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Abstract
Purpose of Review Science plays a critical role in natural resource management, and the use of science in decision-making is
mandated by several policy initiatives. Other disciplines have documented the challenges associated with applying science to
management and possible solutions to overcoming challenges, but the evaluation of science use in wildland fire management is
relatively immature. In this paper, we reviewed the available literature that evaluates science use in wildland fire management and
common barriers and facilitators to science use in decision-making.
Recent Findings We developed a conceptual model that describes the possible uses of science in fire management (perception,
planning, forecasting, implementation, assessment, communication, and policy), common barriers to science use (lack of science,
uncertainty, funding/capacity, conflict), common facilitators to fire science use (collaboration, trust, boundary organizations, co-
production), and factors that can act as facilitators or barriers to science use depending on their presence or absence (awareness,
accessibility, relevance). In the context of our conceptual model, we reviewed 67 papers that examined fire science use between
1986 and 2019.
Summary Most studies were conducted in the USA in the last 10 years and demonstrated that science is commonly used in fire
management and that the maturation of organizations devoted to science translation and communication in the last 10 years has
likely facilitated the application of fire science. The evaluation of fire science use, however, is still relatively immature, with
studies needed on the use of fire science in countries outside the USA, the use of science in the management of wildfires, and in
the crafting of policy related to wildland fire management.
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Introduction

Background and Purpose of Review

Science, or the systematic pursuit of knowledge and under-
standing of the natural and social world through experiment
and observation, has long played a critical role in the manage-
ment of natural resources. In the last century, the relative im-
portance of science in land management decision-making has
been paramount as evident in the broad acceptance of “scien-
tific management” [1] and the many policy mandates for use of
“best available science” (e.g., 1973 Endangered Species Act,
2012 Forest Planning Rule) [2••]. Over time, more emphasis
has been placed on the role of other forms of knowledge (e.g.,
local knowledge, traditional ecological knowledge), collabora-
tive governance, and other factors in informing land manage-
ment decisions [1]. Nonetheless, science continues to plays a
critical role in decision-making and is particularly critical for
reducing uncertainty and enhancing credibility.
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The presence of science alone does not guarantee its appli-
cation. Certain factors need to be in place for science to have
utility to end users. These include salience (e.g., relevant to
land management decisions), credibility (e.g., technically ro-
bust), and legitimacy (e.g., unbiased) [3], conditions which are
not always present in scientific studies. In addition, decision-
makers need to be aware of relevant science and understand
how to properly apply their findings, which can be a signifi-
cant challenge when the body of available science is large,
confusing, or has uncertain implications [4, 5]. Scientific find-
ings can also conflict with other values related to the manage-
ment of natural resources [6].

Certain entities and processes can help overcome bar-
riers to science applications. The presence of boundary
organizations, which are designed to translate science, fa-
cilitate the development of new science relevant to deci-
sion-making, and improve communication and collabora-
tion among scientists and users of science, can accelerate
the use of science in decision-making [3]. Boundary or-
ganizations and collaborative research processes that in-
volve scientists and managers can also lead to the produc-
tion of boundary objects, which are tools (e.g., decision
support tools, workshops) that can help professionals
from different groups negotiate knowledge transfer [7]
and represent different viewpoints of those involved in
their production [8]. Improved communication and collab-
oration among scientists and science users can ultimately
lead to co-production of knowledge, whereby scientists
and science users collaboratively engage in the scientific
process, including formulating research questions,
methods, analysis, and disseminating results [9]. Co-
production in science can take on many different forms
[10], but the general principles, including ongoing two-
way communication among scientists and science users,
have been demonstrated to increase the likelihood that
science will be used in decision-making [11].

Relative to other fields (e.g., climate change adaptation),
the evaluation of the use of science for the management of
wildland fire is immature. Only recently have investigators
begun to study the use of fire science and barriers and facili-
tators of its application [2, 12–14]. A surge in research into the
application of fire science has likely been spurred in part by
the establishment of the Fire Science Exchange Network
(FSEN) in 2009, a boundary organization in the USA funded
by the Joint Fire Science Program (JFSP) and devoted to ac-
celerating the adoption of fire science [15••], as well as policy
changes following destructive wildfires (i.e., bushfires) in
Australia that spurred efforts to better incorporate science into
fire management [16]. Since this emerging body of work has
not been synthesized, the purpose of this study was to review
the scientific literature on the use of science in wildland fire
management and to identify factors that act as barriers or fa-
cilitators to fire science application.

A Conceptual Framework for the Use of Fire Science

To frame our investigation of the literature, we first developed
a conceptual model for how science is used in wildland fire
management and factors that may act as barriers or facilitators
(or both) (see Fig. 1). This framework was developed a priori
based on our own knowledge and experience of wildland fire
science and management [2, 12–14] and the use of science in
other areas of natural resource management.

According to the US National Wildfire Coordinating
Group (NWCG), fire management includes “all activities for
the management of wildland fires to meet land management
objectives. Fire management includes the entire scope of ac-
tivities from planning, prevention, fuels or vegetation modifi-
cation, prescribed fire, hazard mitigation, fire response, reha-
bilitation, monitoring, and evaluation” [17]. Thus, fire man-
agement encompasses both fuels management and wildfire
management. For the purpose of this paper, we consider fuels
management as the manipulation of living and dead vegeta-
tion to promote desirable fire behavior and meet other re-
source management objectives. We consider wildfire manage-
ment as the use of firefighting resources in suppression or
containment of human- or naturally caused wildfires if they
threaten valued resources, or the monitoring or facilitation of
spread of naturally caused wildfires if they are beneficial to
valued resources. There is some degree of overlap in manage-
ment of fuels and wildfire. For example, managers who im-
plement prescribed fires for the purpose of fuels reduction
often work in wildfire management. Managers in fuels and
wildfire, however, are largely encompassed in separate groups

Fig. 1 Conceptual model of the potential uses of fire science (perception,
planning, forecasting, implementation, assessment, communication,
policy) and possible barriers and facilitators to science use (inner
circle). Factors in the right side of the inner circle are more likely to act
as barriers when present. Factors on the left side are more likely to act as
facilitators when present. Factors in the middle can act as facilitators or
barriers depending on their presence or absence. This conceptual model
can be applied to fuels or wildfire management. See text for descriptions
of specific barriers and facilitators to science use
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specializing in either fuels or operations and using different
temporal scales and processes for decision-making. Decision-
making in fuels management occurs over long time-frames
(often years) largely under the guise of national policies that
dictate reducing wildfire risk, restoring ecological processes,
promoting resilience, and preventing environmental degrada-
tion (e.g., National Environmental Policy Act, National Forest
Management Act, National Fire Plan, Endangered Species
Act) [18, 19]. Decision-making in wildfire management oc-
curs over short time frames (days to weeks) under the structure
of the Incident Command System [20] and with common ob-
jectives of promoting firefighter safety, minimizing damage
and losses to valued resources, and utilizing fire as a natural
ecological process where appropriate.

Both fuel and wildfire managers use science from multiple
disciplines in decision-making. For example, fuel managers
may consult science in wildlife biology, forestry, and ecology
when planning fuel treatments that reduce wildfire risk while
maintaining or enhancing wildlife habitat [18]. Wildfire man-
agers regularly consult meteorologists to forecast potential
wildfire behavior, spread patterns, and impacts to valued re-
sources [21•]. However, the full scope of science use in wild-
land fire management has not been described or evaluated.
Based on our own understanding and experience in wildland
fire science and management, our conceptual model details
broad potential uses of science (perception, planning, forecast-
ing, implementation, assessment, communication, and policy)
and a multitude of potential barriers or facilitators to the use of
science (Fig. 1). In this model, factors shaded in red are those
that are more likely to act as barriers to science use, factors
shaded in green are more likely to be facilitators of science
use, and unshaded factors could act as facilitators or barriers,
depending on their presence or absence.

In this model, science use can entail altering a user’s
perception of an emerging management issue. For example,
science related to climate change or the spread of invasive
species may cause an end user to think about how manage-
ment practices may need adjustment in the future. Science use
for planning could include consultations with scientists or the
scientific literature in the development of fuel treatment plans
or use of forecasting tools to determine seasonal firefighting
resource needs. Science may be used in forecasting, or the
prediction of future conditions to inform current or future
management practices. Decisions related to implementation
may bemore tactical and short term in nature. Examples could
include using science-based decision support tools to develop
specific parameters (e.g., weather and fuel conditions) under
which to conduct a prescribed fire or burnout operation.
Assessment includes the evaluation of management actions
or monitoring existing conditions. Science frameworks are
likely needed to assure that assessment in wildland fire man-
agement is robust. Science may be consulted in the
communication of management goals, objectives, or decision

frameworks with multiple audiences (e.g., public, stake-
holders, administrators, policy-makers). Finally, science
might be used in the crafting of policy related to wildland fire
management at national, state, and local levels. Some exam-
ples of enacted policies related to wildland fire management
include the 1995 fire-policy revision and the National Fire
Plan in the USA [22], and the “5% policy” in Australia [23].

Common barriers to the application of fire science in the
conceptual model described above include institutional
factors within fire management organizations (e.g., existing
policy, bureaucratic hurdles) that can impede the application
of fire science. Application of science can be halted if there is
a lack of science relevant to fire management or uncertainty
associated with the science findings or how to apply them to
fire management. Agencies often lack funding or capacity
(e.g., resources, scientific expertise, time) to keep abreast of
scientific studies and devise strategies for applying science.
There also can be external factors (e.g., public acceptance,
litigation) that deter land management agencies from adopting
fire science when there is a perception that it conflicts with the
values of specific entities external to fire management organi-
zations. Finally, fire science findings can be in conflict with
internal agency policies, external values, or other scientific
studies, all of which can prevent the application of fire
science.

Some of the above factors can also act as facilitators to the
application of fire science under certain conditions.
Institutional factors can act as facilitators to fire science use,
for example, when changes in agency policy dictate the use of
fire science. Our conceptual model proposes that there are a
number of factors that tend to be equally identified in the
literature as barriers or facilitators to the use of fire science,
depending on their presence or absence (Fig. 1). The
relevance of fire science to management decisions (e.g., ap-
propriate spatial and temporal scale) acts as a facilitator to
science use when indeed fire science is relevant to manage-
ment but a barrier when it is not. Awareness of fire science on
the part of intended users of science is a facilitator when
decision-makers are aware of relevant science and a barrier
when they are not. Other factors tend to have the same dichot-
omy, including accessibility, or the availability of science to
intended users in useful formats, and receptivity, or the beliefs
of intended end users on the utility of science.

The left side of the conceptual model lists several factors
which can act as facilitators to the use of fire science (e.g., co-
production, boundary organizations) (Fig. 1). In a general
sense, strong relationships among scientists and users of sci-
ence can foster trust among managers and scientists.
Collaboration and co-production on research and manage-
ment projects can lead to further trust in the science findings
on the part of managers. These factors have proven to be
successful in accelerating the adoption of science in other
areas of natural resource management [9]. The role of
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boundary organizations in facilitating this cycle and dissem-
inating science has proved to be paramount [3].

Methods

To address our research question, we limited our review to
papers that address fire science application explicitly as a
driving study question ormore implicitly as an emergent study
finding. For example, a number of publications from other
fields, such as forest management and climate science, were
included in our review because findings emerged from those
studies that were relevant to wildland fire management. This
review did not include papers that present fire science findings
or decision support tools for wildland fire management unless
the papers also included some discussion about the use of that
science and whether or not the findings or tools were being
used in fire management. We also asked secondary questions
as part of this systematic review, including whatmethods were
used to assess fire science application, what type of paper was
used to present the findings (e.g., gray literature, peer-
reviewed publication), where was the research conducted,
what wildland fire management topics were addressed, and
what elements of wildland fire management were being
assessed (Fig. 1).

We used the Google Scholar database to search for papers
published before May 2019 using the following keywords:
“wildfire and science use,” “use-inspired science and wild-
fire,” “co-production and science and wildfire,” “fire science
application,” and “barriers and fire science and application.”
We compiled those studies that addressed in some capacity
the application of fire science in management, including how
science is used and factors that act as barriers or facilitators to
the use of fire science. We also “chased” compiled articles
forward and backward in time by examining their references
cited and using the “cite by” feature in Google Scholar to find
references that cite the compiled articles [24]. A few addition-
al articles published in 2019 were also included due to their
relevance. See Appendix A for a complete list of citations by
their general topic categories and year of publication in our
review.

In order to compare citations, we developed a spreadsheet
to track the following aspects of each paper: (1) whether or not
papers directly addressed the use of fire science as a study
question or whether the use of fire science emerged as a find-
ing from another line of inquiry; (2) whether the paper used
quantitative or qualitative methods or both or whether the
paper was anecdotal (e.g., based on personal observation or
opinion); and (3) basic information about the type of article
(e.g., peer-reviewed or gray literature), topic(s) (e.g., fuels
management, climate change), and location. In addition, we
tracked the degree to which papers assessed aspects in our
conceptual model, including how science is being used (e.g.,

perception, planning, forecasting, communication, implemen-
tation, assessment, policy, or other uses) and factors that act as
barriers or facilitators (or both) to science use (e.g., external,
institutional, relevance, funding/capacity, relationships, co-
production or collaboration present in some capacity, bound-
ary organization presence, science accessibility). Each paper
was reviewed for all aspects listed in our conceptual model,
but not all of the papers addressed all of these aspects, and
some of the aspects were captured in a general “other” cate-
gory if they were not part of our original conceptual model. In
the results, some aspects are combined because of consider-
able overlap in context (e.g., collaboration and co-
production).

All of the papers were coded according to each aspect in the
conceptual model (e.g., how science is used and identified
barriers or facilitators to science use). In order to ensure reli-
able coding across two coders, the first five papers were coded
by one coder and the second five papers were coded by the
second coder. Statistically significant intercoder agreement
was not obtained [25]. Each coder then reviewed the other
coder’s work to ensure that they were interpreting each paper
according to the conceptual model in the same way. The two
coders then discussed their interpretations and adjusted the
coding in the spreadsheet accordingly. After agreement be-
tween the two coders was achieved, the rest of the papers were
coded only once by one of the two coders. After coding was
complete, the different aspects of the conceptual model were
compared by all three authors using descriptive statistics and
over the time span of the articles in order to identify themes
and patterns in the review.

Results/Discussion

Overarching Study Trends

We found 67 papers that address the application of fire science
in some capacity. The earliest papers we found on the use of
fire science were an anecdotal study published in 1986 [26]
and a Master’s thesis from 1987 [27]. Since then, both the
number of papers and the number of papers published in
peer-reviewed journals have increased over time, especially
after 2010 (Fig. 2). The quality of evidence has also increased
over time as more investigators have used quantitative and
qualitative methods to assess the use of fire science, as op-
posed to relying on anecdotal approaches (Fig. 3). The vast
majority of authors investigated the use of fire science in the
USA, with only seven studies conducted in Australia, five in
Canada, and three in Europe. Many of the reviewed papers
(32) focused specifically on the use of fire science, including
in assessing firefighter safety, reducing wildfire risk, and man-
aging post-fire landscapes. Other reviewed papers examined
the use of science in a broader context, such as land
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management more generally (15) and climate change (12), yet
presented results related to fire science within these contexts.
Fewer papers (8) specifically examined the application of fire
science in relation to the use of science-based decision support
tools. Most of the 67 papers addressed the use of fire science
in the context of fuels management (37) rather than wildfire
management (9). For the remaining papers (21), the manage-
ment context (fuels vs. wildfire management) was either not
readily apparent or both contexts were addressed.

Given the sharp increase in number and quality of studies
after 2009, we summarize and present results for two time
periods: 1986–2009 and 2010–2019. The increase in number
and quality of papers over time likely reflects a growing in-
terest in factors that influence science use and increased

investment on the part of land management agencies in pro-
grams that accelerate the adoption of science in natural re-
source management. Recognizing the need to advance the
use of science by natural resource managers, some agencies
have established boundary organizations [28] for this very
purpose. Most notably for fire, this includes the JFSP FSEN
[4]. Other relevant boundary organizations in the USA include
the National Oceanic and Atmospheric Administration’s
Regional Integrated Sciences and Assessments (RISA)
established in 1995 [29] and the Department of Interior
Landscape Conservation Cooperatives established in 2009
[30]. In British Columbia, the non-profit Forest Research
Extension Partnership (FORREX) provides access to science
to support sustainable natural resource management decisions

Fig. 2 Number of papers
published each year that address
the application of fire science in
some capacity. Gray literature
includes studies published in
technical or other reports,
conference proceedings, popular
publications, and book chapters.
Peer-review includes studies
published in peer-reviewed
scientific journals

Fig. 3 Number of papers
published in each year that utilize
anecdotal, qualitative,
quantitative, or both quantitative
and qualitative methods in
investigating the application of
fire science in management.
Anecdotal refers to methods that
rely on personal observation.
Qualitative refers to studies that
utilize interviews, focus groups,
or similar instruments to better
understand the nature of fire
science use. Quantitative refers to
methods that utilize surveys or
similar instruments to quantify
some aspect of fire science use

358 Curr Forestry Rep  (2020) 6:354–367



to government, non-government, aboriginal, academic, and
industry partners [31]. In Australia, Bushfire and Natural
Hazards CRC (www.bnhrcrc.com/au; accessed 8/27/2020)
plays a similar role of provided relevant fire science to end
users. These organizations have provided opportunities to
evaluate factors that influence the application of fire science
by land managers and contributed to the growing body of
work in fire science application.

All of the papers we reviewed acknowledged and/or docu-
mented that fire science is used in land management in some
capacity. Authors most commonly identified land manage-
ment planning and implementation of management activities
as times in which fire science is used to inform manager de-
cisions (Fig. 4). This is consistent with findings from other
studies [12–14] and perhaps is not surprising, given that many
US policies dictate the use of science in planning [12, 14, 32,

33]. Other common uses of science include increasing percep-
tion of emerging fire science issues, forecasting, and develop-
ing communication strategies or assessment protocols. For
example, output from a relatively new wildfire decision sup-
port tool in Australia was used to communicate science to the
public, policy-makers, or managers [23, 34]. Very few studies
have documented the use of fire science to inform policy. This
could reflect a need for increased use of fire science to inform
policy-making or a need to explicitly study how fire science is
or is not utilized in policy settings.

Common Barriers to Fire Science Application

The most commonly identified factors identified as barriers to
fire science use are shown in Fig. 5. Factors external to fire
management agencies were most often cited as barriers to the

Fig. 4 Number of papers in two
time periods (1986–2009 and
2010–2019) that identify specific
points in the wildfire management
cycle where fire science is utilized

Fig. 5 Number of papers in two
time periods (1986–2009 and
2010–2019) that identify how
external factors, funding/capacity,
and institutional factors acts as
either a barrier, facilitator, or both
a barrier and facilitator to the
application of fire science
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application of fire science (Fig. 5). These include a lack of
public awareness of science and lack of public support of
specific fire management approaches [12, 35–42], a percep-
tion by managers that science conflicts with policy or political
agendas, a perception that science itself is politically motivat-
ed [43, 44], and concerns that new approaches will be litigated
[41]. Lack of funding/capacity and institutional factors was
also commonly listed as barriers to science use (Fig. 5).
Only four studies identified lack of science as a significant
barrier to science use [25, 45–47].

Lack of funding/capacity (including time) was commonly
reported as a barrier to fire science application in publications
across time periods and across geographic areas [4, 12–14, 40,
48–50]. Thirty-four papers mentioned resources or capacity as
either barriers (28), facilitators (5), or both (1) (Fig. 5). Resource
management specialists across five federal agencies identified
capacity problems as a barrier to using new research [36].
Similarly, two studies of fire managers in the USA found that
they were more likely to face capacity barriers, such as lack of
time, funding, and personnel, than problems with the quality or
availability of data [14, 51]. A recent case study of one of the
JFSP Fire Science Exchanges acknowledged the importance of
institutional support and funding as facilitators for fire science
delivery and the co-production of knowledge [2••]. During an-
other case study, managers recommended staffing solutions,
including the designation of staff whose responsibilities would
be to filter research information, the designation of a research
liaison, and/or a research assistant, who would be responsible
for seeking scientific information on specific topics [40].

In addition to time and resources, authors noted that, in
order to apply science, managers need an institutional struc-
ture that supports innovation. This includes processes for in-
tegrating new approaches into management and the flexibility
to experiment with new approaches. Discussing barriers to the
application of new wildfire risk management tools, Calkin
et al. [38] cited research [52] that found innovation and risk-
taking were among the least rewarded traits for decision-
makers. Others acknowledged that the management authority
inherent in bureaucracies can compromise adaptability, the
absence ofmechanisms for linking learning to implementation
decisions, and lack of review processes that integrates science
and monitoring information [32, 46, 50]. Potential solutions
include developing incentives and rewards for applying fire
science and adopting adaptive management processes [32,
53]. Early papers that recognized institutional factors within
fire management agencies most often referred to them as bar-
riers to the application of science (6 of 8 papers). Later papers
also predominantly cited institutional factors as barriers (16 of
31 papers), but a growing number of papers acknowledged
that institutional factors can be facilitators (9 of 31 papers)
or they can act as both barriers and facilitators (6 of 31 papers)
(Fig. 5). This could reflect institutional investment in capacity
for applying science.

Organizational culture can be an overriding influence on
many of the institutional barriers and facilitators mentioned.
Organizational members often behave based on shared values,
beliefs, and assumptions more than rules [54]. Wright [55]
applied the Garvin et al. [56] survey of learning organization
characteristics to 495 fire managers and decision-makers in
three US federal fire organizations, measuring psychological
safety, openness to new ideas, appreciation of differences,
analysis, information transfer, and time for reflection.
Survey respondents indicated they felt psychologically safe
introducing new ideas in their work units; however, they were
less certain new ideas would be integrated into existing ap-
proaches. Compared with individual experiences and percep-
tions, work unit and agency culture were not significant deter-
minants of research use by fire managers [55]. Further study is
needed to assess whether and how organizational culture af-
fects the use of fire science.

Other factors identified as barriers to science use were sci-
ence uncertainty, conflict, and awareness. Sixteen papers cited
uncertainty or conflict around science findings as a barrier to
fire science use. This includes science that is incompatible
with management approaches or agency directives, or science
findings that are confusing or inconclusive. Of the twelve
papers that examined the use of fire science in the context of
climate change, a relatively high proportion (6 papers) identi-
fied scientific uncertainty or conflict as a barrier. This may
reflect the fact that climate change science often relies on
environmental modeling exercises that include downscaling
of climate projects, and many studies report that managers
are uncertain or skeptical of such methods [57, 58]. In the
realm of fire science, scientific uncertainty or conflict can arise
from a lack of synthesis of the scientific literature [59], lack of
science in a particular locality [46], or lack of trust in the
outcome of studies that rely heavily on modeling and assump-
tions [34]. Ten papers identified lack of awareness or under-
standing of science by managers as a significant factor in
determining the use of fire science in decision-making. For
example, a survey and interview with boundary spanners in
fire management indicated that some wildland fire managers
did not use science because they were not aware of relevant
fire science [13].

Common Factors Acting as Barriers and Facilitators to
Fire Science Application

Two of the most common factors identified for influencing the
use of science were the accessibility of science to managers
(46 papers) and relevance of science to management concerns
(41 papers). These factors were identified as both facilitators
and barriers to the application of fire science (Fig. 6).
Generally speaking, when fire science was highly relevant to
management needs and easily accessible to managers, these
were identified as facilitators to the application of fire science.
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They were identified as barriers when these conditions were
not in place. For example, Garfin et al. [60] documented how
seasonal weather forecasts are heavily relied upon in fire man-
agement, partly because the spatial and temporal scales of
forecasts are relevant to fire management decisions and the
forecasts are distributed in multiple formats. In contrast, other
authors suggested that decision support tools are not used
because managers are not interested in the topics they address
[42], or that fire managers believe many scientific studies are
not relevant to their locality, and that the sheer volume of
studies and lack of synthesized works makes the science ef-
fectively inaccessible [36, 44].

While we cannot determine statistically significant differ-
ences between time periods, it is interesting to note that only a
small proportion of papers published between 2001 and 2009
listed science relevance and accessibility as facilitators of sci-
ence, whereas much higher proportion of papers published
between 2010 and 2019 identified these factors as facilitators
of science use (Fig. 6). This trend could reflect increased in-
vestment in organizations that span boundaries between sci-
entists and managers or increased attention to evaluating the
use of fire science. Whether seen as barriers or facilitators, the
results show that fire science is often, but not always, seen as
relevant to manager needs and accessible to them [13].
Nonetheless, issues of science relevance and accessibility re-
main. For example, while there is great promise in application
of remote sensing tools in fire management, spatial and tem-
poral scales are not always consistent with fire management
needs, and managers have difficulty learning about newly
available tools [49].

Personal receptivity to science can also be a barrier or fa-
cilitator to science application. This includes individual inno-
vativeness, educational and professional backgrounds, beliefs
about research ease of use and usefulness, attitudes toward
science, and stress levels that can hinder creativity [14, 40,

42, 55]. Many papers in both periods recognized individual
differences in receptivity to scientific innovations suggested
receptivity was a barrier; however, some papers were more
optimistic, noting that differing receptivity also can be a facil-
itator of science application (Fig. 6). Wright [14] and Kaage
[27] suggested that understanding audiences, in particular
identifying innovativeness and early adopters within the fire
management organization, can be used to more effectively
deliver science to potential users.

Common Facilitators to Fire Science Application

Authors that referred to relationships, co-production (or col-
laboration), boundary organizations, and boundary objects
largely discussed these factors as facilitators to fire science
application. Multiple papers address the importance of rela-
tionships between scientists and managers or decision-makers
for facilitating the use of science [14, 51, 55, 61–63]. For
example, two studies noted that direct engagement and expe-
rience with scientists created more support for and use of
science by managers [55, 64]. Other studies illustrate the im-
portance of face-to-face and in-person interactions for foster-
ing relationships [12, 65, 66]. Only 2 of the 33 papers that
discussed relationships described it as a possible barrier. For
example, Neale and May [67••] discussed how relationships
can suffer due to communication breakdowns, and Kearns and
Wright [40] discussed issues that arise when relationships
with scientists are not present. Kemp et al. [41] also noted that
relationships are a facilitator to the use of science when they
are present, which implies that a lack of relationships is a
barrier. Relationships were also proposed as a way to address
other barriers in land management planning and collaboration
[58, 68]. Furthermore, relationships and trust are important
precursors to processes like the co-production of knowledge
or collaboration in research [69].

Fig. 6 Number of papers in two
time periods (1986–2009 and
2010–2019) that identify how the
accessibility of science to
managers, the relevance of fire
science to management needs,
and the receptivity of managers to
science acts as either a barrier,
facilitator, or both a barrier and
facilitator to the application of fire
science
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In 1987, Kaage [27] suggested involving practitioners in
the development of research would increase practitioner own-
ership of new ideas and improve research and manager opin-
ions of each other. The concept of co-production (also referred
to as collaboration in some of the publications) has received
increasing attention in the papers we reviewed over time, es-
pecially since 2010 (Fig. 7). The increased use of the concept
has created some confusion about what exactly co-production
entails [70] or when it is the most appropriate tool for facili-
tating the use of science [71]. Co-production is time intensive
and requires significant capacity that is not always available,
especially in fire management, so it can be a prohibitive ap-
proach unless it is facilitated through a boundary organization,
which can dedicate the necessary attention and effort to delib-
erately facilitating co-production to produce actionable sci-
ence [2••]. Nonetheless, in the papers that we reviewed, it is
largely discussed in a positive light. For example, Allen et al.
[57] note that co-production is now desired by some research
participants, Kemp et al. [41] emphasize that science that is
informed by the context in which the intended end users of
that science operate can be used more effectively, and Archie
[68] notes that it can be used to address other barriers to the
use of science in land management planning and collabora-
tion. Garfin et al. [60] describe how the principles of co-
production can be used to get managers and scientists working
together to increase the use of seasonal forecast science. Only
one of the studies that we reviewed discussed both barriers
and facilitators to collaborative or co-produced approaches
[36]. Only 3 of the 24 articles we reviewed that addressed
co-production used quantitative methods, 13 used either qual-
itative or mixed-method approach, and 8 of them used anec-
dotal approaches. This highlights the difficulty of measuring
the outcomes of co-production or collaboration, though there
is a growing effort to better evaluate co-production of knowl-
edge processes and outcomes [63, 72]. Furthermore, co-
production of knowledge is one of many approaches to

collaboration around the development and use of science for
decision-making, and more work is needed to really under-
stand its outcomes [10, 63].

Similar to the authors that discuss relationships and co-
production, the 23 papers that discussed boundary organiza-
tions largely presented them as facilitators to the use of fire
science. Notably, only one paper included a discussion of
boundary organizations in the literature we reviewed in the
1986–2009 time period (Fig. 7). In the last 10 plus years, the
term “boundary organization” has become more institutional-
ized in fire science and management, due in part, to the work
of the JFSP FSENs. These were not established until 2009,
and they are dedicated to facilitating the use of fire science by
managers. The first foundational paper assessing the FSENs
was not published until 2012 and noted that the FSENs are
important for consolidating information and improving the
connections between scientists and managers [4]. However,
the FSENs have received increasing attention as boundary
organizations in recent years, particularly with respect to their
evaluation of intended outcomes [15••], unique engagements
with managers [66], and deliberate use of co-production [2••].
The role of the NOAA RISAs in assisting with the use of fire
science for predictive services and fire-related meteorology
has also received more attention in recent years [60]. Some
papers suggest that boundary organizations and boundary
spanners, the individuals who work in boundary organizations
and play intermediary roles, often represent a trusted source of
scientific information [62] and can be helpful in facilitating
collaborative groups that are trying to use science to come to
consensus on complex landscape management concepts that
affect wildland fire [2, 47].

Some authors that discussed boundary objects tended to
have more reservations about their role in facilitating the use
of fire science. For example, 3 of the 20 papers that discussed
boundary objects discussed them as possible barriers [42, 43,
73] and another 3 discussed boundary objects as both potential

Fig. 7 Number of papers in two
time periods (1986–2009 and
2010–2019) that address
relationships (or trust), co-
production (or collaboration), and
boundary organizations
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barriers and facilitators of fire science use [44, 74, 75].
Boundary objects can be amorphous and range from work-
shops [76] to decision-support tools [22, 38, 59], so their use
and outcomes vary depending on the type of boundary object
under consideration. For example, with boundary objects like
wildfire risk maps [74, 75], the utility for management is
mixed depending on how managers were engaged in the
map development. Other authors noted that boundary objects
like risk models or decision-support tools can be complex and
difficult to use without support from experienced practitioners
or strong visual outputs [34, 42]; therefore, managers who
perceive innovations as difficult to use may not use them
without adequate training and support [14, 42, 45]. During a
series of fire-climate workshops, fire managers suggested that
fire-climate science and decision support tools could be taught
through training courses [45]. Additionally, when decision-
support tools and models are simplified and modified with
manager input, they can become easier to use in fire manage-
ment [66, 77].

Conclusion

The available body of work on the application of fire sci-
ence shows that fire science is indeed used in decision-
making in wildland fire management. For our conceptual
model of fire science use (Fig. 1), there is more evidence
for fire science use in certain aspects of wildland fire man-
agement (e.g., planning, forecasting) than others (e.g., as-
sessment, policy). There is also more evidence for the use
of fire science in fuels management as opposed to wildfire
management. This most likely reflects a lack of scientific
studies on the use of fire science in these areas rather than a
lack of science use. It is possible that the factors governing
the use of fire science in, for example, policy development
and wildfire management are different from those in plan-
ning or fuels management. Thus, we recognize a need for
additional studies on the use of fire science in understudied
aspects of our conceptual model, particularly the use of fire
science in policy, assessment, and all aspects of wildfire
management, particularly internationally. Additional stud-
ies on the cost-benefit ratio of research investments could
inform the allocation of research and operational invest-
ments [78].

Factors in the center of our conceptual model, such as
science relevancy and accessibility, are perhaps more easily
adaptable than others, as change typically occurs on an in-
dividual level, as opposed to a societal or institutional level.
Studies we reviewed showed that factors on the left side of
our conceptual model (e.g., collaboration, relationships) are
key to improving science accessibility, relevancy, and trust
on an individual level [12, 34, 39, 43, 61]. Boundary orga-
nizat ions are keys to foster ing relat ionships and

collaboration on an institutional level, which ultimately in-
creases the facilitators and reduces the barriers to science
use in decision-making [3]. The available literature suggests
that boundary organizations in wildland fire management
have been successful in facilitating the use of fire science
[13, 15]. Given that fire-related boundary organizations are
relatively new, they should continue to be evaluated longi-
tudinally, to understand how they influence collaboration,
co-production, and fire science application as they mature
[2••]. As additional boundary organizations develop inter-
nationally, they too should be evaluated for effectiveness in
facilitating the use of fire science.

The most common barriers to the application of fire sci-
ence were external factors (e.g., public acceptance, litiga-
tion) and funding/capacity (e.g., lack of scientific expertise,
time to adopt science). The fact that these factors are com-
monly mentioned in both time periods suggests that they are
persistent and difficult to overcome. Changes in funding/
capacity do not happen often, but when they do occur, they
can have profound effects on the use of fire science in man-
agement. Examples include the development and growth of
predictive services in wildfire management [67••], the
National Fire Plan in the USA, and the development of
boundary organizations [2, 4, 56]. External factors are also
slow to change, but change can be precipitated by dramatic
events, such as destructive wildfires [64]. To that end, it is
critical that scientists and managers are ready to take advan-
tage of rare opportunities for change in capacity and exter-
nal factors to advance the use of science in decision-making.
They can be better prepared for such opportunities by con-
tinually fostering all the factors on the left side of our con-
ceptual model.
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Appendix A—General Topic Areas
with Articles by Year

General Fire Science

& 1987 [27]
& 2001 [22, 45]
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& 2002 [40]
& 2007 [36, 50]
& 2008 [39]
& 2010 [14]
& 2011 [51]
& 2012 [62]
& 2013 [44, 59, 79]
& 2014 [80, 81]
& 2015 [32, 55, 82, 83]
& 2016 [13, 23, 34, 60]
& 2017 [12, 63, 84–86]
& 2018 [15••]
& 2019 [2, 73, 75]

General Land Management

& 2003 [87]
& 2004 [53]
& 2006 [88]
& 2007 [89, 90]
& 2008 [91]
& 2011 [48]
& 2012 [92]
& 2015 [42, 46]
& 2017 [43, 47]
& 2018 [93, 94]
& 2019 [64]

Climate Change

& 2010 [95]
& 2012 [35]
& 2013 [76]
& 2014 [58, 68, 96, 97]
& 2015 [37, 41]
& 2016 [65]
& 2017 [57]
& 2019 [66]

Decision Support Tools

& 1986 [26]
& 2010 [61]
& 2011 [38, 77]
& 2012 [98]
& 2017 [49]
& 2018 [67, 74]
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