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Abstract 13 

The most conventional and abundant tracers of biomass combustion in aerosol particles include 14 

potassium and biomarkers derived from thermally altered cellulose/hemicellulose 15 

(anhydrosugars) and lignin (methoxyphenols). However, little is known of the role of biomass 16 

combustion as a particulate source of major plant polymers to the atmosphere. Here, 17 

concentrations of solvent-extractable anhydrosugars and methoxyphenols are compared to the 18 

yields of polymeric lignin oxidation products (LOPs) during a smoke plume event in Houston, 19 

Texas. Downwind aerosol samples (PM2.5) were collected surrounding a two-day wildfire in the 20 

McFaddin National Wildlife Refuge, 125 km southeast of Houston, which was 12-16 hrs directly 21 

downwind during the peak of the burn. Concentrations of all organic markers, potassium, and 22 

calcium increased by a factor of 2-13 within 1-2 days of the start of the fire and dropped to pre-23 

fire levels 3 days after the peak event. Source signatures of anhydrosugars and methoxyphenols 24 

during the peak of the plume were identical to those of grass charcoals collected from the site, 25 

confirming the use of charcoals as end-members for source input reconstruction during 26 

atmospheric transport. An enrichment factor of 20 in the anhydrosugar to methoxyphenol ratio of 27 

aerosols versus charcoals can partially be explained by differences in degradation rate constants 28 

between the biomarker groups. LOPs comprised 73-91% of all lignin material in the aerosols, 29 

pointing to fires as major sources of primary biogenic aerosol particles in which lignin phenols 30 

occur predominantly in polymeric form.    31 

 32 
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1. Introduction 36 

Understanding the dynamics of atmospheric aerosols is of critical importance due to the 37 

impacts of particulate matter (PM) on the health of exposed populations, radiative forcing, and 38 

visibility.
1
 In most locations sampled, organic material is the PM constituent that contributes the 39 

largest fraction of observed mass concentrations.
2, 3

 Therefore, elucidating the sources, sinks, and 40 

chemistry of organic PM also is critical.  On a global scale, in addition to secondary organic 41 

aerosol formation and direct emission from natural and industrial/anthropogenic sources, 42 

biomass burning (BB) is a large source of organic PM to the atmosphere.
4
 Analyses show a 43 

strong relationship between fire incidence and natural inter-annual- and decadal-scale climate 44 

oscillations.
5, 6

 However, climate change and fire management practices have promoted 45 

conditions that favor the transition to larger wildfire events.
5, 7

 When considering future controls 46 

on industrial/anthropogenic emissions, it is hypothesized that the relative importance of BB PM 47 

will increase. 48 

Biomass burning has been linked to increased emissions of multiple particulate species, 49 

including potassium, elemental carbon (defined based on thermal properties as opposed to black 50 

carbon, which is defined based on optical properties), and primary organic aerosol (POA, again 51 

defined based on thermal properties).
8, 9

 To understand the impact of BB emissions on air quality 52 

and climate, the relative contribution of various emitted species from this source must be 53 

quantified.  Unfortunately, many of the emitted species also are emitted from other 54 

anthropogenic and natural sources and do not provide a marker that is unique to BB.  Specific 55 

tracers of BB events include compounds such as the anhydrosugar levoglucosan and its isomers 56 

mannosan and galactosan, among others found in BB POA.  These compounds are direct and 57 

exclusive byproducts of thermal degradation of cellulosic and hemicellulosic plant polymers.
8, 10

 58 
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The use of these biomarkers as quantitative tracers in source apportionment models is 59 

limited by the assumption that they are conservative.  Such conservative behavior seems unlikely 60 

given the rapid measured changes in the physical and chemical nature of BB aerosols during 61 

downwind plume advection.
11

 More specifically, there is debate about the actual lifetime of 62 

levoglucosan in the atmosphere, with estimates ranging from significantly less than a day to 63 

approximately one month depending on the loss processes considered.
12-18

 This uncertainty 64 

covers much of the time range of atmospheric processes, creating serious interpretation 65 

challenges.  Therefore, effective application of these biomarkers to atmospheric transport and 66 

apportionment studies requires a better understanding of their chemical lifetimes and degradation 67 

products in the atmosphere, at least relative to other species. 68 

Detailed characterization of the proportional yield of biomarkers relative to each other or 69 

to total organic matter is a common approach in organic geochemistry to identify the source and 70 

fate of organic matter input to environmental reservoirs.
19

 For example, the ratio of levoglucosan 71 

to its isomers (particularly mannosan) within POA emissions permits discrimination of fuel 72 

types.
20-26

 Similarly, lignin-derived methoxyphenol ratios identify specific compositional 73 

signatures of vascular plant tissues and their degradation pathways.
19, 27, 28

  Such relative ratios 74 

are thus extremely useful in degradation and transport studies for characterizing the fate of 75 

biomass-derived polymers under a number of environmental conditions.
29-31

  76 

While the relative ratios of biomarkers have seen extended use in hydrologic, soil, and 77 

marine settings, they have yet to be applied extensively to atmospheric scenarios. Jimenez et al. 78 

32
 proposed using the ratio of anhydrosugars to methoxyphenols to differentiate smoke emissions 79 

from different types of biomass fuels.  In addition, Sullivan et al. 
33

 recently investigated the 80 
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quantification and use of various marker ratios to elucidate plume chemistry a short distance 81 

downwind of a fire.  Observed temporal variations in these ratios between day and night 82 

conditions
34

 also point to a higher sensitivity of methoxyphenols than anhydrosugars to 83 

photochemically driven oxidation in the atmosphere. 84 

Using a sampling opportunity during a saltmarsh wildfire event that occurred upwind of 85 

Houston, TX, during October 2013, this study seeks to address the current lack of clarity on 86 

relative marker lifetimes and the dearth of information regarding relative ratios of BB markers in 87 

plumes downwind of fires.  Relative and absolute PM marker concentrations are considered, as 88 

are their isotopic signatures, to elucidate relevant processing occurring within the plume. 89 

2. Materials and Methods 90 

Sampling.  Aerosol samples were collected on 47-mm pre-treated quartz filters.  Fine aerosols 91 

(PM2.5, aerosol diameter ≤ 2.5µm) were collected every ~24hr, using a Versatile Air Pollutant 92 

Sampler (VAPS, URG, NC) located atop a two-story building on the Rice University campus.  93 

Samples were collected daily from October 23-29, 2013, as part of a month-long sampling 94 

project, during which a wildfire burned on October 25-26, 2013.  This fire burned ~5,000 acres 95 

of a Spartina alterniflora-dominated saltmarsh ecosystem in the McFaddin National Wildlife 96 

Refuge, 125 km southeast of Houston (Figure S1, Supporting Information (SI)). Spartina 97 

alterniflora (cordgrass) fixes carbon using a C4 pathway (referring to the number of carbon 98 

atoms in the first molecule produced in carbon fixation), while other species present in the 99 

saltmarsh, such as Batis maritima (succulent shrub) and Iva frutescens (high-tide bush), fix 100 

carbon using the C3 pathway. Based on Hybrid Single Particle Lagrangian Integrated Trajectory 101 

(HYSPLIT
35

) backward trajectory modeling (Figure S2, SI) , Houston was directly downwind of 102 
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this wildfire during the peak of the burn, with an approximate travel time from source to aerosol 103 

sampling site of 12-16 hrs. Burnt and unburnt plant materials from representative populations of 104 

grasses and shrubs present at the fire site were collected approximately 1 week after the fire 105 

occurred. Burnt and unburnt areas of the marsh were divided by an access road. Charcoal 106 

material was collected from burnt plant material onsite using gloves. Unburnt plant material was 107 

collected from unburnt portions of the saltmarsh using gloves. Plant materials and charcoals were 108 

frozen upon arrival at the Texas A&M University Galveston campus. Samples were freeze-dried 109 

and homogenized for further analysis.  110 

Bulk Chemical Analysis. Carbon and nitrogen elemental and stable isotopic composition (%C, 111 

%N, 
13

C and 
15

N) were determined from a subsample of each filter, charcoals, and plant 112 

materials using a Thermo-Electron Dual-Inlet Gas-Source Stable Isotope Mass Spectrometer at 113 

Baylor University (Waco, TX).  These subsamples were pre-treated for removal of carbonates by 114 

vapor-phase acidification.  115 

Inorganic ions were extracted from a subsample of each filter with 10 mL of deionized water 116 

using one hour of automatic shaking followed by one hour of sonication.  The extracted solution 117 

was analyzed with ion chromatographs (Dionex ICS 1600) equipped with CS12 (cation) and 118 

AS12A (anion) analytical columns.  Ion concentrations were determined from a calibration curve 119 

of six different standard solutions.  One field blank filter treated with identical procedures was 120 

used for blank correction. 121 

Plant and Fire Biomarker Analysis. Terrestrial and fire-derived biomarkers (polymeric lignin 122 

phenols, lignin methoxyphenols, and anhydrosugars) were analyzed using filter, charcoal, and 123 

plant material subsamples following the methods outlined in Louchouarn et al. 
22

, Louchouarn et 124 
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al. 
27

 and Shakya et al. 
36

 Polymeric lignin phenols and cutin acids were obtained using alkaline 125 

cupric oxide oxidation.
22, 36-38

 126 

The identification and quantification of polymeric lignin phenols were performed using 127 

capillary gas chromatography-mass spectrometry (Varian triple-quadrupole GC-MS) using 128 

methodology modified from Louchouarn et al. 
27

 Briefly, aliquots of extracts were derivatized 129 

for 15 minutes using O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) containing 1% 130 

trimethylchlorosilane (TMCS) (9:1 BSTFA:TMCS) at 75˚C.  Samples were injected splitless on 131 

a Varian triple quadrupole 480-300 GC-MS system fitted with a fused silica column (J&W DB-132 

5MS, 30m x 0.25mm i.d., 0.25µm film thickness; Agilent Technologies), using helium as the 133 

carrier gas.  The MS was operated in extended dynamic range under selective ion mode. 134 

The identification of cutin-derived acids was performed by re-injecting the cupric oxide 135 

aliquots in full scanning mode as detailed in Opsahl and Benner 
39

 Briefly, the GC oven 136 

temperature began at 100˚C with a one-minute hold, increased at 4˚C/min to 270˚C, and held 137 

again for 16 minutes. Cutin-derived acid identification was determined from relative retention 138 

times of trimethylsilyl derivatives of saturated fatty acid standards
38-40

 and relative response 139 

factor to the internal standard, d7-cinnamic acid.  140 

“Free” lignin methoxyphenols and fire-derived anhydrosugars were solvent-extracted
22, 36

 141 

from subsampled filters or charcoals with 9:1 dichloromethane: methanol using an accelerated 142 

solvent extractor (ASE 200; Dionex) at 1500 psi and 100˚C.  Samples were concentrated in a 143 

rapidvap at 50˚C and dried to completion in a LabConco solvent concentrator, then re-suspended 144 

in pyridine. Samples were analyzed using capillary GC-MS (Varian triple-quadrupole GC-MS) 145 

according to methods described elsewhere.
22, 36

 The GC-MS analyses of lignin methoxyphenols 146 

and levoglucosan were performed independently, using specific ions for compound 147 
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determination. 148 

Mixing and Degradation Models.  To understand the contribution of burnt material to aerosols, 149 

a linear regression was performed between estimated total (non-carbonate) carbon (TCtotal) and 150 

levoglucosan (r
2
=0.63, not shown). A positive TCtotal value at the intercept of this regression 151 

(levoglucosan concentration of 0) provides an estimate for the background TC value in the 152 

aerosols (unburnt level of TC, TCbackground). For each sample, the amount of TCbackground was 153 

subtracted from the TC measured (TCtotal) to determine the input of TC from burnt sources, 154 

TCburnt. This rough approximation of TCburnt does not account for any potential isotopic 155 

fractionation during the burning or the types of plant materials contributing to the TCburnt. 156 

Therefore, the amount of TCburnt that can be attributed to burned C4 plants can be found from
41, 42

 157 

%C4,burnt = (
13

CBB-
13

C3,burnt)/( 
13

C4,burnt-
13

C3,burnt) x 100%  (1) 158 

where  
13

C3,burnt is the end member isotopic signature present in burnt C3 charcoals collected at 159 

the wildfire site, and 
13

C4,burnt is the end member isotopic signature in burnt C4 grasses collected 160 

at the wildfire site. The range in this relationship can be further constrained by considering the 161 

potential for isotope fractionation of burnt biomass as it becomes an aerosol, which only occurs 162 

in C4 plants and usually varies from -1 to -7 ‰.
41

 This isotopic fractionation can be accounted 163 

for in Equation (1) by substituting (
13

C4,burnt) with (
13

C4,unburnt + smoke fractionation). The 164 

isotopic signature of the burnt material present in the aerosols, 
13

CBB, can be determined based 165 

on a simple isotopic mixing model 166 


13

Csample = 
13

CBBBB + 
13

COA,bkg(1-BB)      (2) 167 

where 
13

Csample is the measured isotopic signature of the sample in ‰, 
13

CBB is the isotopic 168 
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signature of the material burnt in the sample, BB is the fraction of the sample from biomass 169 

burning, and 
13

COA,bkg is the isotopic signature of the organic aerosol sample before the fire, 170 

assumed to be the “background” concentration in this environment.   171 

A pseudo first-order degradation equation  172 

 (Ct/Co) = e
-kt

          (3) 173 

was used to explore the relative rate of degradation of a biomarker (through k, the pseudo first-174 

order reaction rate constant) and estimates of at-source concentration, Co.  Here, Ct is the 175 

concentration of a biomarker measured at the receptor site (Houston) and t is the transit time 176 

from the fire site to the receptor site.  177 

3. Results and Discussion 178 

Chemical Characterization of PM2.5. Concentrations of BB biomarkers (both anhydrosugars 179 

and monomeric lignin methoxyphenols) peak during the period of maximum burning conditions 180 

(Oct 25-26), when wind backward trajectories also coincided with the direction of the receptor 181 

site (Figure S2, SI). Methoxyphenol concentrations during the plume are an order of magnitude 182 

higher than background concentrations in Houston during summer
36

, confirming that they were 183 

released during this biomass burning event in the fine aerosol fraction
43

 (Figure 1a). Background 184 

concentrations of levoglucosan (determined as levoglucoan concentrations pre- and post- fire 185 

plume), 11 – 32 ng m
-3

, are within the range of concentrations reported previously in Houston 186 

(5.03 – 141.75 ng m
-3

)
44

. During the peak of the fire event, levoglucosan concentrations reached 187 

400 ng m
-3

, similar to those reported in PM10 in Houston aerosols from large fire events in 188 

Mexico and Central America.
12

 189 
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Source signature ratios of levoglucosan to mannosan (L/M; Figure 1b) in these aerosols 190 

correspond to those of grass charcoals collected at the burn site, whereas syringyl (syringic acid, 191 

Sd) to vanillyl (vanillic acid, Vd) ratios of the “free” methoxyphenols (Sd/Vd; Figure 1b; Table 192 

S1) suggest that softwood (gymnosperms) are a main contributor to the BB-derived aerosols. 193 

Gymnosperms do not contain syringyl units, while grasses and angiosperms contain larger 194 

amounts of syringyl units (S/V values > 1.0; Table S1).
19

  However, it should be noted that 195 

thermal alteration may substantially lower the syringyl to vanillyl ratios from all angiosperm 196 

plant tissues and that these lower ratios have been shown to fall within the range observed in the 197 

aerosols of this study (0.35-0.45).
45

 Hence, both biomarker ratios of solvent-extractable 198 

anhydrosugars and methoxyphenols point to the dominant vegetation (grasses and angiosperm 199 

shrubs) burned in the wetland wildfire.  200 

In addition to levoglucosan, concentrations of other organic markers, potassium and 201 

calcium increased by factors of 2-13 within 1-2 days of the start of the fire and dropped to pre-202 

fire levels 3 days after the peak event. Strong relationships (r
2
 = 0.63-0.88, not shown) were 203 

observed between levoglucosan and potassium, “free” methoxyphenols, and TC during the entire 204 

sampling event, confirming a shift in composition of the fine aerosol fraction during the peak of 205 

the fire.  The presence of cutin acids (the long-chain fatty acids that comprise the cuticle of plant 206 

materials
38

) in pre-fire aerosols and their absence during the peak of the event further support a 207 

change in the composition of POA during the fire event. This suggests that cutin acids are an 208 

appropriate tracer of non-combustion plant-derived POA (e.g., plant fragments). However, 209 

further research must be done to further examine this relationship. 210 

Despite the fact that measurements of “free” methoxyphenols is now common in 211 
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atmospheric literature (e.g. Ward et al. 
20

), to our knowledge, the measure of polymeric lignin 212 

has been performed only once in aerosols, under background summer conditions.
36

 Although 213 

never quantified, it is expected that macropolymers, such as polymeric lignin, contribute a 214 

significant fraction of the PM emitted from burning.
43

 Because of the possibility of oxidation 215 

reactions (as with the individual biomarkers), the chemical functionality of model 216 

macropolymers are likely to be altered, leading to an overall shift in functionality without a 217 

significant change in total organic mass.
2, 46

 The ratios of polymeric lignin phenols (S/V, C/V) in 218 

these aerosols suggest that the main source of polymeric lignin is angiosperm material, which 219 

agrees with previously reported ratios in ambient Houston aerosols
36

 and with published ratios of 220 

source materials for angiosperms (Table S1, SI).
19

  Although source signature ratios agree with 221 

published background ratios, concentrations throughout the plume event are two orders of 222 

magnitude larger (149  40 ng m
-3

) than previously reported in fine aerosols in Houston (<1 ng 223 

m
-3

)
36

, suggesting that polymeric lignin is released during biomass burning events. Polymeric 224 

lignin comprises 73-91% of total lignin present in aerosols over the fire event.  The proportion of 225 

“free” monomeric lignin methoxyphenols to polymeric lignin is significantly higher during the 226 

period of the fire, comprising up to 30% of total lignin phenols during the peak of the event 227 

(Figure 2). This higher percentage of free methoxyphenols within the plume is not surprising, as 228 

polymeric lignin can be degraded into smaller components by burning conditions.
43

 229 

Stable isotopic signatures of organic carbon in the aerosol samples varied throughout the 230 

sampling period, becoming slightly enriched during the peak fire event. The signatures measured 231 

in the aerosol samples, between -26.9 and -25.9‰, suggest a mixed source of marsh plant 232 

material contributing to the 
13

C signature of these aerosols. The dominant salt marsh plant found 233 

within regularly flooded low marshes along the Gulf of Mexico is the C4 plant Spartina 234 
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alterniflora (δC
13

 ≈ -12.8‰).
47, 48

  Although regularly flooded low salt marshes along the Texas 235 

Gulf Coast are dominated by monocultures of Spartina alterniflora, irregularly flooded high 236 

marshes are made up of multiple plant assemblages including C3 plants Batis maritima (δC
13

 ≈ -237 

26.7‰) and Iva frutescens (δC
13

 ≈ -25.4‰).
49, 50

 Because the ecological structure of marshes in 238 

the region includes a mixture of C3 and C4 plants, mixed contribution of C3 and C4 plants organic 239 

matter in fire aerosols can be expected. Using Equation 2, the calculated stable carbon isotopic 240 

signatures of BB aerosols range from -26.21 to -24.95‰ (Table 1). To further elucidate the 241 

contribution of BB on aerosol samples in the downwind plume, mixing models can be applied.  242 

Mixing Models of Biomass Burning Sources. To estimate the respective inputs of each plant 243 

source to the plume aerosols, an isotope mixing model from Equation 1 was applied to better 244 

understand the potential input of materials burned, including potential fractionation. The data 245 

(Table 1) suggest that during the maximum of the plume over Houston (considering 246 

fractionation), the amount of BB aerosols attributed to C4 plants is 48.7  16.4%. 247 

Taking into account isotopic fractionation of BB aerosols
41

 slightly increases the 248 

appropriation to C4 plants (Table 1), but it does not account for the vast majority of C4 plants 249 

(Spartina alterniflora) present within the community structure of low-tide marshes expected to 250 

contribute to BB in this scenario. This apparent lack of C4 plant contribution to BB may not 251 

reflect influences of external mixing or the community structure of the wetland but rather the 252 

differences in burning efficiency of the plant types within the wetland. For example, C4 plants 253 

are mostly grasses, which can burn more completely than the woody plant materials of C3 plants. 254 

If, because of different burning efficiency, one plant source contributes selectively and 255 

predominantly to POA, then that plant source will be over represented in receptor model 256 
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reconstruction. Another potential cause for this discrepancy is that parent charcoals are not 257 

completely accurate end members for aerosol samples; they may in fact be a proxy end-member 258 

that is more heterogeneous than the resulting aerosols. For example, if the charcoal is depleted of 259 

much of its low-temperature BB biomarkers due to their high-water solubility and/or 260 

degradability (these components degrade on weekly time-scales in incubation studies
29

), it may 261 

become an unsuitable end member for the BB aerosols.    262 

One way we can explore the idea of the parent charcoals as accurate end members for 263 

aerosol samples is to examine the differences and similarities in the ratios of BB and plant-based 264 

biomarkers between the charcoals and the aerosols. Relative biomarker ratios may evolve rapidly 265 

over a span of only a few hours within a smoke plume, thus affecting the capacity of each 266 

individual biomarker, when used in isolation, to trace accurately biomass-derived POA in the 267 

atmosphere. This idea can be further explored by assessing the reactivity of BB biomarkers in the 268 

atmosphere.  269 

Reactivity of Biomass Burning components. The ratio of anhydrosugars to free 270 

methoxyphenols can be indicative of the selective degradation and differences in sources of these 271 

components. Because it is anticipated that anhydrosugars (levoglucosan and its isomers) are less 272 

reactive than the lignin-derived methoxyphenols
13, 34, 51

, the ratio of total anhydrosugars to total 273 

methoxyphenols may offer a plume-aging tracer.  Additionally, anhydrosugar isomers 274 

(particularly levoglucosan and mannosan) may show different stability to oxidative conditions
26

, 275 

leading to altered combustion source signatures (sugar isomer ratios) during plume aging. A 276 

substantial increase was observed in the ratio of levogulocsan to free methoxyphenols 277 

(enrichment factor of ~20) between parent charcoals and POA at the receptor site, which may 278 
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serve as an indication that the two biomarker groups are characterized by different degradation 279 

rates.
13, 18

  Therefore, the reactivity of both levoglucosan and the methoxyphenols must be taken 280 

into account. 281 

Previous work showed that levoglucosan can be degraded by hydroxy radicals (OH) in 282 

the atmosphere on hourly to daily scales.
13

 If it is assumed that the reaction rate constant between 283 

levoglucosan and OH is 1.1 x 10
-11

 cm
3
 molec

-1
 sec

-1 14
, that the ratio of levoglucosan to 284 

methoxyphenols in charcoal is representative of the same ratio in the emitted PM, and that the 285 

average atmospheric OH concentration is 1 x 10
6
 molecules cm

-3
, then the average reaction rate 286 

constant for the OH-methoxyphenol reaction is 6.1 x 10
-11

 cm
3
 molec

-1
 sec

-1 
for a transport time 287 

of 16 hrs (based on Equation (3)).  Methoxyphenol degradation occurs rapidly
51, 52

, with an 288 

observed rate constant for syringol (9.7 x 10
-11

 cm
3
 molec

-1
 sec

-1
) being of the same order of 289 

magnitude but larger than the value presented here.  This work represents one of the first efforts 290 

to track methoxyphenol degradation after a high input event.  Conversely, if levoglucosan were a 291 

truly conservative tracer, as is assumed in some source apportionment models, the required 292 

reaction rate constant for methoxyphenols would decrease slightly to 5 x 10
-11

 (cm
3
 molec

-1
 sec

-
293 

1
).  It should be stressed that it is possible that the application of the biomarker ratios in charcoal 294 

to the emitted aerosols is inappropriate as other atmospheric loss processes also may contribute 295 

to the change in the levoglucosan to methoxyphenol ratio. 296 

Lignin monomer ratios can be used as a biomass burning plume-aging metric, similar to 297 

other airmass “ages” used in the atmospheric chemistry community (such as the ratio of nitrogen 298 

oxides to total reactive nitrogen
53

).  For example, it is expected that the acid (Ad) to aldehyde 299 

(Al) ratios from vanillyl (V) and syringyl (S) methoxyphenol “families” ([Ad:Al]v and [Ad:Al]s, 300 
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respectively) increase with plume processing, whereas the total syringyl (Sd + Sl) to vanillyl (Vd 301 

+ Vl) ratio (S/V) decreases. [Ad:Al] values of fresh lignin usually fall within a range of 0.1-0.2, 302 

whereas S/V values for angiosperms range between 0.1-2.44 (see Table S1). Shifts in these ratios 303 

in atmospheric settings are analogous to the well documented increase in [Ad:Al] and decrease in 304 

S/V during oxidative lignin degradation in soils and in aquatic systems.
30, 54-56

 Although white rot 305 

fungi have been shown to increase the yield of acidic byproducts through side-chain oxidation 306 

(using lignin peroxidase
55

), abiotic degradation processes (such as photooxidation, OH oxidation, 307 

or thermal degradation) also lead to side chain oxidation
57 

. These degradation processes increase 308 

[Ad:Al] ratios and decrease S/V ratios in dissolved and particulate vascular plant matter.
10, 30, 45, 

309 

56
 Particularly, [Ad:Al]s is sensitive to thermal alteration, while unaffected by biodegradation.

45, 
310 

56
 311 

Here, we see shifts in [Ad:Al]s and [S/V] during the peak of the fire plume, which 312 

confirm that inputs of thermally-altered polymeric plant components are pronounced during the 313 

height of the event (Figure 3). The [Ad:Al]s increases by an order of magnitude during the peak 314 

of the plume emissions (~0.3 to ~2.7; Figure 3), and the relative increase is much larger than 315 

observed changes in fire soils pre- and post-burn.
45

 The value at the peak of the plume (~2.7) is 316 

similar to maximum [Ad:Al]s measured in cordgrass charcoals at 300˚C (2.4).
45

 S/V ratios, 317 

which decrease throughout the plume and increase again afterwards, fall within the reported 318 

ranges of degraded angiosperm sources (Figure 3).
39, 45, 56

 319 

Based on peak concentrations during the sampling event and the larger reaction rate 320 

constants from the preceding analysis, the initial concentrations in the plume directly after 321 

emissions can be estimated using Equation 3.  These values are 750 ng m
-3

 and 1.9 µg m
-3

 for 322 
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levoglucosan and methoxyphenols, respectively. If a typical emission ratio of levoglucosan to 323 

organic carbon (OC) in BB emissions from softwoods of 3.45  0.15% is considered
58, 59

, this 324 

value of 750 ng m
-3

 would indicate an approximate OC concentration at the site of the fire of 325 

22.1  13.0 µg m
-3

, which is equal to the release of ~0.5 tons of aerosol OC (assuming plume 326 

height of 1km
60

) from the 5,000-acre burn. 327 

The analyses presented here suggest that isotopic mixing models and degradation 328 

equations can be used to help elucidate the sources and transformation of BB aerosols in the 329 

atmosphere. Consideration of the reactivity of methoxyphenols and other tracers is critical to 330 

understand how such tracers impact secondary chemistry as BB plumes are advected downwind 331 

and are diluted. The analyses and findings shown here could be strengthened by investigating in-332 

situ emissions ratios of different ratios and comparing them to the ratios observed in solid 333 

charcoal remains. For example, measures of fire source emissions and downwind plume 334 

emissions for the same fire could help to further constrain the in-situ degradation model of 335 

levoglucosan and methoxyphenols.  Higher temporal resolution sampling for a longer duration 336 

(in this case, for example, on an hourly or sub-hourly basis over the course of a day or two) 337 

would potentially provide insights into changes in loss mechanisms for the BB tracers (e.g., OH 338 

versus nitrate radical oxidation). Based on this work, we believe that levoglucosan oxidation 339 

must be considered in source apportionment models. For example, these findings could be 340 

applied to understanding emissions from wildfires in carbon models and help to constrain mean 341 

residence times of levoglucosan and other BB by-products in the atmosphere. 342 
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Table 1. Proportion of aerosols attributed to BB and their sources based off isotopic mixing models.  532 

Date 

(2013) 

% BB 

(TOCtotal-

TOCbkg) 

δ
13

Cburnt (Eqn 2) 

%C4 without 

fractionation 

(Eqn 1) 

Average %C4 in 

BBA (including 

fractionation range, 

Eqn 1) 

Standard 

Deviation %C4 in 

BBA (from 

fractionation) 

10/23-

10/24  
0.0% -26.86 N/A N/A N/A 

10/24-

10/25 
37.1% -26.37 16.5% 30.8% 10.4% 

10/25-

10/26  
49.4% -24.95 26.1% 48.7% 16.4% 

10/26-

10/27  
0.0% -26.53 N/A N/A N/A 

10/27-

10/28  
33.7% -25.80 20.4% 38.0% 12.8% 

10/28-

10/29  
0.0% -26.21 N/A N/A N/A 
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Figure Captions 533 

Figure 1. Evolution of BB biomarkers across the sampling period. Area marked in grey is the 534 

peak during the period of maximum burning conditions (Oct 25-26), when wind backward-535 

trajectories also coincided with the direction of the receptor site. A) Levoglusocan and free 536 

methoxyphenol concentrations peak during the period of maximum burning conditions. B) 537 

Source signature ratios of levoglucosan to mannosan (L/M) correspond to those of grass 538 

charcoals collected at the burn site, whereas syringic acid to vanillic acid ratios (Sd/Vd) suggest 539 

that softwood are the main contributor to the BB-derived aerosols. 540 

Figure 2. Total lignin phenol concentrations increase during the period of maximum burning, 541 

while the percent of free to total lignin phenols increase during this period as well.  542 

Figure 3. Acid (Ad) to aldehyde (Al) ratios from syringyl (S) methoxyphenols, (Ad:Al)s, 543 

increase during the period of maximum burning conditions, whereas the total syringyl (Sd + Sl) 544 

to vanillyl (Vd + Vl) ratio (S/V) decreases. 545 

546 
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 564 

 565 
 566 

Figure S1. Map indicating location of fire site in McFaddin National Wildlife Refuge and 567 

receptor site in Houston. This map was created using ArcGIS with georeferenced locations of the 568 

fire and receptor sites indicated by red stars. The basemap is 2014 National Aerial Imagery 569 

Program from ESRI Map Services. 570 

  571 
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 572 
 573 

Figure S2.  Example HYSPLIT backward trajectory indicating transport from the fire site to the 574 

receptor site. HYSPLIT model was created using ARCHIVE data. 575 

  576 
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Table S1. Range of Parameters of lignin phenols and anhydrosugars for different source 577 

materials modified from Shakya et al. 
1 

578 
 

579 

Parameter 
Gymnosperm 

Wood 

Nonwoody 

Gymnosperm 

Tissue 

Angiosperm Wood 

Nonwoody 

Angiosperm 

Tissue 

References 

S/V 0.01 0.03-0.24 1.90-2.44 0.10-2.00 
2, 3

 

C/V 0.01-0.04 0.08-0.11 0.01-0.08 0.07-1.73 
2, 3

 

(Ad/Al)v, 

(Ad/Al)s 

  
Fresh Plant 

Material 

Altered Plant 

Material 
 2, 4, 5

 

 0.1-0.2 > 0.5  

L/M 
Brown Coal 

Combustion of 

Angiosperm Wood 

Combustion of 

Gynmosperm Wood 
 6-8

 

> 50 11-83 3-6   

  580 

  581 
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