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ABSTRACT: Wildland fire is a major global driver in the
exchange of aerosols between terrestrial environments and the
atmosphere. This exchange is commonly quantified using emission
factors or the mass of a pollutant emitted per mass of fuel burned.
However, emission factors for microbes aerosolized by fire have yet
to be determined. Using bacterial cell concentrations collected on
unmanned aircraft systems over forest fires in Utah, USA, we
determine bacterial emission factors (BEFs) for the first time. We
estimate that 1.39 × 1010 and 7.68 × 1011 microbes are emitted for
each Mg of biomass consumed in fires burning thinning residues
and intact forests, respectively. These emissions exceed estimates of background bacterial emissions in other studies by 3−4 orders of
magnitude. For the ∼2631 ha of similar forests in the Fishlake National Forest that burn each year on average, an estimated 1.35 ×
1017 cells or 8.1 kg of bacterial biomass were emitted. BEFs were then used to parametrize a computationally scalable particle
transport model that predicted over 99% of the emitted cells were transported beyond the 17.25 x 17.25 km model domain. BEFs
can be used to expand understanding of global wildfire microbial emissions and their potential consequences to ecosystems, the
atmosphere, and humans.
KEYWORDS: pyroaerobiology, bioaerosol, smoke, aerosol, LIDAR, wildfire, atmospheric transport model, emission

■ INTRODUCTION
Microorganisms are aerosolized and transported by winds and
wind-generating atmospheric disturbances such as hurricanes
and dust storms.1,2 Recent research has revealed that wildland
fires (i.e., wildfires and prescribed fires) are among the
mechanisms that aerosolize microbes from terrestrial sources
into the atmosphere;3−6 however, little is known about the
scale of these emissions or the distances over which they are
transported. Biomass burning is responsible for the global
emission of more than ∼2 Pg carbon each year,7 and viable
microbes are a ubiquitous component of biomass fuels burned
in wildland fires (i.e., vegetation and soils). Studies of both
low- and high-intensity burns in US forests have shown that
aerosolized concentrations of microbes in proximity to
wildland fires (i.e., within 150 m) are 1−2 orders of magnitude
higher than background concentrations.3,4 The microbial
assemblages associated with the smoke are dominated by
bacteria and fungi, with the majority of cells inferred to be
viable.3 This suggests that after aerosolization, species capable
of surviving atmospheric transport could become established
and potentially affect the environments (or hosts) in which
they are deposited or inhaled.
Nonbiological wildland fire emissions inventories and

transport have been projected using a variety of observational

(e.g., satellite-derived), experimental, and modeling ap-
proaches. Most fire emission models use emission factors
(EFs) that describe the mass of aerosol product per mass of
biomass fuel consumed.8−14 EFs have been quantified for 276
known wildland fire aerosols, including greenhouse gases,
volatile organic compounds, polycyclic aromatic hydrocarbons,
and carbon in its various forms.11 EFs are distinguished by fire
phase (e.g., smoldering vs flaming), fuel source, and measure-
ment approach11 and are broadly utilized in smoke models to
predict the emission and transport of aerosols.12,13,15 To model
the transport of microbial emissions from wildland fires, EFs
specific to the microbial content in smoke are needed. The
utility of such emission factors extends from pathogen
transport16−18 to understanding the potential ecological
impacts of microbial dispersal on biodiversity,19 ecosystem
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function,20 and atmospheric processes like cloud or ice
nucleation.4,21

A methodology for determining microbial emission factors
has not been established, but the principles upon which
existing EFs have been determined can be applied as a first
approach to enable validation testing during subsequent fires.
EFs are often calculated using the carbon mass balance
method,22 whereby the composite mass concentration of
carbon in gaseous and solid form in smoke is assumed to
represent approximately half of the mass of biomass
consumed.23 Concentrations of all other emissions in smoke
are then relativized to the concentration of the major carbon
emission components after being background-corrected. When
colocated sampling of microbe concentrations is conducted
concurrently with measurement of carbon emissions in smoke,
the carbon mass balance approach can also be applied to
microbial aerosols to estimate their emission factors.
To demonstrate this approach for microbial emission factor

development, this research focused on bacterial emission
factors (BEFs) using viable and total bacterial cell data
collected in smoke sampled over three prescribed burns and
one pile burn.3 We then scaled up these measurements to
extrapolate total and viable annual bacterial emissions from
wildland fires and compared the emission rates to global
estimates of bacterial emissions from other sources. While only
viable microbes have the potential to colonize deposition
environments, the transport of non-viable microbes is also
relevant due to the persistence of allergenic properties for their
aerosols, as well as the atmospheric implications of their
activity as ice nucleation particles.3,4,24,25 Finally, we
demonstrate the utility of applying BEFs for the prediction
of dispersal and deposition using a newly developed adaptive
Langevin dynamics26 model that is coupled with the fire
behavior-atmosphere model WRF-SFIRE.27 BEFs and their
drivers, such as bacterial source concentrations and viability,
fire behavior, and atmospheric conditions, will need to be
investigated in different regions and fuel types to fully
characterize wildland-fire-emitted microbes and the extent of
any downwind repercussions.

■ MATERIALS AND METHODS
Site Description. In June 2019, high-intensity prescribed

burns were conducted in the Fishlake National Forest, UT, to
reduce hazardous fuel accumulations and restore patches of
quaking aspen (Populus tremuloides). The burned areas were
dominated by subalpine fir (Abies lasiocarpa), Engelmann
spruce (Picea engelmannii), and quaking aspen, with a sparse
understory of grasses, shrubs, and saplings. The combined
effects of a western spruce budworm outbreak and 50 years of
fire suppression led to a high accumulation of large downed
woody fuels, which contributed to the high intensity of the
burns (Figure S1). Two burns were ignited using terra-torches
on ATVs in two isolated hills (“South Knob” and “North
Knob”, 3 and 23 ha, respectively), while helicopter ignitions
were used to ignite a 982 ha Manning Creek unit (Figure S1).
Two large slash piles from the previous season’s forest thinning
treatments were also sampled (“Pile”). Active crown fire
behavior characterized by flaming combustion with flame
heights extending above the forest canopy was observed in all
burn units during sample acquisition. Additional details can be
found in Aurell et al.28 and Kobziar et al.3 Environmental
conditions are summarized in Table S1.

Fuel Loading and Composition. In order to determine
patterns of emissions, the consumption of biomass must be
assessed.29 Trees, ground (“duff” or Oe and Oa horizons of soil
and anything buried within), and surface fuel (litter, downed
woody debris, low-stature vegetation) masses were determined
at 61 plot locations that were systematically placed within the
three operational burn units between 2017 and 2019. Postfire
fuel measurements were also collected in 2019−2021, 20 of
which were located inside the Manning Creek unit. Fuel
consumption was calculated for each fuel category using
modified standard methods30 described in the Supporting
Information.
Light Detection and Ranging-Based Fuel Consump-

tion. The field sample plots represented the range of fuel
conditions within the three burn units studied here, but only
20 plots were located in an area sampled for microbe
emissions. Therefore, the pre- and postfire field data were
pooled into a single data set that more fully represented the
range of unburned and burned forest fuel conditions.31 These
plot-level fuel estimates were then used to train an empirical
model predicting fuel loading from both pre- and postfire
airborne Light Detection and Ranging (LIDAR) data which
enabled the estimation of consumption across the full extent of
the burn units at 10 m resolution.31 Fuel loading measure-
ments were used to scale spatially explicit bacterial emissions
to each burn unit. Fuel load and consumption data were not
available for the Pile burn. Additional details can be found in
the Supporting Information.
Smoke Sampling and Quantification of Bacterial

Cells. Pilots positioned a DJI Matrice 600 Pro Unmanned
Aircraft System (UAS) above tree canopies in the smoke
plume based on real-time measurements of elevated CO2
relayed to the ground using the smoke sampling system
described in Nelson et al.32 A detailed description of the
airborne microbe sampling payload and approach can be found
in Kobziar et al.3 To assess background (ambient)
concentrations of all aerosols and gases, ambient air was
sampled using the same system the day before and the
morning of the Pile burn prior to ignition (6/17−6/18).32 Air
was sampled using the Leland Legacy compensating vacuum
pump (SKC Inc., Eighty-Four, PA) onto 1.0 μm pore size
polycarbonate filters through “button” personal aerosol
sampling devices equipped with a steel mesh cover dome
with holes sized ∼320 μm (SKC Inc., Eighty-Four, PA). The
pump was calibrated to a flow rate of 8 L min−1 at the location
where sampling took place using a Sensidyne Go-Cal Air Flow
Calibrator (Sensidyne LP, St. Petersburg, FL), and the flow
rate was split between two button samplers at the
recommended 4 L min−1 for the samplers as per the
manufacturer’s specifications to follow the ISO 7708/CEN
inhalability curve.33 Activation of the pump was delayed until
the UAS was in the smoke plume and ended before the UAS
exited the plume. Height above ground level ranged from 20 to
60 m during the Pile burns (n = 3 flights), 45 to 160 m during
the Knob burns (n = 9), and 30 to 100 m during the Manning
Creek burns (n = 3). The duration of sampling lasted 5 min
due to flight time restrictions, to maximize replicates, and in an
attempt to maintain viability of cells deposited on filters.3 The
characteristics of all bioaerosol sampling devices may impact
results; however, the button sampler was chosen for its high
collection efficiency for bacterial cells and its low sensitivity to
surrounding winds such as those created by UAS rotors.34,35
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Concurrent sampling using the same model DJI Matrice 600
Pro UAS was conducted in the same smoke plumes using the
“Kolibri” system described in detail in Aurell et al.36 and in
Supporting Information: Methods. The Kolibri system
measurements used for this study included total carbon
(elemental plus organic carbon), CO2, and CO concentrations,
from which total carbon mass in smoke as well as background
ambient air was quantified for a given air volume using the
carbon mass balance method.36 The UAS carrying the Kolibri
system was positioned within <50 m of the UAS used to collect
bacterial samples. We selected data from Kolibri measurements
that were most contemporaneous with the bacterial payload
sampling period in the same smoke plume over the same fuels
while fire behavior was similar. Flaming combustion was the
predominant phase during all measurements. All measure-
ments from the Kolibri reflect time-integrated values over 5−
15 min to characterize mean values in environmental, smoke,
and fire conditions.
Once transported to the lab on dry ice (ca. −80 °C), smoke

and ambient air filters were vortexed in phosphate-buffered
saline solution to disassociate cells from filters as described in
Moore et al.4 The solutions were then filtered in triplicate and
stained to enumerate bacterial cells and to identify both total
and viable cells based on membrane integrity as described in
Kobziar et al.3 Cell counts were background-corrected based
on cell counts derived from ambient air samples to isolate
smoke-emitted cells from those regularly occurring in the air.37

The mean number of cells in these ambient samples was 1.62
× 104 and 1.24 × 104 m−3 for total and viable cells,
respectively. Any cells found on procedural and field blanks
were also subtracted.
Bacterial Emission Factors. A modified version of the

carbon mass balance method36,38 was used to calculate
bacterial emission factors (BEFs). Background-corrected cell
measurements are equivalent to excess mixing ratios commonly
used in smoke emission factor determinations.39

= × =f
g g

BEF
cells cells

cells c
n,g

C

n,g

biomass consumed (1)

where BEFcells in mass (g) or count (n) of cells g−1 fuel
consumed is determined by fc = mass fraction of carbon in the
fuels consumed, cellsn,g = background-corrected cell concen-
tration by count (n) or mass (g) m−3, and gC = background-
corrected carbon concentration (mass C m−3) based on CO,
CO2, and total carbon content sampled from Aurell et al.36

Bacterial cell mass was taken from the literature to be
approximately 6.0 × 10−14 g assuming carbon content is
approximately 50% of total cell mass.40 The number of cells
was multiplied by the mass per cell to arrive at the cell mass in
g m−3. To determine landscape patterns of bacterial emissions,
we followed conventional methods of multiplying the BEFs by
fuel consumption values per unit area.39 The detailed fuel
consumption data provided by LIDAR and field sampling
enabled estimates of bacterial emissions for each pixel in each
burn unit to demonstrate the heterogeneity of fuel
consumption across the landscape.
Smoke Sample Fetch and Emission Rates. To estimate

the mass of fuel consumed that 1 m3 of smoke represents, we
doubled the total carbon mass measured by the EPA Kolibri
system to estimate the mass of biomass consumed on the
ground per volume of smoke sampled.36 This mass could then
be used in conjunction with the LIDAR-based average fuel

consumption values in g m−2 for each burn to derive the
equivalent ground area of fuel burned per unit volume of
smoke sampled. To estimate the bacterial emission rate,
Einstein’s equation for molecular diffusion derived from Fick’s
law was employed using a turbulent diffusion coefficient (Kz)
as described in Jacob.41 Sesartic and Dallafior42 also used this
method to estimate spore flux in nonfire conditions. The
equation is described in the Supporting Information.
Statistics. Data were analyzed using the NCSS 2021

Statistical analysis package (NCSS, LLC.; ncss.com/software/
ncss) and in the R environment. Data were tested for normality
and for equal variance among groups (fire type) and were
compared using ANOVA. If tests for normality and equal
variances were not passed, differences among groups were
tested using the Kruskal−Wallis One-Way ANOVA (“K−W”)
on ranks. If normally distributed with unequal variances,
Welch’s test of means was employed to test for differences
among data categories. Significance was determined at the p <
0.05 level.
Modeling Bacterial Transport. A highly scalable and

adaptive Lagrangian numerical framework was developed to
represent the transport and deposition of the aerosolized
bacteria emitted through the interactions between combusting
wildland fuels and the boundary layer. Model details are
provided in the Supporting Information. In brief, WRF-
SFIRE,27 a coupled fire-atmosphere fire behavior model, was
used to simulate fire progression, velocity fields, and heat flux
as inputs for the particle transport model. The simulation used
in this study was one of the operational forecasts conducted
using the WRFx43 forecasting system in support of the Fire and
Smoke Model Evaluation Experiment (FASMEE).44 For each
timestamp of the simulated fire progression, the particles were
initialized uniformly throughout the active fire areas, where the
modeled heat flux (GRNHFX variable in WRF-SFIRE) was
greater than zero. Five million particles were initialized per
timestamp of WRF-SFIRE to represent the spatial ensemble of
the trajectories in the domain. One hundred timestamps were
run resulting in a total simulation of 500 M particles released.
The number of particles was selected arbitrarily, and further
work is needed to establish the statistical significance of the
number of released particles.
To normalize modeling projections from particles to

bacterial cells, we used the fuel consumption values from
WRF-SFIRE for the Manning Creek fire and multiplied this by
the mean bacterial emission factors derived for Manning Creek
to estimate total bacterial emissions for the modeled fire area.
These values were then used to create a ratio between the total
number of particles emitted during the model simulation and
the number of bacterial cells emitted from the fuel consumed
per unit area. The ratio was used to normalize the arbitrary
number of released particles to measured bacterial cells.

■ RESULTS AND DISCUSSION
Results. Fuel Loading and Consumption. Consumption at

the 20 repeat measurement plots in the Manning Creek unit
ranged from 0 to 123.0 Mg ha−1 for downed woody debris,
from 1.1 to 4.5 Mg ha−1 for litter, from 6.4 to 81.6 Mg ha−1 for
duff, and from 17.5 to 69.4 Mg ha−1 for trees and saplings. The
largest contributions to total fuel consumed were duff, trees,
and saplings, as well as 1000 h fuels which together comprised
86.5% of the total fuel consumed (Figure S2 and Table S2).
LIDAR-based fuel consumption was predicted at each
prescribed burn unit. Total mean fuel consumption in burned
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areas was 89.93, 89.30, and 108.2 Mg ha−1 for the South Knob,
North Knob, and Manning Creek units, respectively.
Maximum consumption was 218.2 Mg ha−1 at the North
Knob, 218.4 Mg ha−1 at the South Knob, and 336.8 Mg ha−1 at
the Manning Creek unit. LIDAR-based fuel consumption
values were used for all subsequent calculations to maintain
consistent methodology among the three burn units (since
measurement plots were not installed in the Knob burns).

Bacterial Emission Factors. Total (viable plus dead cells)
BEFs (μg cells kg−1 fuel) differed significantly among some
burn types (K−W test, p = 0.02), as did viable BEFs (F(2, 7) =
29.1, p ≤ 0.0004) (Figure 1). Viable cell emission factors were

higher in the Manning Creek unit than either of the Knob
burns and total cells were lower in the Pile burn than the
North Knob and Manning Creek (Tukey−Kramer test, p <
0.05). Particulate matter concentrations or EFs did not
correlate with BEFs for either live or total bacterial emissions
across the burn types.
Across burn types, variability in BEFs was high, as shown by

standard deviations close to mean values (Table 1). Because
BEFs were also the highest in the Manning Creek burn, total
bacterial emissions followed the pattern of increasing total fuel
consumed (Figure 1 and Table 1). Fire radiative power (FRP),
as assessed from the Hazard Mapping System product, derived
from satellite data by the National Oceanic and Atmospheric
Administration (NOAA), was nearly an order of magnitude
higher in the Manning Creek unit (mean 106.4 ± 122.3 MW)
than in the Knob burns (mean 11.0 ± 3.3 MW) and previous

work showed higher PM2.5 emission factors in Manning Creek
than the Knob burns.28

Wildland fires in the same ecosystem/fuel types in the
Fishlake National Forest burn an average of 2631 ha (as
prescribed burns or wildfires) annually (USDA Forest Service
records; Richfield Ranger District, Richfield, Utah). Using
derived BEF values, this equates to an estimated mean (range)
of 1.35 × 1017 (9.74 × 1016−6.16 × 1018) total bacteria, or 8.10
(5.84−396.60) kg of bacterial biomass each year from this
specific US Forest Service jurisdiction and forest type.

Distribution of Bacterial Emissions across Units. Within
the perimeters of each prescribed burn, areas of unburned fuels
were identified, and fire-driven emissions from combustion in
unburned pixels were assumed to be zero (Figure 2). The
spatial distribution of fuel consumption differed across the
burn units, with a higher percentage of unburned pixels within
the Manning Creek unit. This is typical of larger burn units
with longer burn durations where topography and weather
fluctuations can play a significant role in patterns of fuel
consumption. Within a given burn perimeter, fire-driven cell
emissions therefore ranged across 12 orders of magnitude,
reflecting the heterogeneity of fuel consumption that is often
overlooked in high-intensity fires (Figure 2). Applying
emission factors to fuel consumption per unit area in each
burn, cell emissions were 1.52 × 109, 5.54 × 109, and 8.31 ×
109 cells m−2 for the South Knob, North Knob, and Manning
Creek units, respectively.

Emission Rates and Sample Fetch. Emission rates as a
function of the turbulent diffusion coefficient (Kz) and mean
total (live and dead) cell concentrations across each burn unit
are shown in Table S3. On average, the emission rates using a
Kz of 101 m2 s−1 were 5.92 × 104, 1.89 × 105, and 1.70 × 105
cells m−2 s−1 for the South Knob, North Knob, and Manning
Creek burns, respectively. Using a Kz of 101 m2 s−1 reflects
neutral atmospheric conditions, which are unlikely to be
characteristic across the burn units given that fire produces
convective winds that likely increase the rate of diffusion near
the combustion zone. These estimates are therefore likely to be
conservative. Using a Kz of 1 × 102 m2 s−1 is possibly a more
accurate representation. It decreases the vertical transport time
from 20 to 2 s for cells to travel 20 m, which increases the
average emission rates by an order of magnitude (Table S3).
Smoke sample fetch results are described in the Supporting
Information.

Model Simulations of Bacterial Dispersal. Simulations of
bacterial particle emission and transport during the Manning
Creek burn are shown in Figures 3, S3, and S4. The integrated
particle locations are recorded every 60 s of the total
simulation time, which is approximately 1 day and 21 h.
Figure 3a shows the depth-averaged aggregate of the particle
counts during the total simulation time. The aggregate plots

Figure 1. Bacterial emission factors (μg kg−1 ± SE) for background-
corrected total cells and viable (“live”) bacterial cells (bars), and
PM2.5 emission factors (g kg−1) mean values (circles; from Aurell et
al.28) across four different burns in the Fishlake National Forest, Utah,
USA. Letters represent statistical differences (p < 0.05) among burn
units. The viability of cells was not assessed in Pile burn samples.

Table 1. Bacterial Emission Factors (BEFs) Applied to the Total Size of the Burn Units and Fuels Consumed at the Fishlake
National Forest, Utah

burn type (n)
total BEF
(cells Mg1−)

SD
(cells Mg−1)

total fuel consumed
(Mg)

total bacterial emissions
(cells burn−1)

live bacterial emissions
(g burn−1)

total bacterial emissions
(g burn−1)

Pile (3) 1.39 × 1010 2.13 × 109

South Knob (5) 1.69 × 1011 9.64 × 1010 1.56 × 102 2.63 × 1013 1.10 × 100 1.58 × 100

North Knob
(4)

6.20 × 1011 8.63 × 1011 1.34 × 103 8.32 × 1014 2.63 × 100 4.99 × 101

Manning Creek
(3)

7.68 × 1011 2.91 × 1011 3.88 × 104 2.98 × 1016 1.26 × 103 1.79 × 103
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reveal the particles’ trajectory signature due to the high
spatiotemporal resolution of the outputs, namely, 20 m × 20 m
in space and one output per minute.
The simulated Manning Creek burn starts with a high-wind

boundary layer from the southwest toward the northeast of the
domain, and the wind speed reduces toward the end of the
simulation. The combined effect of the high-wind boundary
layer and complex terrain leads to the transport of ∼2.82 ×
1017 aerosolized cells outside of the computational domain
leaving only 0.0483% to be deposited within the simulation
boundary. This behavior is captured in Figure 3, where
aggregated trajectory signature is elongated toward the
northeast aligned with the dominant wind velocity direction.
This result is consistent with the expected behavior from the
released particle cloud with Stokes numbers less than unity.
While most of the aggregated count of particles shows

deposition close to the fire perimeter (Figure 3b), the spatial
distribution of the size of the particles shown in Figure 3c and
the standard deviation of the deposited mass and size (Figure
S4) indicate that there is no systematic bias in the modeling of
deposition patterns. The results demonstrate the dependence
of deposition on the complex reciprocating interactions of the
fire with the boundary layer and terrain, which is consistent
with previous studies.45,46 In addition, Figure 3c exhibits the
full extent of the affected area being significantly larger than
that of the burn scar. Notably, Figure 3c shows the landing

location patterns of the larger- and smaller-diameter particles.
Shortly after the fire ignition, strong winds from southwest to
northeast create an advection-driven fire regime initializing all
particles with high momentum. As a result, the smaller size
and, subsequently, lighter particles leave the computational
domain, and the heavier particles that do not leave the domain
land farther from the burn perimeter (Figures 3c and Figure
S3). The random sampling distribution of the particles’
diameter remains the same through the simulation time, and
later, when the fire regime is buoyancy-driven, the plume
causes larger updrafts and less advective motion toward the
boundaries leading to higher lofting elevations and high
standard deviation in the mass and diameter of the deposited
particles (Figure S4).
Discussion. Bacterial Emission Factors, Rates, and

Fluxes. This derivation of BEFs establishes a foundation for
comparisons with other estimates of bioaerosol emissions,
emission fluxes, and relationships between point emissions
sources and near-surface aerosolized concentrations. Direct
measures of microbial emissions are rare and methods used to
determine fluxes are inconsistent and predominantly based on
culture-dependent methods rather than direct approaches
including microscopy- or flow cytometry.47,48 Comparisons
with other bioaerosol studies are limited by (1) lack of
published data on biomass burning microbial emissions or
their relationship to fuel consumption and (2) nonfire

Figure 2. Map of estimated numbers of total bacterial cells emitted per 10 × 10 m2 pixel based on bacterial emission factors applied to fuel
consumption values in Manning Creek (top) and South Knob and North Knob (bottom) burns. Maps assume the relationship between fuel
consumption and bacterial emissions is linear. Note: orientation and scale differ between images.
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bioaerosol emission rates being estimated per unit area rather
than measured from aerosolization mechanisms of a known
source. The emissions studied here can be considered point-

source emissions since they are corrected for background
concentrations. To our knowledge, there exist no similar direct
cell quantifications of point sources of bioaerosol emissions
normalized to the mass of the source (vegetation, soil, or other
source material).
An indirect model-based approach to BEF quantification

resulted in estimates within an order of magnitude when
compared to that in this study. Moore et al.4 used a common
smoke modeling system, FOFEM,15 to estimate fuel
consumption and associated particulate matter produced for
a 1 m2 area burned in upland pine prescribed burns in Florida,
USA. They then extrapolated the concentration of cells based
on measured relationships between PM10 and cell concen-
trations in smoke (cells m−3). Estimated cells per unit area
burned divided by modeled fuel consumption values in g m−2

from Moore et al.4 would result in an estimated bacterial
emission factor of 6.26 × 106 cells g−1 fuel consumed,
compared to this study’s derived estimate for subalpine forests
averaging 5.19 × 105 cells g−1. Differences of this magnitude
are not uncommon in emission factors studies and can be
related to differences in bacterial loading in the source
materials, combustion phase, and fire behavior, as well as
different approaches to sampling, analysis, and interpretation of
emissions.11,36,49 The fact that Moore et al.4 did not account
for background cell concentrations, which would have reduced
the BEFs ∼5-fold, may help explain the difference in BEFs
between the studies, in addition to higher intensity fire
presumably destroying some of the cells in this study.
The limited published studies47,48 where bacterial emission

fluxes have been reported were compiled from culturable
bacteria or gene copy counts from qPCR, and therefore, are
not directly comparable to the cell counts obtained by
microscopy in this study. Ambient air emission rates for
bacterial cell counts have, however, been simulated using the
EMAC model using arbitrary emission rates normalized to
empirically derived cell concentrations in air compiled from
other studies.50 Results from those simulations estimate that
bacterial emission rates from global ecosystems range from 140
to 380 cells m−2 s−1 with annual emissions accumulating to 1.4
× 1024 cells from all terrestrial and aquatic ecosystems
combined.50 The estimated total bacterial cell emission rates
from this study’s wildland fires based on measured
consumption levels of source materials (with mean fluxes
ranging from 5.9 × 104 to 1.7 × 106 cells m−2 s−1, Table S3)
exceed these emission rates by 2−4 orders of magnitude. If the
BEFs derived in this study are extrapolated to global annual
wildland fire area burned,7 our estimates would equate to
between 6.31 × 1021 and 3.45 × 1022 cells emitted annually
during fire events from burned terrestrial sources similar to the
forests and fires considered here. The representativeness of
these estimates is limited by the lack of any prior published
data on bacterial emission rates from other types and
conditions of wildland fires, and therefore should be
interpreted with caution since actual rates are likely to vary
considerably among different fires burning different fuels.
Bacterial emission rates reported here reflect the combined

influence of three key processes. First, vegetation and other
fuels (e.g., the O horizons of soils) are physically broken down
during combustion, exposing microbes previously not suscep-
tible to passive or active aerosolization mechanisms to a
turbulent environment. These include endophytic organisms
and those within organic soil horizons such as the Oa/Oe
layers (“duff”), which comprised nearly a quarter of the total

Figure 3. Aggregate spatial distribution of the emitted bacterial
particles through the entire simulation time (a). Each pixel in (a)
represents a 20 m × 20 m cell within the extent of the computational
domain. Modeled number of deposited cells per unit area (b) and the
average diameter of deposited cells (c) deposited by the smoke plume
of the Manning Creek fire (perimeter is black line polygon) is shown
in each 250 × 250 m2 computational cell in the modeling domain area
of 17.25 × 17.25 km2. Figure S4 shows the standard deviation for
deposition particle diameters, and Figures S5 and S6 show plume
attachment to terrain for a single example timestamp.
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fuel load consumed in the Manning Creek burn (Table S2).
Second, microbes are driven into the smoke plume attached to
products of incomplete combustion, such as fire-derived
particulate matter, which would not be emitted without fire.
Third, strong convective winds in and around the combustion
zone can aerosolize microbes from both intact source surfaces
(including soils) and those that have been newly exposed.
Together, these processes increase both the susceptibility of
source microbes to aerosolization mechanisms and the degree
of aerosolization during wildland fires well above background
levels.
Bacterial cell emission factors differed significantly among

fire types (Figure 1) because the fires burned differently, as
documented by the variability in their fuel consumption
(Figure 2). Spatial variability in fuel consumption can be
explained by factors such as heterogeneous fuel distribution
and composition, topography, ignition techniques, burn period
weather, and time of day. This spatiotemporal variability is also
reflected in the estimated bacterial emissions by utilizing BEFs,
as shown in Figure 2. The combined results of spatially explicit
fuel consumption estimates and the variability in BEFs across
the samples (Table 1) reveal the complexity of bacterial
emissions during both small and large wildland fires. Further
studies are required to determine whether the values derived
here are representative of other fuel types and fire conditions.

Modeling Smoke Bacterial Dispersal and Transport. The
particle transport modeling domain used in this study covers
an area centered on the burn of 17.25 x 17.25 km and predicts
that less than 0.05% of the bacteria aerosolized would have
been deposited within that zone. The fate of the aerosolized
microbes beyond the domain is unknown; however, modeling
projects from other authors for non-ice nucleating, non-CCN
aerosolized bacteria above forests suggest that the duration of
suspension can last from weeks up to 166 days.50 The degree
to which observed microbes and aggregates of microbes remain
clumped, coagulate, or separate as a plume ages remains a
significant unknown and has important consequences to the
prediction of deposition and longer-distance dispersal. The
strong influence of the boundary layer winds on aerosolized
particles suggests that increasing the size of the computational
domain and the total simulation time would be needed to fully
characterize the fate of the transported bacteria.
The presented modeling framework integrating a coupled

fire-atmosphere model with the new high-fidelity particle
transport model creates a novel capability to support
hypothesis testing and can accommodate a range of BEFs
aligned with predicted or observed fire behavior. For example,
it can provide forecasts of the expected dispersion of key
microbes of interest (e.g., pathogens) from a prescribed burn
or a wildfire. Additionally, the presented high-resolution
coupled system could be integrated into large-scale global
climate models to inform the effects of brown carbon25 on
atmospheric processes.4,51 The model coupling demonstrated
here serves as a foundation to enable numerical studies focused
on the impacts of fire-related microbe emission and dispersion
on microphysics, the radiative budget, and global climate.

Comparisons with North American and Global Mass of
Bacterial Emissions. Using estimates for annual wildland fire
biomass consumption from van Wees et al.7 and the overall
range of BEFs derived here, we estimate annual bacterial
emissions for North America to range between 1.48 × 10−01

Mg and 8.26 × 100 Mg, or global equivalents of 4.57 × 101 to
2.55 × 103 Mg. Andreae and Merlet52 also estimated the

annual vegetative biomass consumed in wildland fires globally
across major ecosystem types. The forests studied here fall into
the “extratropical forest” category, for which Andreae and
Merlet49 estimate the mass consumed annually at 6.4 × 108 Mg
resulting in estimated annual bacterial emissions from similar
forests ranging between 1.31 × 100 and 7.30 × 101 Mg.
To compare the values derived here with non-fire estimates

for annual background aerosolization of bacterial mass,
considerations must include the proportion of the earth’s
surface represented and the fact that existing nonfire estimates
represent the sum of constant bioaerosol emissions rather than
episodic emission events such as wildland fire. Using values
from van Wees et al.7 for the portion of Earth’s total area
burned annually (7.84 × 10−3), we can normalize estimates
from other studies to an equivalent area of daily emissions to
compare fire and nonfire mechanisms directly. For example, if
the Burrows et al.50 estimated global 1.10 × 10−1 to 4.931 −-
4.93 Gg day−1 of emitted bacteria are normalized to the area
burned in wildland fire,7 mean bacterial emissions from fire
based on the BEFs dervied here would exceed daily
background emissions by 5.90 × 102 to 6.28 × 102 Mg .
Although these results do not factor in the likely high degree of
variability of BEFs across different ecosystems and burning
conditions, the estimates suggest that the contribution of
wildland fire to bacterial emissions from terrestrial sources is
likely significant. The fire mechanism for bacterial emission has
likely been acting for over 400 M years or as long as fires have
consumed organic biomass across landscapes.

■ LIMITATIONS AND OPPORTUNITIES
These BEFs are representative of the atmospheric conditions,
fuels and bacterial source content, and fire behavior particular
to the fires in this study, and do not include the potentially
significant contributions to overall mass/concentrations of
other biological emissions found in smoke5,51 (e.g., fungi,
pollen, archaea, microfauna, viruses). Emission factors in
general vary depending on fire behavior, combustion phases,
and the composition of fuels and their environments.11

Although the fires in this study ranged higher in fire intensity
than many prescribed burns,51 the size and weather conditions
characterizing these burns do not compare to large wildfires
(e.g., > 10,000 ha) burning under extreme weather conditions.
Smoke from extreme wildfires can travel beyond the
tropopause and distribute suspended emissions across
continents.53 Sampling directly from sources and at multiple
distances from combustion zones on large wildfires would yield
informative results for comparison with the fire conditions
represented in this study and for modeling their longer-
distance transport.
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