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Modeling the systemic risks
of COVID-19 on the wildland
firefighting workforce
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Wildfire management in the US relies on a complex nationwide network of shared resources that are
allocated based on regional need. While this network bolsters firefighting capacity, it may also provide
pathways for transmission of infectious diseases between fire sites. In this manuscript, we review a
first attempt at building an epidemiological model adapted to the interconnected fire system, with the
aims of supporting prevention and mitigation efforts along with understanding potential impacts to
workforce capacity. Specifically, we developed an agent-based model of COVID-19 built on historical
wildland fire assignments using detailed dispatch data from 2016-2018, which form a network of
firefighters dispersed spatially and temporally across the US. We used this model to simulate SARS-
CoV-2 transmission under several intervention scenarios including vaccination and social distancing.
We found vaccination and social distancing are effective at reducing transmission at fire incidents.
Under a scenario assuming High Compliance with recommended mitigations (including vaccination),
infection rates, number of outbreaks, and worker days missed are effectively negligible, suggesting
the recommended interventions could successfully mitigate the risk of cascading infections between
fires. Under a contrasting Low Compliance scenario, it is possible for cascading outbreaks to emerge
leading to relatively high numbers of worker days missed. As the model was built in 2021 before the
emergence of the Delta and Omicron variants, the modeled viral parameters and isolation/quarantine
policies may have less relevance to 2022, but nevertheless underscore the importance of following
basic prevention and mitigation guidance. This work could set the foundation for future modeling
efforts focused on mitigating spread of infectious disease at wildland fire incidents to manage both
the health of fire personnel and system capacity.

The management of wildland fires in the US relies on a complex network of shared resources that are allocated
based on regional need. While this network bolsters firefighting capacity, it may also provide pathways for trans-
mission of infectious diseases both within personnel at the incident and between fire incidents. According to
the National Wildfire Coordinating Group, wildland fire management activities create an “ideal environment”
for infectious disease transmission due to high-density living and working conditions, lack of access to and use
of soap and sanitizers, and a transient workforce, as well as other environmental and occupational factors such
as exposure to smoke and fatigue from physically demanding work. The emergence of COVID-19 highlighted
the importance of prevention and mitigation of infectious diseases in the wildland fire environment. In this
manuscript, we review a first attempt at building an epidemiological model adapted to the interconnected fire
system, with the aims of supporting prevention and mitigation efforts along with understanding potential impacts
to workforce capacity.

The wildland firefighting system in the United States (US) saw unprecedented challenges in 2020 and 2021
as the COVID-19 pandemic added additional complexity to a severe fire season'. Concerns about COVID-19
outbreaks at individual fires>* spurred the development of COVID-19 prevention and mitigation procedures
including how fire camps were operated and how firefighters interacted with each other*. The implications of a
COVID-19 outbreak on a single fire have been modeled?, but potential system-wide impacts have not yet been
explored®. Here we explore potential health and workforce capacity impacts by modeling the movement of
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Figure 1. Historical assignment/reassignment data for a single fire in Montana. The map of incoming
assignments shows the range of origins for personnel assigned to a fire that started on July 15, 2017. The
outbound reassignments shown include all incidents to which personnel went, given nine or fewer days between
demobilization at the first fire and mobilization at the second fire.

wildfire suppression resources across the country over an entire fire season and the corresponding potential for
disease spread and cascading outbreaks across wildfire incidents.

There were critical uncertainties surrounding the impacts of COVID-19 on the wildland fire system prior
to the 2021 fire season. While it was expected that COVID-19 vaccination would mitigate transmission of
COVID-19, there was substantial uncertainty surrounding the level of personnel that might be vaccinated® as
well as potential for breakthrough infections from more transmissible variants, therefore, particularly early in the
season, COVID-19 impacts to the wildland firefighting workforce were of high concern’. These concerns remain
relevant even now and there are compelling reasons to explore these potential impacts; degradation of workforce
capacity and operational readiness were acutely felt at times during the 2020 and 2021 fire year. For example,
the Cameron Peak fire in 2020 saw 76 SARS-CoV-2 (the virus that causes COVID-19) infections and more than
250 personnel isolated over the course of the incident, which saw days with over 1000 personnel assigned to
the fire®. Furthermore, there was evidence of outbreaks of COVID-19 on wildland fires in 2021°-'2. In addition,
COVID-19 was officially documented as the leading cause of death for wildland firefighter deaths in 2021'%. The
modeling effort described herein was performed prior to the 2021 fire season to explore potential impacts of
COVID-19 on workforce capacity across a range of scenarios. The results are intended to be used to gain insight
into how SARS-CoV-2 could spread in the wildland firefighting community, and how effective vaccination and
social distancing may be at protecting workforce health and preventing workforce capacity degradation; as such
this paper is not attempting to forecast outbreaks in any future fire season.

Wildland firefighters, particularly those working on large fires, are a highly transient workforce. Regions with
low or moderate fire activity allow some of their firefighters to be reassigned to other regions that need additional
firefighting capacity'®. For example, firefighters from the Southwestern region are often used to support fires
in the Northern Rockies because the peak fire seasons differ across the regions. Figure 1 depicts the incoming
assignments originating all over the country and outbound reassignments to a particular fire in Montana. These
cross-boundary assignments provide flexibility in wildfire response capacity as single incidents can require
thousands of personnel, however they also pose a potential threat in the context of infectious disease spread.
Reassignments from one fire to another often happen within a few days, thus, an outbreak of disease at one fire
has the potential to spread to other fires. These cascading effects can accelerate SARS-CoV-2 spread across the
national wildland firefighting workforce as the fire season progresses. In addition to the health risks associated
with SARS-CoV-2 outbreaks, multiple fires with outbreaks could lead to resource deficits, with a sizable portion
of firefighters out sick or quarantined®. Because the firefighting workforce is finite and, at the height of the fire
season, some requests for firefighters go unfilled', losing a portion of the workforce to sickness and quarantine
is a significant concern. Therefore, there is a need for model-based assessment of COVID-19 risk at the national,
seasonal scale.

Agent-based models (ABMs) have been adapted to model the spread of SARS-CoV-2 for a variety of settings.
ABM s have been used to describe SARS-CoV-2 spread within cities'®!” and at the national level'®!® primarily to
describe disease dynamics and examine the potential impact of various intervention strategies®’. They have also
been used to identify locations at high risk of driving infection outbreaks, and to simulate SARS-CoV-2 spread
between locations*'. An ABM is the ideal tool to examine infection spread within the wildland fire response
community as it allows for explicit modeling of interactions between individuals and can track the movement
of individuals between fire locations.

We developed an epidemiological ABM to simulate the transmission of SARS-CoV-2 across the wildfire
response system based on historical assignment data to study the potential impacts of the pandemic on wildfire
response capacity throughout the season. We used the model to simulate several mitigation measures imple-
mented in 2020 and 2021 including a module (i.e., pods) policy, social distancing, and vaccination. Figure 2
describes the mechanics of the model and the interaction between firefighters assigned to an incident. Crew
modules consist of crew personnel who have high levels of contact within their module but are largely isolated
from other modules. To simulate this, in our model each crew has a set of personnel who are designated leaders
that interact with management personnel and other module leaders. If any individual in a module is diagnosed
with COVID-19, then the entire module quarantines®, as all module members are assumed to be in high levels of
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Figure 2. (a) The possible viral states which individuals may travel through in simulations. The arrows

indicate possible paths that individuals may take through the viral states. An individual may move directly

from susceptible to recovered only if vaccinated. (b) Interactions between personnel on a single fire. Crew
module members (individuals of the same color) interact only with other members of the same module, with
the exception of module leaders, who interact both with their module members and with other module leaders.
Management personnel cannot effectively form modules and thus interact with all other management personnel
as well as a proportion who interact with the crew module leaders.
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contact with each other. Management personnel are unable to act as a self-contained module because they need
to interact with many management and crew personnel to coordinate wildfire operations’. Management person-
nel isolate when diagnosed with COVID-19, but there is no quarantine of others associated with the diagnosis
in our model. SARS-CoV-2 can spread within a fire as described in Fig. 2 and between fires as those firefighters
are reassigned to other fires across the country throughout the season (Fig. 1). Firefighters may also contract
the disease while off-duty based on the rate of community transmission. We provide more details on the model
in the Methods section and the supplementary materials. The granularity of the model allows us to investigate
the burden of COVID-19 as well as its impact on workforce capacity on multiple scales from individual fires to
the system as a whole. While the occurrence of SARS-CoV-2 cases acquired on large wildland fires is not well
tracked, there is some data on cases discovered on large wildland fires in 2021. We use this data to assess general
model performance.

Results

We developed scenarios to address two key uncertainties in the interplay between the fire season and the COVID-
19 pandemic: vaccination and social distancing behaviors of wildland fire personnel and the spatio-temporal
variation of fire occurrence. These scenarios were tailored to the pre-2021 fire season conditions. We addressed
the uncertainty in vaccination rate and compliance to social distancing behaviors among wildland fire person-
nel by creating three distinct behavioral scenarios: a low behavior compliance scenario, a baseline scenario, and
a high behavior compliance scenario. The “Low Compliance” scenario assumes less compliance with infection
control measures (i.e., low effort to maintain social distancing and lower percentages of individuals correctly
diagnosing their symptoms) and fewer vaccinated individuals. The “High Compliance” scenario assumes more
compliance with social distancing, more frequent diagnosis of symptoms, and more vaccinated individuals. The
“Baseline” scenario assumes a moderate level of social distancing compliance, symptom identification, and vac-
cination. An overview of parameters used for each scenario can be found in the Methods section. We addressed
the variation in fire occurrence patterns by using fire assignments from three distinct fire seasons: 2016, 2017,
and 2018. These years cover a range of spatial and temporal demand for wildland fire suppression resources.

We simulated the model 100 times in each scenario (Baseline, High Compliance, Low Compliance) for each
fire season to illustrate the uncertainty due to stochastic transmission and yearly variation in firefighter assign-
ments. We focused our analyses of the results on four outcomes relevant to the wildfire management community:
(1) the number of cumulative infections over the season, (2) outbreaks of COVID-19 on individual fires, (3)
reassignments of infectious personnel between fires, and (4) workforce absenteeism due to quarantine. Here,
we report median values of the 100 simulations along with the interquartile range (IQR; indicates the central
50% of the distribution).

Figure 3 illustrates the number of cumulative infections contracted both on and off of active duty across
the three scenarios over the duration of the season using 2017 fire assignment data. There were 43,360 person-
nel assigned to at least one large fire in 2017. Figure 3 shows that the number of infections acquired off-fire is
substantially more than those acquired on-fire. Using only the Baseline results across all three years, our results
suggest that approximately 95% of infections are acquired while firefighters are off duty in these scenarios. Many
of these infections acquired off duty may be asymptomatic and pose a risk to other firefighters once the infected
individual is deployed to an incident. The Low Compliance median percentage of personnel acquiring SARS-
CoV-2 off-fire is about 9.4%. Figure 3 also shows that transmission on fires closely follows wildfire activity over
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Figure 3. Daily cumulative infections by compliance scenario on and off fire (a) and annual cumulative
infections by personnel type (b). In (a), each line is associated with a single scenario run while the bolded lines
show a smoothed number of cumulative infections incurred. The total cumulative infections across the 2017
season by scenario and personnel role are shown in (b), with cases attributed to assignment status at time of
exposure.

the course of the season. In the Low Compliance scenario, cumulative infections on fire rise rapidly during the
summer (days 150-250) and plateau once fire activity decreases. In Fig. 3 we can observe that the High Compli-
ance scenario effectively reduces transmission relative to the Baseline and, similarly, the Baseline scenario reduces
transmission relative to the Low Compliance scenario. Specifically, the median number of cumulative infections
for the Baseline scenario for 2017 is 1915 [IQR: 1892-1944] while the median of the High and Low Compliance
scenarios are 634.5 [IQR: 618.8-654.2] and 4512 [IQR: 4461-4566], respectively.

The number of contacts and the intensity of those contacts is not homogeneous across personnel. This is
reflected in our model structure and parameters (see the Materials section and supplementary materials for
details). We therefore examined the number of on-fire infections that occurred specifically within management
personnel and crew personnel modules (Fig. 3b).We find that in the Low Compliance scenario, there is a rela-
tively high ratio of management to crew infections for cases incurred on a fire as compared to those incurred
off fire (a median of 279.5 (IQR: 251.8-308.8) and 169.5 (IQR: 155.8-182.2) infections incurred on fire and a
median of 121 (IQR: 112-128) and 4205 (IQR: 4161-4234) infections incurred off fire by management and
crew, respectively). As compliance with mitigation measures increases, the ratio of management to crew on-fire
cases goes down. This likely reflects the contact structure for management personnel (they are exposed to more
people each day) and the isolation procedures (only the symptomatic person isolates if they are management as
opposed to the entire module for crew personnel). The higher caseloads incurred on fire by management per-
sonnel has significant implications. First, management personnel tend to be older than crew personnel, which
means they are also at higher risk of severe symptoms. Second, key management positions require high levels of
qualifications, so higher caseloads in management personnel may burden the wildland firefighting system more
than caseloads in crew personnel.

The spatio-temporal variation in fire activity between seasons did not substantially affect simulated cases of
SARS-CoV-2 incurred on fire across the Baseline scenario. The median number of cumulative infections for
runs using the assignments from the years 2016, 2017, and 2018 under the Baseline scenario assumptions was
79.5 [IQR: 72-88], 94 [IQR: 81-102], and 94 [IQR: 82.75-108.25] respectively. We do observe a slightly higher
level of cumulative simulated infections overall using 2017 and 2018 assignments than those from 2016; this is
because the total number of personnel assigned to a large fire was higher in the 2017 and 2018 scenarios, leading
to a larger pool of personnel that can be infected off fire. The median number of cumulative infections using 2016
assignments was 1498 [IQR: 1471-1521], using 2017 assignments was 1915 [IQR: 1892-1944], and using 2018
assignments was 1808 [IQR: 1782-1849]. Further exploration of the differences between scenarios can be found
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Figure 4. (a) Percentage of runs for which each fire had an outbreak by scenario and maximum number of
personnel assigned to the fire on a single day. Two fires are singled out: the points associated with a “many
outbreaks” fire are circled in blue and the points associated with a “fewer outbreaks” fire have a pink square
around them. (b) The number of personnel over time for the “many outbreaks fire” and the “fewer outbreaks
fire” that are indicated in (a).

in the supplementary materials. Because there was little variation in disease spread patterns by assignment-year
in on-fire infections, we focus the rest of our results on scenarios based upon the 2017 fire assignments.

While the number of individual cases are an important systemic outcome, outbreaks of COVID-19 on a
wildfire incident can add substantial burden on the management team. Therefore, for each run we counted the
number of cases of SARS-CoV-2 on each fire. If a fire incurred at least two cases from different crew modules,
two management personnel with cases, or a combination of crew and management personnel with cases, we
counted that fire as having an outbreak for that run. Figure 4a shows the percentage of runs for which each
incident had an outbreak by the maximum number of personnel assigned to the fire on a single day. We find
that the incidents most likely to see outbreaks are the incidents with the highest number of maximum person-
nel assigned. Compliance with interventions has a greater impact the larger the number of personnel on the
fire. While the maximum number of personnel on the fire has a strong relationship with the percentage of runs
in which each fire experiences outbreaks, duration of the fire also plays an important role. We single out two
fires in Fig. 4a: the points associated with one fire are circled in blue (the “many-outbreaks fire”) and the points
associated with the second fire have pink squares around them (the “fewer-outbreaks fire”). When we examine
the number of personnel on the fire over time (Fig. 4b), we see that the many-outbreaks fire lasted much longer
than the fewer-outbreaks fire.

To explore the risk of personnel transmitting disease from one fire to another, we examined the number of
infectious assignments and reassignments. These metrics provide a way to quantify the difference in risk from
personnel contracting the virus off fire and bringing it to their assignment versus the risk from personnel bring-
ing the virus from one fire to another. We find that the number of infectious assignments from personnel who
contracted SARS-CoV-2 off fire is higher than the number of infectious reassignments from personnel who
went from one fire to another while in an exposed or infectious state (Fig. 5a). Management personnel have a
relatively high risk of being reassigned while infectious relative to the number of infectious assignments they
have, particularly in the Low Compliance scenario (121 [IQR: 112-128] and 161 [IQR: 154.8-173] infectious
assignments and 28 [IQR: 17-47] and 33 [IQR: 26.75-41.25] infectious reassignments for management and crew,
respectively, in the Low Compliance scenario).

A comparison of two specific runs illustrates the effectiveness of mitigation measures in reducing infectious
reassignments. A map of the worst case scenario for reassignments (i.e., the highest number of infectious reas-
signments observed) in the Low Compliance scenario is shown in Fig. 5b, while a map of the worst case scenario
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Figure 5. (a) The number of infectious assignments and reassignments by scenario and personnel type for the
2017 fire assignment data. (b) A map of the infectious reassignments that occurred during the Low Compliance
run using 2017 data that had the highest number of infectious reassignments (i.e., the worst case scenario
observed). (c) A map of the infectious reassignments that occurred during the High Compliance run using 2017
data that had the highest number of infectious reassignments. All large fires included in the analysis are mapped
as points, with the point size corresponding to the maximum number of personnel assigned to the fire on a
single day. Lines connecting fires indicate infectious reassignments.
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Figure 6. The distribution of worker days missed by scenario. The red denotes all workdays missed by
vaccinated and unvaccinated firefighters while the blue denotes workdays missed by only unvaccinated
firefighters. The Only Unvaccinated indication captures guidance current at the time. Brackets indicate the
interquartile range and plus signs indicate the median value for each distribution.

for infectious reassignments in the High Compliance scenario is shown in Fig. 5c. In the Low Compliance worst
case scenario, we can observe disease being transferred between fires across space and time, while in the High
Compliance worst case scenario we see many fewer infectious reassignments.

In addition to the health of firefighting personnel, agency administrators are concerned with workforce
capacity and the ability to accomplish firefighting objectives. When a firefighter self-identifies as infected, that
individual’s module is quarantined to reduce transmission. However, vaccinated individuals were not required
to quarantine after exposure under guidance current at the time®. Figure 6 compares the number of firefighter
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days missed by scenario, showing the number of days that individuals that would be required to quarantine given
no vaccination (that is, all individuals quarantine regardless of vaccination state) and the number of days that
individuals that are actually required to quarantine (i.e., vaccinated individuals are excluded). In the Baseline
scenario, SARS-CoV-2 exposure and quarantine leads to 1007 [IQR 842-1198] firefighter days missed, which
represents less than 1% of total assigned days (1918 [IQR 1718-2354] if vaccinated individuals are required to
quarantine). As a point of comparison, the Cameron Peak Fire alone could have accounted for more than 2,000
worker days missed®. The median number of worker days missed for the Baseline scenario is slightly lower than
the median of the Low Compliance scenario (1346 [IQR: 1081-1572]). The High Compliance scenario yields
the fewest worker days missed (240.5 [IQR: 187.8-310.8]), but the distribution shows that higher impacts on
workforce capacity are possible, highlighting the uncertainty faced by fire managers throughout the pandemic.
We summarize worker days missed in each of the mitigation scenarios across years 2016-2018 and find no
qualitative difference in the result between years (see the supplementary materials).

There is no existing comprehensive database of confirmed cases of SARS-CoV-2 across the interagency
wildland fire community; this hampers validation of model results against empirical observations. Nevertheless,
we can offer some coarse estimates as a point of comparison. Here we turn to data from the Incident COVID-
19 Tracking System®>?*, which was developed by the Wildland Fire Medical and Public Health Advisory Team
(MPHAT) as a tool to standardize collection and reporting of incident-related COVID-19 information to provide
insight into how COVID-19 was affecting operations, worker health and safety, and allow for leadership to make
informed management and operational decisions. The tool was not intended to capture information from all
fires but rather those incidents meeting large fire criteria where COVID-19 activities such as testing and isola-
tion were ongoing. Compliance with reporting was spotty due to a variety of issues including competing time
demands and operational priorities. Thus, underreporting was of unknown magnitude. For these reasons we
use observed positive cases as a lower bound on cases.

Daily reports from the Incident COVID-19 Tracking System show a total of 234 “new personnel confirmed
with COVID-19” during the 2021 fire season. This lower bound on number of cases is most closely in line with
the modeled number of cases acquired on fire in the low compliance scenario estimated for 2017 (445 [IQR
416-480]) while well above the baseline and high compliance scenarios (11 [IQR 8-14] and 94 [IQR 81-102],
respectively). Fire activity in 2021 was comparable to fire activity in 2017. While the total number of wildfires
and acres burned was lower in 2021 than 2017 (58,985 total wildfires burned 7,125,643 acres in 2021 while 71,499
total wildfires burned 10,026,086 acres in 2017), the number of days that Type 1 and Type 2 Incident Management
Teams were assigned to fires was very similar (2820 days assigned in 2021 and 2702 days assigned in 2017)*%.

Discussion

Our results suggest that vaccination and disease spread mitigations reduce the total number of SARS-CoV-2
infections in the wildland fire community, as well as reducing the number of infectious assignments and infec-
tious reassignments to wildland fires. In addition, vaccination and disease spread mitigations lower the prob-
ability of outbreaks on individual fires and reduce workforce absenteeism. In our results we observe many more
infections incurred off-fire than while firefighters are on assignment and similarly, more infectious assignments
than reassignments. We do observe differential risk levels for crew personnel and management personnel. Below
we discuss the implications of these results on the wildland firefighting system, as well as discussing some of the
mechanisms that may be driving these results.

The national wildland firefighting system relies on scalable mobilization of individuals and groups of individu-
als from around the nation, and these individuals may serve in different roles and capacities depending on their
qualifications and the needs of the incident. The population structure at a fire incident and its evolution over time
as resources are mobilized/demobilized creates complex networks of interaction such that every incident carries
different degrees of transmission risk. Fire personnel can be mobilized from all around the country, including
reassignments from other incidents, such that there are systemic interdependencies in risk of transmission and
potential for cascading outbreaks. In summary, the structure and function of the wildland firefighting system
pose a unique set of risks from COVID-19, requiring a tailored approach to characterizing those risks.

Our primary focus here was analyzing potential COVID-19 impacts to workforce health and capacity, a topic
of growing importance as increasing fire activity is expected to further strain the response capabilities of the
system®. There are three primary workforce-related factors to consider. First, not captured in our analysis but
worth mentioning, management of COVID-19 creates additional workload burden including screening/testing,
isolating/quarantining, and interfacing with entities such as local public health agencies and hospitals—and this
burden increases with the number of infections and outbreaks. Second, worker absenteeism due to isolation/
quarantine requires greater coordination and prioritization of scarce resources both within and across incidents,
and in some cases results in unfilled resource requests and understaffed incidents'. Depending on the degree
of scarcity and substitutability of the affected resources?, this could result in inability to implement preferred
strategies and tactics (e.g., lack of crews) or incident management organizations operating outside of their typical
span of control (e.g., lack of key management personnel). Third, and perhaps most important to the workforce,
missed days can translate into loss of assignments and loss of pay. For some of the firefighting workforce, the
bulk of their annual salary comes from their time on assignment when their pay rate is increased due to overtime
hours and hazard pay. In some cases, due to minimum personnel requirements for certain assignments, entire
crews could be deemed unqualified if only some members of their team are in isolation or quarantine. Vaccina-
tion in such cases would insure against crew members having to quarantine due to exposure and would make
more crews generally more available for assignments.

This point naturally leads to a primary finding of this analysis, that high vaccination rates in combination
with the policy that vaccinated individuals do not need to quarantine after exposure results in significantly fewer
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worker days missed compared to other scenarios. The best case (High Compliance scenario with the quaran-
tine policy implemented in early 2021) results in on average more than five times fewer missed worker days
than the worst case (Low Compliance scenario without quarantine policy). Hence the importance of capturing
uncertainty around vaccination uptake in any risk assessment and more broadly the importance of vaccination
in maintaining system capacity.

Further, model results suggest that vaccination and disease spread mitigations reduce both infections and
workforce absenteeism in the wildland fire community. There are two primary mechanisms at play: 1) vaccination
and spread mitigation efforts keep infections low, leading to fewer isolations and 2) vaccinations allow exposed
personnel to avoid quarantine. The contact structure of our ABM accounted for organizational structure and
social distancing mitigations, and the ABM also captured heterogeneity in quarantine requirements according
to individual agent and module status. The contact structure also led to the finding that infection risks may be
higher for personnel that cannot effectively social distance or limit their contacts.

ABM results also show that most infections incurred by wildland firefighting personnel are likely to be from
off fire sources rather than being incurred while on assignment. This implies that vaccination and mitigation
techniques may prevent large outbreaks that cascade across the fire system, even in most Low Compliance sce-
narios. In other words, although the normal functioning of the system creates a systemic risk through reliance
on a highly transient workforce with complex and dynamic exposure patterns, vaccination and social distancing
on-fire can disrupt cascading outbreaks and effectively mitigate those systemic risks.

This model is not intended to be predictive, but we hope it can be used to gain insight into how SARS-CoV-2
can could spread in the wildland firefighting community, and how effective vaccination and social distancing
may be at protecting workforce health and preventing workforce capacity degradation. Continuing to encourage
personnel to mitigate the spread of SARS-CoV-2 through upcoming fire seasons is still important, even as vac-
cination rates rise. In addition, any policy measures that raise vaccination rates may be an effective way to limit
lost worker days both by mitigating disease spread and by preventing exposed individuals from having to isolate.

This study is limited, as with any modeling study, by parameter values which reflect a specific time and set of
questions. As the pandemic evolves, new variants emerge, and infection containment policies adapt, this model
can be easily modified to examine risk in wildland fire settings while accounting for these changes. In addition
to the ABM being useful for examining the spread of SARS-CoV-2 within and across fire incidents, it can also be
used to simulate the spread of other respiratory diseases. It is documented that spread of “camp crud” (a generic
term for any respiratory disease that spreads between personnel on wildland fire assignments) occurs on an
annual basis. The results from this research have implications for the spread of a variety of infectious diseases,
and the impact of the COVID-19 mitigation measures used herein may decrease disease and absenteeism from
a variety of respiratory pathogens including influenza and RSV#-%,

In summary, results suggest that human behavior can be a major driver of disease transmission and sup-
port the value of prevention and mitigation policies in the wildland fire environment. Importantly, cascading
outbreaks can be interrupted and severe workforce degradation can be avoided. However, results also point to
the circumscribed scope of prevention and mitigation at the level of wildfire response operations, given the
majority of infections occurred off fire. This suggests a need to communicate and underscore the importance
of behaviors outside of the fire environment to avoid introducing disease risks into that highly communicable
incident environment.

Methods

In this section we describe our agent-based model in detail, describe the development of scenarios, and define
the metrics we use to evaluate the effects of fire seasons and the spread of SARS-CoV-2 on the wildland fire
workforce.

Agent-based simulation model.  Assignments to fires and spread of infection between personnel at those
fires is simulated using an epidemiological ABM, with the viral states and transmission probabilities tailored
to reflect SARS-CoV-2 spread through a wildland fire incident. In this model, each firefighter is modeled as
an individual agent. Each individual is assigned a viral state each day. There are five viral states to which an
individual may be assigned: susceptible, exposed, infectious-symptomatic, infectious-asymptomatic, and recov-
ered. Susceptible individuals are assumed to have no immunity to the virus gained by previous SARS-CoV-2
exposure. Exposed individuals are those that have been exposed to the virus at a high enough viral load that
they will become infectious. Infectious individuals are classified as symptomatic or asymptomatic. Symptomatic
individuals have (or will eventually) develop COVID-19 symptoms and are able to spread the virus to others.
Asymptomatic individuals are infectious but never show symptoms; these individuals are capable of spread-
ing SARS-CoV-2 to others, but due to a lower viral load have a lower rate of transmission than those who are
symptomatic®'. Recovered individuals are those who have recovered from infection and are no longer able to
spread SARS-CoV-2 to others.

The model simulates transmission of SARS-CoV-2 between firefighters (the agents in the model) through
contact with other firefighters for each ongoing wildland fire; on-fire exposure occurs when susceptible indi-
viduals come into contact with an infectious individual. Transmission between fires occurs when exposed or
infectious individuals leave one fire and are subsequently reassigned to another fire within the infectious period.
When individuals are not on a fire, their probability of becoming infected is driven by prevalence-dependent
geographic area specific parameters. While an individual will not spread infection to any other firefighters dur-
ing the period they are off assignment, they can catch SARS-CoV-2 off-fire. They may then arrive at their next
assignment exposed or infectious, at which point they may become a source of infection for that fire. Once an
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individual is exposed the model simulates the infected individual’s progression through the viral states. See left
panel in Fig. 2 for an illustration of the possible paths individuals may take through viral states.

In addition to tracking the daily viral state of each individual, the model also tracks each individual’s vac-
cination state. Our model has two vaccination states: vaccinated and unvaccinated. At the beginning of each
simulation run a pre-specified number of firefighters is designated as vaccinated (dependent on the scenario).
Over the course of the simulation an additional pre-specified number of individuals are vaccinated; personnel
in isolation cannot become vaccinated, but individuals can get vaccinated while in any viral state. To model vac-
cine efficacy, a pre-specified proportion of susceptible individuals move from their current viral state directly to
recovered, reflecting that those individuals cannot become infected or spread infection to others. The vaccinated
individuals who do not move into the recovered class are still considered susceptible and are able to acquire and
spread SARS-CoV-2.

Prior to 2020 the assumption of homogenous mixing among wildland fire personnel was appropriate, as
personnel typically ate and slept in a confined area (typically called “fire camp”) as well as interacting at the loca-
tion of planning and logistical activities (typically called “incident command post”). The fire camp and incident
command post have provided conditions where other infectious diseases have spread with ease>*. However, in
response to the COVID-19 pandemic, several mitigation measures were developed to minimize contact between
wildland fire personnel at large fire incidents. One of these measures was referred to as “module-as-one”. This
is a specific form of social distancing, by which crews seek to minimize all contact outside of their own crew.
This practice is expected to continue through the 2021 fire season. To simulate module-as-one behavior, we
grouped personnel associated with a specific crew or piece of ground equipment into a single module. Because
management personnel are not able to be part of a module due to their duties requiring them to interact with a
higher number of people, though at lower contact intensities, we treated them differently than crew personnel.
These management personnel are the fire managers, planners and logistics personnel who spend most of their
time at the incident management post. Thus, all personnel assigned to a management role are considered to be
a single module in our model, and that module has different spread parameters associated with it. This logic
for organizing personnel results in many 4-20 person modules on each fire in addition to a single management
module which reflects the actual module structure on wildland fire incidents in 2020. In our simulation, one set of
individuals is designated as the module leaders, and those are the only individuals that have contacts with others
outside of their module (see right panel in Fig. 2 for an example). Specifically, the leaders of each module contact
only the leaders of the other modules. We assume four leaders per module for all crew modules. The manage-
ment module has substantially more leaders than other modules because management personnel are regularly
interacting with module leaders. Leadership status is randomly assigned to the individuals within a module each
time a module mobilizes to an incident and stays constant for the duration of the assignment. Generally, modules
move throughout the fire season intact, with few changes to personnel within the module. However, individuals
on modules can change. Any individuals mobilized to a fire who are not assigned to an engine or crew module
are classified as management; this is consistent with actual fire ordering practice. Contact between module
members is substantially higher than contact between leaders, as module members are assumed to eat, sleep,
and socialize together. Therefore, we provide a parameter to increase transmission between module members.

To facilitate our analyses of workforce impacts, we model and track which individuals are in isolation or
quarantine each day. When a symptomatic individual recognizes that they have been infected, they isolate them-
selves from all other firefighters. The diagnosis of symptoms is not assumed to be immediate upon entry to the
infectious state: our model includes a parameter to specify the average amount of time it takes for personnel to
recognize their symptoms and a parameter to specify the average percentage of individuals who ever correctly
diagnose their symptoms. For those individuals who do enter isolation, we base our isolation procedures on CDC
guidelines™: once an individual is identified as infectious they isolate for 10 days or until 24 h after symptoms
are gone (i.e., one day after they move to the recovered state), whichever is longer. To reflect current practice,
if an individual on a module isolates, all other individuals in their module must quarantine, regardless of viral
state. Our model assumes full isolation during quarantine (i.e., isolated individuals do not transmit disease to
any other individuals). The exception to this is the management modules; for those modules only the diagnosed
individual is isolated. While in reality asymptomatic individuals could be isolated in response to a positive test,
we did not include testing of non-symptomatic individuals in our simulations as that is not expected to be routine
for firefighting personnel on all assignments. The model does isolate vaccinated persons, to allow us to account
for the effect of vaccination on numbers of isolated personnel.

Because this quarantine policy is fairly strict, spread of SARS-CoV-2 from one fire to another can only occur
under a very specific set of circumstances. First, the infected individual must be reassigned during their infec-
tious window and must subsequently expose another individual at their new assignment prior to any isolation
or quarantine. For symptomatic individuals, this is less likely to occur than for asymptomatic individuals, as a
percentage of symptomatic individuals are assumed to recognize their symptoms and move into isolation. This
percentage of symptomatic individuals who move into isolation is dependent on the level of mitigation compli-
ance. For asymptomatic individuals, this fire to fire spread is more likely to occur as the only reason they would
move into quarantine is if another module member is symptomatic and has recognized their symptoms. For
viruses with a short period of time of symptomless infectiousness, few asymptomatic cases, and easily diagnosable
symptoms, this isolation and quarantine policy would make reassignments that spread disease quite unlikely.
However, COVID-19 has been associated with infectiousness prior to symptom onset®, a substantial proportion
of asymptomatic cases*, and symptoms that may be attributable to the smoky conditions and physical exertion
that firefighters regularly encounter®, thus, even with a strict isolation and quarantine policy SARS-CoV-2 may
spread from one fire to another.

Our simulations use personnel assignment data from three historical fire seasons (2016-2018) to represent
a range of possible outcomes for the coming fire season. Each individual simulation covers a single year and
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provides a possible disease spread outcome for that fire season. On the first day of the season (the day of the
first assignment in our data) the probability of each individual being in an initial viral state is driven by a set of
predetermined parameters (see the supplementary materials for specifics). The model then steps through each
day in the fire season, checking daily on each individual’s assignment, module, and role and simulating and
tracking individuals’ daily viral, vaccination, and isolation/quarantine status. Individuals’ contacts with others in
their module and leaders’ contact with each other is modeled on each incident; an average number of infection-
spreading contacts is calculated for each module and the group of leaders. This average number of infectious
contacts that lead to a new infection is used as the mean of a Poisson distribution that is used to randomly assign
to each individual on that module the number of successful infectious contacts they had that day. Any individual
assigned one or more infection-producing close contacts with an infectious individual becomes exposed. Indi-
viduals who are off fire may contact SARS-CoV-2 with a probability dependent upon local transmission. Exposed
and infectious individuals’ states are re-evaluated daily, and individuals move from exposed to symptomatic or
asymptomatic and from symptomatic or asymptomatic to recovered based upon the daily probability of chang-
ing viral states (see supplementary material for specifics). In addition to daily re-evaluation of infectious states,
individuals are also assessed for isolation. Symptomatic individuals are assigned to be in isolation based upon a
random draw. Individuals within the same module as an isolated individual are then quarantined. Individuals
move out of isolation and vaccination occurs based upon the isolation and vaccination methods described above.
A detailed description of the ABM algorithm, the distributions used for draws and the associated parameters
can be found in the supplementary materials. We simulate the model 100 times in each scenario (Baseline, High
Compliance, Low Compliance) for each fire season to illustrate the uncertainty due to stochastic transmission.
The simulation model and supporting functions were developed using R* are available as an R package™.

Scenario development. The scenarios presented in this paper were developed prior to the summer of
2021, during the period when vaccines were becoming available, prior to boosters and prior to the emergence
of viral variants with reproductive capacity differing greatly from initial estimates. Therefore, we developed
scenarios to address two key uncertainties present prior to the 2021 fire season in the interplay between fire
activity and the COVID-19 pandemic: the spatio-temporal variation of fire occurrence and uncertainty around
vaccination and social distancing behaviors of wildland fire personnel. We address the variation in fire occur-
rence patterns by using fire assignments from three distinct fire seasons: 2016, 2017, and 2018. These years cover
a range of spatial and temporal demand for wildland fire suppression resources. We address the uncertainty
around vaccination and social distancing using a set of three behavioral scenarios.

To build our fire assignment dataset, we identified the set of large wildland fires (i.e., fires assigned a Type 1,
Type 2, Type 3, National, or Area Command incident management team or incident commander) that burned
in the US in 2016, 2017, and 2018 using data archived in the Resource Ordering and Status System (see >'*!>%
for previous peer reviewed studies using this data). Using these data we can track individuals uniquely across the
fire season, identifying their daily assignments to large fires, the role they play on those fires, and the geographic
area within which they are working. The 2016 fire season was a fairly average season, with slightly fewer fires
and slightly fewer acres burned than the ten-year average, though the number of structures burned was slightly
over the yearly average (calculated since 1999; NICC 2016). The 2017 fire season was a more severe fire season
than 2016, with the number of acres burned well above the ten-year average as well as setting the record for
most structures burned (1999-2017; NICC 2017). The 2018 fire season was also an above average fire season,
with the number of acres burned well above the ten-year average and again setting a record for the number of
structures burned (1999-2018; NICC 2018). Our assignment data matches these trends; the data include 190,
233, and 234 large fires in 2016, 2017 and 2018, respectively, with 37,299, 43,360, and 40,593 personnel assigned
to at least one of these fires in 2016, 2017, and 2018, respectively. Further exploration of the fire assignment data
can be found in the supplementary materials.

We address the uncertainty in vaccination of wildland fire personnel and compliance to social distancing
behaviors by creating the three distinct behavioral scenarios that are described in the Results section (Baseline,
Low Compliance, and High Compliance). The calibration of the parameters representing the reproductive capac-
ity of the virus are presented in detail in the supplementary materials.

We aimed to have a median reproductive number for SARS-CoV-2 of 1.8, 1.34 and 0.8 people infected by a
single infectious person for the Low Compliance, Baseline and High Compliance scenarios, respectively. These
reproductive numbers assume an R, of 2.4%, with the low compliance, baseline, and high compliance scenarios
representing, respectively, a 25%, 44% and 67% reduction in transmission compared to uncontrolled trans-
mission. The baseline probability that a firefighter will be infected while off assignment was grounded in the
number of observed COVID-19 cases on February 20, 2021 (69,723 reported new cases*, adjusted to account
for asymptomatic cases and underreporting resulted in an estimate of 42 new cases per 100,000 people per day).
The estimate for the low compliance scenario doubled the baseline probability and the estimate for the high
compliance scenario halved the baseline probability; this range of estimates mapped to incidences that were
observed during 2021. Because of the uncertainty in this estimate, we provide an additional sensitivity analysis
in the supplementary materials. The number of initial infectious personnel was also based upon the number of
observed cases on February 20, 2021%, again adjusted for asymptomatic individuals and underreporting; this
parameter did not vary across scenarios. The number of initial recovered individuals was grounded in the esti-
mates of total cases within the US through January 15, 2021 as estimated by the US Centers For Disease Control
and Prevention (83.1 million total cases, which is 25% of the US population)*.

All scenarios used the same average incubation period (five days), average length of time from symptom
onset to recovery (eight days) and vaccination efficacy (95%). Parameters distinguishing differences between
contacts occurring within and between crew and management modules were developed in consultation with
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personnel with incident management experience, as the social dynamics of incidents are not well studied. All
scenarios assumed a reproduction multiplier of four, indicating transmission between module members (both
crew and management) is four times higher than transmission between leaders. See the supplementary materials
for sensitivity analyses of this parameter. All scenarios also assumed four leaders per crew and 50% of manage-
ment personnel were designated as leaders.

Our baseline vaccination scenario for both crew and overhead personnel assumed that 50% of the firefighting
workforce would be vaccinated by the beginning of the season; this was based upon the number of fully vacci-
nated individuals in the general US population in spring 2021. We held this parameter constant across scenarios
except for the high compliance scenario, in which we assumed 70% of the overhead personnel would be vac-
cinated prior to the season. Because vaccination efforts were expected to continue into the summer vaccination
rates mainly varied in their progression: the low compliance scenario assumed that no additional personnel would
be vaccinated prior to July 1, the baseline scenario assumed 25% of overhead personnel would get vaccinated
prior to July 1 and the high compliance scenario assumed an additional 40% of overhead personnel and 25% of
crew personnel would get vaccinated prior to July 1.

Given that the symptoms of COVID-19 are similar to the impacts of spending substantial time exposed to
smoke, there was uncertainty in estimating the probability that a symptomatic agent who is not quarantined
recognizes symptoms and moves to quarantine. The low compliance scenario assumed that each day 30% of
infectious individuals would recognize their symptoms and quarantine, the baseline scenario assumed 50% and
the high compliance scenario assumed 70%. We provide additional sensitivity analyses on this parameter in the
supplemental materials.

Workforce impact evaluation metrics. Cumulative infections were counted daily for each simulation
run. Infections are attributed by assignment status (i.e., off fire or on fire) and personnel role (crew or manage-
ment) to allow for in-depth exploration of infection patterns. Infections can also be attributed to specific fires; for
each run we counted the number of cases of SARS-CoV-2 on each fire. If a fire saw at least two cases from differ-
ent crew modules, two management personnel with cases, or a combination of crew and management personnel
with cases, we counted that fire as having an outbreak for that run. Cases did not have to be incurred on the fire,
but the infected personnel had to be assigned to the fire, infectious, and not quarantined for at least one day.

The systematic risks of disease transmission to and across fires is assessed by counting the number of infec-
tious assignments attributed to personnel who caught the disease off-fire as well as the number of infectious
reassignments from personnel who leave one fire infectious and are subsequently reassigned to another fire
while still infectious. Because infections can be attributed to personnel role, we can examine differential risks
that occur across roles in addition to comparing risks of infection source.

When a symptomatic member of a firefighter module is diagnosed with COVID-19, all unvaccinated person-
nel within that module must quarantine, which implies few cases of COVID-19 may result in a substantial loss
of workforce capacity. Therefore, a key metric we report is the number of cumulative days that firefighters were
assigned to fires but were in isolation and thus limited in their ability to work; we refer to this as “worker days
missed.” Only those who are unvaccinated would be asked to isolate, but we also track the number of individuals
who would have been asked to isolate if they were not vaccinated to show the effect vaccination may have on
workforce capacity. Therefore, we report two sets of worker days missed: 1) all isolated individuals (including
those who are vaccinated) and 2) only isolated individuals who are not vaccinated. Because we track individuals
in our model, a single day of isolation for a crew of 20 people results in 20 worker days missed.

Conclusions

The model presented in this paper provides a framework for examining the variability in outcomes possible
across a wide range of plausible COVID-19 scenarios. The results presented specifically show that the mitigation
efforts that were in place at the beginning of the 2021 fire season can help limit the risk of transmission within
a fire and across fires over the season. High behavioral compliance (i.e., high uptake of vaccines and adherence
to spread mitigations) result in substantially fewer infections and lost worker days. These results reinforce the
importance of continuing spread mitigations into future fire seasons and emphasize the value of vaccination
within the workforce.

The results from this research have implications for the spread of a variety of infectious diseases, and the
impact of the COVID-19 mitigation measures used herein may decrease disease and absenteeism from a variety
of respiratory pathogens. There could also be similarities with other dynamic populations such as emergency
response or disaster relief where the ABM could prove useful. In addition, this ABM might also be repurposed
for a variety of other applications in fire, ranging from optimal coordination and routing of aircraft to individual
crew member movement and engagement in containment activities.

Data availability

The datasets of annual wildland firefighting assignments that were generated for this study are available from the
corresponding author upon reasonable request; we chose not to make these publicly available due to the potential
for the identification of individuals based upon their assignment history. The simulation model and supporting
functions are available as an R package’®.
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