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Abstract: There is evidence that forest resiliency is declining in the western US due to recent increases
in both areas burned by wildfire and the number of large fires. Fire refugia may increase forest
resiliency; however, for land managers to incorporate fire refugia into their management plans,
methods need to be developed to identify and rank criteria for what make fire refugia important.
As part of a larger effort to build a spatially explicit ranking model for unburned islands in the inland
northwestern US, we investigated the perceived importance of criteria used to inform a ranking
model to identify high-value fire refugia. We developed a survey targeting land managers within
the inland northwestern US. Participants were asked to score a predetermined list of criteria by
their importance for determining the value of fire refugia. These scores were analyzed to identify
trends among respondents that could be used to develop a fire refugia ranking model. The results
indicate that respondents generally organized criteria into two groups: Human infrastructure and
wildlife habitat. However, there was little consensus among respondents in their scoring of fire
refugia importance criteria, suggesting that a single region-wide fire refugia ranking model may not
be feasible. More research with a larger sample size is needed to develop targeted ranking models.
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1. Introduction

In recent decades, area burned by wildfire and the number of large wildfires have increased
across the western United States despite decreased total ignitions [1] and relatively stable burn severity
trends [2]. This is in large part due to fire and land management practices [3] and anthropogenic
climate change [4]. Further, more large fires are projected in the future [5]. While ecosystems are
well adapted to recover from disturbances under natural disturbance regimes [6], there is increasing
evidence of altered disturbance regimes in some regions. In the inland northwestern US, this includes
reduced tree regeneration in burned areas [7], higher than expected burn severity amidst a substantial
fire deficit [8], and the contemporary loss of historical fire refugia that survived multiple previous
wildfires [9].

Fire refugia are areas that are disturbed less frequently or less severely by wildfire relative to
the surrounding vegetation matrix, making them important for the persistence of organisms [10].
Fire refugia are one example of biological refugia: Microhabitats providing spatial and/or temporal
protection from disturbances [11], such as climate change, drought, floods, or glaciation [12]. Fire
refugia formation is influenced by the factors of the fire behavior triangle: Topography, fuels, and
weather [10]. Topography [13] and, to a lesser extent, vegetation [14] are relatively stable factors in the
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formation of fire refugia. Weather, however, is difficult to predict and leads to the formation of more
stochastic fire refugia [10,15].

While the concept of biological refugia has been around for over 60 years, Camp et al. [16] were
the first to analyze fire refugia across a landscape. Fire refugia serve an important ecological function
by containing unique habitat conditions not present in the adjacent forest matrix [17]. During a fire,
fire refugia promote survival of organisms by providing shelter from flames and radiant heat [14].
After a fire, they can allow for longer-term persistence and act as ‘lifeboats’ for recolonization [18] of
vegetation by acting as seed sources [19–21], as wildlife habitat [17,18], and as safe havens for other
organisms including soil fungi [22]. As many fire refugia are associated with topographic features that
produce fire-resilient microclimates [15], some fire refugia may be at risk from climate change, land
management, and fire management practices [10].

Although the maintenance of fire refugia on the landscape has been identified as an important
management need for over a decade [23], a specific and comprehensive strategy for managing
fire refugia to support ecological function and ecosystem services currently does not exist [10].
Meddens et al. [24,25] developed a database of unburned islands within the inland northwestern US;
however, while their unburned island detection model is effective at identifying unburned patches, it
does not assess the ecological (or conservation) value of these unburned islands to determine which
are true ecological refugia and which have less ecological value. Within the inland northwestern US,
9.6% of the area within the average fire perimeter remains unburned [25]. Therefore, there is a critical
need to develop methods that characterize the overall ‘refugia value’ or ‘refugia importance’ for these
unburned islands in order to effectively maintain high-quality fire refugia [25,26].

Ranking the value of landscape patches by their ecological importance is well established
throughout the ecological literature. Individual landscape patches have been ranked by their importance
for general wildlife habitat [27], as well as for the habitat of individual species [28]. There have also
been studies ranking habitat patches by specific features such as connectivity [29]. Such efforts have
been utilized to identify potential conservation purchases and land preservation efforts, and more
recently to facilitate aided species migration under climate change [30,31].

In the inland northwestern US, wildfire is the primary agent of ecological disturbance, and fire
refugia play a critical role for species of concern, such as sage grouse (Centrocercus urophasianus) and
spotted owl (Strix occidentalis) [16]. As part of a larger effort to build a spatially explicit ranking model
for an unburned islands database in the inland northwestern US, our objective here was to use land
manager input to identify and weight criteria in order to rank fire refugia importance. We developed
an online survey that solicited information on the importance of several criteria. We investigated
whether there was clear separability in survey responses related to respondent managed ecosystem
type, occupational category, key refugial wildlife species of interest, agency, and management type.
Our survey allowed managers to contribute to the development of decision models that are ultimately
intended to assist land managers in carrying out their duties.

2. Materials and Methods

2.1. Sampling Methodology

We targeted participants in the inland northwestern US (i.e., Washington, Oregon, and Idaho)
employed by the primary non-private sector land management entities: US Forest Service (USFS), US
Bureau of Land Management (BLM), US Fish and Wildlife Service (USFWS), National Park Service
(NPS), local tribal nations, Washington Department of Natural Resources (DNR), Idaho Department
of Lands (IDL), Washington Department of Fish and Wildlife (DFW), Oregon Department of Fish
and Wildlife (ODFW), and The Nature Conservancy (TNC). This survey was distributed using a
combination of two non-probability sampling techniques: Purposive sampling [32] and snowball
sampling [33]. Initial participants were identified using purposive sampling. We identified individuals
who were natural resource managers and professionals who might be interested in participating in our
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survey based on prior engagement in workshops and collaborative projects. A snowball sampling
approach was then employed by asking those initial potential participants to identify other natural
resource professionals who may be interested, and then asking all subsequent potential participants to
identify others; respondents were also asked to provide the name and email of potential participants
at the end of the survey. A total of 70 (41 initial and 29 subsequent) individuals were identified and
invited to participate in this survey as a result. While non-probability sampling techniques are likely
to be biased by the social networks of the individual researchers (i.e., who the researchers know, and
who do they in turn know), they are still useful techniques in exploratory studies and when soliciting
information from individuals with a particular expertise [34].

We developed an online survey instrument using Qualtrics (Qualtrics, Provo, UT, USA). We emailed
each potential respondent with information about the study and a unique link to participate in the
survey. All potential participants who had not already responded to the survey or expressly declined
to participate were contacted one additional time and asked again [35]. After a brief introduction to
fire refugia, the survey asked participants to score a predetermined list of criteria (Table A1) by their
importance for determining the value of fire refugia. Respondents were asked to score these using a
five-point Likert scale from “not important” to “extremely important,” which were then coded from
zero to four. Respondents also had the option to add their own criteria and score them in a Likert
format. In addition to the criteria scoring section, there were two additional sections of the survey:
(1) A participatory geographic information system (participatory GIS or PGIS) [36] portion where
participants identified the locations of known fire refugia using Google Earth and (2) a questionnaire
about management actions to protect or preserve fire refugia. However, these additional sections
are not analyzed here. The survey concluded with several demographic questions, including the
participant’s job title and employer. The survey was expected to take 15–30 min to complete, depending
on the level of detail participants provided.

2.2. Survey Analysis

All data analysis was completed in the R statistical package [37]. We first removed several
respondents from the analysis (listwise deletion) because they did not answer all questions, because
we used multivariate statistical analysis methods that do not support missing data. Questions asking
respondents to rate “Other” criteria where the respondent supplied their own criteria were excluded
because these criteria were non-uniform across respondents. The only additional criterion supplied by
a respondent was a refugium’s ability to “function for ecosystem services.” Surveys that were not fully
completed by participants were excluded.

Exploratory factor analysis (R-type) was used to reduce the number of variables (i.e., the refugia
importance criteria) by identifying correlation among the measured variables within the dataset
and combining them into fewer “common” variables (after ensuring assumptions of exploratory
factor analysis were addressed). Factors represent “hidden” or latent variables that were not directly
measured but are influencing the data in aggregate [38]. Factors can be approximately identified
and named by observing patterns in the responses of observed variables using the factor loadings.
The optimal number of factors was determined considering the scree test [39]. K-means nearest
neighbor analysis of the factor scores was used to group respondents with similar responses after
ensuring assumptions were met. The optimal number of clusters was determined using the silhouette
method [40].

After clusters were identified, we divided the responses of these clusters into two distinct groups,
investigated their differences, and characterized each cluster by their main themes of survey response.
In addition to the cluster analysis, we stratified our respondents into several categories to see whether
patterns would arise. These categories were: Ecosystem type (forest versus non-forest/rangeland),
occupation type (ecologist versus manager), refugial species of concern (sage grouse, spotted owl,
other), employer (USFS, BLM, DFW, NPS, ODFW, and other), and management type (fire manager,
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land manager, other (agency), and other (non-agency)). We used MANOVA (multivariate analysis of
variance) to test for differences in respondent scores by demographic group.

3. Results

3.1. Respondent Demographics

Of the 70 individuals identified as potential participants, 33 responded in total (response
rate = 47.1%). However, nine respondents had to be excluded from the analysis due to omitted
questions, so the effective response rate was 34.2%. We categorized the respondents by occupations as
follows (Figure 1): 33% ecologist/biologist; 33% fire/fuels manager; 18% land manager; 6% researcher;
and 9% other (including a soil scientist, science coordinator, and chief of cultural resources). The
employers of the respondents were: 76% federal government; 9% state or local government; 6%
nonprofit or NGO; 6% university or educational institution; and 3% other (retired federal government).
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(c) refugia species of concern, (d) agency, and (e) management type.

3.2. Analysis

The optimal number of factors was determined to be two (Figure A1). These two factors account
for 58.5% of the variance in the survey responses. The two factors broadly describe “ecological
habitat” (Factor 1; 40.5% of the variance) and “human infrastructure” (Factor 2; 18.0% of the variance;
Figure 2; Table A1). By plotting the respondents’ factor regression scores and grouping them by
various demographic measures, several patterns in the respondents’ scores emerge (Figure 3). For
example, NPS employees did not prioritize human infrastructure in refugia valuation as high as
USFS employees (Figure 3d). Respondents that worked in rangeland areas were likely to prioritize
both ecological habitat and infrastructure, whereas respondents working in forested areas gave more
variable responses (Figure 3a). As apparent from large overlapping polygons, there was no clear
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separability of groups for ecosystem type (forest versus rangeland), occupation type (ecologist versus
manager), refugial species of concern (sage grouse, spotted owl, other), and management type (fire
manager, land manager, other (agency), and other (non-agency)). The MANOVA tests revealed no
significant differences in any of these groups (Table 1; Figure 3).

Fire 2019, 2, x FOR PEER REVIEW 5 of 11 

 

manager), refugial species of concern (sage grouse, spotted owl, other), and management type (fire 

manager, land manager, other (agency), and other (non-agency)). The MANOVA tests revealed no 

significant differences in any of these groups (Table 1; Figure 3). 

For the k-means cluster analysis, the optimal number of clusters was determined to be two 

(Figure A2). Respondents were clustered by their responses (Figure 4), and their average ratings for 

each criterion were plotted (Figure 4b). Cluster 1 included almost exclusively USFS employees 

(compare to Figure 3d), while Cluster 2 included individuals with no other clear demographic 

similarities. Respondents in Cluster 1 tended to score higher for criteria related to infrastructure and 

social importance (e.g., buildings, cultural resources) than respondents in Cluster 2. The MANOVA 

test revealed a significant difference in response scores between clusters (Table 1; Figure 4). 

 

Figure 2. Factor loadings for each variable. Latent variables can be approximated by identifying the 

distribution patterns of observed variables along each axis. See Table A1 for descriptions of the 

abbreviations of the variables. 

Table 1. Multivariate analysis of variance (MANOVA) test for differences on response scores between 

demographic groups. df 1 and df 2 are the degrees of freedom, Pillai is the Pillai’s trace test statistic, 

F is the F-statistic, and p is the p-value. 

Variable df 1 df 2 Pillai F p 

Ecosystem type 1 22 0.548 1.577 0.218 

Occupational category 1 22 0.388 0.824 0.614 

Refugia species of concern 2 21 0.898 1.059 0.439 

Agency 5 18 2.256 1.069 0.397 

Management type 3 20 1.609 1.503 0.115 

Cluster 1 22 0.864 8.28 <0.001 

Figure 2. Factor loadings for each variable. Latent variables can be approximated by identifying
the distribution patterns of observed variables along each axis. See Table A1 for descriptions of the
abbreviations of the variables.Fire 2019, 2, x FOR PEER REVIEW 6 of 11 

 

 

Figure 3. Plots of the respondents’ factor scores grouped by (a) ecosystem type, (b) occupational 

category, (c) refugia species of concern, (d) agency, and (e) management type. Polygons were plotted 

to encircle all points within each group. Agencies are: US Forest Service (USFS), US Bureau of Land 

Management (BLM), Washington Department of Fish and Wildlife (DFW), National Park Service 

(NPS), Oregon Department of Fish and Wildlife (ODFW), and all others (NON). Occupations are “Fire 

mgr.” (fire manager), “Land mgr.” (land manager), “Other (ag.)” (other agency positions), and “Other 

(non ag.)” (other non-agency positions). p-values are from MANOVA tests, which test for differences 

between groups by respondent’s scores. 

 

Figure 4. Respondent scores by cluster. (a) Respondents plotted along factors, grouped by cluster. (b) 

Mean and standard error of respondent importance rankings, by cluster. See Table A1 for descriptions 

of the abbreviations of the variables. p-values are from MANOVA tests, which test for differences 

between clusters by respondent’s scores. 

  

Figure 3. Plots of the respondents’ factor scores grouped by (a) ecosystem type, (b) occupational
category, (c) refugia species of concern, (d) agency, and (e) management type. Polygons were plotted
to encircle all points within each group. Agencies are: US Forest Service (USFS), US Bureau of Land
Management (BLM), Washington Department of Fish and Wildlife (DFW), National Park Service
(NPS), Oregon Department of Fish and Wildlife (ODFW), and all others (NON). Occupations are “Fire
mgr.” (fire manager), “Land mgr.” (land manager), “Other (ag.)” (other agency positions), and “Other
(non ag.)” (other non-agency positions). p-values are from MANOVA tests, which test for differences
between groups by respondent’s scores.
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Table 1. Multivariate analysis of variance (MANOVA) test for differences on response scores between
demographic groups. df 1 and df 2 are the degrees of freedom, Pillai is the Pillai’s trace test statistic, F
is the F-statistic, and p is the p-value.

Variable df 1 df 2 Pillai F p

Ecosystem type 1 22 0.548 1.577 0.218
Occupational category 1 22 0.388 0.824 0.614

Refugia species of concern 2 21 0.898 1.059 0.439
Agency 5 18 2.256 1.069 0.397

Management type 3 20 1.609 1.503 0.115
Cluster 1 22 0.864 8.28 <0.001

For the k-means cluster analysis, the optimal number of clusters was determined to be two
(Figure A2). Respondents were clustered by their responses (Figure 4), and their average ratings
for each criterion were plotted (Figure 4b). Cluster 1 included almost exclusively USFS employees
(compare to Figure 3d), while Cluster 2 included individuals with no other clear demographic
similarities. Respondents in Cluster 1 tended to score higher for criteria related to infrastructure and
social importance (e.g., buildings, cultural resources) than respondents in Cluster 2. The MANOVA
test revealed a significant difference in response scores between clusters (Table 1; Figure 4).
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Figure 4. Respondent scores by cluster. (a) Respondents plotted along factors, grouped by cluster. (b)
Mean and standard error of respondent importance rankings, by cluster. See Table A1 for descriptions
of the abbreviations of the variables. p-values are from MANOVA tests, which test for differences
between clusters by respondent’s scores.

4. Discussion

While there were only a few discernable patterns that emerged from the participants’ raw
responses, we did find two distinct clusters of respondents (Figure 4a). Respondents in Cluster 1
were predominantly USFS employees. These individuals valued human infrastructure higher than
average, and there was a range of human infrastructure values. Respondents in Cluster 2 represented
many different agencies. These individuals scored human infrastructure less than average and tended
to value habitat higher than Cluster 1. This is particularly interesting because USFS does not have
responsibility for private infrastructure on or near USFS lands, but there has been considerable scientific
and gray literature over the past few decades aligning the USFS fire suppression and management
mission specifically with protecting private infrastructure on adjacent lands [41]. This is perhaps
best encapsulated by Calkin et al. [41], who argue that the primary means of reducing home loss
in wildfire disasters is reducing fire risk on adjacent public lands. Our survey results suggest this
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mentality has carried over into more conservation-focused management strategies such as managing
for fire refugia as well, which is particularly intriguing as USFS must manage for threatened and
endangered species (e.g., spotted owl) and other non-infrastructure values as part of its multi-objective
management mandate.

Our analysis revealed that, overall, there was little consensus among the respondents in their
scoring of fire refugia importance criteria. This is in line with previous research that indicates that
values and objectives vary greatly among forest owners [42] and even within public land management
agencies [43]. This lack of consensus among land managers suggests that a single “one-size-fits-all”
approach to refugia importance ranking will likely not be effective, and aligns with prior research
advocating for place-based strategies that rely on local and/or traditional ecological knowledge to
inform fire management strategies, in this case to promote fire refugia [44]. Instead, a more targeted
approach should be used that ranks refugia at a reduced geographic scale or with a reduced scope by
evaluating fewer resources.

There are a variety of management objectives that not only differ among agencies or occupation,
but also among individuals and their local units. Rather, ranking models that are targeted to a single
species of interest (e.g., sage grouse, northern spotted owl (Strix occidentalis caurina)) or an ecosystem
function (e.g., forest recovery) may be a more suitable approach. These ranking models should reflect
several of the underlying drivers of land management objectives within the region.

The inclusion of land manager input through the survey provided a mechanism for us to conclude
that our initial approach was inadequate for capturing the real-world intricacies of land management
decision-making. It further revealed that if a truly management-driven solution to ranking fire refugia
was desired, it would require a co-produced ranking model, with land manager input at every step
of the process [45]. This would require not only the ranking of the criteria used for determining the
importance of fire refugia, but the identification of the precise objectives of the land managers and all
the criteria they consider when making management decisions for a given management unit.

There are several limitations to the data we gathered from this survey. The most notable limitation
is the small sample size. We drew from a relatively small pool of potential respondents, and several
of those that did respond provided data that were unusable. Addition of participants may change
the outcomes of the survey and would add more certainty to future conclusions. Additionally, there
was poor representation from many agencies (particularly state agencies) and regions (particularly
rangeland areas). Another limitation is the small cluster size of the two clusters. With few participants,
adding additional clusters becomes less effective. Despite these limitations, our study provides
evidence that there is little consensus in how land managers prioritize fire refugia importance criteria.

5. Conclusions

Fire refugia are crucial for preserving critical ecosystem functions in fire-impacted landscapes [14]
and offer ecological attributes not found in the surrounding landscape [46]. We initially aimed to use
a survey targeting land managers to develop a model that ranked fire refugia by their importance
throughout the entire inland northwestern US. The analysis of the survey data revealed highly variable
responses from land manager respondents, suggesting a wide range of land management objectives
and values throughout the region. This implies that a single fire refugia ranking model useful to land
managers for the entire region is not feasible. Further research is needed in developing targeted refugia
ranking models, either by specific value (e.g., spotted owl or sage grouse habitat) or from a variety of
values at a smaller spatial scale.
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Figure A2. Plot of average silhouette widths for each number of clusters. The optimal number is
two clusters.

Table A1. Factor loadings for survey response data. Items with loadings > 0.7 are in bold to highlight
the most meaningful variables that make up each factor.

Criteria Abbreviation Factor 1 Factor 2

Overall habitat value Habitat 0.794 −0.345
Overall uniqueness Unique 0.620 −0.110

Overall infrastructure Infrastr −0.060 0.778
Critical habitat Crit hab 0.827 −0.127

Invasive species Invsv 0.585 −0.139
Isolation Isol 0.804 0.061

Old growth structure Old growth 0.817 0.112
Unique/rare land cover type Lnd cvr 0.561 −0.081

Presence of buildings Bldgs −0.027 0.997
Cultural resource Cult Resc 0.609 0.113
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