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ABSTRACT

Composition of pyrolysis gases for wildland fuels is often determined using ground samples heated
in non-oxidising environments. Results are applied to wildland fires where fuels change spatially and
temporally, resulting in variable fire behaviour with variable heating. Though historically used,
applicability of traditional pyrolysis results to the wildland fire setting is unknown. Pyrolytic and
flaming combustion gases measured in wind tunnel fires and prescribed burns were compared using
compositional data techniques. CO, was dominant in both. Other dominant gases included CO, H,
and CH,. Relative amounts of CO, CO, and CH,4 were similar between fire phases (pyrolysis,
flaming combustion); relatively more H, was observed in pyrolysis samples. All gas log-ratios with
CO, in pyrolysis samples were larger than in flaming combustion samples. Presence of live plants
significantly affected gas composition. A logistic regression model correctly classified 76% of the
wind tunnel samples as pyrolysis or flaming combustion based on gas composition. The model
predicted 60% of the field samples originated from pyrolysis. Fire location (wind tunnel, field) and
fire phase affected gas composition. The compositional approach enabled analysis and modelling of
gas compositions, producing results consistent with the basic characteristics of the data.

Keywords: compositional data analysis, flaming combustion, gas composition, GC/FID, logistic

model, Pinus palustris, prescribed burning, pyrolysis.

Introduction

Wildland fire involves three main chemical processes - solid fuel pyrolysis, combustion of
gaseous pyrolysis products and char combustion. In operational fire models in the United
States, pyrolysis has not been explicitly included; however, fuel types containing live
fuels that produce more volatiles than dead wood have higher heat content values to
compensate for this omission (Rothermel and Philpot 1973; Hough and Albini 1978; van
Wilgen 1984). As computational resources have increased, the treatment of pyrolysis and
chemical reactions of combustion has been described mathematically and included in
physics-based fire models (Grishin 1997; Zhou and Pereira 2000; Morvan and Dupuy
2004; Zhou et al. 2005; Mell et al. 2009; Clark et al. 2010; El Houssami et al. 2016;
Morvan et al. 2018) including a recent coupling of the Gpyro and Fire Dynamics
Simulator (FDS) models (Lautenberger and Fernandez-Pello 2009; Lautenberger 2014;
Yashwanth et al. 2015, 2016).

Extensive literature exists about pyrolysis of biomass and its components (e.g. Broido
and Kilzer 1963; Shafizadeh 1982; Antal 1985a, 1985b; Buessing and Goldfarb 2012; Kan
et al. 2016; Wang et al. 2017; Pecha and Garcia-Perez 2020), particularly as related to
potential energy sources. Studies of biomass from forests have tended to focus on wood
and wood waste. For energy production, biomass is typically modified physically or
chemically, so the applicability of the results to the wildland setting is uncertain with the
possible exception of fuels produced by mechanical chipping and grinding to reduce
fire risk (Kane et al. 2009; Knapp et al. 2011; Kreye and Kobziar 2015; Lyon et al. 2018).
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The primary constituents of biomass (cellulose, hemi-
cellulose and lignin) have been subject to intensive study
individually (e.g. Collard and Blin 2014). Biomass pyrolysis
can be classified based on heating rate and solid residence
time (Kan et al. 2016; Pecha and Garcia-Perez 2020): slow
(very low heating rate <1°Cs™', 300-700°C, residence times
of hours to days), fast (high heating rate >10-200°C s,
residence time of 0.5-10 s) and flash (heating rate
10%-10*C s~ !, residence time <0.5 s).

Since the 1960s, thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) have been used to
identify the components and kinetic properties for wildland
fuels and their components (cellulose, hemicellulose and lig-
nin) using both non-oxidising and oxidising atmospheres (e.g.
Broido 1968; Shafizadeh et al. 1971; Duvvuri et al. 1975;
Susott 1982; Statheropoulos et al. 1997; Dimitrakopoulos
2001; Liodakis et al. 2002; Font et al. 2009; Tihay and
Gillard 2011; Costa et al. 2016; Amini et al. 2019a).
TGA, DSC and other methods typically use fuel samples
that have been ground to a fine powder and heated slowly,
thus removing the effects of wildland fuel particle shape and
high heating rate on the resulting product composition. These
slow-heating methods have been applied to a wide range of
wildland fuels (Susott 1982; Grishin 1997; Dimitrakopoulos
2001; Cancellieri et al. 2005; Font et al. 2009; Tihay and
Gillard 2011; Korobeinichev et al. 2013; Wadhwani et al.
2017). In studies where fast and flash pyrolysis have been
used to characterise pyrolysis products, fuel samples, forest
residues and organic soils have also been typically ground or
modified in some manner (Bracewell 1971; Jarvis 1995;
Statheropoulos et al. 1997). Less common are pyrolysis
experiments using intact wildland fuels that included the
above-ground components of trees, shrubs and grasses as
well as peats and organic soils (Roy et al. 1983; Chetehouna
et al. 2009, 2012, 2013; Bartoli et al. 2011; Hadden et al.
2013; Safdari et al. 2018, 2019, 2020). Reported air heating
rates near foliar fuels in wildland fire range from 30 to
5000°C s~' (Martin and Davis 1961; Rothermel 1972;
Butler et al. 2004, 2016; Tachajapong et al. 2008). While
a fuel particle will not necessarily heat at the same rate as
the adjacent air owing to its thermal properties (Huggett
1984) and the nature of the heat transfer method (Cohen
2015; Finney et al. 2015), the rate of temperature rise in
wildland fuel particles is more akin to fast pyrolysis rates.
Higher heating rates and high temperatures are also typical
of pyrolysis in wood-based structures (Moghtaderi 2006).

Prior pyrolysis work has argued the need to conduct
experimental work under well-controlled conditions owing
to the complexity of thermal behaviour chemically and phys-
ically as opposed to conducting this work during actual fires
under field conditions with limited control of conditions
(Dimitrakopoulos 2001). However, we find no quantitative

comparison of results from well-controlled experiments with
results from actual fires to support this approach. To test this
assumption, measurements of pyrolysis are needed for actual
fires under field conditions with limited control. A project to
compare results from well-controlled bench-scale experi-
ments with less-controlled larger-scale (wind tunnel, field)
experiments is nearing completion (Weise et al. 2018).
Bench-scale results from slow (TGA-like) and fast (flat-
flame burner) heating rates are available (Safdari et al
2018, 2019, 2020; Amini et al. 2019a, 2019b, 2021; Weise
et al. 2021). Results of pyrolysis measurements of the larger-
scale fires using Fourier-transform infrared (FTIR) spectros-
copy are available (Scharko et al. 2019a, 2019b; Phillips et al.
2020; Banach et al. 2021). The present paper compares gases
collected in canisters quantified by gas-chromatography/
flame ionisation detector (GC/FID) analysis between the
two larger-scale experiments.

Methods

Gas samples collected from experimental fires in simplified
fuel beds occurred in a low-speed wind tunnel at the Forest
Service research laboratory in Riverside, California, USA and
small field-scale prescribed burns (0.1 ha) at Fort Jackson in
South Carolina, USA and the Tall Timbers Research Station
Pebble Hill Plantation in Georgia, USA comprise the gas data
presented here. The Forest Service wind tunnel includes
environmental control and a 2m test section (Bartolome
et al. 2019) where fuel beds can be burned.

Fire and fuel description

Wind tunnel

Eighty-eight fuel beds 2.4m long and approximately
0.8 m wide composed of longleaf pine (Pinus palustris Mill.)
needles and various combinations of fetterbush (Lyonia lucida
(Lam.) K. Koch), sparkleberry (Vaccinium arboreum L.), blue-
berry (V. darrowii Camp) and inkberry (Ilex glabra (L.) A.
Gray) plants (Appendix Table A1) were burned under O and
1m s~' wind conditions between November 2017 and
November 2018. Fuel beds were constructed by uniformly
distributing 1000 g (wet weight) of needles over the entire
fuel bed in sections based on a well-established procedure
(Anderson and Rothermel 1965; Schuette 1965; Rothermel
and Anderson 1966) and then placing the plants in predeter-
mined locations (Fig. 1). Composition and characteristics of
the fuel bed components are available (Safdari et al. 2018;
Matt et al. 2020). Fuel moisture content (ASTM International
2016) of foliage and longleaf pine needles was determined
using a Computrac® MAX 2000XL' and a convection oven,
respectively (Haase et al. 2016). Immediately prior to

'The use of trade or firm names in this publication is for reader information and does not imply endorsement by the US Department of Agriculture of

any product or service.

410



www.publish.csiro.au/wf

International Journal of Wildland Fire

ignition, ambient temperature and relative humidity were
measured using a Kestrel 3000 pocket weather meter. Air
temperature, relative humidity and dewpoint in the wind
tunnel at the upwind end of the test section were measured
every 5min by a Vertiv'™ Geist™ Watchdog 15 environmen-
tal monitor. Fuel beds were ignited with a line fire that spread
the length of the fuel bed. Each fire achieved quasi-steady
state rate of spread within 0.3 m of the upwind edge of the
fuel bed. Rate of spread was determined by dividing the fuel
bed length by the time required for the fire to spread the
entire length. Vertical total and radiant heat fluxes into the
fuel bed were measured using two identical Medtherm 64
series Schmidt-Boelter type sensors located upwind and
downwind of a plant placed on an electronic scale to measure
mass loss (Fig. 1b). Horizontal convective flux to the plant
foliage was estimated (Aminfar et al. 2020) as direct measure-
ment was not possible. Fuel temperatures during the preheat-
ing process and prior to ignition were measured using FLIR
Systems T640 (wind tunnel) and A655 (field) long-wave ther-
mal infrared imagers. For the wind tunnel (T640), a point
sample of the uncorrected radiant temperature of a leaf near
the FTIR gas sampling probe (Banach et al. 2021) was
extracted from the same pixel in each image. Maximum heat-
ing rate was estimated as the maximum positive slope of the
temperature-time plot; maximum fuel temperature was deter-
mined from these data. An ocular estimate of flame height
was made using wind tunnel height (1 m) as a reference.

Field fires

Five 0.1 ha experimental plots located at Fort Jackson
near Columbia, SC, in longleaf pine-slash pine forests (P.
elliottii Engelm.) were burned in May 2018. Two plots were
burned on the Pebble Hill Plantation of the Tall Timbers
Research Station near Tallahassee, FL, in April 2018. Fall-
line Xeric Longleaf Woodland and Southern Subxeric
Longleaf Woodland describe the coarse differences between
vegetation at Fort Jackson and Pebble Hill Plantation,
respectively (Peet and Allard 1993; Ostertag and Robertson
2007). The dominant understorey shrub in the Fort Jackson
plots was sparkleberry. Eight paired clip plots 1 X 1 m in
area were systematically arranged in four of the 0.1 ha burn
units to measure shrubs, grass, fine downed woody debris
(<7.62 cm diameter), litter and duff. Soil organic matter at
Fort Jackson had a large component of incorporated sand so
duff mass loading was estimated using a depth-mass rela-
tionship developed from the nearby Sumter National Forest
for loblolly pine (P. taeda L.) stands (Ottmar and Andreu
2007). Fuel data were collected less than 1week prior to
each burn and within 2days after each burn to minimise
changes in fuels. Fuel moisture sampling occurred immedi-
ately prior to and during ignition. The fuel moisture samples
were stored in air-tight sample containers and processed in a
convection oven (ASTM International 2016). Geometric
means and standard deviations were calculated for loading
and fuel moisture data for each 0.1 ha burn unit.

Fire behaviour was variable in the field burns owing to
variably spaced strip head fires to keep fire intensity low
enough for personnel to approach the flames safely
(Waldrop and Goodrick 2012). Based on occasional ocular
estimates, flame lengths were quite variable, ranging from
0.3 to 2m and were affected by the distribution of sparkle-
berry, which increased flame length within each burn unit.
With little to no wind, visually estimated rate of spread was
0.01-0.02m s~ !, similar to other field measurements
(Johansen 1987; Robertson and Ostertag 2007) and consist-
ent with the wind tunnel experiments (Appendix Table A1).
Further description of the plots and experimental burns is
available (Scharko et al. 2019a; Hudak et al. 2020).

Pyrolysis gas sampling

Separate, clean, evacuated SUMMA® polished 0.85 L canisters
were used to collect and store sampled gases for each wind
tunnel and field fire. Final pressure in each -canister
was approximately 25 psia (pounds per square inch abso-
lute, 172kPa). These canisters are viable collection and
storage media up to 32weeks for the observed gases
(Evans et al. 1998) and are used routinely for fire gas
sampling (e.g. Austin et al. 2001; Wang et al. 2014; Strand
et al. 2016).

Wind tunnel fires

Sampling pyrolysis gases in an open-air environment is a
challenge as pyrolysis is a transient process. The present
study collected composite samples, eliminating the temporal
component. The sampling approach yielded ‘fire-averaged’
samples, which is a standard approach for smoke sampling
(Ward and Radke 1993; Wooster 2003; Simpson et al. 2011;
Garofalo et al. 2019). An array of eight stainless-steel tubes
connected to a pump/manifold collection system with a
100mL s~ ! sample flow rate arose from the base of the
wind tunnel through the fuel bed (Fig. 1). A 5pum stainless
steel filter removed particles upstream of the pump.
Separate switches controlled each sample tube. Given the
short distance between the sample tube inlet and the canis-
ter (<3 m) and the high flow rate, the sample line was not
heated. At sample tube ‘F’, flaming emissions (smoke) were
collected in a canister for 30 s before the flame reached the
sample tube. While pyrolysis gases may have been entrained
into the plume and included in the flaming sample, the
preponderance of gases resulted from flaming combustion
because the plume extended downstream of the visible
flame (Aminfar et al. 2020). The flaming canister was then
replaced by a new canister. A verbal command to initiate
and end sampling at the ‘P’ sample tubes based on fire
progression resulted in a short sampling interval at each
tube prior to flame front arrival. The plume was well
above the tube inlet so minimal amounts of flaming com-
bustion gases were collected. Each pyrolysis canister was
filled with multiple small aliquots from the seven ‘P’ sample
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tubes. Contamination of ‘P’ samples by residual smouldering
gases was non-existent. Between each fire, ambient air was
pumped through the sampling system for 30 min to purge
any residual gases. Sampling gases from replicated experi-
ments with controlled fuel bed composition, quasi-steady
state repeatable heating conditions (flame) and sequentially
collected gas samples from several points along the length of
the fuel bed as the flame advanced limited the variability of
the gas composition from the seven pyrolysis samples. The
canister content is assumed to be representative of the sam-
ple points. The gases sampled were light hydrocarbons up to
C; and a few aromatics that were stable in the sampling line
and canisters. Condensable compounds (‘tars’) could con-
dense in the canister but did not affect the gas analysis;
these compounds were removed from the canisters by the
cleaning process performed at the Forest Service Missoula
Fire Sciences Lab between the three sets of experimental
fires. For 65 of the 88 wind tunnel fires, a paired sample of
a flaming canister and a pyrolysis canister was collected.
Of the remaining 23 fires, there were 21 and 2 canisters
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Schmidt-Boelter-type sensor

Fig. 1. (a) Wind tunnel canister gas-sampling system used
to sample pyrolysis and flaming combustion gases from long-
leaf pine needle fuel beds through stainless steel tubes. ‘F’
and ‘P’ denote the approximate locations of the flaming
combustion and pyrolysis sample tubes, respectively. Live
plant location is also approximate. Not drawn to scale.
(b) Pine needle fuel bed before (left), and after (middle)
burning with sample tubes identified. Sample tubes in burning
fuel bed (right). Pyrolysis sample collected before flame
arrived. Overhead view of fuel bed shows additional sensors
used in experiments.

containing only pyrolysis or flaming gases, respectively.
These canisters were processed offline as described below.

Field fires

To safely sample gases during the prescribed burns, we
used a gas sampling probe built from 2.5 m of 6-mm stainless-
steel tubing connected to the sampling package with flexible
stainless tubing. A swing Piston KNF Neuberger Pump, 12-V
gel cell rechargeable battery and stainless-steel tubing
coupled to a pressure relief valve and gauge comprised the
sampling package. The flow rate to fill the SUMMA® canisters
was 250 mL s~ '. A remotely triggered sampling system such
as FASS (Susott et al. 1991; Ward et al. 1992) was not
practical for this study as expert judgement was needed to
locate the sample probe to increase the probability of collect-
ing pyrolysis gases. The sampling strategy was to identify
plants with sufficient foliage along the edge of the burn
unit where they could be safely sampled. At the base of the
advancing flame, the probe collected short-interval sample
aliquots when it was likely that pyrolysis was occurring.
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Owing to this uncertainty, the field samples were not initially
labelled as flaming or pyrolysis samples; subsequent statisti-
cal analysis classified these samples.

Gas chromatography

All canisters were analysed using Environmental Protection
Agency (EPA) method TO-14A (EPA 1999) for CO,, CO, CHy,
and C, to C; hydrocarbon gases with an Agilent model 7890
gas chromatograph configured with two columns running
simultaneously. A 3.175mm diameter, 2m Carbosphere
packed column with a nickel catalyst methaniser was used
for analysis of CO, and CO using flame ionisation detectors
(FIDs). The second column, a 0.53mm diameter X 50 m
length Agilent Al/S column, separated hydrocarbons and
methane. Both columns went to FID detectors and were run
simultaneously. Chromatogram data were collected and pro-
cessed by Agilent OpenLab software. A multipoint set of three
standards bracketing the sample concentrations were ana-
lysed with each set of samples to construct a standard curve
for each compound. Based on the integrated peak areas,
sample concentrations were calculated from the standard
curves. National Institute of Standards and Technology
(NIST) standard reference material (SRM) gas standards for
CO, CO,, CH,4 and propane were run each day to validate the
standard curve (Montgomery and Crivellone 2021). Duplicate
GC runs of canisters were performed for each sixth
sample. For measurement of H, concentration, a Trace
Analytical RGA3 reduction gas analyser was used (Jordan
and Steinberg 2011). This chromatographic instrument with
a molecular sieve column and UV mercuric oxide detector
provided highly sensitive precise measurement of trace-level
H,; the range of detection is 0-10 ppm H, and most samples
were diluted with ultra high purity (UHP) nitrogen to be in
this range. A 10 ppm H, standard (Scott Specialty Gases) was
diluted to a 1-3ppm calibration standard, which exceeds
average ground level concentration of 0.6 ppm (Glueckauf
and Kitt 1957). Chromatograms of H, from this instrument
were collected and integrated with Agilent OpenLab software
interfaced to the instrument. The H, measurement was highly
precise with an estimated overall error of 5%. On a subset of
canisters with significant detectable pyrolysis gases, GC—mass
spectrometry (GC/MS) analysis was performed using an
Agilent 6890 GC with an HP-5 0.320 mm X 30 m column,
He carrier gas and Agilent 4590N MS detector. The excess
mixing ratios for each gas induced by a fire (Ward and Radke
1993; Urbanski et al. 2008) resulted from background air
samples and the analysed canisters. A total of 195 canisters
was analysed for gas composition in the wind tunnel (88
pyrolysis, 65 flaming) and field burns (42).

Statistical analysis

Smoke and pyrolysis data are compositional data (Weise et al.
2020a, 2020b, 2021) and were analysed as such. All statistical
analyses were performed using R 3.6.3 (R Core Team 2020.

‘R: A Language and Environment for Statistical Computing.’
(R Foundation for Statistical Computing: Vienna, Austria),
https://www.R-project.org/).

The measured gases comprised 29 gases with observa-
tions in the data set containing values below detection limit
(BDL) for most gases. Hexane, furan, 1-hexene, heptane,
benzene, toluene and furfural displayed >98% BDL values
and were discarded from subsequent analysis. The remain-
ing 22 gases were preprocessed using the multLN function to
impute random values below the minimum observed con-
centrations (Palarea-Albaladejo and Martin-Fernandez 2013,
2015) as rounded zeroes are problematic in log-ratios. The
compositional centre (mean) and total (metric) variance
were estimated (Aitchison 1986). Gas composition data
were transformed using ilr transformations (Egozcue et al.
2003). Sequential binary partitioning defined meaningful
contrasts (balances) between subsets of the gases. A balance
is simply the planned comparison between two groups of
gases (in this case) that are of interest to the experimenter
(Egozcue and Pawlowsky-Glahn 2005). It is analogous to
comparing the means associated with the levels of a treat-
ment as is typically done in a designed experiment (Mason
et al. 1989).

Analysis of the ilr-transformed coordinates consisted of
the following steps:

1. Mixed effects modelling to test if the fire effect (repeated
measurement of gas composition in two canisters as a
random effect) significantly affected the gas composition
(multivariate response) was performed.

2. The fire effect was not statistically significant so the
significance of fuel bed (fixed effect) and covariates for
wind tunnel conditions on gas composition was tested.

3. Logistic regression related the probability a wind tunnel
canister was pyrolysis or flaming combustion (fire phase)
to the measured gas composition.

4. Model fit from Step 3 predicted fire phase of the field
canisters.

5. Effects of the fixed effects for fire phase and location
(wind tunnel or field) on gas composition were tested
using all canisters.

For Step 1, a multivariate linear mixed effects model
(McCullagh and Nelder 1998; Pinheiro and Bates 2000)
was fitted using the Imer function (Bates et al. 2015). The
response variable was the gas composition (multivariate);
statistical significance of the random fire effect was tested
using the ranova function (Kuznetsova et al. 2017) and the
anova function was used to test statistical significance of
fixed effects and covariates.

For Step 2, a multivariate linear model with covariates
for fuel moisture content, relative humidity and air temper-
ature and a fuel bed fixed effect was fitted. Understanding
the fuel bed effect on individual gases was accomplished by
transforming the fitted values back into compositions by
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Table I. Schematic illustrating the construction of balances of gases determined by sequential binary partition. ‘+’ and ‘-* denote gases in the
numerator and denominator of a balance.
Balance H, CcoO CcO, CH, Alkanes Alkenes Alkynes
Zhou vs NMOCA + + + + = = =
H, vs CO,, CO, CH,®? + - - _
CO, vs CO, CH, = + =
CO vs CH,4 + -

Alkanes vs other NMOCS

Alkenes vs alkynes

+ = =

+ -

AZhou refers to a reduced combustion mechanism containing H,, CO, CO, and CH, (Zhou and Mahalingam 2001). NMOC is non-methane organic compounds.
BH, compared with the gases in Westbrook-Dryer combustion mechanism (Westbrook and Dryer 1981).
CAlkanes — C;Hg, C3Hg, C4H 0, CsH o; alkenes — CyHa4, C3Hg, C4Hg, CsHio; alkynes — CoH,, C3Ha, CaHe.

inverse ilr transformation (Egozcue et al. 2003) and plotting
the average deviation (Eqn 1) for each gas i in barplots,

(geffectk)i ]
- A b

~

(average deviation,, g.,0); = log[
i

i=1,.,D;k=1,..m (1)

where m is the number of levels of effect k and §, §.frecy,
denote the overall geometric mean of and the geometric mean
for each effect level k for each gas i, respectively (Montero-
Serrano et al. 2010; Butler et al. 2020). Analogous analysis of
the fuel bed effect on defined groups of gases (balances)
(Table 1) was done. As we were examining two reduced
reaction mechanisms (Dryer and Glassman 1973; Westbrook
and Dryer 1981; Zhou and Mahalingam 2001; Leroy et al.
2008; Andersen et al. 2009; Tihay et al. 2009) for pyrolysis
and combustion in a related modelling study (Borujerdi 2021),
we chose to test the effects of fuel bed on the gases making up
these reduced mechanisms. The effect of fuel bed on the
relative amounts in different non-methane organic compound
(NMOC) gas categories (alkanes, alkenes, alkynes) was also of
interest as at least one other study has reported differences
between fuel beds (Urbanski et al. 2008). It is important
to note that average deviation and average difference (for
balances) plots suggest trends and are not statistical tests.
Pairwise t-test comparisons of the effects for the balances
were performed using the glht function (Hothorn et al
2008; Bretz et al. 2011) with adjusted P-values to control
the false discovery rate (Benjamini and Hochberg 1995).
For Step 3, a logistic regression model relating gas com-
position in ilr-coordinates to the known probability (86/153
or 0.562) that a canister was a pyrolysis sample was devel-
oped using the glm function with a logit link function and
binomial error distribution. In Step 4, the fitted logistic
model predicted the fire phase of each field sample using
the measured gas composition. In Step 5, a multivariate
linear model with fixed effects for fire location (wind tunnel,
field) and fire phase (pyrolysis, flaming combustion) was
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fitted to test the statistical significance of these variables.
Pairwise comparisons were performed as above. Effects
were plotted as average deviations for the individual gases
and as average differences for the balances.

Results and discussion

In total, 88 fires were burned in the wind tunnel.
Characteristics of the 88 fires are summarised in Appendix
Table Al. The wet fuel loading of the longleaf pine needles
was typically 500g m~ 2, mean (min, max) fuel moisture
content of the needles was 9.8% (6, 15.6%) and of the live
foliage was 112.5% (73.2, 173.6%). In the wind tunnel,
environmental conditions simulated growing season (dead
fuel moisture 9.6%, air temperature 297 K, relative humid-
ity 35%) and dormant season (dead fuel moisture 10.6%, air
temperature 280.6 K, relative humidity 63%) conditions.
Fuel loading as well as ambient temperature and relative
humidity in the wind tunnel varied between experiments
(Appendix Table Al). Longleaf pine needle dry loading
ranged from 431 to 472 g m~ 2 after correcting for moisture
content. The nursery plants were seedlings and quite small
(Appendix Table A2). Dry mass of the live plants was not
measured. Assuming the dry mass of the stem and foliage of
a single plant ranged from 5 to 20 g results in an estimated
live plant dry mass ranging from 125 to 1500 g and a load-
ing of 83 to 1000 g m ~ 2. Low-density fuel beds contained up
to 50 plants and high-density fuel beds contained 74 plants.
Although the moisture content of the live plants was appre-
ciably higher than for the pine needles, the pine needles
were the primary fuel for fire spread as is typical in southern
pine stands and other coniferous forests throughout the
world. Harmonic mean spread rate of all fires was 0.008
(0.004-0.027) m s~ .

In the wind tunnel, ocularly estimated flame heights for
the no-wind fires ranged from 0.3 to 0.6 m with an esti-
mated flame depth of 0.3 m based on a residence time of
28 s derived from an average longleaf pine needle diameter
of 0.0015m (Fons et al. 1963; Snyder and Hamaker 1978;
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Alexander and Cruz 2011). Flame heights for the wind-aided
fires were similar and the flame lengths were longer. An
overhead view of a fuel bed containing inkberry and the
flame for a no-wind fire can be found elsewhere (Banach
et al. 2021). Vertical total and radiant heat fluxes from the
flame into the fuel bed ranged up to 25 and 14kW m ™2
respectively (Aminfar 2019). Estimated horizontal convective
fluxes from the plume to the leaves ranged up to 0.8 kW m ~2
(Aminfar et al. 2020). The mean spread rate, longleaf pine
heat of combustion (19 000kJ kg_l) (Dietenberger et al.
2020), dry fuel loading (0.45kg m~2) and flame depth
(0.3m) yielded a fireline intensity of 68 kW m~! and com-
bustion rate of 228 kW m ™2 (Byram 1959; Alexander and
Cruz 2011). These flame heights and fireline intensities fall at
the lower end of the range reported for low-intensity pre-
scribed burns in southern fuel beds (Nelson 1980; Wade
1993; Nelson et al. 2012) and resulted in fuel heating rates
consistent with fast pyrolysis (Appendix Table A1l).

Wind tunnel and field fuel beds differed in complexity,
containing 2 and 10 components, respectively (Appendix
Table A3). Fuel loading data are also compositional, so
results are reported accordingly. Duff, the dominant compo-
nent of preburn fuel loading at Fort Jackson, comprised a
mean proportion of 0.594 of the fuel loading. The shrub
component was significant both visually and from a fire
behaviour perspective (Zylstra et al. 2016), but it was gen-
erally a minor part of the fuel bed composition by weight,
even if not by volume (Hudak et al. 2020). The shrub
component proportion was 0.014. After the burns, the pro-
portions for duff and shrub components were 0.957 and
0.003, respectively. The preburn log-ratio of shrub to litter
loading at Fort Jackson was — 3.2 while the same log-ratio
in the wind tunnel ranged from —1.8 to —0.7. Based on
this one log-ratio, wind tunnel fuel beds contained more
shrub material relative to longleaf litter than the natural
fuel beds.

Geometric mean concentrations for wind tunnel and field
gas samples ranged over seven and eight orders of magnitude,
respectively (Appendix Table A4). The original concentra-
tions were summarised as geometric mean % geometric stan-
dard deviation, denoting the multiplicative scale of the
variables (Butler et al. 2020). CO, was the dominant gas
observed in the canister samples followed by CO, H, and
CH, (Appendix Table A4). Whereas the relative concentra-
tions of CO, CO, and CH, in the wind tunnel were similar
between the pyrolysis and flaming combustion samples, the
relative concentration of H, doubled in the pyrolysis canisters
(Fig. 2). Fig. 2 suggests a meaningful relationship between
the geometric mean hydrocarbon concentrations and molec-
ular weight. This is similar to a regression developed in
Yokelson et al. (2013, eqn 1) between observed molecular
mass and number of C atoms in identified compounds in
biomass smoke. Linear regression can be used to investigate
the association of compositional data with one or more
predictor variables (van den Boogaart and Tolosana-

Delgado 2013; Weise et al. 2020b) after applying an ilr
transformation; however, formally relating molecular weight
with the mean relative concentrations in this figure is prob-
lematic because there were 18 ilr coordinates (log-ratios
each involving several concentrations) and 19 molecular
weights (referring to each one of the individual gases).
Ignoring the compositional aspect at this point, we fitted
the log;o of the mean concentrations to molecular weight
treating the concentrations as if they were independent data
points; the adjusted R? was 0.30 and 0.36 for the pyrolysis
and flaming data, respectively. Relative concentration of
many of the higher molecular weight trace gases was greater
in the pyrolysis samples, likely due to the decreased relative
amount of CO,. The relative amounts of isobutane and iso-
pentane varied greatly, accounting for 43.2% of the total
variance in the data (Appendix Table A4). In the so-called
variation arrays (Appendix Table A5) for pyrolysis and flam-
ing combustion samples, a mean log-ratio less than 0 indi-
cated that the amount of the gas in the numerator was
relatively smaller than in the denominator. Based on this
criterion, less CH4 (—5.0) was present than H, (—4.1) rela-
tive to COs in the pyrolysis samples. The log-ratios of CHy to
H, in the pyrolysis (—0.9) and flaming combustion (—0.4)
samples also show that less CH, relative to H, was present in
the flaming wind tunnel samples, suggesting that relatively
more of the H, was oxidised. The relatively greater concen-
tration of H, is important to note as most pyrolysis modelling
considers CH; to be more abundant (e.g. Di Blasi 2008)
based on mass fraction, which is also a relative measure
but is viewed as an absolute measure.

Paired sample effect

The random effect for the paired measurements in the wind
tunnel was not statistically significant (y* = 0, P-value = 1);
however, analysis of variance (ANOVA) showed a statisti-
cally significant difference in the ilr coordinates between
pyrolysis and flaming phase samples (F-value; 125 = 15.88,
P-value = 0.0001), which was suggested by the relative
concentrations (Fig. 2). All mean log-ratios of the gases
with CO, were larger for the pyrolysis samples compared
with the flaming samples, indicating that relatively more of
each individual gas was present in the pyrolysis samples
(Appendix Table A5).

Fuel bed effect

As gas composition differed between pyrolysis and flaming
combustion, analysis of the effect of fuel bed on pyrolysis
composition was restricted to the 86 wind tunnel pyrolysis
samples. Multivariate analysis of variance, a global approach
comparing equality of the means for each gas for each fuel
bed type simultaneously, indicated that the fuel bed effect
was statistically significant (Appendix Table A6). This means
that the mean values of the ilr coordinates associated with
the composition were not equal between fuel types in some
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C5H12) than other NMOCs (C2H2, C2H4, C3H4, C3H6, C4H6,
C4Hg and CsHjp). Overall, these results suggest that fuel bed
did not significantly affect the composition of the dominant
pyrolysis gases in the wind tunnel even though live plant
mass may have ranged as high as 30% of the total fuel bed
mass. The lack of an effect of fuel bed on the Zhou and
Westbrook balances suggests that these mechanisms might
be used in modelling for a variety of fuel bed types containing
longleaf pine needles. The trace gas composition was affected
by fuel bed type.
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Average deviation

Fig. 3. Average deviation (log-ratio scale) by fuel bed type for
pyrolysis gases sampled from experimental fires in a low-speed
wind tunnel. H Density and L Density inkberry fuel beds had 74
and 50 plants per fuel bed, respectively.

Pyrolysis versus flaming combustion classification

Based on the number of canisters collected, the probability
that a wind tunnel sample was pyrolysis was 86/153
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Table 2.

Pairwise comparisons of fuel bed effect on selected balance values for pyrolysis gases measured in a wind tunnel. Fuel beds that did

not differ are indicated by the same letter with the letter values ordered from smallest to largest. P-values adjusted to control for false discovery

rate at 0.05 (Benjamini and Hochberg 1995).

Balance® Longleaf Low High Fetterbush Blueberry Sparkleberry Fetterbush
Inkberry Inkberry Blueberry

Zhou vs NMOC 13.6a 14.9a 14.0a 13.6a 12.6a 13.6a 12.9a

H, vs CO,, CO, CH, 3.2a 4.2a 3.6a 4.0a 3.la 2.9a 3.4a
CO, vs CO, CH,4 0.0a —0.4a =0.la —-0.4a —-0.2a 0.0a 0.0a
CO vs CH,4 1.3a 1.2a |.4a l.4a 1.8a 2.1a 1.5a
Alkanes vs other NMOC -2.3ab -3.1a —1.4ab -3.3ab -2.9ab 3.4c 0.4bc
Alkenes vs Alkynes -2.8a —-2.3ab -2.7a —2.8ab -3.2a -I.1b —1.9ab

ASee Table I.

or 0.562. All wind tunnel fires were used to fit a logistic
regression model to predict the probability a sample
resulted from pyrolysis using the composition of 22 gases
in the sample as the predictor. The model was statistically
significant (y* = 41.77, d.f. = 21, P-value = 0.004). The
fitted model correctly classified 49 of 67 and 68 of 86
flaming and pyrolysis wind tunnel samples, respectively,
for an overall correct classification rate of 117/153 or
76%. The model then classified 17 (2 Tall Timbers, 15 Fort
Jackson) and 25 (6 Tall Timbers, 19 Fort Jackson) of the 42
field samples as flaming and pyrolysis samples, respectively.

Combining the known fire phase wind tunnel canisters
and the predicted fire phase field canisters produced a data
set of 195 canisters. Fire phase and location (wind tunnel,
Tall Timbers, Fort Jackson) affected the composition of the
canister gas samples (Appendix Table A7). Generally, the
field effect at Fort Jackson was smaller than the wind tunnel
effect as indicated by average deviations less than zero
(Fig. 4). Recall that CO, comprised more than 92% of the
samples (Appendix Table A4). Although it dominated the
composition, there was relatively little difference between
the locations. For the other dominant gases (CO, CHy, H,),
the average deviation differed appreciably between Fort
Jackson and the wind tunnel. Relatively more of these
gases were present in the wind tunnel samples. This trend
was noted for many of the 22 measured gases. A clear pattern
was noted in the effect of fire phase on gas composition
(Fig. 5). For all gases except CO,, the average deviation for
pyrolysis samples was greater than zero, indicating relatively
more of the gases were present in the pyrolysis samples. For
CO,, the flaming samples had an average deviation greater
than zero, indicating that relatively more CO, was observed
in these samples. The lower concentration of many of the
trace gases in the field samples for both pyrolysis and flam-
ing combustion can be easily seen in Fig. 6.

The ANOVA results contained in Appendix Table A7
apply to both the default ilr transformation and the balances
between subsets of gases (normalised ratios between their
geometric means). While the bar plots illustrate the effects

relative to the overall means, the multiple comparison tests
for the balances indicated that more H, relative to the other
dominant gases, less CO, relative to CO and CH,4 and less
alkanes relative to other NMOCs were measured at Fort
Jackson compared with the wind tunnel (Table 3). The
relative amounts of dominant gases vs NMOC, CO vs CH,
and alkenes vs alkynes did not differ between the wind
tunnel and field canisters.

In the wind tunnel experiment, the fuel bed mass was
dominated by longleaf pine needles. The percentage of mass
of the fuel bed that consisted of live plants is unknown, but
it was probably less than 30% given the fairly small size of
the plants. In several burns, we added extra plants in the
hope of producing a stronger signal due to the presence of
the plants. This was successful because the composition of
the gases in the wind tunnel differed between fuel beds. The
relative amounts of each gas changed and some groupings
by fuel bed were noted. Differences were observed in the
relative amounts of the NMOCs; relative amounts of CO,
CO,, CH,4 and H, did not differ between fuel beds. Earlier
work on the chemistry of wildland fuels noted differences in
the chemical composition of the extractives, and our more
recent bench-scale work (Matt et al. 2020; Weise et al. 2021)
has also confirmed that the composition of both the fuel and
the resulting gases released by pyrolysis does differ in the
plants we examined. These results suggest that the anecdotal
(and accepted) differences in fire behaviour characteristics
of the different shrubs may be due in part to the NMOC
component (as leaf shape was similar between species).

Comparison of the wind tunnel results with similar stud-
ies proved challenging for two reasons. As mentioned previ-
ously, there is a limited number of studies examining
pyrolysis that measured similar compositions of gases. For
example, Chen et al. (2010) studied both dead and living
fuel samples and found that fuel moisture had an effect on
smoke emissions. The only common gas reported in their
study is CO and the study sampled gases from the smoke
plume. Another study examined the impact of moisture
content and plant species on boiler emissions of CO, NO
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Fig. 4. Average deviation (log-ratio scale) from the mean by location for pyrolysis gases collected in a wind tunnel or in
prescribed burns in longleaf pine fuel beds in the southeastern US.

and 16 polycyclic aromatic hydrocarbons (Bignal et al
2008). In this study, wood chips were used instead of intact
wildland fuels burned under open burning conditions; CO
again was the only common gas. Similarly, the only gases in
common with Possell and Bell (2013) were CO and CO..
The second challenge is that no studies have treated fire
emissions as compositional data to date; thus, any sort of
result based on the use of correlation (which includes regres-
sion) is subject to ‘spurious correlation’ (Aitchison 1986).
Comparison of our results with other published data
required applying the same analysis techniques to the pub-
lished data. This was done for a single study (Tihay-Felicelli
et al. 2017) (denoted TF). The TF study reported gas
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measurements sampled during the burning of piles of Cistus
monspeliensis L., a common shrub of the Mediterranean
region. Fuel loading (three levels) and moisture content
(three levels) were controlled. Mean emission factors were
presented for 16 gases; of these, CO, CO5, CHy, CoH,, CoHy,
C3Heg, C3Hg and C4Hg were common to both studies. A generic
ilr transformation was applied to the TF data. Because the TF
data set only contained nine observations and regular multi-
variate analysis of variance required more than 16 observa-
tions, a distribution-free permutation approach was used to
test the significance of fuel moisture and loading (Anderson
2017). This analysis confirmed that fuel loading and moisture
content significantly affected the composition of the TF gases.
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Average deviation (log-ratio scale) from the mean by fire phase for pyrolysis gases collected in a wind tunnel or in

prescribed burns in longleaf pine fuel beds in the southeastern US.

The same permutation approach applied to data extracted
from fig. 3 of Xiong et al. (2013) produced mixed results.
The gas composition was related to moisture content using
linear regression; the logarithm of moisture content (appro-
priate for a ratio scale variable; van den Boogaart and
Tolosana-Delgado 2013) was not significant whereas mois-
ture content significantly affected the ilr coordinates. The
permutation approach applied to Commandré et al. (2011)
who studied pine wood with a moisture content of 10.7%, a
value close to the fuel moisture of the pine needles in the
present experiment, found that moisture content did not
affect the composition of the six gases measured. Evans
and Milne (1987) suggested that moisture content of biomass

fuel had only a secondary effect on biomass oil composition
from ponderosa pine (P. ponderosa Lawson & C. Lawson)
wood even though its impact on yield could be appreciable.
Although there may be consensus in the literature that
moisture content affects the yield of pyrolysis products
from biomass, the effect on gas composition is not settled
as these analyses show. The fuels and configurations
all differ from the approach in the present study, which
complicates the ability to compare the present results with
the literature.

Gas composition also differed between the wind tunnel
and field samples from prescribed burns. While the over-
storey at both field locations was dominated by longleaf
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Pairwise comparisons of location and fire phase effects on selected balance values for gases. Effects that did not differ are indicated

by the same letter with the letter values ordered from smallest to largest value. P-values adjusted to control for false discovery rate at 0.05

(Benjamini and Hochberg 1995).

Balance® Location Phase
Wind tunnel Fort Jackson Tall Timbers Flaming Pyrolysis

Zhou vs NMOC 13.9a 14.3a 13.7a 14.4b 13.7a
H, vs CO,, CO, CH,4 3.7a 4.6b 3.5a 4.1b 3.6a
CO,; vs CO, CH4 -0.3b -0.7a -0.5ab -0.6a -0.2b
CO vs CH,4 1.5a I.la |.6a 1.3a |.5a
Alkanes vs other NMOC -1.5b -3.4a —3.4ab -2.3a -1.7a
Alkenes vs alkynes -2.5a -2.la -2.3a -24a -24a

ASee Table I.

pine, the understorey composition differed. Owing to sam-
pling design, any differences due to vegetation at Tall
Timbers and Fort Jackson were confounded with all other
site variables.

The consistent results showing that the relative concen-
trations of all gases except CO, were greater in the pyrolysis
samples compared with the flaming samples were not sur-
prising. The proportion of the total amount of gas pyrolysed
that was sampled in the wind tunnel and in the field is
unknown. Flaming samples in the wind tunnel were col-
lected from the flame at approximately midflame height in
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a very turbulent environment. Pyrolysis gas sampling in the
wind tunnel prior to flame arrival and at the base of the flame
in the field may not be equivalent sampling locations. Such
an effect — gas sampling location was confounded with experi-
ment location interacting with the fire phase — would be
contained in the fire phase-location interaction term, which
was significant though not shown in Appendix Table A7. The
temperature of the sampled gases was unknown; however,
they were extracted near the base of the flame so should have
been of the same order of magnitude. We have no reason to
suspect that the sampling apparatus affected the composition
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as very similar equipment was used in the wind tunnel and
field (suction pump, metal tubing, etc.).

The field samples, while different in some manner from
the wind tunnel samples, were successfully categorised into
flaming and pyrolysis samples using a model developed
from the measured composition of wind tunnel gas samples.
Water vapour is a key component of gas produced by wild-
land fire (e.g. Scharko et al. 2019b), and studies have shown
that H,O is still present in the foliage of living plants even as
ignition is occurring (Fletcher et al. 2007; Yashwanth et al.
2016). The canister samples were processed in such a man-
ner that the water vapour was not accounted for. Other
concurrent measurements of the gases using FTIR and quan-
tum cascade lasers (Phillips et al. 2020) quantified the
amount of H,O. Inclusion of H,O in the composition will
not affect the results of the present analysis due to the ilr-
coordinate approach we used. However, H,O measurement
may account for the relative difference in H, concentrations
noted between the pyrolysis and flaming combustion sam-
ples. An analysis of variance comparing the present results
with a subcomposition (CO, CO,, CH,4, CoH,, CoH,) of smoke
measured from similar prescribed burns at Fort Jackson in
2011 (Akagi et al. 2014) using an open-path FTIR indicated
that the composition of both the pyrolysis and flaming
samples differed from the 2011 measurements. The cause
for the difference is unknown; the understorey was slightly
different, the sampling locations (2011 - smoke drifting
past the sensor, 2018 - intentional placement of sampling
probe), the instruments used (FTIR vs GC/MS) and the
number of samples (34 vs 3) differed. Comparison of both
the wind tunnel flaming and pyrolysis subcompositions con-
taining CO, CO,, CHy4, CoH,, CoH, and C3Hg with smoke
samples from air-dried fuels burned in the Forest Service’s
Missoula Fire Sciences Lab (Burling et al. 2010; Hosseini
et al. 2013) found that the compositions differed. The cause
of the difference cannot be determined as different measure-
ment methods (Missoula-FTIR) and fuel beds were used. It is
important to note that, while the Missoula fuel beds from
the southeastern US contained live plant material, the mois-
ture content of the live component was much lower (maxi-
mum 31.5%) than the live fuels in the present study.
Confirmation of the differences in composition of the pyrol-
ysis samples, lab and field-based measurements of smoke
(primarily from flaming combustion) provides further sup-
port for the conclusion that a composition of pyrolysis gases
has been successfully measured in a field setting.

Urbanski et al. (2008) compiled smoke emissions data
from prescribed burns collected using the FASS in a wide
variety of southeastern US fuel types that were described in
general terms. We compared the subcomposition containing
CO, COZ, CH4, Csz, C2H4, C2H6, C3H4, C3H6 and C3H8 for
the Fort Jackson flaming samples and all southeastern fuel
types using analysis of variance, which indicated that the
Fort Jackson samples differed from the Urbanski data. Since
H, was not reported, the two balances in Table 1 containing

H, were not available; the log-ratio of the remaining
dominant gases (CO, CO, and CH,4) with the NMOC were
compared. Urbanski et al. (2008) reported that alkenes
dominated their corresponding alkanes. In our comparison,
the log-ratio for the dominant gases vs NMOC was larger at
Fort Jackson; relatively more CO vs CH4 and more alkenes
than alkanes or alkynes were observed by Urbanski. The log-
ratio of CO, with CO and CH,4 did not differ between the
Fort Jackson and Urbanski data sets for flaming combustion.
Although this last comparison supports the methodology
used in the present study, it is important to note that the
results are based on different fuel types, different sampling
equipment, different burning conditions, etc. and only
flaming combustion. We have been unable to locate other
experiments in which pyrolysis samples were collected under
similar settings. Statistical approaches linking lab and field
emissions data using the carbon mass balance method (Ward
et al. 1979; Nelson 1982; Radke et al. 1990; Yokelson et al.
1999) and modified combustion efficiency (MCE, Ward and
Hao 1991) have been used (e.g. Yokelson et al. 2013);
however, these approaches have recently faced criticism
both from a statistical perspective (Weise et al. 2020b) and
a technical perspective (Surawski et al. 2016).

It is well known that the pyrolysis of lignocellulosic fuels
is affected by many factors including heating rate, fuel
composition, fuel physical properties, temperature and
atmosphere to mention some. It is a premise of experimental
design that controlling the variation of as many factors as
is feasible permits hypothesis testing in order to identify
relationships between the controlled factors and the response
variable (Mason et al. 1989). In the present study, every
effort was made to control the natural variability of fuel
composition and physical properties and heating rate in
the design while using a repeatable sampling technique
and standard analysis techniques and measuring other vari-
ables such as air temperature and atmospheric humidity that
might be correlated with gas composition in order to deter-
mine differences in pyrolysis gases. Even with this level of
control of a fire experiment, there are unmeasured variables
that may be also important beyond what was identified in
the planning of the experiments. Regardless of these limita-
tions in the data, this study was able to demonstrate that it is
possible to measure wildland fuel pyrolysis under conditions
less controlled than those described by Dimitrakopoulos
(2001) in order to improve our ability to model wildland
fires chemically and physically. This study can provide a first
step to the chemical measurement of the fire phenomenon in
realistic settings.

Conclusions

Overall, CO, was the dominant gas observed in canister
samples collected in both a laboratory setting in a wind tunnel
and from wildland fire flames measured during operational
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prescribed burns in longleaf pine. Other dominant gases
included CO, H,, and CH,; based on relative amounts.
Although the relative amounts of CO, CO,, and CH, were
similar between fire phases (pyrolysis, flaming combustion),
relatively more H, was observed in the pyrolysis canisters.
For the other 21 measured gases, log-ratios with CO, were
consistently larger in the pyrolysis samples, indicating either
more of the gas was released or less CO, was produced. Fire
phase affected the gas composition significantly. Air temper-
ature was varied to simulate growing and dormant (winter)
season conditions and did not significantly affect the compo-
sition of the wind tunnel samples. The presence of live plants
in the wind tunnel experiment significantly affected gas
composition. Several fuel bed types affected the relative
amounts of individual gases similarly.

Logistic regression correctly classified 76% of the
wind tunnel samples as flaming combustion or pyrolysis.
Application of this model to the field data predicted that
60% of the field samples were from pyrolysis. Comparison of
the wind tunnel samples with the field samples found that
location (wind tunnel, field) and fire phase affected compo-
sition of the gas samples. Use of compositional data analysis
enabled the use of common statistical methods to analyse
gas composition and produce results consistent with the
nature of the data.

Supplementary material

Supplementary material is available online.
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Appendix Fuels, fire behavior, gas composition and statistical tests associated with wind
tunnel and field fires

Table Al. Properties and characteristics of wind tunnel and field fires burned to measure pyrolysis gases. Environmental conditions measured
prior (less than 5 min) of start of experiment. Values rounded to appropriate number of significant digits.

Fire Location Fuel bed”® Wind® Spread Maximum Heating Fuel Air Relative
rate€ temperature® rate® moisture (%) temperature humidity
(ms™) (@S] ¢ccs™ Dead Live Q) (%)
3 RFL Needles only N 0.006 I 253 47
4 RFL Needles only N 0.006 12 22,6 52
5 RFL Needles only N 0.005 13 22.6 53
8 RFL Needles only N 0.004 439 95 15 20.4 67
9 RFL Needles only N 0.005 660 57 16 237 50
10 RFL Needles only N 0.006 578 85 I 226 50
I RFL Needles only N 0.005 612 103 12 21.5 56
12 RFL High Inkberry N 0.005 615 282 I 117 204 56
13 RFL Low Inkberry N 0.005 398 51 12 120 18.7 62
14 RFL High Inkberry N 0.005 438 18 10 128 19.8 6l
15 RFL Low Inkberry N 0.005 630 314 8 120 21.5 51
16 RFL Low Inkberry N 0.005 660 54 8 108 24.2 46
17 RFL High Inkberry N 0.006 8 116 242 35
18 RFL High Inkberry N 0.005 552 42 8 17 24.8 30
19 RFL Low Inkberry N 0.005 605 48 9 117 248 31
20 RFL Low Inkberry N 0.005 427 12 15 136 21.5 52
21 RFL High Inkberry N 0.005 660 66 14 104 220 42
22 RFL Low Inkberry N 0.006 563 33 12 99 242 34
23 RFL High Inkberry N 0.006 612 27 10 106 25.3 29
24 RFL Low Inkberry N 0.006 660 99 9 100 253 28
25 RFL High Inkberry N 0.006 616 72 10 122 25.3 33
26 RFL Longleaf Y 0.011 660 32 10 22,6 31
27 RFL Longleaf Y 0.010 590 107 10 21.5 31
28 RFL Low Inkberry Y 0.009 462 28 12 93 20.4 34
29 RFL High Inkberry Y 0.009 660 60 9 108 23.1 32
30 RFL High Inkberry Y 0.009 643 76 10 120 24.2 29
31 RFL Low Inkberry Y 0.009 590 59 7 133 26.4 21
32 RFL High Inkberry N 0.006 606 200 8 116 264 24
33 RFL High Inkberry Y 0.011 614 24 8 117 25.9 26
34 RFL High Inkberry Y 0.010 597 34 I 121 226 40
35 RFL High Inkberry N 0.005 557 23 10 113 23.1 42
36 RFL High Inkberry N 0.005 644 65 10 93 237 36
37 RFL High Inkberry N 0.005 660 42 10 124 264 29
38 RFL High Inkberry N 0.005 610 29 9 102 27.0 26

(Continued on next page)
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Table Al. (Continued)

Fire Location Fuel bed® Wind® Spread Maximum Heating Fuel Air Relative
rate€ temperature® rate® moisture (%) temperature humidity
(ms™) Q) ¢ccs™h Dead Live (S %)
41 RFL Blueberry N 0.005 508 15 10 118 26.4 33
42 RFL Blueberry N 0.006 524 148 10 130 27.0 33
44 RFL Fetterbush N 0.005 645 38 9 104 25.9 42
45 RFL Fetterbush N 0.006 545 29 6 106 242 42
46 RFL Fetterbush N 0.004 569 20 12 135 18.7 37
Blueberry
47 RFL Fetterbush N 0.005 482 18 I 105 21.5 31
48 RFL Fetterbush N 0.006 602 25 10 131 23.1 25
Blueberry
49 RFL Fetterbush N 0.006 638 48 10 103 242 49
51 RFL Longleaf Y 0.015 430 55 I 6.7 75
52 RFL Fetterbush Y 0.015 567 65 10 79 6.1 59
53 RFL Blueberry Y 0.018 414 208 I 148 1.7 39
55 RFL Fetterbush Y 0.019 509 10 6.1 43
56 RFL Longleaf Y 0.018 660 167 10 9.4 35
57 RFL Blueberry Y 0.017 528 48 12 130 5.6 73
58 RFL Fetterbush Y 0.027 417 39 I 138 5.6 70
Blueberry
59 RFL Longleaf Y 0.017 532 291 I 7.8 58
60 RFL Fetterbush Y 0.020 660 88 10 103 83 50
6l RFL Fetterbush Y 0.021 472 140 10 127 6.7 67
Blueberry
62 RFL Longleaf Y 0.019 513 378 10 6.7 63
63 RFL Blueberry Y 0.016 218 171 12 128 72 63
64 RFL Fetterbush Y 0.015 315 329 12 93 6.1 73
65 RFL Fetterbush Y 0.017 523 148 10 139 6.7 62
Blueberry
66 RFL Blueberry Y 0.019 479 113 I 137 72 63
67 RFL Longleaf Y 0.020 514 72 10 72 63
68 RFL Fetterbush Y 0.022 601 102 10 103 78 63
69 RFL Fetterbush Y 0.016 471 443 12 102 7.8 78
70 RFL Blueberry Y 0.017 478 179 I 150 7.8 78
71 RFL Fetterbush Y 0.016 341 39 12 132 6.1 73
Blueberry
72 RFL Blueberry Y 0.018 533 43 9 128 83 74
73 RFL Fetterbush Y 0.023 516 17 9 107 10.0 65
Blueberry
74 RFL Longleaf Y 0.011 419 400 12 20.0 96
75 RFL Longleaf Y 0.009 405 104 13 20.8 59
76 RFL High Inkberry Y 0.010 373 10 12 97 23.9 48

(Continued on next page)
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Table Al. (Continued)

Fire Location Fuel bed® Wind® Spread Maximum Heating Fuel Air Relative
rate€ temperature® rate® moisture (%) temperature humidity
(ms™) Q) ¢ccs™h Dead Live (S %)
77 RFL Fetterbush Y 0.009 648 21 9 106 28.3 35
78 RFL Sparkleberry Y 0.010 304 16 9 105 28.9 19
79 RFL High Inkberry Y 0.010 190 39 9 100 283 26
80 RFL Sparkleberry Y 0.011 435 8 9 108 23.2 15
8l RFL Fetterbush Y 0.011 273 75 7 79 233 12
82 RFL Sparkleberry Y 0.009 132 49 8 107 25.6 12
83 RFL High Inkberry Y 0.010 343 23 7 92 27.8 I
84 RFL Fetterbush Y 0.010 41 8 135 27.8 10
85 RFL Fetterbush Y 0.010 294 22 7 102 28.9 9
86 RFL Sparkleberry Y 0.013 288 21 7 100 13.9 33
87 RFL High Inkberry Y 0.014 419 56 8 92 12.8 33
88 RFL Fetterbush Y 0.014 199 52 7 99 12.8 39
89 RFL High Inkberry Y 0.011 630 37 7 89 29.4 18
90 RFL Sparkleberry Y 0.008 468 20 7 106 28.9 19
9l RFL Fetterbush Y 0.009 236 48 8 109 294 18
92 RFL High Inkberry Y 0.010 612 58 9 95 21.7 30
93 RFL Fetterbush Y 0.009 223 4 8 89 26.1 24
94 RFL Sparkleberry Y 0.009 648 94 8 11 29.4 23
95 RFL Sparkleberry Y 0.012 526 28 7 116 25.6 24
96 RFL Fetterbush Y 0.012 388 5 8 88 28.9 21
97 RFL Sparkleberry Y 0.011 439 I 8 86 28.9 22
101 TTRS Subxeric Y 28 25
Woodland
102 TTRS Subxeric Y 28 25
Woodland
201 FJSC Fall-line Sandhills Y 7 211 24 26
202 FJSC Fall-line Sandhills Y 599 259 7 211 28 18
203 FJSC Fall-line Sandhills Y 12 212 21 53
204 FJsC Fall-line Sandhills Y 648 372 12 212 27 34
205 FJsC Fall-line Sandhills Y 264 107 13 177 22 59
206 FJsC Fall-line Sandhills Y 231 117 6 191 26 43
207 FJSC Fall-line Sandhills Y 264 107 6 191 29 30

AEach wind tunnel fuel bed contained 1000 g of longleaf pine needles. After adjusting for fuel moisture content, longleaf pine needle mass ranged from 862 to 943 g.
Fuel consumption was not measured; however, virtually all longleaf pine needle mass was consumed by flaming combustion with minimal residual smouldering
combustion. Fort Jackson (FJSC) and Tall Timbers Pebble Hill Plantation (TTRS) classification from Peet and Allard (1993); Ostertag and Robertson (2007).
BN = no concurrent air flow, Y = concurrent air flow of nominally | m s

CCalculated quasi-steady fire rate of spread (fuel bed length/transit time).

PMaximum uncorrected radiometric leaf temperature (T}) measured by 7—13 um thermal camera.

EMaximum heating rate =max[(T; — T-)/(ti —t-))], Ti > Ti—y.
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Table A2. Size measurements of plants used in wind tunnel pyrolysis experiment. Sample size of 40 plants per species. Values are arithmetic
mean (standard deviation).

Species Crown”

Height (cm) Diameter | (cm) Diameter 2 (cm) Area (cm?)
llex glabra 17.0 (2.6) 1.2 9.7 3184
Lyonia lucida 22.7 (2.9) 18.5 16.4 856.7
Vaccinium arboreum 20.6 (2.6) 18.9 15.8 879.8

AThe planform projection of a plant crown was assumed to be an ellipse. Two diameters (diameter | = maximum crown diameter and crown diameter 2 measured
perpendicular to crown diameter |) estimated crown area = 1d,d,.

Table A3. Pre and postburn fuel loading by component (g m™2) for four 0.1 ha burn units in longleaf pine forest at Fort Jackson, SC.

Component Fuel loading Centre® Var€
Burn unit Mean % s.d.”
24A 24B 16D1 16D5

Preburn
Litter 885.1 499.8 5758 405.6 566.9%1.4 3.39x 107 2.0
Duff 5155.1 616.0 1909.2 161.6 994.9%4.4 5.94x [0 77
Cones 0.1 0.1 12.7 17.0 1.2%18.2 7.15% 107 20.3
Suspended litter 0.2 6.4 0.1 0.2 0.4x6.4 2.36% 107 13.5
I'h 1.6 5.0 24.7 18.2 7.7%3.5 4.63x%107 5.8
10h 64.9 42.2 127.6 119.1 80.3x1.7 480% 1072 1.9
100 h 0.0 0.8 0.0 0.1 0.0%19.5 1.53% 107 19.2
1000 h 0.0 0.0 0.0 0.0 0.0%2.5 9.51 x 1077 6.0
Herbs 0.0 734 0.0 0.0 0.0x209.4 1.66 x 107 18.4
Shrubs 22.3 60.4 1.7 125.7 23.3%6.5 1.39%x 1072 52

Postburn
Litter 585 20.6 33 17.1 16.2%3.3 1.82% 1072 6.6
Duff 4843.4 436.6 1762.7 141.4 852.0%4.7 9.57 % 10”" 6.8
Cones 0.0 0.0 0.2 0.1 0.0%4.7 442x107° 16.1
Suspended litter 0.0 0.0 0.0 0.0 0.0%2.5 231107 4.5
I'h 0.0 0.0 0.1 0.0 0.0x7.6 1.03x107° 9.6
10h 44.6 22.6 4.7 309 19.6x2.7 220% 1072 2.8
100 h 0.1 2.1 0.1 0.4 0.3x4.7 3.15% 107 30.0
1000 h 0.0 0.0 0.0 0.0 0.0%1.0 1.12x107¢ 1.2
Herbs 0.0 0.1 0.0 0.0 0.0x8.8 450107 79
Shrubs 1.2 14.6 0.4 5.9 2.5%5.1 2.81 %107 14.5

AGeometric mean is related to geometric standard deviation by multiplication and division, represented by ‘x’.

BCentre (mean) composition for four 0.1 ha plots. Eight sample points located in each burn unit. Each value (dimensionless) indicates the relative proportion of the
fuel component. Formulae for the centre and metric variance can be found elsewhere (Aitchison 1986).

CPercentage of metric variance (mvar) contributed by fuel component (unitless).
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Table A4. Summary statistics for pyrolysis and flaming combustion canisters collected during fires in longleaf pine fuel beds. Concentration in parts per million (ppm).
Gas Concentration® BDL® Wind tunnel
Centre€ VarP

Wind tunnel Fort Jackson Pebble Hill Pyro Flam Pyro Flam
Carbon dioxide (CO,) 3.84 % 10° % 4.82 x 10° .18 x 10%%2.34 x 10° 4.06 % 10°%3.17 x 10° 0.0 9.28% 10”" 9.47 % 107! 3.6 2.8
Carbon monoxide (CO) 1.80 x 105 1.34 x [0' 1.82% 10" %7.31 x 10° 2.62% 10?3 1.25 % 10’ 0.0 482% 1072 3.91 %1072 3.0 3.5
Hydrogen (H,) 432%10' % 1.07 % 10 3.27 x 10°% 3.98 x 10° 475% 10" 1.21 x 10 0.0 1.47 x 107 6.87x 107 1.6 1.9
Methane (CHy) 2.20 % 10' % 6.86 x 10° 3.69 x 10°x 1.87 x 10° 2,69 % 10' % 7.44 % 10° 0.0 6.07x 107 460% 1073 0.8 0.8
Ethane (C,Hq) 9.14% 107" % 1.27 % 10 9.24 % 1072%4.19 % 10° 141 x 10°% 1.13 % 10 8.1 2.81x 107 1.72%107* 0.2 0.4
Ethylene (C,Hy) 6.33x10°x 1.81 x 10’ 391 %107 % 9.69 % 10° 1.05% 10" x 1.61 x 10' 35 1.88x 1072 I.14x 1072 0.8 2.0
Acetylene (CH,) 1.74 % 10°% 1.45 % 10’ 1.84% 107" % 6.57 x 10° 3.22%10°%3.80 % 10 7.6 480 107* 4.12x%107* 35 3.6
Propane (C3Hg) 2.56x 107" % 1.83 x 10' 1.74% 102%5.21 x 10' 1.81 x 107" % 8.84 x 10° 1.6 833x107° 429x 107 2.0 1.8
Propylene (C3Hq) 2.93% 107" % 1.47 x 10’ 8.14% 1072%834x [0° 9.82x 107" %3.82 % 10’ 17.7 856 107° 525 107° 7.3 6.8
Propyne (C3H.) 1.88x 107" % 1.82x 10' 1.57 % 1072%5.94 % 10° 1.70x 107" % 1.84x 10’ 19.7 6.01 x 107 3.38x107° 0.7 1.9
Butane (C4H o) 6.72% 1072% 1.59 x 10’ 7.97 x 1073 % 5.26 x 10° 1.37x 107" % 1.27 x 10’ 27.8 224%107° 122x 107 1.1 2.5
Isobutane (C4H o) 2.07 % 1072 1.34 % 10? 6.68% 107*%3.40% 10' 427 %1073 % 1.78 % 10’ 50.0 3.50% 107¢ 3.73x 107 25.2 15.0
Butene (C4Hsg) 141 x 107" % 1.21 x 10" 2.17x 1072 % 4.68 x 10° 2.04x 107" % 1.72x 10’ 14.1 442%107° 235x%107° 0.5 0.9
Isobutene (C4Hsg) 7.30x 1072%9.03 x 10° 2,07 % 1072 %2.75 x 10° 126 x 107" % 1.05% 10’ 17.7 2.12%107° 123x107° 1.7 1.3
trans2butene (C4Hsg) 484x1072%2.04x 10' 227x103x% 1.12x 10’ 477%x1072%1.08x 10 313 140 % 107° 841x107° 2.8 1.7
cis2butene (C4Hg) 1.82 % 10723 9.46 x 10° 7.30% 1073 %2.89 x 10° 3.36x 1072 1.41 x 10 37.9 5.03x 107 493x%107¢ 37 1.9
Butadiene (C4Hq) 1.05x% 107" ¢ 1.22% 10’ 2.70 % 1072 % 4.25 x 10° 2.97% 107" % 1.95x 10’ 18.2 3.38x107° 1.60x 107 36 35
Pentane (CsH,,) 1.28 % 1072%5.78 x 10’ 126 x 107*%2.71 x 10’ 6.17x1073%7.98x 10' 525 3.69%107¢ 1.67 % 107¢ 9.3 8.0
Isopentane (CsH5) 2.13x 1073 %2.95 x 10? 3.84% 107*x%6.14% 10 1.15% 1073%2.91 x 10’ 58.1 121 x107¢ 1.84x 1077 18.8 26.9
Pentene (CsH o) 217 % 107%% 1.37 x 10’ 3.81 x 1073 % 7.88x 10° 427%x1072%1.28x 10 40.9 6.43%107° 3.81x107¢ 25 1.7
trans2pentene (CsH o) 7.56x 1073 %242 % 10’ 231%x 103 %6.83x 10° 3.35% 1072 % 6.34 x 10° 58.6 231x107° 1.26 x 107¢ 33 7.1
cis2pentene (CsH o) 6.56x 1073 1.83 x 10’ 743x10% 1.19x 10’ 6.63x1073%2.72x 10’ 61.1 2.01x107® 8.00% 1077 3.9 4.1

AGeometric mean is related to geometric standard deviation by multiplication and division, represented by ‘x’.
BPercentage of observations with below detection limit (BDL) values.
“Mean (centre) composition for pyrolysis and flaming combustion canisters based on concentration. Values are unitless proportions.

PPercentage of metric variance contributed by pyrolysate.
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Table A5. Variation array of gas composition for pyrolysis and flaming combustion measured in a wind tunnel. Mean log-ratio and log-ratio variance (%) for each pair of gases are
found below and above the diagonal, respectively.

CO, co H, CH,4 C,H¢ C,H, C,H, C3Hg C3Hg¢ Propyne Butane Isobutane I-butene Isobutene trans2- cis2- C4H¢ Pentane Isopentane CsH,o trans2- cis2-
butene butene pentene pentene
Pyrolysis

co, 1.48 24 1.6 3.1 44 43 4.6 6.5 39 33 227 3.0 23 72 2.6 42 1.7 24.0 43 6.1 5.4
co -3.0" 2.0 25 2.8 32 49 42 7.7 3.1 32 19.2 2.7 2.9 53 34 5.2 9.9 20.0 4.1 59 4.5
H, -4.1 -1.2 1.1 1.3 1.7 3.0 3.0 6.5 1.3 1.4 18.1 1.3 1.5 39 29 34 83 20.4 32 43 3.6
CHy, -5.0 -2.1 -0.9 0.6 15 25 2.1 5.6 1.2 1.1 18.5 0.8 0.9 48 2.1 238 75 20.5 2.0 3.0 29
CyHe -8.1 =52 -4.0 -3.1 0.4 23 1.3 5.7 0.6 0.8 16.3 0.2 1.2 2.7 2.8 33 5.9 18.5 1.7 2.6 22
CyH4 -6.2 -32 -2.1 -1.2 1.9 2.7 1.9 6.6 0.5 1.2 16.4 0.8 2.1 23 3.6 4.1 5.5 18.0 2.5 33 238
CyH, =76 -4.6 -34 -25 0.6 -1.4 6.2 1.6 2.0 1.4 278 1.9 1.4 6.9 24 1.9 12.0 29.3 43 5.1 49
C3Hg -9.3 -6.3 =52 -43 -1.2 -3.1 -7 10.6 25 3.0 12.3 1.8 34 23 5.7 6.9 53 152 3.1 4.0 33
C3Hg -94 -6.4 =52 -43 -1.3 -32 -1.8 -0.1 5.6 4.6 354 5.0 39 1.8 39 36 17.9 36.3 73 8.6 8.6
Propyne -9.7 -6.7 =55 -47 -1.6 -3.5 -2.1 -0.4 -0.3 0.7 17.5 0.7 1.6 29 33 32 6.4 20.2 23 32 2.7
Butane -10.6 =77 -6.5 -5.6 -25 -44 -3 -1.3 -1.3 -0.9 19.9 0.6 1.0 38 24 2.6 79 21.8 2.5 33 28
Isobutane -12.2 -9.2 -8.0 =72 4.1 -6.0 -4.6 -29 -2.8 25 -1.6 17.2 21.5 13.2 245 272 14.2 14.6 16.7 16.8 17.3
Butene -9.9 -7.0 -5.8 -49 -1.8 =37 -24 -0.6 -0.6 -0.3 0.7 23 0.9 2.7 24 29 6.5 19.1 1.4 2.5 24
Isobutene -10.6 -7.6 -6.5 -5.6 -2.5 -44 -3.0 =13 -1.2 -0.9 0.0 1.6 -0.7 49 1.4 1.0 9.4 23.1 24 36 34
trans2butene  —11.3 -83 =7.1 6.2 =31 =5.1 =37 -2.0 -1.9 -1.6 -0.6 0.9 =13 -0.7 6.7 7.8 4.6 14.5 4.0 5.0 48
cis2butene -12.0 -9.1 -79 -7.0 -39 -58 -45 -2.7 -26 -23 -1.4 0.2 -2 -1.4 -0.8 24 1.5 244 39 52 54
C4He -10.1 =72 -6.0 -5.1 -2.0 -39 -26 -0.8 -0.7 -0.4 0.5 2.1 -0.2 0.5 1.1 1.9 13.1 288 47 6.1 6.1
Pentane =122 -9.2 -8.0 =72 -4.1 -6.0 -4.6 -2.9 -2.8 -2.5 -1.6 0.0 -22 -1.6 -0.9 -0.2 =21 17.2 6.9 88 72
Isopentane -13.7 -10.7 -9.5 -87 -56 =75 —6.1 -44 -43 -4.0 -3 -1.5 =37 -3.1 -24 -1.7 -3.6 -1.5 18.2 21.0 19.6
CsHio =119 -89 =77 -6.8 =37 5% -43 -2.6 525! -22 -1.2 03 -1.9 -3 -0.6 0.2 -7 03 1.8 36 3.0
trans2- -12.7 -9.7 -8.6 =77 -4.6 -6.5 -5.1 -34 -33 -3.0 =21 -0.5 -2.8 -2.1 -1.5 -0.7 -2.6 -0.5 1.0 -0.8 35
pentene

cis2pentene  —13.1 =-10.1 -89 -8.0 -4.9 -6.9 =55 -38 =37/ -34 -2.4 -0.9 =31 25 -1.8 -1.0 -2.9 -0.9 0.6 -1.2 -0.4

Flaming combustion

CO, 1.7 2.1 1.4 37 5.0 37 6.2 4.6 5.4 43 244 3.6 32 6.6 39 4.5 18.6 31.8 3.6 82 4.9
co -32 2.8 2.5 4.1 4.8 39 73 4.9 55 44 25.7 4.5 39 72 52 4.6 19.9 34.1 4.6 92 6.4
H, -4.9 =17 1.4 1.9 32 28 49 39 2.8 2.7 224 2.1 2.0 49 4.1 34 17.3 337 3.0 9.2 5.1
CHg, -53 -2.1 -0.4 1.3 2.6 33 35 54 28 22 18.4 1.3 1.6 36 2.6 24 14.5 292 1.8 6.4 34
CyHg -8.7 =55 =37 -33 1.1 2.7 1.9 57 1.0 2.1 17.2 0.7 1.1 2.7 28 23 13.4 29.9 1.9 7.0 4.6

(Continued on next page)
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Table A5. (Continued)
CO, co H, CH, CyH¢ CH, C,H, C3Hg C3Hg¢ Propyne Butane Isobutane I-butene Isobutene trans2- cis2- C4H¢ Pentane Isopentane CsH,o, trans2- cis2-
butene butene pentene pentene
CoHy -6.7 -35 -1.8 -14 1.9 3.1 23 6.2 1.4 3.0 175 22 23 4.2 4.1 3.1 14.8 33.1 3.6 83 6.6
CoH, -7.8 -4.6 -2.8 -24 0.9 -1.0 73 1.9 28 27 27.7 3.6 2.3 8.0 44 32 224 42.1 54 12.1 86
C3Hg -10.0 -6.8 -5.1 -47 -1.4 -33 -2.3 10.5 3.0 5.6 142 25 34 32 53 52 12.2 275 35 6.8 6.0
C3Hg -9.7 -6.6 -48 =44 -1l -3.0 -2.0 03 52 49 352 5.5 39 10.7 6.1 47 264 48.8 72 14.4 9.9
Propyne -10.2 7.1 =53 -4.9 il ) -35 -25 -0.2 -0.5 23 19.6 1.3 1.6 35 39 27 16.4 354 35 9.2 6.7
Butane =112 -8.0 -6.3 =59 =5 -4.5 -34 -1.2 =[5 -1.0 22.6 1.9 20 54 39 27 18.9 36.7 34 88 5.8
Isobutane -12.8 -9.6 -79 =75 -4.1 =6.1 -5.0 -2.7 -3.0 -2.5 -6 18.6 219 15.1 209 253 15.1 299 18.3 20.1 19.8
Butene -10.5 74 -5.6 =52 -1.9 -38 -28 -0.5 -0.8 -0.3 0.7 22 0.7 28 2.7 23 13.9 31.0 1.6 6.6 3.6
Isobutene -11.3 -8.1 —6.4 -6.0 -26 -4.6 -35 -1.3 -5 -1.0 -0.1 1.5 -0.7 4.0 24 20 16.3 336 23 73 4.9
trans2butene  —11.8 -8.6 -6.8 -6.4 =3 =50 -4.0 =[7/ -2.0 =05 -0.6 1.0 =[A -0.5 4.8 5.8 10.6 258 35 6.8 6.2
cis2butene -124 -9.2 =75 -7.1 -37 =57 -4.6 -24 -27 =22 -1.2 0.4 -1.9 -1 -0.6 3.0 15.0 32.1 32 74 5.7
C4He -10.9 =77 -6.0 -5.6 -22 -42 -3.1 -0.9 -1 -0.6 03 1.9 -0.3 0.4 0.9 1.5 18.6 387 38 9.1 6.7
Pentane -13.8 -10.7 -89 -85 =52 =7.1 —6.1 -38 —4.1 -3.6 -26 -1 -33 -26 -2.1 -14 -3.0 233 13.0 10.4 11.0
Isopentane -148 =(1l7/ =28 -9.5 -6.2 -8.1 =7/l -48 = 4.6 -36 = -43 -36 =zl -24 -4.0 -1.0 27.0 23.0 285
CsHio -124 -9.3 -75 -7.1 -38 =57 -47 -24 =27 -22 -1.2 03 -1.9 -1.2 -0.7 0.0 -1.6 1.4 24 6.2 43
trans2- -13.8 -10.6 -89 -85 =5.1 =7.1 —6.0 -38 —4.1 -3.6 -26 -1.0 =33 -25 -2.0 -4 -29 0.0 1.0 -4 53
pentene
cis2pentene  —13.6 -104 -8.7 -83 -4.9 -6.9 -5.8 -3.6 -3.8 -33 -24 -0.8 -3.0 -23 -1.8 -1.2 -2.7 0.3 1.3 =11 0.2

AGeometric mean of log ratio.
Bf’,-j = var(In(xi/x;)) where x; and x; are gases in the composition and var is the usual sample variance. exp(—f’,jz/2) has been suggested as a measure of proportionality between two gases (van den Boogaart

and Tolosana-Delgado 2013).
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Table Aé6. Influence of fuel bed type and environmental variables on the composition of pyrolysis gases measured in a wind tunnel.

Source d.fA Pillai’s® trace Hypothesis tests

F¢ Num. d.f. Den. d.f. P.(>F)
Fuel bed 6 1.90 1.35 126 366 0.02
Air temperature [ 0.31 2.65 21 56 0.27
Dead fuel moisture | 0.36 1.74 21 56 0.12
Relative humidity [ 0.22 0.53 21 56 0.77

ADegrees of freedom of effect. Natural logarithms of air temperature, dead fuel moisture and relative humidity were used because they are ratio scale variables
(van den Boogaart and Tolosana-Delgado 2013). Live fuel moisture and fuel temperature were initially included and were not significant covariates for individual
gas log-ratios. Covariates not presented here due to numerical failure to estimate these effects in the global MANOVA presented here.

BPillai’s trace used to test equality of means.

CF-statistic associated with Pillai’s trace. Numerator d.f. is the d.f. for the effect multiplied by D - I.

Table A7. Effects of fire phase and location on composition of gases measured in a wind tunnel and in the field. These results apply to all ilr
transformations including the balances in Table I.

Source d.fA Pillai’s® trace Hypothesis tests

F© Num. d.f. Den. d.f. Pr(>F)
Location 2 0.53 2.98 42 344 <0.0001
Fire phase | 0.33 4.08 21 171 <0.0001

ADegrees of freedom of effect.
BPillai’s trace used to test equality of means.
CFstatistic associated with Pillai’s trace. Numerator d.f. is the d.f. for the effect multiplied by D — 1.

Data availability. Once approved for release by the sponsor of this study (SERDP), the data will be available through the Forest Service Research Data
Archive, https://www.fs.usda.gov/rds/archive/.
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