, p. 165–173.

Baughman, O.W., Meyer, S.E., Aanderud, Z.T., and Leger, 
E.A., 2016, Cheatgrass die-offs as an opportunity for resto-
ration in the Great Basin, USA—Will local or commercial 
native plants succeed where exotic invaders fail?: Journal of 
Arid Environments, v. 124, p. 193–204.

Next Step 6h

Develop technology to scale up inoculum production for 
promising strains of potential biocontrol organisms.

NA.

Studies Related to Need 6, but Not Any of the 
Next Steps

Gehring, C.A., Hayer, M., Flores-Renteria, L., Krohn, A.F., 
Schwartz, E., and Dijkstra, P., 2016, Cheatgrass invasion 
alters the abundance and composition of dark septate fungal 
communities in sagebrush steppe: Botany, v. 94, no. 6, 
p. 481–491.

Masi, M., Meyer, S., Gorecki, M., Pescitelli, G., Clement, S., 
Cimmino, A., and Evidente, A., 2018, Phytotoxic activity 
of metabolites isolated from Rutstroemia sp.n., the causal 
agent of Bleach Blonde Syndrome on cheatgrass (Bromus 
tectorum): Molecules, v. 23, article 1734, 12 p.

Meyer, S.E., Beckstead, J., and Allen, P.S., 2018, Niche spe-
cialization in Bromus tectorum seed bank pathogens: Seed 
Science Research, v. 28, no. 3, p. 215–221.

Meyer, S.E., Beckstead, J., and Pearce, J., 2016, Community 
ecology of fungal pathogens on Bromus tectorum, in 
Germino, M.J., Chambers, J.C., and Brown, C.S., eds., 
Exotic brome-grasses in arid and semiarid ecosystems 
of the western U.S: Switzerland, Springer International 
Publishing, p. 193–223.

Ricks, K.D., and Koide, R.T., 2019, Biotic filtering of endo-
phytic fungal communities in Bromus tectorum: Oecologia, 
v. 189, no. 4, p. 993–1003.

Salo, C., 2018, Army cutworm outbreak produced cheatgrass 
die-offs and defoliated shrubs in southwest Idaho in 2014: 
Rangelands, v. 40, no. 4, p. 99–105.

Smull, D.M., Pendleton, N., Kleinhesselink, A.R., and Adler, 
P.B., 2019, Climate change, snow mold and the Bromus 
tectorum invasion—Mixed evidence for release from cold 
weather pathogens: AoB Plants, v. 11, no. 5, 9 p.





For information about the research in this report, contact
Director, Forest and Rangeland Ecosystem Science Center
777 NW 9th Street
Suite 400
Corvallis, OR 97330
h​ttps://www​.usgs.gov/​centers/​forest-​and-​rangeland-​ecosystem-​
science-​center

Manuscript approved on January 19, 2023

Publishing support provided by the U.S. Geological Survey
Science Publishing Network, Tacoma Publishing Service Center

https://www.usgs.gov/centers/forest-and-rangeland-ecosystem-science-center
https://www.usgs.gov/centers/forest-and-rangeland-ecosystem-science-center


Anthony and others—
Integrated Rangeland Fire M

anagem
ent Strategy A

ctionable Science Plan A
ssessm

ent: Invasives, 2015–20—
OFR 2023–1003

ISSN 2331-1258 (online)
https://doi.org/​10.3133/​ofr20231003

https://doi.org/10.3133/ofr20231003

	Acknowledgments
	Abstract
	Introduction
	Methods
	Results and Summary
	References Cited
	Appendix 1



