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Sources of polar/water-soluble organic compounds conjunctly with apolar

biomarkers were characterized in natural organic matter. This multi-biomarker

approach was accomplished by a simple analytical method consisting of extraction

with dichloromethane:methanol (2:1, v/v), silylation and analysis by gas-

chromatography-mass spectrometry (GC-MS). Polar and apolar biomarkers, derived

mainly from higher plants and microorganisms, were used as tracers of processes

occurring in the environmental compartments and registered in aerosol, soil and

sediment samples. Sugars (monosaccharides, disaccharides, anhydrosugars and sugar

alcohols) were utilized to trace seasonal variation inputs of biogenic organic carbon to

aerosols over a pristine forest and the passage of a smoke plume from the long-range

transport wildfire emissions. Sugars and fatty acid methyl esters were target

compounds used to better understand the plant-microorganism dynamics in a ryegrass

soil over a one-year period. Distributions and abundances of straight chain

homologous series (n-alkanes, n-alkanols, n-alkanoic acids), cyclic components (e.g.,
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diterpenoids, triterpenoids, steroids) and polar biomakers (e.g., sugars) were

determined for sediment and smoke samples. In the first study, the transport and

alterations of major terrestrial biomarkers were assessed for small rivers draining the

northwestern US. In the latter, biomarkers and their thermal alteration derivatives

were identified in smoke emissions from known temperate and semi-arid green

vegetation to be applied as tracers of wildfires. This work demonstrated that a multi-

biomarker tracer analysis is a useful tool for describing and understanding the

biogeochemistry occurring in various environmental compartments.
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Polar Organic Compounds as Tracers of Environmental Processes

1. Introduction

Tracer analysis using molecular markers has its origin in fossil fuel

geochemistry where Treibs (1936) showed the link between chlorophyll-a in living

photosynthetic organisms and porphyrins in petroleum and shales, thus proving the

first strong evidence for an organic origin of petroleum. The term "biomarker"

evolved from early product-precursor relationships and was proposed in the 1960s

(Streibl and Herout, 1969). Biomarkers are defined as compounds derived from

biological sources that retain some, if not all, of the structural characteristics of their

parent precursor molecule after being preserved in the geological record or released

into the environment. Hence, they can be traced back to their biological origin.

Therefore, the application of biomarkers as tracers is important for understanding

earth systems processes (e.g., biological degradation, carbon cycling, etc.) and for

describing the biogeochemistry occurring in environmental compartments

(atmosphere, soil, sediment, water) and their interfaces.

The mass spectrometry of biomarker precursors was carried out by natural

product chemists during the 1950-1970s; however, the coupling of gas

chromatography with mass spectrometry (GC-MS) was the major breakthrough in

developing biomarker geochemistry initially for petroleum exploration research and

then organic geochemistry in general (Simoneit, 2005). Current instrumentation and
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derivatization methods (especially silylation of polar functional groups) extended the

biomarker concept into other disciplines and applications where hydrocarbons and

polar, as well as synthetic (anthropogenic) compounds are encountered. The

biomarker elucidation and utilization is fostered by the pharmaceutical and food

industries; however, the classical biomarker database and standards are of greatest

utility for environmental research.

The distributions and abundances of the organic compounds that make up the

chemical fingerprint in the environment are strongly dependent on flora, fauna,

microorganisms, and their extent of degradation and thermal alteration processes.

Anthropogenic compounds (e.g., pesticides, synthetics, etc.) are usually found at low

concentrations in mixtures, thus their analysis requires specific methods. Hence, the

major organic compounds that can be used as biomarker tracers in environmental

samples are mainly natural products and their alteration derivatives. Those naturally

occurring compounds generally fall into lipid and nonlipid biomarkers derived mainly

from higher plants and microbial sources. Lipid biomarkers are the most commonly

applied tracers in environmental analysis and include aliphatics (e.g., n-alkanes, n-

alkanoic acids, n-alkanols, n-alkanones, isoprenoids) and cyclic components (e.g.,

diterpenoids, triterpenoids, steroids, hopanes, PAHs). Structural biopolymers, such as

cellulose, hemicellulose, lignin, and more labele organic compounds (e.g., proteins

and saccharides) are the nonlipid tracers commonly employed in environmental

research. Those compounds have been extensively used in determining sources,

transport and reaction products of the organic matter in atmospheric (e.g., Simoneit
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and Mazurek, 1982; Ramdahl, 1983; Rogge et al., 1993; Simoneit et al., 1993;

Standley and Simoneit, 1994; Simoneit et al., 1999; Fine et al., 2001; Kuhn et al.,

2004), soil (e.g., Rohmer et al., 1980; Riederer et al., 1993; Zelles and Bai, 1993;

Nierop, 1998; Malosso et al., 2004; Naafs et al., 2004) and sediment samples (e.g.,

Simoneit, 1977; Prahl and Pinto, 1987; Goñi and Hedges, 1990; Yunker et al., 1993;

Hedges et al., 1997; Naraoka and Ishiwatari, 1999; Hernandez et al., 2001).

Lipids and biopolymers have proven to be useful tracers in environmental

samples. However, the biopolymers were converted to their respective monomers or

breakdown products and the lipids were separated into various fractions to aid

analyses. Additionally, those biomarkers usually have been applied alone. The

sources and transport processes of organic matter among environmental

compartments (e.g., air, soils and sediments) have been modeled using bulk

parameters (e.g., total organic carbon) and separated organic compound groups

representative of the total lipids. In addition, in comparison to the relatively extensive

studies that have been carried out on apolar compounds (e.g., hydrocarbons) of both

biogenic and anthropogenic origins in environmental samples, only limited molecular

information is available for polar compounds (e.g., Cowie and Hedges, 1984; Cunha

et al., 2002; Graham et al., 2002; Simoneit et al., 2004). One clear need is for a multi-

biomarker analysis, which offers complementary information on sources, transport,

pathways and reactions of the organic matter released into the environment.

In this context, the primary objective of this research was to identify the

polar/water-soluble fraction of organic compounds conjunctly with apolar biomarkers



derived from natural sources, and to apply these compounds as tracers to determine

transport and reactions of organic matter in the environment. Aerosol, soil and

sediment samples were extracted using a dichloromethane:methanol mixture (2:1,

v:v), derivatized (silylated) and analyzed by GC-MS. This analytical method allowed

the rapid characterization of several organic compound classes in numerous and

different kinds of samples.

Sugars are ubiquitous and abundant compounds in nature and thus potentially

powerful tools in elucidating sources and processes of biologically important organic

materials in natural environments. They were the most common compound class

found in this work, and an evaluation of the method used here for analyzing sugars is

described in Chapter 2. Recoveries and limits of detection were provided for

representative sugar compounds, i.e., glucose, sorbitol, levoglucosan and sucrose

(commonly observed in environmental samples) in addition to mass spectra and

retention times of fifty sugar standards, including monosaccharides, sugar alcohols,

anhydrosugars, disaccharides and trisaccharides. In the subsequent chapters,

applications of polar and apolar biomarkers as tracers of environmental processes are

provided for atmospheric, soil and sediment samples.

In Chapter 3, both polar and apolar biomarkers were analyzed in aerosol

samples collected over a pristine forest in Maine (USA) during the growing season of

2002. This study allowed the characterization of the background composition and

concentration of biogenic biomarkers, and the enrichment of some sugar compounds

and plant waxes with the passage of a smoke plume from the Quebec wildfires at the



sampling site. Tn Chapter 4, the annual variation of sugars, microbial communities

(using fungal and bacterial fatty acids) and climatic variables (temperature and

precipitation) were investigated for soil samples from a ryegrass field, and the organic

matter dynamics among plant-soil-microorganisms were assessed during mild and

stressed conditions. Chapter 5 treated the determination of major terrestrial organic

biomarkers in sediments from small rivers draining the northwestern United States

(from the Cascades and Coast Range). Sources, transport and alteration processes for

polar and apolar compounds were characterized as they transited from land to sea. In

Chapter 6, source profiles of organic compounds emitted from controlled burning of

green vegetation from temperate and semi-arid forests of the northwestern US were

characterized. This data provided direct organic composition signatures for particle

emissions from temperate climate moist vegetation during biomass burning. A

summary of the research is provided in Chapter 7.



2. Analysis of Sugars in Environmental Samples by Gas Chromatography-

Mass Spectrometry

Patricia M. Medeiros and Bernd R. T. Simoneit

Journal of Chromatography A

Radarweg 29, Amsterdam, 1043 NX, Netherlands

To be submitted
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Abstract

Environmental samples hold a complex mixture of organic compounds with

different sources, polarities and reactivities. This study reports a method for the

analysis of both polar/water-soluble and apolar organic compounds in several kinds

of environmental samples. The analytical method consists of extraction with a

mixture of dichloromethane:methanol (2:1, v:v), silylation using BSTFA and analysis

by gas chromatography-mass spectrometry (GC-MS), a common device in chemical

and environmental laboratories. Fifty individual sugar standards, including

monosaccharides, sugar alcohols, anhydrosugars, disaccharides and trisaccharides,

were analyzed for the detennination of their fragmentation patterns and retention

times. Recoveries (at three concentrations) and limits of detection were determined

for a standard mixture containing glucose (monosaccharide), sorbitol (sugar alcohol),

levoglucosan (anhydrosugar) and sucrose (disaccharide), and they varied from 68 to

119% and 130 to 360 ng mU', respectively. The method was used for the analysis of

aerosol, soil and sediment samples, and demonstrated its feasibility in detecting not

only several important environmental sugars (e.g., glucose, fructose, mannitol,

sorbitol, levoglucosan, sucrose, mycose), but also a large range of organic compound

classes from other polar components (e.g., dicarboxylic acids) to apolar compounds

such as n-alkanes. Therefore, the analytical method presented here demonstrated its

usefulness to better understanding sources, transport and alteration processes of

various organic compounds in different environmental compartments.



2.1. Introduction

Saccharides are common structural and storage compounds in both terrestrial

and marine organisms and represent the major form of photosynthetically assimilated

carbon in the biosphere (Cowie and Hedges, 1984). Because of their ubiquity and

abundance, saccharides are potentially powerful compounds in elucidating sources,

processes and pathways of biologically important organic materials in natural

environments. Despite their importance, the molecular characterization of these

compounds in environmental samples does not parallel studies of other compound

classes such as lipids, which are usually less abundant. This is especially due to the

high diversity of saccharides occurring in nature, which the wide range of functional

groups (hydroxyl, amino, acetamino, phosphate) greatly complicates the analysis of

this compound class. Additionally, evaluating and comparing carbohydrate data from

previous studies is difficult due to the varieties and differing reliabilities of the

techniques used for isolation and quantification (Mopper, 1977). Acid hydrolysis

conditions, derivatization methods and procedures for subsequent separation and

quantification are important variables in sugar analyses and standardized methods for

molecular level determinations have not evolved (Mopper, 1977; Cowie and Hedges,

1984).

The existing analytical methods for sugar compounds consist of gas

chromatography (GC)-based methods, high performance liquid chromatography

(HPLC)-based methods and, to a lesser degree, capillary electrophoresis (CE)-based

methods (Cheng et al., 2006). Due to their high polarity, hydrophilicity and low



volatility, saccharides have to be converted into volatilizable and stable derivatives,

i.e., trimethylsilyl or acetate derivatives, before GC analysis. For these reasons,

HPLC is often preferred for sugar determinations because it concentrates on the

utilization of a suitable column for the separation of sugars. Several detectors coupled

with chromatographic methods have been used to quantify sugars and include mainly

flame ionization detection (FID) and mass spectrometry (MS) for gas

chromatography analysis; for HPLC, refractive index (RI) detection, pulsed

amperometric detection (PAD), evaporative light-scattering detection (ELSD) and

MS are among the most common detector methods used. Despite the high sensitivity

of the detectors mentioned above, mass spectrometry has been used widely to provide

both qualitative and quantitative analysis due to its identification capability at a high

sensitivity level (picogram).

More recently, liquid chromatography combined with electrospray ionization

mass spectrometry (LC-MS) has been proposed as an useful method for analyzing

trace saccharides in complex media (Cheng et al., 2006), such as aerosol samples

(Wan and Yu, 2006) and modified cellulose submitted to enzymatic hydrolysis

(Cohen et al., 2004). Despite these advances, only the sugar class has been the target

in these studies. Environmental samples, including aerosols, soils and sediments,

generally contain a complex mixture of organic compounds with different polarities

and reactivities. Tn order to confidently discriminate the sources of organic

compounds in environmental samples, and consequently, improve the understanding

of their transport and alterations in different environmental compartments, a multi-
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biomarker approach is required. Furthermore, most of the analytical procedures for

determining sugars in environmental samples use water as solvent, resulting in the

extraction of only the polar fraction (e.g., Graham et al., 2002; Schkolnik et al.,

2005). In this context, this study reports a methodological procedure to analyze sugars

in various environmental samples conjunctly with other polar/water-soluble

components (e.g., acids), as well as apolar organic compounds (e.g., n-alkanes). The

methodological procedure, including extraction, derivatization and analysis by GC-

MS is evaluated using sugar standards, and examples using environmental samples

are provided.

2.2. Experimental

2.2.1. Reagents and standards

All organic solvents, i.e., dichloromethane, methanol and hexane (Burdick &

Jackson, MI, USA) were GC grade. Sugar standards were purchased from

Fluka/AldrichlSigma (USA). Derivatizations of sugars were performed using N,O-

bis-(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% trimethylchlorosilane

(TMCS) and pyridine (silylation grade) both from Pierce (IL, USA). Individual

standard stock solutions (50 sugar compounds) were prepared in methanol at

concentrations varying from 120 to 200 .tg mU'. Individual solutions of glucose,

sorbitol, levoglucosan and sucrose were diluted serially using methanol to prepare

calibration curves ranging from 200 tg mU' to 1.2 .tg and a composite

standard solution was also prepared, varying from 100 .tg mU1 to 2.4 p.g mU', to
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assess sugar recoveries. The BSTFA and pyridine reagents, as well as the individual

and composite standard solutions were stored at 4 °C.

2.2.2. Extraction of environmental samples and derivatization

Environmental samples were sonicated twice for 15 mm in a 30 mL mixture of

dichloromethane:methanol (2:1, v/v). The extract aliquots were combined, filtered

using a Gelman Swinney filtration unit containing an annealed glass fiber filter (42.5

mm, Whatman) for the removal of insoluble particles (Simoneit and Mazurek, 1982).

The filtrate was first concentrated by rotary evaporator to about 1.5 mL, then further

to about 500 p.L using a stream of high purity nitrogen (Airgas, PA, USA). Aliquots

of the total extracts (20-25 tL) were converted to their trimethylsilyl derivatives

using BSTFA containing 1% TMCS (20-25 1iL) and pyridine (10 tL) for 3 h at 70°C.

Immediately before GC-MS analysis, derivatized extracts were evaporated to dryness

using a stream of filtered nitrogen gas and redissolved in 20-25 tL of hexane for

injection.

2.2.3. GC-MS analysis

Aliquots of 1 L of silylated total extracts of the aerosol, soil or sediment

samples, as well as standard sugar solutions, were analyzed within 24 hours using a

HP 6890 gas chromatograph interfaced with a HP 5973 mass selective detector (GC-

MS). A DB5-MS capillary column (30 m x 0.25 mm i.d. and film thickness of 0.25

pm, Agilent, Palo Alto, CA) was used with helium (Airgas, PA, USA) as the carrier

gas at a constant flow rate of 1.3 mL min'. The injector and MS source temperatures
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were maintained at 280 °C and 230 °C, respectively. The colunm temperature

program consisted of injection at 65 °C and hold for 2 mm, temperature increase of 6

°C mini to 300 °C, followed by an isothermal hold at 300 °C for 15 mm. The MS was

operated in the electron impact mode with an ionization energy of 70 eV. The scan

range was set from 50 to 650 Da at 1.27 scan s1. The samples were analyzed in the

splitless mode (splitless time: 30 s).

Data were acquired and processed with the HP-Chemstation software.

Compound identification was performed by comparison with the chromatographic

retention characteristics and mass spectra of authentic standards, reported mass

spectra and the mass spectral library of the GC-MS data system. The mass spectra of

unknown compounds were interpreted based on their fragmentation patterns.

Compounds were quantified using total ion current (TIC) peak area, and converted to

compound mass using calibration curves of external standards: glucose for

monosaccharides; sorbitol for sugar alcohols; levoglucosan for anhydrosaccharides;

sucrose for disaccharides. Procedural blanks were run in sequence to each set of

environmental samples in order to monitor significant background interferences.

2.3. Results and Discussion

2.3.1. Analysis of sugar standards

Fifty sugar standards, including the most common saccharides found in

environmental samples, were analyzed in this study and their characteristics are given

in Table 2.1. Almost all of the monosaccharides (pentoses and hexoses) and most of
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the disaccharides presented two peaks due to the 1 a- and 1 13- configurations of the

pyrano- or fitrano-ring. These isomers are also present in environmental samples, and

are commonly summed to report one value. The pyrano-ring (5 C) is mainly

characterized by m/z 204 (e.g., glucopyranose as TMS); whereas the fragmentation of

the furano-ring (4 C) is mainly at m/z 217 (e.g., fructofuranose as TMS). In fact, these

two fragments are normally used as key ions to identify sugar compounds (especially

monosaccharides) in complex environmental extracts. A complicating factor observed

for some sugar standards was the presence of open-ring compounds (i.e., ketols,

aldols) conjunctly with their cyclic isomers. Since derivatization promotes the

conversion of OH groups present in the saccharide structures to the corresponding

trimethylsilyl (TMS) ethers, ketols and aldols that exist as an equilibrium mixture

with their cyclic isomers were also identified in the standards analyzed here.

Fortunately, the amounts of those compounds were lower compared to the pyranoses

or furanoses, and in environmental samples, they were practically absent.

In contrast to monosaccharides, anhydrosaccharides and sugar alcohols did not

present isomers in their chromatograms. Disaccharides are characterized as TMS

derivatives by the m/z 361 key ion (conjunctly with m/z 204), making the

identification of an individual component of those sugars more direct. However,

despite the capability of the MS detector in identifying different compounds based on

their mass spectrometric fragmentation patterns, the unambiguous identification of an

individual sugar is sometimes complicated. This happens because of the similarities

in the MS fragmentation patterns observed for sugar compounds from the same group
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such as galactose and altrose or arabitol and xylitol. Thus, GC retention times are

valuable information for the correct identification of sugar compounds. Retention

times were checked repeatedly for all sugar compounds during this work and were

found to be extremely stable, varying within ±0.04 mm. In addition to the retention

times of the sugar standards, their Kovats indices [where the retention times are

relative to the n-alkanes distribution (Kovats, 1958)] were also determined (Table

2.1).

Some trisaccharides were also analyzed here. However, their specific

identification in environmental extracts is difficult because of the MS detector

limitation for the maximum mass being at m/z 800. The limited availability of

standard trisaccharides is also a disadvantage.

2.3.2. Calibration curves, method recoveries and limits of detection

Glucose, sorbitol, levoglucosan and sucrose were chosen as representatives of

the monosaccharide, sugar alcohol, anhydrosugar and disaccharide groups,

respectively, since these compounds were commonly observed in environmental

samples. Standard solutions of these sugars were prepared at six different

concentrations, derivatized and analyzed by GC-MS. The parameters for the

calibration curves (Table 2.2) were determined by a least-square fit between the peak

areas in the total ion current (TIC) traces and the analyte concentrations.

The extraction efficiency of the analytical procedure was evaluated by

analyzing blank filter samples doped with a mixture solution containing the

representative sugar standards mentioned above at three different concentrations. The
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extraction efficiencies of the analytes were determined by comparing the peak areas

of the spiked samples after all analytical steps with those of the corresponding

mixture solution, and the results are summarized in Table 2.3. The recoveries varied

from 68 to 119% among the individual sugars. Of the standards analyzed, the sugar

alcohol sorbitol had the lowest recoveries observed, even at its highest concentration.

The limits of detection (LOD) for glucose, sorbitol, levoglucosan and sucrose

are also given in Table 2.3. LOD was calculated as the concentration that corresponds

to three times the standard deviation of the peak areas generated by filter samples

spiked with 2 ig mL' of the sugar standards (stock solutions diluted approximately

100 times). The LODs varied from 130 ng mU' to 360 ng mU1 (or from 130 to 360

pg injection').

2.3.3. Analysis of environmental samples

The analytical procedure described in this study was already used to analyze

several classes of both polar and apolar compounds in various environmental

samples, including aerosols, soils, sediments and plants. Most of these studies were

already published and some of them are reported in the next chapters of this thesis.

Waterso1uble compounds are important components of background

atmospheric samples, and are significantly enriched at locales impacted by biomass

burning (Graham et al., 2002; Simoneit et al., 2004a; Medeiros et al., 2006alChapter

3). Figure 2.la shows an example of a smoke aerosol collected over a pristine forest

in Maine (USA) impacted by emissions from wi!dfires in Quebec, Canada.

Levoglucosan, a tracer of biomass burning (Simoneit et al., 1999), was the compound
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found at the highest concentration, with several other sugars, n-alkanoic acids and n-

alkanols also present. Another long-range transport example is shown in Figure 2. ib,

where organic compounds derived from the Asian dust event of 2001 were analyzed

in a Korean island (Gosan) aerosol (Simoneit et al., 2004a). Mono- and disaccharides,

sugar alcohols and dicarboxylic acids (secondary oxidation products) were the most

common compounds observed.

Sugars account for about 50% of plant litter entering the soil system (Kogel-

Knabner, 2002). They are labile compounds, which are usually rapidly metabolized

by the soil microbial biomass. Medeiros et al. (2006b)/Chapter 4 reported the results

of a study assessing the plant-microorganism relationship in SOM (soil organic

matter) dynamics by analyzing the sugar compositions and concentrations in a soil

from a grass field. Figure 2.2 shows examples of polar and apolar compounds found

in an agricultural (2.2a; Rogge et al., 2006) and a forest soil (2.2b; Simoneit et al.,

2004b) using the analytical method presented in this study. Plant-derived organic

compounds, i.e., sterols (e.g., sitosterol) and triterpenoids, as well as microbial

biomarkers such as mycose (a fungal metabolite) were characterized in both soil

samples.

Saccharide compositions have been documented in marine (Cowie and Hedges,

1984) and riverine (Cunha et al., 2002) sediments. However, in most studies the

sugars were extracted via acid hydrolysis, resulting in the isolation of only neutral

monosaccharides (mostly aldoses), i.e., no disaccharides or sugar alcohols were

detected by those analytical procedures. Despite the lower abundance of sugars
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observed in aquatic samples compared to aerosols and soils, they are present and also

play a decisive role in understanding microbial activity in this compartment. This is

illustrated in Figure 2.3a, where the high amount of glucose with the lower molecular

weight fatty acids (mainly C16) is attributed to the spring bloom of algae that occurred

in high altitude temperate rivers (Chapter 5). Figure 2.3b also shows the presence of

sugars and a large range of other compound classes in a subtropical river sediment

(Jaffé et al., 2006).

2.4. Conclusions

A multi-biomarker analysis of both water-soluble and hydrophobic organic

compounds in various environmental samples using a GC-MS analytical method was

demonstrated here. Fifty sugar standards, including monosaccharides, disaccharides,

sugar alcohols and anhydrosaccharides, were analyzed to determine their MS and GC

characteristics. The similar MS fragmentation pattern of derivatized sugar standards

also requires their distinct GC retention times for their correct identification. Both MS

key ions and GC retention times of these standards are presented here. Recoveries and

limits of detection for target sugar standards (for extraction and analysis in

dichloromethane:methanol) were acceptable and ranged from 68 to 119% and 130 to

360 ng mL1, respectively. The GC.-MS method allows the distinction among sugars

with identical molecular weights (e.g., glucose and fructose), which is not possible by

LC-MS (positive electrospray ionization) methods. Thus, only target saccharides are

analyzed by LC-MS methods, imposing a limitation for the understanding ofsources
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and dynamics of these tracer compounds in the environment. Furthermore, this work

demonstrated the usefulness of the GC-MS method for the analysis of various other

compound classes, such as n-alkanes, diterpenoids, triterpenoids, conjunctly with

polar/water-soluble compounds (sugars and dicarboxylic acids) in several kinds of

samples. Therefore, a multi-biomarker analysis can be applied to atmospheric, soil

and sediment samples using a common analytical device in chemical and

environmental laboratories.
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Figure 2.1. GC-MS total ion current (TIC) traces for silylated total extracts of aerosol
samples: (a) Howland Experimental Forest (ME, USA) during passage of plume from
Quebec wildfires (25 June-9 July, 2002) (Medeiros et al., 2006a), (b) Gosan Island
(Korea) during 2001 Asian dust event (April 27-28, 2001) (Simoneit et al., 2004a).
Numbers refer to carbon chain length of homologous series (' = n-alkane, ° n-
alkanol, A = n-alkanoic acid, DHA = dehydroabietic acid, X = contamination).
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Table 2.1. Characteristics of sugar standards analyzed by GC-MS.

Compounds Molecular Molecular Molecular CAS# Retention time m/z Kovats
formula mass mass-TMS (mm; a-, JI-) index

Monosaccharides
D(-)-Erythrose C4H804 120 336 583-50-6 15.24, 15.57 147,218,191 1427,1443

15.15, 16.72 ketol, aldol 1423,1499
D-Xylulose C5H1005 150 438 551-84-8 18.75, 18.80 147,218,335 1603,1605

21.01 ketol 1718
L(+)-Arabinose C5H1005 150 438 5328-37-0 19.58, 20.16 217,204,191 1644,1674
D(-)-Lyxose C5H1005 150 438 1114-34-7 19.45, 20.28 204,217,191 1638,1680
2-Deoxy-D-ribose C5H1004 134 350 533-67-5 17.04, 17.34 116,147,101 1515,1530

16.43, 17.09 129,147,218 1485,1517
(D-)-Ribose C5H1005 150 438 50-69-1 20.22, 20.44 217,204,191 1677,1688
D(+)-Xylose C5H1005 150 438 58-86-6 21.29, 22.26 204,217,191 1734,1787
L(-)-Fucose C6H1205 164 452 2438-80-4 20.59, 21.29 204,191,217 1695,1734

19.98, 21.41 ketol, aldol 1665,1740
D(+)-Fucose C6H1205 164 452 3615-37-0 20.59, 21.29 204,191,217 1695,1734

19.98, 21.41 ketol, aldol 1665,1740
L(+)-Rhamnose C6H1205 164 452 3615-41-6 19.85, 20.99 204,191,147 1658,1717
D-Allose C6H1206 180 540 2595-97-3 23.47, 23.75 204,191,217 1864,1882

24.09 ketol 1904
D-Altrose C6H1206 180 540 1990-29-0 22.80, 22.84 204,191,217 1820,1822

23.01, 24.19 ketol, aldol 1834,1911
D(-)-Fructose (Levulose) C6H1206 180 540 57-48-7 23.10, 23.22 217,437,147 1839,1847

23.80, 24.50 pyrano, ketol 1886,1930
2-Deoxy-D-galactose C6H1205 164 452 1949-89-9 21.38, 22.03 204,217,272 1738,1774

21.10, 21.59 ketol, aldol 1723,1750
D(+)-Galactose C6H1206 180 540 59-23-4 23.99, 24.72 204,191,217 1898,1943

23.37 flirano 1857
2-Deoxy-D-glucose C6H1205 164 452 37090-87-2 21.54, 22.77 204,147,217 1747,1818
6-Deoxy-D-glucose C6H1205 164 452 7658-08-4 22.62, 23.65 204,191,147 1808,1876
D(+)-Glucose (Dextrose) C6H1206 180 540 492-62-6 24.53, 26.02 204,191,217 1932,2025
D(+)-Mannose C6H1206 180 540 3458-28-4 23.11, 23.70 204,191,217 1840,1879
L(-)-Sorbose C6H1206 180 540 87-79-6 no a-, 24.07 204,437,147 1903

22.84, 24.40 furano, aldol 1822,1924
D(-)-Tagatose C6H1206 180 540 87-81-0 23.47, 24.40 204,437,147 1864,1924

24.57 aldol 1934
D(+)-Talose C6H1206 180 540 2595-98-4 23.84, 24.79 204,191,217 1888,1948

23.59, 24.34 ketol, aldol 1872,1920
Inositol (myo-Inositol) C6H1206 180 612 87-89-8 27.61 305,318,147 2130
D-Pinitol C7H1406 194 554 10284-63-6 23.55 260,217,318 1869
N-acetyl-D-glucosamine C81115N06 221 509 7512-17-6 27.72, 27.82 173,131,259 2137,2144

Anhydrosaccharides
Galactosan C6H1005 162 378 644-76-8 20.31 217,204,147 1681
Mannosan C6H1005 162 378 14168-65-1 20.72 204,217,333 1702
Levoglucosan C6H1005 162 378 498-07-7 21.11 204,217,333 1724

2,5-Anhydromannitol C6H1205 164 452 41107-82-8 21.67 217,272,259 1754

Sedoheptulose anhydride C7H2O6 192 480 469-90-9 25.04 204,217,333 1963
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Table 2.1. Continued.

Sugar alcohols
Adonitol (Ribitol) C5H1205 152 512 488-81-3 21.69 217,319,307 1756
D(+)-Arabitol C5H1205 152 512 488-82-4 21.58 217,307,319 1749
Xylitol C5H1205 152 512 87-99-0 21.39 217.307,319 1739

Dulcitol (Galactitol) C6H1406 182 614 608-66-2 25.37 217,319,307 1984
D-Mannitol C6H1406 182 614 69-65-8 25.22 319,205,217 1975

D-Sorbitol (Glucitol) C6H1405 182 614 50-70-4 25.33 319,205,217 1981

Disaccharides
D(+)-Cellobiose C12H22011 342 918 528-50-7 35.87, 37.05 204,361 2758,2861
Gentiobiose Cl2H2ZOLI 342 918 554-91-6 38.28, 38.34 204,361 2972,2978
Lactose C12H22011 342 918 63-42-3 35.34, 36.79 204,361,191 2713,2838
Lactulose C12H22011 342 918 4618-18-2 35.15 361,204,147 2697
D-Leucrose C12H22011 342 918 7158-70-5 36.99 361,204,306 2856
D(+)-Maltose C12H22011 342 918 69-79-4 35.82, 36.32 204,361,191 2754,2797
D(+)-Melibiose C12H22011 342 918 585-99-9 37.85, 38.04 204,361 2933,2950
Palatinose C12H22011 342 918 13718-94-0 36.71 217,361,204 2831

D(+)-Sucrose C12H22011 342 918 57-50-1 35.33 361,217,437 2712
D(+)-Trehalose (Mycose) C12H22011 342 918 99-20-7 36.54 361 2816
D(+)-Turanose C12H22011 342 918 547-25-1 36.24 361,147,217 2790

Trisaccharides
D(+)-Raffinose C18H32016 504 1296 512-69-6 44.29 361,437,451 3508
D(+)-Melezitose C18H32O6 504 1296 597-12-6 45.64 361,217 3594
Maltotriose C18H32016 504 1296 1109-28-0 46.21 204,361,191 -

First key ion (mlz) is the base peak.

Dash is outside retention time limits of then -alkanes standard(C4-C36)
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Table 2.2. Response curves (area counts) for representative sugar standards.

Compounds Compound Concentration Response Equation
groups range (i'g mLl)a

D(+)-Glucose Monosaccharides 2.0-200 C=(5.5474E7*Area)/( 1 +7.5842E- 10*Area)
Levoglucosan Anhydrosaccharides 1.6-160 C=(9.73 16E7*Area)/( 1+2.8973E9*Area)
D(-)-Sorbitol Sugar alcohols 1.9-190 C=(4.4678E7*Area)/(1+9.0645E10*Area)
D(+)-Sucrose Disaccharides 1.2-120 C=( 1 .2024E6*Area)/( 1+6.5949E9*Area)

Comprises 6 different concentrations of the individual standards
C: Concentration in tg mU1.



Table 2.3. Recoveries and limits of detection of the representative sugar standards.

Compounds Spiked Measured Recovery LOD
concentration (rig mu1) concentration (rig mU') (%) (ng mL1f

D(+)-Glucose 100 119 119 150
20 18.5 92.4
4 3.5 88.3

Levoglucosan 80 91.2 114 130
16 15.6 97.5
3.2 3.0 94.7

D(-)-Sorbitol 95 85.1 89.6 360
19 13.8 72.4
3.8 2.6 68.4

D(+)-Sucrose 60 63 105 280
12 11.2 93.7

2.4 2.1 89.2
Or pg injection'
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Abstract

Bulk aerosols (> 1 jim) were collected continuously above the canopy at the

Howland Experimental Forest, Maine, USA from May to October 2002. Each sample

integrated over an approximately two-week period. Mono- and disaccharide sugars

were extracted using a microscale technique and were analyzed as their TMS

derivatives by GC-MS. Concentrations of total aerosol sugars ranged from 10 to 180

ng m3. Glucose was the most abundant sugar (40-75% of the total sugars). The

monosaccharides arabinose, fructose, galactose, mannose, arabitol and mannitol, and

the disaccharides sucrose, maltose and mycose (aka trehalose) were also present in

lower concentrations. The sugar composition in the aerosols varied seasonally.

Fructose and sucrose were prevalent in early spring and decreased in relative

abundance as the growing season progressed. Sugar polyois (arabitol and mannitol)

and the disaccharide mycose (a fungal metabolite) were more prevalent in autumn

during the period of leaf senescence. The changes in the sugar composition in the

aerosol samples appear to reflect the seasonality of sugar production and utilization

by the ecosystem. Plant waxes were present as significant components also indicating

an input from biogenic background.

Smoke plumes from Quebec forest fires passed over the Howland site in early

July 2002. Levoglucosan, a biomarker of biomass burning, increased by an order of

magnitude in the aerosol samples collected during this time. Glucose, mannose,

arabinose, galactose, and also, plant waxes increased in concentration by factors of 2-

5 in the smoke-impacted samples, indicating that wildfires enhance atmospheric
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emissions of uncombusted organic compounds. In contrast, concentrations of

fructose, sugar polyols and disaccharides were not significantly higher in the smoke-

impacted samples and indicated that biomass burning was not a significant source of

these compounds in the aerosols.

3.1. Introduction

Atmospheric particles contain organic tracers that are characteristic of their

sources, mode of formation and subsequent alteration during transport downwind

(Simoneit, 1977, 1984, 1989; Marty and Saliot, 1982; Mazurek and Simoneit, 1984;

Schauer et al., 1996; Fang et al., 1999; Simoneit et al., 1999; Conte and Weber, 2002;

Kawamura et al., 2003; Simoneit et al., 2004a and references therein). Organic matter

in aerosol particles is derived from four major sources and is admixed depending on

environmental conditions. These particle sources are: (1) natural biogenic detritus

(e.g., plant wax, microbes, pollen, etc.), (2) anthropogenic emissions (oil, soot), (3)

soil organic matter, and (4) biomass burning (natural and anthropogenic).

The biogenic biomarkers in atmospheric samples consist of homologous series

of n-a!kanoic acids, n-alkano!s and n-alkanes derived from epicuticular waxes and

related lipids of higher plants (Simoneit, 1977, 1978), with lesser amounts of other

oxygenated homologous species, such as n-a!kanedioic acids and n-alkan-2-ones

(Simoneit and Mazurek, 1982; Abas and Simoneit, 1996; Fang et al., 1999; Simoneit,

1989, 1999; Conte and Weber, 2002; Kawamura et al., 2003). Other primary biogenic

biomarkers observed in atmospheric samples include sterols (cholesterol, campesterol
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and sitosterol), triterpenoids (e.g., a- and 3-amyrone), diterpenoids (e.g.,

dehydroabietic acid) and sugars (mono- and disaccharides) (Simoneit, 1999; Simoneit

et al., 1999; Graham et al., 2002; Simoneit et al., 2004a-c).

Sugars or saccharides represent the major form of photosynthetically

assimilated carbon in the biosphere. They comprise up to 75 wt. % of vascular plant

tissues as structural polysaccharides like cellulose, hemicellulose and pectin

(Sjöström and Reunanen, 1990). In aerosols, the saccharides are comprised of three

main groups: (1) primary saccharides consisting of mono- and disaccharides, (2)

saccharide polyols (reduced sugars), and (3) anhydrosaccharide derivatives such as

mainly levoglucosan (1,6-anhydro-3-D-glucopyranose) (Simoneit et al., 1999; 2004a-

c).

The dominant primary saccharides in aerosols are comprised of a- and
I-

glucose, sucrose and mycose (trehalose), with various other minor components (e.g.,

fructose, xylose and inositols). The sources of these compounds are innumerous and

include microorganisms, plants and animals (Pigman and Horton, 1970; Bieleski,

1982; Simoneit et al., 2004a). Glucose is the most common monosaccharide present

in vascular plants (Cowie and Hedges, 1984) and is an important source of carbon for

soil microorganisms, such as fungi and bacteria (Paul and Clark, 1996). CO2 fixed in

leaves moves into the phloem of trees primarily as the disaccharide sucrose (glucose

+ fructose) and reaches the root cells in this form (Martin et al., 1988). However, in

symbiotic fungal tissues (mycorrhizal fungi), sucrose is replaced by mycose (glucose

+ glucose) as the most common disaccharide (Martin et al., 1988; Niederer et al.,
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1989). Mycose is present in a large variety of microorganisms (fungi, bacteria, yeast),

a few higher plants and invertebrates (Elbein, 1974) where it can serve as a reserve

carbohydrate and a stress protectant (Crowe et al., 1984; Wiemken, 1990).

Saccharide polyols are produced in large amounts by many fungi, and several

functions have been proposed for these compounds, such as storage or transport

carbohydrates, and intracellular osmoregulatory solutes (Wong et al., 1993). Polyols

are also the major soluble carbohydrates in lichens (Dahiman et al., 2003), often

found on the bark of trees, branches and leaves. Bacteria can also form and

accumulate polyols (e.g., sorbitol) in order to overcome osmotic stress (Loos et al.,

1994).

Levoglucosan, with minor mannosan, galactosan and 1 ,6-anhydro-3-D-

glucofuranose (levoglucosan isomer) are the primary thermal alteration products

produced during biomass combustion of cellulose and hemicellulose and, therefore,

are key tracers for smoke particulate matter from burning biomass (Simoneit et al.,

1999). Levoglucosan and other anhydrosaccharides produced during biomass burning

have been found in aerosols over the ocean, attesting to their stability during long-

range transport (Fraser and Lakshmanan, 2000; Simoneit and Elias, 2000; Simoneit et

al., 2004b,c).

Saccharides are ubiquitous in urban, rural, and remote aerosols (Simoneit et al.,

1999; Simoneit and Elias, 2000; Nolte et al., 2001; Graham et al., 2002; Zdráhal et

al., 2002; Simoneit et al., 2004a-c) and, therefore, are potentially powerful tools in

elucidating organic carbon sources and atmospheric transport pathways. In addition,
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sugars and other water-soluble compounds are believed to regulate the hydroscopicity

of aerosols and, thus, potentially play an important role in the regulation of climate

(Kanakidou et al., 2005).

This study presents the atmospheric concentration and composition of sugars

and plant waxes in aerosol samples collected over the 2002 growing season at

Howland Experimental Forest, an ecotonal boreal forest in central Maine, USA.

During the collection period, a large smoke plume from wildfires in northern Quebec

passed over the sampling site.

3.2. Experimental Methods

3.2.1. collection

The Howland Experimental Forest (Maine, USA) is located in a transitional

northern hardwood-boreal conifer forest (45.2°N, 68.7°W, 60 m above sea level) with

natural stands about 20 m tall (Hollinger et al., 1999). The major tree species at

Howland are red spruce (Picea rubens Sarg.), eastern hemlock (Tsuga Canadensis

(L.) Can.), balsam fir (Abies balsamea (L.) Mill.), white pine (Pinus strobus L.),

northern white cedar (Thuja occidentalis L.), red maple (Acer rubrum L.) and paper

birch (Betula papyrfera Marsh.). Forests to the south are dominated by the typical

northern hardwood forest assemblage species such oaks (Quercus ssp.), red maple

(Acer rubrum), American beech (Fagus grandifolia ehrh.) and birches (Betula ssp.).

The growing season typically averages slightly more than 200 days, with the first date
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for soil thaw about day 90 of the year and mean date of first frost about day 280

(Hollinger et al., 1999). The first frost in 2002 occurred on day 282 (October 9).

Bulk aerosols were collected over the 2002 growing season (May to October).

The sampler was located just above the tree canopy (30 m above the forest floor).

Aerosols were filtered onto pre-combusted (3 80°C) Gelman AlE glass fiber filters (1

tm pore size, 90 mm diameter) fitted in dual Teflon filter holders. Each sample was

collected continuously over a nominal two-week period to obtain a sample with a

mean aerosol composition that integrated over the prevailing air masses. The sampled

air volumes filtered ranged from 2644 to 3675 m3. Filters were transferred to pre-

cleaned, combusted, solvent rinsed glass jars equipped with Teflon cap liners and

stored at -30°C until laboratory analyses. Blank filters (installed but no airflow) were

also collected during the course of the study.

3.2.2. Chemical analyses

The saccharides were analyzed on filter sub-samples (-A.40% of the total filter)

that were extracted using a direct micros cale technique. Filters were sonicated for 15

mm in a 1 mL mixture of dichloromethane:methanol (2:1, vlv). The solvent extract

was evaporated to dryness using a stream of filtered nitrogen gas. The total extracted

compounds were converted to their trimethylsilyl derivatives using N,O-bis-

(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% trimethylchlorosilane

(TMCS) and pyridine (70°C, 3 h). An aliquot of 1 tL of each sample was analyzed

within 24 hours by gas chromatography-mass spectrometry (GC-MS).



The silylated total extracts of the aerosols were analyzed in the splitless mode

using a HP6890 gas chromatograph interfaced with a HP5973 MSD. The injector

temperature was set to 300°C. A DB5-MS capillary column (30 m x 0.25 mm i.d. and

film thickness of 0.25 tm, Agilent) was used, with helium as carrier gas. The column

temperature program consisted of injection at 65°C and hold for 2 mi temperature

increase of 6°C min1 to 3 00°C, followed by an isothermal hold at 3 00°C for 15 mm.

The MSD was operated in the electron impact mode with an ionization energy of 70

eV. The scan range was set from 50 to 650 daltons.

Data were acquired and processed with the HP-Chemstation software.

Individual compounds were identified by comparison of mass spectra with literature

and library data, comparison of mass spectra and GC retention times with those

authentic standards and/or interpretation of mass spectrometric fragmentation

patterns. Compounds were quantified using total ion current (TIC) peak area, and

converted to compound mass using calibration curves of external standards (glucose

for monosaccharides, sorbitol for reduced sugars, sucrose for disaccharides, and

levoglucosan for derivative saccharides).

Plant waxes in the aerosols were analyzed using the methods previously

published in Conte and Weber (2002). Briefly, waxes were ultrasonically extracted

from the total filters using dichloromethane. An internal standard mixture consisting

of 21:0 n-alkanol, 23:0 n-acid, 36:0 n-alkane and 5a-cholestane was added prior to

the initial extraction step. The filters were then acidified using 1N methanolic HCI

and re-extracted. The total combined extract was evaporated to dryness, resuspended
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in 4:1 dichloromethane:methanol and passed through a minicolumn containing

Na2SO4 to remove any residual water. The extract was then evaporated, a small

amount of toluene added to resuspend the lipids, and the sample transesterified using

5% methanolic HC1 (55°C, 12 h). The transesterified products were extracted in

hexane, dried, and then trimethylsilylated under N2 using BSTFA + 1% TMCS in

pyridine (55°C, 1 h). The individual compounds were then quantified using a Fisons

8000 series GC fitted with a Chrompack CPSi15CB column (60 m x 0.25 mm, 0.25

pm film thickness). The temperature programming was 50 to 150°C at 10°C min1 and

from 150 to 320°C at 4°C min' with a 30 mm isothermal hold at 320°C.

3.2.3. Back-trajectories

Back-trajectories were calculated using NOAA's Air Resources Laboratory's

(ARL) Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Model

with the National Center for Environmental Prediction's (NCEP) final model run

(FNL) meteorological data set (Draxier and Rolph, 2003). Four-day back-trajectories

(6-10 July, 2002) were calculated at an ending altitude of 90 m (the approximate

elevation of the sampling site) in a 6h interval. The plume's fate and transport were

further assessed qualitatively through publicly available satellite images acquired

with the Moderate Resolution Imaging Spectroradiometer (MODIS).

3.3. Results and Discussion

3.3.1. Long-range transport of smoke from Quebec wildfires



Fires broke out in northern Quebec during the dry summer of 2002. According

to the Canadian Forest Service, there was more than a 100-fold increase in hectares of

boreal forest burned during the month of July for the forest fire season of 2002

(Sapkota et al., 2005). Forest stands included shade-intolerant deciduous species such

as aspen (Populus tremuloids Michx.) and paper birch (Betula papyrfera Marsh.), as

well as conifer species such as black spruce (Picea mariana (Mill.) BSP.), balsam fir

(Abies balsamea (L.) Mill.), jack pine (Pinus banksiana Ait.) and white spruce (Picea

glauca (Moench) Voss) (Bauhus and Messier, 1999). Smoke plumes were advected

over the northeastern US in early July, 2002. The smoke plume transport across the

eastern seaboard was evaluated by a satellite image (MODIS) taken on July 8

showing a smoke plume extending from the forest fires in Quebec to the northeastern

US (Fig. 3.la). Figure 3.lb shows air mass back-trajectories computed using the

HYSPLIT model over the period from 6 to 10 July (at an ending height of 30 m

above ground level or 90 m above sea level), which also indicate transport of the

smoke to the sampling site at Howland, Maine.

3.3.2. Sugar concentrations

Individual concentrations of the primary monosaccharides glucose, fructose,

arabinose, mannose, galactose, as well as sugar polyols (arabitol and mannitol),

anhydrosugars (levoglucosan, galactosan and mannosan), and disaccharides (sucrose,

maltose and mycose) in aerosol samples taken from the Howland Experimental Forest

are shown in Table 3.1. Total sugar concentrations (two week integrated averages)

varied from approximately 10 to 180 ng m3 with maximum concentrations found in
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samples affected by the passage of the smoke plume from the Quebec wildfires (25

June-23 July). Minimum concentrations were observed in two samples collecting in

late summer (6 August-5 September). A secondary maximum in concentration of

most compounds was observed in early autumn, during the period of leaf senescence

and decay.

The monosaccharide glucose was the major compound found in the aerosols

over the entire sampling period, with concentrations ranging from approximately 3.1

to 50 ng m3 (Fig. 3.2). Galactose, mannose, fructose and arabinose were also present

in the aerosols in lower concentrations. The concentrations of galactose and mannose

strongly covaried and showed a maximum in the smoke impacted samples. In

contrast, fructose concentrations were maximal in early spring (4-5 ng m3, Fig. 3.3a)

and decreased to < 1 ng m3 by mid-summer (Table 3.1, Fig. 3.2). Concentrations of

the polyols, mannitol and arabitol, also strongly covaried, with mannitol being

approximately twice as prevalent as arabitol, with maximum values observed in early

autumn (Table 3.1, Fig. 3.2) during the leaf senescence period.

Mycose (aka trehalose) was by far the most abundant disaccharide found in the

aerosol samples. It was observed in all samples collected throughout the growing

period, varying from approximately 1.5 to 18 ng m3. Mycose is present in bacteria,

yeast, a wide variety of fungi, algae, a few plants, and invertebrates (Elbein, 1974).

As observed for the sugar polyois, higher concentrations were found in early autumn

(Fig. 3.2). The prevalence of mycose in autumn is consistent with the observations of

Hacki et al. (2000), who found higher amounts of mycose in autumn than in spring in
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soil samples from a natural forest in Austria. Mycose and saccharide polyols have

been documented as useful tracers for soil input to atmospheric particles in regions

impacted by erosion or agricultural activities (Simoneit et al., 2004a). The other

disaccharides, sucrose and maltose, were detected in only a few samples (Table 3.1).

Maltose, a microbial degradation product of starch, was observed during the

beginning and end of the growing season. Sucrose was significant only in the spring,

similar to fructose (Fig. 3.3a). This disaccharide is the predominant sugar in the

phloem of plants and is particularly important in developing flower buds (Bieleski,

1995).

3.3.3. Smoke plume

The anhydrosugar levoglucosan increased by an order of magnitude in the

aerosol samples collected between 25 June and 23 July (Table 3.1, Fig. 3.2), when a

smoke plume from the Quebec wildfires passed over the study area (Figs. 3.1, 3.3b).

Levoglucosan with minor mannosan and galactosan have previously been identified

as major components of organic particulate matter in areas impacted by wood smoke

(Simoneit et al., 1999; Simoneit and Elias, 2000). The monosaccharides glucose,

arabinose, galactose and mannose were also strongly enriched (by factors of 2-5) in

the smoke-affected samples (Figs. 3.2, 3.3b), indicating that wildfires also enhance

emissions of uncombusted saccharides. Glucose, arabinose, galactose and mannose

occur as such and are found in hemicellulose polysaccharides (Pigman and Horton,

1970). Glucose, in particular, is commonly present at higher levels in vascular plants

(Cowie and Hedges, 1984), while nonwoody tissues, such as leaves and needles, are
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typically richer in pectin, a polysaccharide containing arabinose and galactose as

predominant sugars (Sjöstrom, 1981). This may explain the enrichment of those

sugars in the smoke-impacted samples. In contrast, no significant concentration

enrichments were observed for fructose, reduced sugars and disaccharides (Table 3.1,

Figs. 3.2, 3.3b). The lack of any observed influence of the smoke plume on the

concentrations of reduced sugars and disaccharides is consistent with the observations

of Graham et al. (2002), who found no correlations between arabitol, mannitol,

sorbitol, mycose and the combustion indicators, BC (black carbon), OC (organic

carbon) and K (potassium) in smoke samples taken from an Amazonia Forest site.

3.3.4. Seasonal variations in monosaccharide composition

The sugar composition of the aerosols varied systematically as the growing

season progressed. The seasonal change in monosaccharide composition, as the

percentage contribution of each compound, is shown in Fig. 3.4. Since the

concentrations of levoglucosan and other anhydrosaccharide products of biomass

burning are independent of the seasonal cycle, they were excluded from the

calculations. In order to remove the influence of the smoke plume, the concentrations

used for computing the relative sugar compositions for the periods from 25 June-9

July and 9-23 July were estimated by linear interpolation of the measured

concentrations for the adjacent periods.

Glucose dominated the aerosol monosaccharides throughout the growing

season, comprising about 40 to 75% of total monosaccharide composition (Fig. 3.4).

In early spring, glucose was by far the most abundant monosaccharide, but sharply
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declined in relative composition as the growing season progressed. Galactose,

mannose, arabinose comprised < 5%, respectively, of the total monosaccharides

during the spring and increased to 10-20% of the total by mid-summer (Fig. 3.4).

These changes in sugar composition in the aerosol samples appear to reflect the sugar

production in the ecosystem, with major synthesis of primary sugars early in the

growing season. In contrast, the relative concentrations of the sugar poyols mannitol

and arabitol increased from < 5% in early spring to 15-20% of the total by early

autunm. Mannitol, and to a lesser degree, arabitol are major fungal polyols in many

green-algal lichens (Dahlman et al., 2003), and are well-known constituents of

bacteria, fungi, and lower plants (Bieleski, 1982). The enhanced abundance of the

reduced sugars in early autumn relative to those of primary monosaccharides

synthesized by plants appears to reflect an increase in contributions from microbially

degraded materials during the period of leaf senescence and decay. This conclusion is

supported by the concurrent increase in the concentration of the disaccharide mycose

during this period (Figs. 3.2, 3.3). In contrast, fructose comprised a significant

component of the monosaccharide relative concentrations only in spring (Fig. 3.4) as

its concentration declined by a factor of 4 during the growing season.

Therefore, the dominant sources of sugars above the Howland Forest are the

natural background of aerosol particles emitted by the terrestrial biomass (plant

detritus, airborne microbes comprised of bacteria, spores of lichens and fungi, and

small algae), and their seasonal composition changes closely reflect the seasonality of

sugar production and utilization by the ecosystem.
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3.3.5. Comparison of sugar with plant wax and dehydroabietic acid distributions

In addition to sugars, plant epicuticular waxes comprised a major component of

the higher molecular weight fraction of the aerosols at the Howland Forest. Table 3.1

shows the concentrations of the major wax classes (>C20 n-alkanoic acids, n-alkanols

and n-alkanes). The n-alkanoic acids were the major wax class and comprised 32-

56% of the total waxes (average 44%). The n-alkanols were the second most

abundant class and comprised 30-52% of the total waxes (average 38%). Nonacosan-

lO-ol, a C29 secondary alcohol synthesized mainly by gymnosperms (Tulloch, 1976),

was also detected and comprised 0.3-7% of the wax. The n-alkanes were the least

abundant major wax class found and comprised from 9-17% of the total (average

14%). The predominance of n-alkanoic acids and high relative proportion of

nonacosan- 1 0-ol from leaf wax in the aerosols is consistent with the large component

of coniferous vegetation in the northeastern United States and Canada.

The total wax concentration (sum of the major wax classes) in the aerosol

samples increased by roughly a factor of 2 during the growing season, from 10 ng

m3 to 25-30 ng m3, and then declined again in the end of September to 10 ng m3

(Table 3.1). Extreme increases in wax concentration, in particular the n-alkanoic

acids, were observed during the period when the smoke plume from the Quebec

wildfires passed over the site. The factor of 3-5 increase in wax concentration

mirrored that observed for the primary monosaccharides (Table 3.1) and indicated

that biomass burning greatly enhances the emissions of waxes into the atmosphere,

presumably by volatilization (steam stripping) during the initial stages of combustion
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(Standley and Simoneit, 1987; Elias et al., 1999; Simoneit, 2002). An increase in wax

concentrations in aerosol samples affected by wildfire plumes has been observed

previously by Abas et al. (1995), Conte and Weber (2002) and Kawamura et al.

(2003).

As the growing season progressed, the concentrations of plant waxes relative to

the primary sugars in the aerosols systematically decreased to a minimum in late

summer, before rising again in early autumn when leaf senescence commenced (Fig.

3.5). At the start of the growing season (30 April-16 May), the ratio of primary

monosaccharides (i.e., the sum of glucose, fructose, mannose, arabinose and

galactose) to total wax, was about 5 and rapidly decreased to near unity by the end of

June, when plant growth and leaf expansion are complete. This trend primarily

reflects the decrease in glucose (and fructose) concentrations (Fig. 3.4), coupled with

the increase in wax contents (Table 3.1). The concentration ratio of primary

monosaccharides relative to plant waxes increased abruptly in the last three samples

collected (17 September-i October to 15-29 October). This increase coincided with

the increase in sugars in the early autumn, and in particular that observed for the

sugar polyols mannitol and arabitol and the disaccharide mycose. Thus, sugar

emissions appear to increase as leaf senescence commences but wax emissions do

not, suggesting a larger degradative/microbial component contributing to saccharide

emissions at the end of the growing season. Interestingly, the primary

monosaccharides/total waxes ratio in the samples affected by the smoke plumes (25

June-9 July and 9-23 July) was nearly the same ratio observed in samples that were
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not influenced by biomass combustion, despite the very significant increases in

concentrations in those samples (Fig. 3.5).

The diterpenoid dehydroabietic acid, an oxidation product of resin acids

(Simoneit, 1977, 1986) and a molecular tracer for coniferous wood combustion

(Standley and Simoneit, 1994), was observed in samples impacted by the wildfire

plume and also in samples collected at the end of the growing season, i.e., autunm

(Table 3.1, Fig. 3.3c). However, at that time (5-17 September onward) no smoke

plume was evident at the sampling site. In addition, the increase in dehydroabietic

acid amounts by the end of the growing season was not accompanied by

corresponding high levoglucosan concentrations (Table 3.1, Fig. 3.2), suggesting that

other emission sources of this compound are also significant. The higher emission

concentrations of dehydroabietic acid found in the end of the growing season

(autumn) may be related to the larger degradative/microbial component observed at

this time. Yet, anthropogenic emissions by pulp mill industries located in Canada are

also potential sources of dehydroabietic acid to the Howland aerosol samples

(Laplante and Rilstone, 1995). Other biomarkers, such as sterols, triterpenoids and

PAHs, were not detected in the total extract analyses of the aerosols. These

compounds may be completely overwhelmed by the high sugar contents.

3.4. Conclusions

Sugars and plant waxes were major components of the aerosols present in the

boundary layer air masses collected above the Howland Experimental Forest, Maine,
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USA. The total sugar concentrations ranged from about 10 to 180 ng m3, with

maximum concentrations observed in samples affected by the smoke plume from

upwind wildfires. The monosaccharide glucose was the most common sugar found,

comprising approximately 40-75% of the total relative monosaccharide abundances

throughout the sampling period. The other monosaccharides found (mannose,

arabinose, fructose, galactose, mannitol and arabitol), despite their lower

concentrations, exhibited a strong seasonal trend. Mannose, arabinose, galactose and

fructose had greater relative contributions to the total sugar composition from spring

to mid-summer, whereas the relative abundances of the polyols maimitol and arabitol

increased throughout the growing season to a maximum in early autumn. The changes

in the sugar composition in the aerosol samples reflect the seasonality of sugar

production and utilization by the ecosystem, with major synthesis of simple sugars

early in the growing season, and greater contributions of metabolites from microbial

degradation of primary saccharides during early autumn, the period of leaf senescence

and decay. A similar trend was observed for the disaccharides sucrose and mycose.

Sucrose was significant only in spring, whereas mycose, a fungal metabolite, was

prevalent in early autumn. Plant waxes increased in concentration during the growing

season, with a strong enhancement during the smoke period, then decreased into

autumn.

Smoke plumes from wildfires in Quebec passed over the Howland site in early

July 2002. Levoglucosan increased by an order of magnitude in the aerosol samples

collected during that time. Primary monosaccharides and plant waxes increased in
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concentrations by factors of 2-5 in the smoke-impacted samples, indicating that

wildfires also enhance emissions and long-range transport of non-combusted organic

compounds. In contrast, concentrations of fructose, reduced sugars mannitol and

arabitol and the disaccharides sucrose, maltose and mycose were not significantly

higher in the samples impacted by smoke, indicating that biomass burning was not a

significant source of those compounds in aerosols.
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Figure 3.1. (a) Smoke plume from Quebec wildfires over the northeastern USA and
Atlantic Ocean on 8 July, 2002. MODIS satellite image courtesy of the Land Rapid
Response Team, NASA!GSFC; (b) Four-day back-trajectories of air parcels ending at
the Howland Experimental Forest, ME from the HYSPLIT model. The trajectory end
times are shown in the legend, and the end height is 30 m above ground level. Black
dot indicates Howland Forest location and parallelogram delineates area of high
forest fire activity.
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Figure 3.2. Examples of individual concentrations of monosaccharides (black bars),
sugar polyoi (gray bars), anhydrosugar (hachured bars) and disaccharide (white bars)
found in aerosol samples collected above the Howland Forest canopy from May to
October 2002. The sample collection periods affected by the passage of the smoke
plume are indicated by an asterisk.
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Figure 3.3. GC-MS total ion current (TIC) traces for total extracts (as TMS) of
Howland Forest aerosol samples: (a) early growing season (16-28 May), (b) passage
of plume from Quebec wildfires (25 June-9 July), and (c) late season (1-15 October).
Symbols: A = n-alkanoic acids, ° = n-alkanols, DHA = dehydroabietic acid, X =
contamination.
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Figure 3.5. Concentration ratios of the total primary monosaccharides (glucose,
galactose, mannose, arabinose and fructose) relative to the total plant waxes in the
aerosol samples.



Table 3.1. Concentrations (in ng m3) of individual sugars, plant wax classes and dehydroabietic acid in above canopy aerosols
collected at the lowland Experimental Forest, Maine.

Compounds Sampling period (2002)
Sugars 30 April- 16-28 28 May- 13-25 25 June- 9-23 23 July- 6-20 20 Aug- 5-17 17 Sept- 1-15 15-29

Monosaccharides 16 May May 13 June June 9 July * July * 6 Aug Aug 5 Sept Sept 1 Oct Oct Oct
a- + 13-Arabinose 1.7 1.7 1.6 2.3 3.7 2.4 1.7 0.6 1.3 2.1 1.8 1.5 0.4
a- + 3-Glucose 37.3 25.3 29.8 22.6 50.1 45.7 13.8 3.1 5.2 16.9 28.7 34.7 15.1
a- + 3-Fructose 5.3 4.5 4.8 2.7 1.4 0.9 0.7 nd 0.1 0.6 1.4 0.8 0.6
a-+3-Mannose 0.9 1.3 2.4 3.9 14.1 9.9 4.4 0.8 0.9 3.0 3.8 3.4 1.1
Galactose 1.7 1.7 4.5 5.7 22.2 13.8 6.5 1.7 1.8 3.6 4.7 4.2 1.4
Arabitol 0.8 1.3 3.4 3.8 5.4 5.0 3.5 0.7 2.3 4.1 6.4 6.6 1.9
Mannitol 1.3 2.0 4.9 5.2 6.7 5.8 4.6 0.9 2.8 6.3 10.2 9.4 2.7
Levoglucosan 2.1 4.6 4.0 5.3 55.1 54.0 5.0 1.0 2.4 5.9 4.1 3.9 13.1
Maimosaji nd nd nd nd 10.4 7.6 nd nd nd nd nd nd 1.8
Galactosan nd nd nd nd 2.6 1.1 nd nd nd nd nd nd 1.0

Disaccharides

Sucrose 4.1 5.6 nd nd 1.5 nd nd nd 0.7 nd nd nd nd
Maltose 4.1 1.3 nd nd nd nd nd nd nd nd nd 5.3 nd
Mycose 3.3 4.6 9.9 9.7 6.8 9.8 7.2 1.5 4.8 11.6 17.6 18.3 8.3
Total 62.7 54.1 65.2 61.2 180.0 156.0 47.4 10.2 22.4 54.0 78.6 88.0 47.6

Plant wax classes
C2335 n-alkanes 1.3 2.0 2.0 3.8 7.5 9.2 2.4 4.2 1.8 4.2 2.2 2.7 1.4

C2034n-a1kano1s 4.0 5.5 10.1 11.8 23.3 27.7 5.9 9.9 5.1 9.9 5.6 5.7 3.3
C2034n-a1kanoicacids 4.2 5.8 6.3 11.5 44.2 51.2 7.1 10.9 5.7 12.7 5.5 7.9 3.7

Nonacosan-lO-ol 0.8 0.7 0.9 1.8 3.0 2.7 0.9 1.4 0.8 1.1 0.1 0.1 0.7
Total 10.3 14.0 19.3 29.0 78.0 90.8 16.3 26.4 13.4 27.9 13.4 16.4 9.1

Resin acid
Dehydroabietic acid nd nd 0.4 nd 3.5 2.4 3.3 nd nd 3.0 2.9 3.6 2.8
nd: not detected.
*spling period influenced by the passage of smoke plumes from Quebec wildfires.
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Abstract

The relationship among sugar concentrations, microbial community and

physical variables (precipitation and soil temperature) was investigated in a ryegrass

soil from January 2004 to January 2005. Mono- and disaccharide sugars were

extracted using a mixture of dichioromethane and methanol and analyzed as their

TMS derivatives by GC-MS. Changes in microbial community were assessed using

phospholipid and neutral lipid fatty acids (PLFA and NLFA, respectively) analysis. The

results of a one-year study showed that the seasonal variability of sugar contents

found in the soil samples is mainly related to biomass or nutritional status of the

fungal community. The increase in sucrose and fructose exudation by plant roots in

the beginning of the growing season (early spring) may be responsible for the highest

fungal biomass amount (PLFAs) observed in this study. Fungal storage lipid

abundances (NLFAs) peaked in summer, during the same period that the highest

concentrations of mannitol and trehalose were detected. This is consistent with these

two sugars being stress-induced fungal metabolites, produced due to the low soil

moisture observed during this season. In contrast, bacterial community growth seems

to be more dependent on plant substrate than on physical variables, since the strongest

decrease in bacterial biomass amounts (PLFAs) was found after cutting of the

ryegrass field in early July.
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4.1. Introduction

Soil is a complex mixture of numerous inorganic and organic constituents that

vary in size, shape, chemical constitution and reactivity, and hosts numerous

organisms. The biological, chemical and physical processes involved in soil organic

matter (SOM) turnover can partly be deduced from the dynamics of soil

carbohydrates (Amelung et at., 1999). Total sugars have been estimated to constitute

10% on average of SOM, occurring in living and decaying organisms, as well as in

extracellular materials (Mehta et al., 1961). Soil carbohydrates have been known to

influence soil structure, chemical processes, plant nutrition and microbial activity.

The sources of sugars in soils are: a) plants (the primary source); b) animals (the

minor source); and c) microorganisms (fungi, bacteria, algae) (Mehta et al., 1961).

Plant-derived sugars are a source of energy and carbon for the soil fauna and

microorganisms. In turn, the microorganisms resynthesize primary hexoses and

release them to the soil (Cheshire, 1979; Oades, 1984). Therefore, both concentration

and composition of the soil's carbohydrates can be used to assess plant-microbe

relationships in SOM dynamics (Amelung et al., 1999).

Microbial biomarkers are chemical components of microorganisms, which can

be interpreted (both quantitatively and qualitatively) in terms of in situ microbial

biomass, i.e., used to characterize soil microbial communities. One of the most

common biomarkers are fatty acids derived from membrane lipids because they are

essential components of every living cell and have structural diversity coupled with
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high biological specificity (Salomonová et al., 2003). The use of phospholipid fatty

acid (PLFA) pattern as a way to acquiring a view of the microbial community in

environmental samples has become increasingly popular since the work of White et

al. (1979), and the methodology has now been used in many different habitats such as

water, sediments, bio-films, rhizospheres and soil (Bâáth, 2003), as well as an index

for soil alteration (Puglisi et al., 2005). More recently, neutral lipid fatty acids have

been investigated as a measure of nutritional status of soil fungi, as neutral lipids

(mainly triacylglycerols) are an important form of C and energy storage in eukaryotes

(Olsson et al., 1997; Báâth, 2003).

The understanding of microbial biomass in regulating soil ecosystem processes

(e.g., organic matter decomposition and nutrient cycling) is of particular interest for

grass fields. Grassland ecosystems, which present a high turnover of shoot and root

material and consequently a large pool of organic matter at the soil surface, support a

uniquely active soil microbial community (Grayston et al., 2001). According to

Parton et al. (1987), microbial activity in grasslands was shown to increase with

increasing soil temperature and soil moisture. In turn, the litter production in native

grasslands of North America was found to be linearly related to precipitation but not

to temperature (S ala et al., 1988). This suggests that the contribution of carbohydrates

derived from plants and microorganisms to soil organic matter depends on

temperature and precipitation. Seasonal variations in sugar composition were reported

for ectomycorrhizas (Niederer et al., 1992) and soils (Hacki et al., 2000) from

temperate forest stands. For grass soils, changes in carbohydrate composition were
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characterized for distinct climatic conditions (Amelung et al., 1999), while microbial

community variability was reported over a one-year period by Grayston et al. (2001);

however, the relationship between sugar contents and soil microbial composition in

response to environmental variables has not been addressed before. In addition, there

is a need to identify saccharides and understand their production dynamics in soils

because they are potential organic tracers for the release of soil dust from the ground

into the atmosphere (Simoneit et al., 2004). Therefore, the purpose of this study is to

identify and quantify the major sugars in soil of a ryegrass field and characterize the

relationship between the variations of the saccharide concentration and soil microbial

community over an annual cycle.

4.2. Experimental Methods

4.2.1. Sample collection

Soil samples were taken at the end of each month from a 60 ha perennial

ryegrass field (Lolium perenne L.) located in the Willamette Valley, Oregon, USA

from January 2004 to January 2005. Four to five surface soils (0-3 cm depth) were

collected in an approximated 20 m diameter area and homogenized to give one

composited sample. Each sample was immediately taken to the laboratory, where it

was divided into two portions to carry out the sugar and fatty acid analyses. Analyses

of composited samples from four different parts of the field demonstrated that the

spatial variability of the compound concentrations is one order of magnitude smaller

than the variability between seasons over an annual cycle. The soil was classified as



fine, smectitic, and mesic Typic Albaqualfs, with a pH range between 4.2 and 4.6

(1:2; soil:water suspension) and TOC = 4.1% (dry combustion; WR12 Leco Carbon

Analyzer, St. Joseph, MI). Soil temperatures and precipitation levels were recorded at

an automated weather station (OCS, 2005) located approximately 5 km from the

sampling site.

4.2.2. Sugar analysis

Soil samples were dried at room temperature, grounded and sieved with 600 jtm

pore-size mesh in order to remove vegetation and plant root fragments.

Approximately 10 g of soil was sonicated twice for 15 mm in a 30 mL mixture of

dichloromethane:methanol (2:1, v/v). The extract aliquots were combined, filtered

and concentrated by rotary evaporator to about 1.5 mL, then further to about 500 tL

using a stream of high purity nitrogen. Aliquots of the total extracts were converted to

their trimethylsilyl derivatives using N, O-bis-(trimethylsilyl)trifluoroacetamide

(BSTFA) containing 1% trimethylchiorosilane (TMCS) and pyridine (Pierce) for 3 h

at 70 °C. An aliquot of 1 uL of each silylated total extract of the soil samples was

analyzed within 24 hours using a HP (now Agilent) 6890 gas chromatograph

interfaced with a HP 5973 mass selective detector (GC-MS). A DB5-MS capillary

column (30 m x 0.25 mm i.d. and film thickness of 0.25 pm, Agilent) was used with

helium as the carrier gas at a constant flow rate of 1.3 mL min1. The injector and MS

source temperatures were maintained at 280 °C and 230 °C, respectively. The column

temperature program consisted of injection at 65 °C and hold for 2 mm, temperature

increase of 6 °C min1 to 300 °C, followed by an isothermal hold at 300 °C for 15 mm.
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The MSD was operated in the electron impact mode with an ionization energy of 70

eV. The scan range was set from 50 to 650 Da at 1.27 scan s1. The samples were

analyzed in the splitless mode (splitless time: 30 s).

Data were acquired and processed with the HP (Agilent) Chemstation software.

Individual sugars were identified by comparison of mass spectra with literature and

library data, comparison of mass spectra and GC retention times with those authentic

standards and/or interpretation of mass spectrometric fragmentation patterns.

Compounds were quantified using total ion current (TIC) peak area and converted to

compound mass using calibration curves of external standards (glucose for

monosaccharides, sorbitol for reduced sugars and sucrose for disaccharides).

Procedural blanks were run in sequence to soil samples, presenting no significant

background interferences. Recoveries of sugar standards were already published

elsewhere (Simoneit et aL, 2004) and varied from 92% to 97%.

4.2.3. Fatty acid analysis

The second portion of each soil sample was passed through a 2 mm sieve, and

the soil lipids were extracted according to Bligh and Dyer (1959). Briefly, 10 mL of a

single phase chloroform-methanol-phosphate buffer solution (1:2:0.8, v/v/v; pH 4)

was added to 3 g of moist soil. After centrifugation (repeated twice), the supernatants

were combined and filtered. The extract was split into two phases by adding 10 mL of

NaC1 (2 M) to the chloroform-methanol-phosphate buffer solution (Folch et al.,

1957). The extracted lipids, present in the chloroform phase, were then fractionated

into neutral, intermediate, and polar lipids by elution with 10 mL of chloroform, 10



mL of acetone, and 10 mL of methanol, respectively, using silicic acid bonded phase

columns (SPE-SI; Supelco) previously conditioned with 3 mL of chloroform (Zelles

and Bai, 1993). The neutral lipids (storage lipids) and polar lipids (containing

phospholipids) were immediately dried under nitrogen. The samples were then

subjected to alkaline methanolysis using methanolic KOH 0.2 M, which

transesterified the fatty acids derived from neutral and phospholipids into free fatty

acid methyl esters (FAMEs) (Butler et al., 2003). The methylated compounds were

analyzed by gas chromatography with a HP5 890 Series II equipped with a HP Ultra-2

capillary column (25 m x 0.2 mm i.d. and film thickness of 0.33 p.m) and flame

ionization detector (GC-FID). Helium was used as the carrier gas at a flow rate of 0.8

mL min1. The injector and detector temperatures were 250 °C and 280 °C,

respectively. The temperature program ramped from 120 to 290 °C at 5 °C min1 and

5 mm at 290 °C between samples to clean the colunm. Soil extracts (1 j.tL) were

injected in the splitless mode (splitless time: 45 s). Peaks were identified using a

mixture of 37 FAMEs (FAME 37; Supelco) and 24 bacterial FAMEs (P-BAME 24;

Supelco). Methyl tridecanoate (13:0; Supelco) was used as an internal standard to

convert chromatographic areas into FAME concentrations. Procedural blank analyses

were carried out and did not present significant interferences. Fatty acid recoveries

were already published (Zelles and Bai, 1993) and varied from 98% to 99.6%.

The nomenclature of the fatty acids follows that used by Frostegârd et al.

(1993). The polyenoic unsaturated PLFA 18:2w6 was used as an indicator of fungal

biomass (Federle, 1986; Frostegárd and Bááth, 1996), whereas NLFA 18:2w6 was



used as a flingal storage indicator (Bãâth, 2003). It was assumed that the primary

source of this eukaryotic PLFA and NLFA was soil fungi (Zogg et al., 1997; BáAth,

2003). Gram-positive bacteria were represented by the branched PLFAs i15:0, a15:0,

i16:0, i17:0, a17:0, whereas the PLFAs 18:1w7, cyl9:0, cyl7:0 were chosen to

represent Gram-negative bacteria (Federle, 1986; O'Leary and Wilkinson, 1988;

Wilkinson, 1988). The saturated PLFAs lOMel6:0, lOMel7:0, lOMel8:0 were taken

to represent actinomycete biomass (O'Leary and Wilkinson, 1988; Kroppenstedt,

1992).

4.2.4. Correlation analysis

In order to examine the interrelation between sugar contents and soil microbial

composition over an annual cycle in the soil samples, correlation coefficients among

individual sugar concentrations (mono- and disaccharides), soil microbial abundances

(fungal and bacterial fatty acids) and climatic variables (soil temperature and

precipitation) were calculated.

4.3. Results

4.3.1. Environmental variables

The seasonal variability of the soil temperatures and total precipitation recorded

close to the sampling site during January 2004 January 2005 is shown in Figure 4.1.

The lowest soil temperature (5.1 °C) and highest precipitation (211 mm) were

observed in January 2004 when a short snow event occurred in the beginning of the

month. The summer season was marked by the highest temperatures and lowest
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precipitation recorded during the whole period (e.g., July with averaged soil

temperatures and precipitation of about 26.2 °C and < 1 mm, respectively). In

addition, comparisons to averaged values recorded since 1996 showed that the period

from November 2004 to January 2005 was characterized by lower precipitation levels

(summed total precipitation for the three months 234 mm, summed departure -282

mm) and higher air temperatures (mean temperature -6 °C, mean departure + 1 °C)

(OCS, 2005).

In early July, the ryegrass canopy was harvested and its aboveground biomass

removed from the sampling site. In the subsequent months, a progressive regrowth of

the grass was observed.

4.3.2. Sugar analysis

The individual concentrations of the monosaccharides glucose, fructose and

mannitol (reduced sugar), and the disaccharides sucrose and trehalose (also known as

mycose) present in soil samples taken from the Oregon ryegrass field are shown in

Figure 4.2. Total sugar concentrations varied from approximately 3765 to 23710 ng

g' with maximum concentrations found in samples collected in the summer season,

i.e., from June to September. The disaccharide trehalose was by far the most abundant

sugar found in the soil samples during the study period, ranging from about 3495 to

19834 ng g', followed by the disaccharide sucrose (-444-2853 ng g'). Trehalose is a

recognized fungal carbohydrate (Martin et al., 1988; Niederer et al., 1989), while

sucrose is the predominant sugar in the phloem of plants (Bieleski, 1995). Glucose is

the most common sugar in nature (Pigman and Horton, 1970), and here it was the
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most abundant monosaccharide found, varying from approximately 100 to 2242 ng

g'. Sugar concentrations presented a strong seasonal variability. As the growing

season progressed, glucose increased to a maximum in July. After that, a strong

decrease was observed to a minimum in October, when the concentrations

progressively increased. The monosaccharide fructose and the disaccharide sucrose (a

dimer of glucose and fructose) were prevalent in early spring, when the climatic

conditions were milder. In contrast, the reduced sugar mannitol and the disaccharide

trehalose had higher concentrations in late spring and summer, the period of highest

soil temperatures and lowest precipitation (Fig. 4.1).

4.3.3. FAME analysis

Fatty acid methyl esters (FAMEs) were used to study changes in both the

phospholipid and neutral lipid fractions. Both phospholipid and neutral lipid amounts

were calculated from the sum of individual fatty acids (when applicable) and are

shown in Figure 4.3 as their relative abundances, i.e., (value mean)/standard

deviation. Figure 4.3a shows the seasonal variations of fungal fatty acid amounts in

the soil samples collected from February 2004 to January 2005. Phospholipid fatty

acids (PLFAs), used to indicate flingal biomass (Federle, 1986; Frostegárd and Bááth,

1996; Tunlid and White, 1992), strongly increased from the beginning of the year to a

maximum in April (early spring), when a progressive decrease was observed until

October. The neutral lipid fatty acid amounts (NLFAs), indicative of fungal storage

lipids (Olsson and Wilhelmsson, 2000; Bâáth, 2003), increased until April similar to

the PLFA amounts. However, in contrast to the fungal biomass, the fungal storage
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abundances increase to a maximum in the summer season (June and July), when

highest temperatures and lowest precipitation levels were recorded (Fig. 4.1). After

that time, the NLFA amounts strongly decrease until September, when a slight

increase was observed by the end of the year (early winter), identical to the fungal

biomass (PLFA amounts).

Variations in the bacterial fatty acid relative abundances from February 2004 to

January 2005 are shown in Figure 4.3b. Seasonal variations of bacterial PLFA

amounts were very similar for the categories of bacteria studied here. As temperature

increases, Gram-positive, Gram-negative and actinomycete fatty acid amounts also

increase to a maximum in late spring/early summer. In July, bacterial lipid

abundances strongly decreased to levels that were maintained until October,

increase was observed by the end of the study period. Neutral lipid fatty acids

(NLFAs) were not determined for bacteria since their levels as storage compounds are

generally low in these microorganisms (Neidhardt et al., 1990; Báäth, 2003; Malosso

et al., 2004).

4.3.4. Correlation analysis

Correlation coefficients among sugar contents, FAME microbial signatures and

physical variables are shown in Table 4.1. The reduced sugar mannitol is highly

correlated to the disaccharide trehalose (r 0.86), and correlates positively with

temperature and negatively with precipitation. A similar trend was found for fungal

neutral lipid amounts (NLFAs), which correlated with mannitol and trehalose (r =

0.69 and 0.56, respectively) and negatively with precipitation (r = -0.56). The
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monosaccharide glucose is well correlated with most sugars, physical variables,

fungal PLFA and NLFA, and Gram-negative bacteria, thus not indicating an

association specificity character. In contrast, the disaccharide sucrose is well

correlated with fructose (r = 0.80), which is correlated with the flingal biomass

variations (PLFA abundances). No correlation was found among plant sugar contents

(sucrose and fructose), temperature, precipitation and bacterial fatty acid seasonal

variations. In fact, the three categories of bacteria studied (Gram-positive, Gram-

negative and actinomycetes) did not have significant correlations with either climatic

variables or sugar concentrations (except glucose).

4.4. Discussion

The results presented here demonstrated that seasonal variations in sugar

concentrations in a ryegrass soil are closely related to the fungal fatty acid signatures.

The increase in fructose, sucrose and glucose concentrations in the soil samples from

the beginning of the year until April may be related to the breaking of the winter-

induced dormancy. As the growing season approaches, the polysaccharides fructan

and starch are subjected to hydrolysis, releasing their monomers (Wilson et al., 2001).

Fructans are polymers of fructose and, together with starch (a glucose polymer) and

fructose, are the major reserve carbohydrates in the roots of higher plants (Meier and

Reid, 1982). Increases of fructose, glucose and sucrose within plants may result in

exudation of those sugars by plant roots, increasing their concentrations in the soil

samples. Wilson et al. (2001) observed increases of fructose and glucose in dandelion



74

roots in early spring due to polysaccharide hydrolysis. After April, fructose and

sucrose amounts strongly decreased, probably due to the translocation of sugars to

other parts of the plants for supporting growth in spring (van Doom, 2004). A similar

trend was observed for fungal PLFA amounts (Fig. 4.3a). Fungal biomass reached its

maximum in April, probably due to higher availability of those sugars in the soil

(Grayston et al., 2001), which may also result in an increase of neutral lipid amounts

(NLFA5) by the fungal community.

By the end of spring and during summer, a progressive decrease of the fungal

PLFA amounts was observed (Fig. 4.3a). During this period, the fungal biomass may

undergo drought stress due to the lowest precipitation levels observed throughout the

period (Fig. 4.1). In contrast to the biomass of fungi, the fungal

amounts (NLFAs) reached their maximum in June and July (Fig. 4.3a), similar to the

concentrations of the reduced sugar mannitol and the disaccharide trehalose (Fig.

4.2). The conversion of fructose, glucose and sucrose into the fungus specific

metabolites trehalose and mannitol has been reported for excised ectomycorrhizal

symbiosis (Lewis and Harley, 1965; Martin et al., 1985; 1988). Both sugars are

known as reserve carbohydrates in microorganisms, primarily fungi (Martin et al.,

1988; SilIjé et al., 1999). Mannitol is also an intracellular osmoregulatory solute,

accumulating in stressed cells to adjust their osmotic potential to salt stress and water

deficiency (Shen et al., 1999; Ramirez et al., 2004), while trehalose is a stress

protectant to dehydration and freezing, as well as osmostress and carbon starvation

(Niederer et al., 1992; SilIjé et al., 1999). Additionally, perennial ryegrasses store
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carbohydrates as mainly fructan, which is hydrolyzed to sucrose, fructose and glucose

upon drought and defoliation (Karsten and MacAdam, 2001). In fact, an increase of

those sugars was also observed during the dry months (Fig. 4.2). These results

support the contention that mannitol and trehalose are fungal typical metabolites,

produced here to overcome the low precipitation levels.

The lower concentrations of the plant sugars detected by the end of summer in

the soil samples are probably due to utilization of those sugars for plant regrowth,

which took place during autumn, after cutting the grass. Defoliation (cutting) is a

strong perturbation to plant C flow, dramatically reducing photosynthetic capacity,

and resulting in preferential carbon allocation above-ground at the expense of below-

ground allocation (Morvan-Bertrand et al., 1999). The lowest total sugar

concentrations were observed during this period (October, Fig. 4.2), which was

followed by the decrease of fatty acid amounts derived from fungal biomass (PLFAs)

and storage lipids (NLFAs) (Fig. 4.3a). Lower plant sugar abundances may be

responsible for the decrease of fungi biomass growth during autumn, or possibly

increased grazing of microorganisms by protozoa and nematodes, since those

populations were already reported to peak in autumn in a North American taligrass

(Todd et al., 1992).

The last months of the one-year soil collection were marked by a slight increase

in sugar concentrations to a level similar to that found in January 2004 (Fig. 4.2). This

suggests that climatic variables by the end of the year were not extreme enough to



result in extensive changes in the fungal biomass or nutritional status (PLFA and

NLFA signatures, respectively) and sugar contents.

In contrast to the fungal biomass, seasonal variations in the bacterial community

PLFA appear not be tied to the changes in the sugar contents in the ryegrass soil

samples. As the temperature increased and precipitation decreased, bacterial fatty acid

amounts increased to a maximum in late spring/early summer (Fig. 4.3b). The strong

decrease in the Gram-positive, Gram-negative and actinomycete bacteria growth

detected in July is probably due to the grass being cut early that month. The soil

microbial community often responds to cutting independently of changes in the root

biomass, suggesting that they are affected by changes in root exudation (Guitian and

Bardgett, 2000). Yang and Crowley (2000) have already reported the particular

importance of plant substrate (plant root exudates) for the bacterial community's

composition. In addition, as the grass regrowth progressed by the end of the sampling

period (reaching 3O cm height), bacterial fatty acid amounts also showed a

significant increase (Fig. 4.3b).

Similarly to fungi, bacteria accumulate compatible solutes in order to overcome

stress conditions or as storage compounds (Báãth, 2003; Beales, 2004). However, the

compatible osmoregulatory solutes produced internally by bacteria include not only

sugars, but also amino acids from protein degradation and cations such as K.

Examples are betaine, choline, proline, ectoine, glycerol, glucitol, mannitol and

trehalose (Galinski, 1995). Indeed, no correlation was observed between the

production of the stress-induced metabolites found here (trehalose and mannitol) and
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bacterial community changes. Also, bacteria do not store compounds as lipids but, for

example, as polyhydroxybutyric acid (Neidhardt et al., 1990).

In conclusion, the results of a one-year study in a ryegrass field showed that the

seasonal variability of sugar contents found in the soil samples is primarily related to

the changes in fungal biomass or nutritional status (PLFA and NLFA fungal

signatures, respectively). In contrast, bacterial community growth seems to be more

dependent on plant substrate than on climatic variables, since the strongest decrease

in bacterial biomass PLFA amounts was found after cutting of the ryegrass field. The

results also confirm the sugars mannitol and trehalose as stress-induced fungal

metabolites, triggered here by the low soil moisture observed during the summer

season.
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Figure 4.1. Soil temperature (black line, solid squares) and precipitation (gray line,
open triangles) temporal variations recorded close to the sampling site (OCS, 2005)
from January 2004 to January 2005.
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Figure 4.2. Individual sugar concentrations in a ryegrass soil from January 2004 to
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Figure 4.3. Seasonal variations of microbial fatty acid abundances in a ryegrass soil
from February 2004 to January 2005. a) Fungal fatty acids; b) Bacterial fatty acids.
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Table 4.1. Correlation coefficients among sugar contents, soil microbial communities and
physical variables in a Ryegrass soil.

Variables Glu Fm Sue Man Tre PLFA fungi NLFA fungi PLFA G+ PLFA G- PLFA Actin Soil temp
Glu
Fm 0.59*

Sue 0.23 0.80*

Man 0.82* 0.11 -0.13
Tre 0.60* -0.09 -0.15 0.86*
PLFA fungi 0.67* 0.66* 0.33 0.37 0.24
NLFA fungi 0.81* 0.45 0.08 0.69 0.56* 0.76*
PLFAG+ 0.34 -0.10 -0.31 0.44 0.41 0.56* 0.53
PLFAG- 0.56 0.10 -0.17 0.51 0.49 0.71* 073* 0.93*
PLFAActin 0.05 -0.20 -0.42 0.10 0.11 0.49 0.30 0.90* 0.76
Soiltemp 0.63* 0.18 0.07 077* 0.78* 0.26 0.45 0.13 0.31 -0.12
Precip O.64* -0.35 -0.17 Ø54* -0.43 -0.35 0* -0.31 -0.43 -0.08 Ø7Ø*

The asterisks indicate P <0.05.

Glu: glucose; Era: fructose; Sac: sucrose; Man: mannitot; Ire: trehalose; PLEA: phospholipid fatty acids; NLFA: neutral lipid fatty acids; 0-i-: grain-positive bacteria;
G-: gram-negative bacteria; Actin: uctinomycetes; Soil temp: soil temperature; Precip: precipitation.
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Abstract

The dominant organic compounds in river/estuanne systems, with their redox

alteration processes during transit from land to sea, were assessed using a natural

products tracer approach. Sediment samples were collected in creeks and small rivers

draining Oregon and Washington states (from the Cascades and the Coastal Range

ecoregions), and analyzed as total and silylated total extracts by gas chromatography-

mass spectrometry. The major natural product contributions found in the river

samples were sterols and triterpenoids derived mainly from the vegetation bordering

the rivers, followed by n-alkanols and n-alkanes from epicuticular plant wax.

Autochthonous production biomarkers, such as fatty acids (16:0, 16:1, 18:0, 18:1,

18:2), cholesterol, triglyceride derivatives (e.g., 1-O-hexadecanoyl glycerol) and

glucose, were important organic tracers detected in higher altitude systems, and

interpreted to be derived from the algal bloom during the spring season. Resin acids

(e.g., dehydroabietic acid, a biomarker for conifers) were expected to be the major

tracer input to these sediments. However, diterpenoids were detected at significant

amounts only for sites directly bordering conifer forests, suggesting that those

compounds are not transported downstream during normal river flow.
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5.1. Introduction

The erosion of carbon from land and its subsequent transport to sea via rivers

represent not only a major input of terrestrial organic matter (TOM) to the marine

environment, but also an important pathway to understanding the global carbon cycle

(Thurman, 1985; Berner, 1989; Degens et al., 1991; Hedges et al., 1997). The total

rivenne organic carbon (OC) carried by rivers to the ocean is estimated at

approximately 0.4 Gt yeaf' (Ludwig et al., 1996; SchlUnz and Schneider, 2000), and

corresponds to about 1% of the terrestrial photosynthetic production (Siegenthaler

and Sarmiento, 1993). The total riverine organic flux derives largely ('- 60%) from

forested catchments, where temperate forests export roughly 0.06 Gt OC yr'

(Schlesinger and Melack, 1981). Despite the substantial improved knowledge on

fluvial carbon fluxes over the last 20 years (Schlensinger and Melack, 1981;

Meybeck, 1988; Degens et al., 1991; Ludwig et al., 1996; Schlünz and Schneider,

2000 and references therein), only the largest rivers of the world were taken into

account in the global fluvial OC transport models to the ocean.

Smaller rivers have less basin areas for storing flood-driven sediments

(Milliman and Syvitski, 1992), and are thus more likely to respond to event-driven

floods (Farnsworth and Milliman, 2003). The number of small rivers far exceeds the

number of large rivers, and collectively these smaller systems may be responsible for

a much greater amount of sediment delivery to the global ocean (Farnsworth and

Milliman, 2003). In addition, the dispersal and fate of sediment derived from small
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rivers may also be different, because most of rivers in mountainous terrain are

concentrated along active margins, discharging sediment as a line source (Mertes and

Warrick, 2001), rather than point-source dispersal seen for larger rivers (Meade,

1996).

A key requirement for defining the marine fate of TOM carried by rivers is to

distinguish and quantify this component in complex sedimentary mixtures.

Characterizing TOM in marine/riverine settings usually requires identification of

biochemicals characteristic of vascular plants, which are confined essentially to land.

These higher plants are the major source of TOM to river/marine sediments and

produce a host of unique compounds that have been used as sensitive biomarkers for

tracing the origins of terrestrial carbon (e.g., Simoneit, 1977; Brassell and Eglinton,

1983; Prahl and Pinto, 1987; Parrish, 1988; Peltzer and Gagosian, 1989; Gofli and

Hedges, 1990; Yunker et al., 1993; Prahi et al., 1994; Opsahl and Benner, 1995;

Hedges et al., 1997). Despite the useful application of terrestrial biomarkers in tracing

TOM inputs to aquatic environments, attempts at quantitative tracer studies with such

compounds have been relatively limited and usually applied individually. In addition,

studies on the molecular characterization of the organic matter transport for small

rivers are few (Naraoka and Ishiwatari, 1999; Cunha et al., 2000, 2002). Thus, there is

a clear need for complementary information on TOM sources, transport and

alterations in the aquatic environment, and to identify products of key TOM reactions

such as photolysis and microbial degradation. In this context, the objective of this

study is to identify the dominant biomarkers in small river/estuary systems, and to
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assess the metabolic and redox alteration processes that affect organic components as

they transit from land to sea.

5.2. Study area

The study area encompasses mostly two ecoregions of Oregon and Washington

states: the Cascades and the Coast Range (Omernik, 1987; Bailey, 1994). The

Cascades elevation is mostly between 650 and 2300 m, with peaks greater than 4500

m. The dominant vegetation on the west slope is Silver Fir - Douglas Fir forest,

followed by Fir - Hemlock forest. In the northernmost portion, there is Western

Spruce Fir forest. Parklands of grasses, shrubs, lichens and mosses are interspaced at

high elevations above the timberline. On the east slope, Ponderosa Pine and

Lodgepole Pine series dominate lower elevations, while higher elevations are

dominated by White Fir, Grand Fir, Pacific Silver Fir and Subalpine Fir series

(Bailey, 1994). The Coast Range elevations range from sea level to 550 m, with most

of mountain tops below 1200 m, except the peaks in the Olympic Mountains (WA)

that extend up to 2400 m. Lower mountain slopes are dominated by Western

Hemlock and Western Red Cedar series. Coastal fog belt areas are dominated by

Sitka Spruce, Western Hemlock, Douglas Fir and Pacific Silver Fir series. Riparian

areas include Cottonwood, Willow, Ash and Alder series, and Bigleaf Maple occupies

mixed sites mainly at lower altitudes (Bailey, 1994).

The hydrology of the Pacific Northwest, like much of the western US, is

dominated by two factors: 1) a classic maritime (or Mediterranean) climate, in which



as much as 75-80% of the annual precipitation falls during the six months from

October through March; and 2) a dominant influence of topography, with much of the

precipitation at high elevations accumulating as seasonal snowpack throughout the

winter, which does not contribute to stream flow until the following spring or summer

(Johnson and Dart, 1982). In the Cascades, precipitation ranges from 1300 to 3600

mm in the western portion, and from 500 to 3000 mm on the eastern slopes; whereas

in the Coast Range, precipitation occurs mainly as rain and averages 1500-6000 mm.

The hydroclimatology of the region is strongly affected by the Cascade Mountains.

Rivers east of the Cascades are dominated by spring snowmelt, with seasonal peak

flows occurring in late spring-early summer. Rivers on the west side are dominated

by winter rains, augmented by spring snowmelt at higher elevations, so that many

streams have both a winter and spring peak (Schermerhorn, 1967). Furthermore, most

major floods occur as a result of a mixture of winter rain-on-snow events and spring

melt (Johnson and Dart, 1982).

5.3. Experimental Methods

5.3.1. Sample collection

A total of 35 sediment samples were collected in creeks and rivers of 9 main

systems from the Cascades and the Coast Range mostly during the spring and

summer seasons (from mid May to mid September) of 2004 and 2005. The 25 most

representative sampling sites in 9 main rivers will be discussed in this study (cf.

description in Table 5.1, with locations in Fig. 5.1). Sediments were sampled using a
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scoupula in the slower flow areas of the rivers (i.e., bends) where the finer sediment

deposits. The samples were collected into pre-cleaned 100 mL jars with Teflon lined

lids to which 2 mL of dichioromethane was added. The jars were taken to the

laboratory and extracted after up to 2 weeks.

5.3.2. Sediment analysis

Sediment samples were dried at room temperature and sieved with 2 mm pore-

size mesh in order to remove stones, vegetation and plant root fragments.

Approximately 10 g of sediment was sonicated twice for 15 mm in a mixture of

dichloromethane:methanol (2:1, v/v). The extract aliquots were combined, filtered

and concentrated by rotary evaporator to about 1.5 mL, then further to about 500 jtL

using a stream of high purity nitrogen. Aliquots of the total extracts were converted to

their trimethylsilyl derivatives using N, O-bis-(trimethylsilyl)trifluoroacetamide

(BSTFA) containing 1% trimethylchlorosilane (TMCS) and pyridine (Pierce) for 3 h

at 70 °C. The total and silylated total extracts of the sediment samples were analyzed

by gas chromatography-mass spectrometry (GC-MS).

The GC-MS consisted of a HP6890 gas chromatograph interfaced with a

HP5973 mass selective detector (MSD). The injector and ion source temperatures

were set to 280 °C and 230 °C, respectively. A DBS-MS capillary column (30 m x

0.25 mm i.d. and film thickness of 0.25 p.m, Agilent) was used with helium as the

carrier gas. The GC operating program consisted of injection (splitless) at 65 °C, hold

for 2 mm, temperature increase of 6 °C min1 to 300 °C, followed by an isothermal



hold at 300 °C for 15 mm. The MSD was operated in the electron impact mode with

an ionization energy of 70 eV and scan range from 50 to 650 Da.

Data were acquired and processed with the HP-Chemstation software.

Individual compounds were identified by comparison of mass spectra with literature

and library data, comparison of mass spectra and GC retention times with those

authentic standards and/or interpretation of mass spectrometric fragmentation

patterns. Compounds were quantified using the total ion current (TIC) peak area, and

converted to compound mass using calibration curves of external standards:

tetracosane for n-alkanes and isoprenoids; hexadecanoic acid for n-alkanoic and n-

alkenoic acids, methyl alkanoates, n-alkanols and triglyceride derivatives;

dehydroabietic acid for diterpenoids; sitosterol for triterpenoids and steroids; glucose

for monosaccharides; sucrose for disaccharides. A procedural blank was run in

sequence to sediment samples, presenting no significant background interferences.

5.4. Results and Discussion

5.4.1. Total extract compositions

The concentrations of the major organic components identified in 25

representative sediment samples, 13 in the Cascades and 12 in the Coast Range

ecoregions, are given in Table 5.2 and Table 5.3, respectively. Examples of GC-MS

total ion current (TIC) traces for sediment extracts are shown in Figures 5.2 and 5.3.

Generally, the overall molecular composition of the extracts from the Cascades and

the Coast Range sediments were similar. However, the total concentrations of all
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compound classes found were higher for the Cascades samples probably due to

topography-derived greater sediment load to these rivers and, certainly, due to the

apparent autochthonous activity observed in these higher altitude systems.

5.4.1.1. Homologous aliphatic lipids

The dominant aliphatic lipid series were n-alkanoic acids, n-alkenoic acids and

n-alkanols, with n-alkanes and methyl alkanoates as minor series.

The n-alkanes in the river sediments of the Cascades presented unimodal

distributions ranging from C19 to C31 and strong odd-to-even carbon number

predominances [average CPI (Carbon Preference Index) 3.6]. The Cmax occurred

predominantly at 27, indicating a typical epicuticular wax contribution from various

higher plants in temperate climatic areas (Eglinton and Hamilton, 1967; Simoneit,

1977, 1978) (Table 5.2). Lower Cmax (21 and 23) were also observed in a few samples

and may reflect OM inputs from aquatic macroalgae (Ficken et al., 2000) at those

sites. Similar to the Cascades, extracts of river sediments collected in the Coast Range

ecoregion had n-alkanes ranging from C21 to C31, with strong odd-to-even carbon

number predominances (average CPI = 2.9) and unimodal distributions maximizing at

C27 (Table 5.3). These homologue distributions also reflect a contribution of

epicuticular wax from leaf surfaces of vascular plants (Eglinton and Hamilton, 1967;

Simoneit, 1977, 1978).

The n-alkanols were major constituents and ranged from C14 to C30, with the

dominant homologues > C, strong even carbon number predominances and Cmax

varying from 22 to 28. The general alkanol distributions are characteristic of higher
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Simoneit, 1977; Cranwell, 1982). Most river sediments exhibited a unimodal

distribution with Cmax mainly at 22 in the Cascades (Table 5.2), whereas the Coast

Range samples had Cmax more commonly at 26 (Table 5.3). Since homologues <n-

C20 are not major constituents of plant waxes (Tulloch, 1976; Simoneit, 1977;

Simoneit and Mazurek, 1982), the Cmax at 16 detected in the Umpqua River

sediments (at lower altitudes) is probably derived from microbial inputs (Table 5.3).

In addition, a secondary Cmax at 16 was found in the Deschutes River (draining

mainly the eastern Cascades; Table 5.2), indicating an autochthonous contribution to

those sites. The secondary alcohol n-nonacosan-10-ol was present in most of the

sediment extracts with relatively higher concentrations observed in the mountainous

rivers of the Cascades (Table 5.2). This compound has been identified previously as a

major component in epicuticular waxes from gymnosperm species (Tulloch, 1976,

1987). In addition, alkanediols were found in a few rivers and they are also indicators

of epicuticular waxes derived mainly from conifer vegetation (Jetter, 2000).

The n-alkanoic acids in these samples ranged from C12 to C30 as free acids, with

a typical strong even-to-odd carbon number predominance (average CPI = 10.2 and

3.8 for the Cascades and Coast Range, respectively; Tables 5.2 and 5.3), and from C14

to C30 as methyl esters. Free alkanoic acids occurred in high concentrations, whereas

methyl esters were minor; however, in both cases, the presence of lower molecular

weight fatty acids (<C20) were prevalent. Sediment samples were characterized by a

unimodal distribution with a prominent Cm = 16 and no distinction between seasons
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Figs. 5.2a and 5.3a). The n-alkanoic acid distributions < Co are probably derived

from microbial sources, although they are ubiquitous in biota (Simoneit and Mazurek,

1982), occurring in microalgae, bacteria, higher plants and marine fauna (Volkman et

al., 1998). Homologous series of n-alkanoic acids > C, with an even-to-odd carbon

number predominance were significant in the estuarine-mixed region sediments (see

Yaquina River; Table 5.3; e.g., Fig. 5.3b), indicating extensive hydrolysis of wax

esters in this area. This agrees with the results of Naraoka and Ishiwatari (1999),

where the homologous series of n-alkanoic acids presented Cmax at 16 in both riverine

and estuarine sediments of a small Japanese river, with higher amounts of long chain

fatty acids (>C22) in the mixing region.

n-Alkenoic acids, i.e., 16:1, 18:1 and 18:2, were prevalent in the river sediment

samples collected in the Cascades (Table 5.2; e.g., Fig. 5.2a), and decreased in total

concentrations to the coastal areas (Table 5.3). Those compounds have multiple

sources, including mainly microbiota (Simoneit, 1977; Cranwell et al., 1987), and

here microalgae are interpreted to be the major source of the unsaturated fatty acids in

the sedimentary environments.

In general, the total amounts of homologous lipid series in the small rivers

draining the Cascades were twice those observed for the Coast Range, and mostly

from epicuticular waxes of terrestrial higher plants. Increases by a factor of

approximately 4 for n-alkanoic acid and 5 for n-alkenoic acid homologous were
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observed in the higher altitude rivers due to greater autochthonous contributions to

those sediments.

5.4.1.2. Diterpenoids

Diterpenoids are important biomarker constituents of many higher plants,

especially conifers, in their resins (Erdtman et al., 1968; Zinkel and Clarke, 1985;

Simoneit, 1986; Simoneit et al., 1993). The predominant biomarkers identified in the

sediments have the abietane and pimarane skeletons, which are the major diterpenoids

produced by gymnosperms in the northern hemisphere (Thomas, 1970). The most

common diterpenoid natural products present were isopimaric acid, with lesser

amounts of pimaric acid, abietic acid (Table 5.2) and totarol (Table 5.3). The major

oxidation product by far was dehydroabietic acid (DHA), occurring in all river

sediments sampled in the Cascades and in most samples collected in the Coast Range

(Tables 5.2 and 5.3). Diterpenoids were expected to be the dominant class of

biomarkers transported by those rivers, because the regional vegetation cover of the

drainage basins is conifers; however, the diterpenoids were significant only at specific

sampling sites (e.g., Hackleman Creek and mid Ashland Creek). The higher

concentrations of diterpenoid oxidation products, such as DHA and 7-hydroxy-DHA,

found in the Hackleman Creek sample (Table 5.2; Fig. 5.2b) was probably from input

by an old growth Douglas Fir forest bordering this site, and was not observed at

dowririver locales (Yukwah and Cascadia) possibly due to subsequent dilution or

degradation. Similarly, the significant amounts of ferruginol and its oxidation

products found in the mid Ashland Creek sediment (Fig. 5.2c) may be due to the
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increased input (fall in) from cedar trees at this sampling point, and are not detectable

either up or downstream. Interestingly, the diterpenoid phenol totarol, and to a lesser

degree ferruginol, were common compounds observed in the river sediment samples

collected in Washington State [see e.g., Elwha River, Olympic National Park (Table

5.3; Fig. 5.3c) and Chewack River, eastern Cascades (Table 5.2)]. Those compounds

are commonly found in resin of cedar and cypress trees (Cupressaceae family) (Otto

and Wilde, 2001; Sharp et al., 2001). Those locales were characterized by the

presence of spruce, hemlock and fir forests in conjunction with some cedars,

indicating a significantly higher resistance to degradation for the diterpenoid phenols.

In general, diterpenoids were lower in total concentrations for the Coast Range sites

compared to the Cascades (Tables 5.2 and 5.3).

5.4.1.3. Triterpenoids and steroids

Triterpenoids are important biomarker constituents of many higher plants,

especially angiosperms (Ghosh et al., 1985; Koops et al., 1991). The triterpenoids in

these samples consisted primarily of triterpenols and triterpenones. The major

triterpenoid found in the river sediments from the Cascades was lupeol, followed by

its oxidation product lupen-3-one; whereas in the samples collected in the Coast

Range, the unaltered a- + 3-amyrin, followed by lupeol were the most common

triterpenoids. These natural products are ubiquitous in higher plants (Otto and Wilde,

2001). Taraxerol, a biomarker commonly found in mangrove environments

(Wannigama et al., 1981; Killops and Frewin, 1994; Versteegh et al., 2004; Jaffé et
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al., 2006), and its oxidation product taraxerone were observed in most of the samples,

indicating its occurrence also in various temperate vegetation species.

Steroids are biomarkers commonly used in the assessment of OM sources in

aquatic environments (Volkman, 1986; Canuel and Zimmerman, 1999). Phytosterols

comprise the C28 and C29 sterols, with sitosterol as the major constituent, followed by

campesterol, stigmasterol and brassicasterol (e.g., Hartmann, 1998; Moreau et al.,

2002). Algal detritus contains sterol distributions different from those of vascular

plants, often with a predominance of cholesterol (C27) (Goad, 1978). In this study,

sitosterol was the most abundant sterol found, followed by cholesterol and the

phytosterols mentioned above (Tables 5.2 and 5.3). Dinosterol (from diatoms) and

ergosterol (from ftmgi) were not detectable. As such, the ratios of different sterols

have been applied as indicators of autochthonous versus allochthonous organic matter

sources (e.g., Jaffé et al., 1995; Prartono and Wolff, 1998). Most of the sediments had

low C27/C29 sterol [cholesterol/(sitosterol + stigmasterol)] ratios, indicating apparent

inputs of higher plant sterols. In the Cascades, though, the relatively higher ratios

observed for the high altitude rivers (e.g., Deschutes River; Table 5.2) suggest

significant microorganism-derived inputs at those sites. In the Coast Range, an

increase in autochthonous OM was found in the Yaquina Estuary (Table 5.3),

indicating probable contributions from marine phytoplankton. The higher abundances

of stanols found in the Crooked River (at Smith Rock; Table 5.2) sediment extract

may suggest a more reductive environment at this site.



Triterpenoids and steroids were important compound classes found in both the

Cascades and Coast Range river sediment samples. Those compounds were derived

mainly from the bordering vegetation of the rivers as vascular plant detritus, and

confirmed by source analysis of leaf and brush litter collected along the riparian

margins of the rivers studied (e.g., Fig. 5.3d). Interestingly, the triterpenoids had

similar average total concentrations in both Cascades and Coast Range rivers;

whereas the steroids presented higher average total abundances (by a factor of 3) in

the Cascades (Tables 5.2 and 5.3). This is due to the apparent contributions of sterols

derived mainly from terrestrial vegetation (phytosterols) added to the higher inputs of

cholesterol probably from microorganisms (algae).

5.4.1.4. Isoprenoids

Minor amounts of isoprenoid compounds were found in these sediments (Tables

5.2 and 5.3). Phytol is derived from chlorophyll present in all photosynthesizing plant

parts (Csupor, 1971), and its oxidation product phytone is considered to originate by

microbial alteration of phytol (Simoneit, 1973; Brooks and Maxwell, 1974). Here,

phytol was the most abundant isoprenoid compound found, mainly in the river

sediments of the Cascades; whereas phytone occurred in minor amounts, except in the

lower Umpqua River samples (Table 5.3). Squalene, the precursor in steroid

biosynthesis (e.g., Goad, 1977), was present at higher concentrations in estuarine-

influenced sediments (Yaquina Estuary and mixing region; Table 5.3). In fact, these

sites were also marked by the presence of phytadienes, isoprenoidyl thiophenes,

dihydrosqualene and methyl pentadecyithiophene (e.g., Fig. 5.3b), i.e., biomarkers
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indicative of anaerobic microbial alteration of lipids (Simoneit, 2005). a-Tocopherol

(or vitamin E) found in all vascular plants was also observed at relative significant

concentrations for those sampling sites, but its oxidation product homophytanic acid

y-lactone (4,8,12,1 6-tetramethylheptadecan-4-olide) was not detectable.

5.4.1.5. Saccharides

Extracellular carbohydrates from microbial biomass and degradation of detrital

cellulose from various natural components are the major sources of saccharides in

coastal zones (Lehninger, 1970). The major monosaccharide in these sediment

samples was by far a- and f3-glucose. Glucose is commonly found at higher levels in

vascular plants (Mopper, 1973); however, Cowie and Hedges (1984) also reported a

spring planktonic sample rich in glucose, probably as starch-like storage polymers.

Thus, the higher concentrations of glucose found in most of the river samples from

the Cascades (Table 5.2; Figs. 5.2a and 5.2c), compared to those from the Coast

Range (Table 5.3; e.g., Fig. 5.3a), are indicative of greater microorganism activity in

those rivers. In addition, ribose and deoxyribose were also found in higher

abundances in the high altitude river sediments of the Cascades. Ribose is a

component of RNA and many nucleotides which are present at greater levels in small,

metabolically active organisms than in higher plant tissues (Mopper, 1973). Xylose is

produced at significantly higher weight percentages by angiosperms than by

gymnosperms, while arabinose and galactose are the predominant sugars found in

nonwoody tissues (leaves, needles, grasses) (Sjöström, 1981; Cowie and Hedges,

1984). Arabinose and galactose were significant in sediments of a few rivers in the
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Cascades (Table 5.2), and xylose was detected in two samples from medium altitude

rivers. The disaccharides sucrose and mycose were found in most of river sediment

extracts analyzed (Tables 5.2 and 5.3). Sucrose is the predominant sugar in the

phloem of plants and is particularly important in developing of buds in early spring

(Bieleski, 1995); mycose is a fungal metabolite (Martin et al., 1988; Niederer et al.,

1989), but is also present in bacteria, yeast, algae and a few plants (Elbein, 1974).

Despite the low concentrations of these compounds, relatively higher abundances of

sucrose were observed in the Cascades sediments mainly during spring (Table 5.2).

Mycose was significant in the Deschutes River samples (Table 5.2), and in some sites

in the Coast Range (see Umpqua River at E!kton; Table 5.3; Fig. 5.3a), suggesting

more significant fungal activity at those locales.

5.4.1.6. Triglyceride derivatives

Triglycerides are labile cell components derived from the active phospholipids

pooi of all biota, and are short-lived in the environment due to rapid chemical and

enzymatic hydrolysis (Volkman et al., 1998; Simoneit, 2005). The triglyceride

derivative with C16 on the first position (1-0-hexadecanoyl glycerol, m/z 371) was the

most common compound detected, occurring in all samples collected in the Cascades

(Table 5.2) and in most sediments from the Coast Range (Table 5.3). The average

total concentrations were higher in the rivers of the Cascades, peaking for the

Deschutes sites (e.g., Cline Falls; Table 5.2; Figs. 5.2a and 5.2d). Similar acyl

glycerol distributions were observed for the Umpqua River sediments and for the

highest altitude site of the Coast Range, i.e., E!wha River, Olympic National Park
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(Table 5.3; Figs. 5.3a and 5.3c). The presence of acyl glycerols indicates recent inputs

at those sites, most likely derived from microorganism biomass and activity. In

addition, marine influenced-sediments (Yaquina Estuary and mixing region) were

characterized by the presence of smaller phospholipid residues, i.e., phosphoric acid,

glycerol and a-glycerophosphoric acid (Fig. 5.3b), indicating products from early

diagenetic alteration.

5.4.1.7. Lignin derivatives

Lignin occurs abundantly in many vascular plant tissues and is relatively

resistant to microbial degradation; however, white rot fungi produce extracellular

phenoloxidases and can decompose lignin efficiently (Kirk and Farrell, 1987).

Additionally, lignin structural units carry "embedded" information about the type of

plants and tissues where they were formed (Goñi and Hedges, 1990; Hedges et al.,

1997). Lignin derivatives were minor in the sediments analyzed in this study,

occurring in just a few sites, mainly in the Umpqua River (Table 5.3). The presence

of p-hydroxybenzoic acid and p-hydroxybenzaldehyde suggest inputs derived from

gymnosperm tissues, while vanillin and vanillic acid are common constituents of both

gymnosperm and angiosperm vegetation (Hedges and Mann, 1979).

The lignans lariciresinol and matairesinol were detected in the sediment sample

collected from the eastern slope of the north Cascades (Chewack River; Table 5.2).

Lignans are basically dimers of p-coumaryl, coniferyl and sinapyl alcohols (Agrawal

and Rastogi, 1984), and serve as toxins, support fillers and other purposes to woody

plants (Simoneit et al., 1993).
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5.4.1.8. Other compounds

Inositols (hexahydroxycyclohexanes) are similar to monosaccharides and are

commonly utilized in carbohydrate biochemistry. Of the nine possible stereoisomers,

myo-.inositol (simply referred to as inositol) is the most ubiquitous and found widely

in nature, particularly as a phosphate ester (Pigman and Horton, 1970). Similarly,

succinic acid (or butanedioic acid) occurs naturally in plant and animal tissues

(Vollhardt and Schore, 1998). Inositols were detected in a few river sediments,

mainly in the Cascades (Table 5.2), while succinic acid was found in the Yaquina

River mixing region sediment (Table 5.3).

The presence of sulfur indicates a locale with reductive (anoxic) environmental

conditions, and this element was found in higher amounts in both high (Crooked

River, Smith Rock; Table 5.2) and low (Yaquina River, Elk City; Table 5.3) altitude

sites, probably due to the slow flow conditions of those rivers. The plasticizers dioctyl

adipate and diethylhexyl phthalate were found in most samples, mainly in the Coast

Range sediments. These compounds may be derived from anthropogenic activities

developed close to those sampling sites (e.g., camping).

5.4.2. Sources and distributions of major compound groups

In general, the individual compounds found in this study were similar in the

river sediments from both the Cascades and the Coast Range ecoregions. This is

likely due to similarities of the vegetation. However, the concentrations of all

compound classes were higher in the samples from the Cascades. Topography driving

greater delivery of organic compounds to the rivers or less reworking of OM could be



potential causes for the higher concentrations observed. One additional obvious

reason is the autochthonous OM contribution in the high altitude rivers of the

Cascades. Figure 5.4a and b shows the average total concentrations of the

compounds! compound classes found for the Cascades and Coast Range, respectively.

In general, the natural products derived mainly from higher plant inputs in those

sediments [high molecular weight n-alkanes and n-alkanols (> C20), diterpenoids,

triterpenoids, C28+C29-sterols (brassicasterol, campesterol, stigmasterol, sitosterol),

isoprenoid and lignin derivatives; white bars] had mean concentration values greater

by factors up to 2.6 for the rivers draining the Cascades compared to the Coast Range.

Distinctive higher average concentrations (by factors varying from 3.7 to 12) were

observed for the lower molecular weight n-alkanoic and alkenoic acids (< C19),

cholesterol, glucose and triglyceride derivatives (black bars) in the Cascades

compared to the Coast Range samples. This suggests the same source for those

compounds!compound classes, namely from algal blooms occurring during the

"spring" season. In high altitude regions, like the Cascades, the "spring" bloom of

algae actually occurs from late June-early July, after the snow melt. The influence of

the algal bloom on the total organic compounds is shown in Figure 5 .4c, where the

percentage of autochthonous biomarkers encompassed approximately 60% of the

total extractable organic compounds (TEOC) of the river sediments from the

Cascades, surpassing the terrestrial input (-S 30%). In the extracts for sediments from

the Coast Range, inputs of microbial biomarkers were less apparent (- 34%) than the
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higher plant derived compounds ( 48%), indicating lower autochthonous activity in

those low altitude systems.

Diterpenoids were expected to be the major compounds in the river sediments

because conifers are the vegetation cover of the drainage basins of both ecoregions.

However, dehydroabietic acid (the dominant biomarker for conifers) and other

diterpenoids (Simoneit, 1977) were found at low concentrations in most river

samples. Significant diterpenoid contributions were observed only for sites directly

bordering conifer forests, inferring the importance of source proximity for this class

of compounds. In addition, the presence of diterpenoid phenols (e.g., totarol,

ferruginol), commonly found in cedar and cypress resins, in samples collected in a

mixed conifer forest, suggested a greater resistance of those compounds to

degradation compared to the diterpenoid acids.

Triterpenoids and phytosterols, derived from higher plants, occurred at higher

concentrations than diterpenoids in both Cascades and Coast Range river sediments.

Source plant analysis demonstrated that those classes of compounds were derived

from internal lipids of deciduous tree and bush detritus from the vegetation bordering

the rivers studied here.

The presence of the long chain (> C20) n-alkanols with an even carbon number

predominance and Cmax at mainly 22 and 26, and n-alkanes with an odd-to-even

carbon number predominance and Cmax at mainly 27, supports the input of natural

products from higher plants (epicuticular waxes). Finally, isoprenoid derivatives were

minor in this study, with phytol from plant chlorophyll predominant in both sets of
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samples. However, the preservation of biomarkers in anaerobic environments (e.g.,

isoprenoid thiophenes, phytadienes) was evident in the marine-influenced (estuarine)

and slow flowing river sediments.

5.5. Conclusions

Sediment samples from small rivers of the Cascades and Coast Range contain

organic compounds from various natural biogenic sources. These sources are mainly

internal lipids and epicuticular waxes from terrestrial plants and detritus from

microbial activity. n-Alkanols and n-alkanes derived from higher plants were found in

most sediments. Significant contents of low molecular weight n-alkanoic and n-

alkenoic acids (< C19), cholesterol, labile saccharides and triglyceride derivatives,

indicated a contemporary or recent autochthonous contribution to these sediments.

This was interpreted to be from the "spring" bloom of algae that occurred mainly in

the high altitude rivers of the Cascades. Triterpenoids and phytosterols were

important compounds in all samples, and source analysis demonstrated that those

compound classes were derived mainly from plant detritus bordering the riparian

zone of the rivers studied. Diterpenoids were minor in both Cascades and Coast

Range systems, contrary to expectations since the main vegetation cover of those

ecoregions is conifers. Diterpenoids were found at significant concentrations only for

specific sites mainly in the Cascades, suggesting that those compounds do not have a

significant downstream transport during normal river flow.
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(a)

0

0
0.
U)0

0
>
U)

0
Arabinose

20.0

14
A

Glucose

a

16:1 Deschutes River
A Cline Falls

(TMS)

16
A

E

a
.

- 18118 > 0 a 0 a- a
26jjfl

W1L1JVJ.
28.0 32.0 36.0 40.0

Time

122

44.0

(b) Santiam River Dehydroabietic
Hackleman acid

(TMS)

0
(I)

o 16:1
I
0

A
16

> <

U)
0

A

IGlucose

Ix
0 9

N- )

0 \!>
r

eO
18:1 2

.

2
'

0A .o
i18 5w X

0
14

I

a IA 06
' I. .a

ii IArabinose A

LJJ
18.0 22.0 26.0 30.0 34.0 38.0 42.0

Time p

Figure 5.2. Salient features of the GC-MS data from the rivers of the Cascades
summarized in total ion current (TIC) traces for the total silylated extracts: (a)
Deschutes River at Cline Falls, (b) Santiam River at Hackleman, (c) Rogue River
(mid Ashland Creek), and (d) key ion plot for triglyceride derivatives (m/z 343, 357,

369, 371, 397, 399) of the GC-MS analysis of Deschutes River (Cline Falls) extract.
Numbers refer to carbon chain length of homologous series ( = n-alkane, 0 = fl..
alkanol, A = n-alkanoic acid, DHA = dehydroabietic acid).



-t C
D 0 C
D

1 3 C
D

R
el

at
iv

e 
R

es
po

ns
e

0
.

1-
0-

T
et

ra
de

ca
no

yl
 g

ly
ce

ro
l

(m
./z

 3
43

)

o

C
D

C
D

.

c
n

.c
2o

C
D

C
D

..
>

1-
0-

P
en

ta
de

ca
no

yl
 g

ly
ce

ro
l

-,
-

C
D

(m
i3

57
)

o

C
D

I
-
'

C
I
)

'

1-
0-

K
ex

ad
ec

en
oy

l g
ly

ce
ro

l
(m

fz
 3

69
)

,1
-O

-O
ct

ad
ec

en
oy

l g
ly

ce
ro

l
(m

/z
 3

97
)

1 
-0

-O
ct

ad
ec

an
oy

l g
ly

ce
ro

l
(m

i 3
99

)

C
D

C
.
)
 
C
)

C
)

C
D 0

R
el

at
iv

e 
R

es
po

ns
e

0
C

,
C

-

hy
th

l

18
-H

yd
ro

xe
gi

no
l

m
\

D
eh

yd
ro

ab
ie

tic
 a

ci
d

5. 2

F
'
)

3
°

C
D

F
'
.
)

C
.
) 0

>
0

_c
i,C

..N
on

ac
os

an
-1

O
-o

l

(
/
)
c
.
7
3

C
ho

le
st

er
ol

-

C
D

N
)

C
D
'

b
_
_
_
.
_
_
.
.

S
ito

st
er

ol

. B
et

ul
on

e
- 

B
et

ul
in

:
1

F
O

le
an

ol
ic

ac
id

f-
U

rs
ol

ic
 a

ci
d

l
J
.



16
(a) A

a,
Cl) 16:
C A

0
U)

14

G) I

15A169
- 0I

14

(b) Phosphoric acid

Umpqua River
Elkton

(TMS)

0

>'

.5'
.2

18:1 w

30.0 34.0

V
0
Cs

0
0
.0
0.
00
0=
0.

2

>'

o 4,
6

4,

V

Time *

Yaquina Estuary
(TMS)

16
A

00

o

Cholesterol

124

.5
L4'

0t

4)0
5)

10.
I3

.5=
104,IF75la,

Is,
CCC

4) 00 28[/ Ia.
O
4, =>' 24 26 01 m 0

181

.a 22 0

0 I 24
0

iN
,'

A

Ii 22
Al

A27 1.1

26111

j18.1 A I. Iii .1

15.0 20.0 25.0 30.0 35.0 40.0 45.0

Time

Figure 5.3. Salient features of the GC-MS data from the rivers of the Coast Range
summarized in TIC traces for the total silylated extracts: (a) Umpqua River at Elkton,
(b) Yaquina Estuary, (c) Elwha River, and (d) Red Alder leaf litter. Numbers refer to
carbon chain length and symbols as in Figure 5.2.



T
1

(-
J

C C
D P
.

R
el

at
iv

e 
R

es
po

ns
e

0
.

0
0

0

N
,

.
0
1

N
,

,
-
.
s

C
.
,

_
_
_
_
_
_
_

N
,

0
) o

0
N

,
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
-

I
M

yc
os

e

F
'
,

0
)

ac
os

an
1O

ol

0)

ar
ax

er
on

e
__

__
__

__
__

__
,O

le
an

-1
 3

(1
 8

)-
en

-3
-o

-
f
t

A
m

yr
in

\
a C
D

Lu
pe

no
ne

S
ito

st
er

ol

T
ar

ax
er

yl
 a

ce
ta

te

R
el

at
iv

e 
R

es
po

ns
e

N
, N
,

C
)

-

N
,
f
0
)

'D
eh

yd
ro

ab
ie

ta
ne

I
-

--
 P

hy
to

l

N
F

er
ru

gi
rC

ol
-

P
.aric 

ac
id

0 B

7-
K

et
of

er
ru

gi
rio

l
I

T
ot

ar
a-

7,
13

-d
io

l
-1

-O
-H

ex
ad

ec
en

oy
I g

ly
ce

ro
l

C
.
)

.

N
,

F
.
0

C
D
o

.
N

,

"1
 -

0-
O

ct
ad

ec
en

oy
l g

ly
ce

ro
l

N
)

C
o

N
,

0)

Q
°

.N
on

ac
os

an
-1

O
-o

l

C
ho

le
st

er
ol

B
ra

ss
ic

as
te

ro
l

pe
st

er
ol

q
S

tig
m

as
te

ro
l

.

p,
S

ito
st

er
ol

5
 
J

N
,

.
a-

A
m

yr
in

°
-.

Lu
pe

ol

\
0
) C

o

U
i



126

a)

1600

Average Concentrations - Cascades

1400

1200 -

1000

600 -_____ ______
- 600 -

-ff H IHI'U
H H 11 i ' I H

b) Average Concentrations -Coast nge

1600

1400

1200

.1000 ----
800

600 --

1i- H
j

i H i! H' ii
c)

Composition of T80C

70

Cascades Coast nge

Figure 5.4. Average total concentrations of major compounds/compound classes
found in the (a) Cascades and (b) Coast Range ecoregions, (c) Composition of total
extractable organic compounds (TEOC) for rivers draining the Cascades and Coast
Range. White bars: predominantly higher plant biomarkers (terrestrial origin); Black
bars: predominantly microbial biomarkers (autochthonous origin). Error bars (red) in
(a) and (b) are one standard error of the mean.
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Table 5.1. Features of the river sediment locales in the Cascades and Coast Range.

Rivers

Sites

Notation Mean Dischargea

(m3 sec')
Altitude

(m)
Cascades

Santiam River, OR 1 193.7
Hackleman 1 a 1040
Yukwah lb 610
Cascadia ic 260

Deschutes River, OR 2 141.7
Three Creek Lake (inflow) 2a 2300
Three Creek Lake (outflow) 2b 2200
Paulina Creek 2c 1220

Cline Falls" 2d 910

Crooked River (Smith Rock)" 2e 820
Rogue River, OR 3 148.0

West Crater Lake 3a 1020
Upper Ashland Creek 3b 630
Mid Ashland Creek 3c 570
Lower Ashland Creek 3d 500

Chewack River, WA 4 12.2

Lake Creek (outflow)' 4a 800
Coast Range

Yaquina River, OR 5 113.3
ElkCity 5a 30
Mixing region Sb sea level
Estuary Sc sea level

Alsea River, OR 6 101.8
Alsea Falls 6a 240
Campbell Park 6b 40
Tidewater 6c 10

Umpqua River, OR 7 382.8
Toketee 7a 850
Elkton 7b 90
Mill Creek 7c 80
Wayside 7d 65

Elwha River, WA 8 65.4
Hurricane Ridge, Olympic Nat. Pk. 8a 1450

Hoh River, WA 9 52.4
Olympic National Park 9a 170

aClose to sampled sites, obtained from http://waterdata.usgs.gov

bEastem Cascades, high altitude desert vegetation

cEast slope, mixed conifer vegetation



Table 5.2. Concentrations (108g g') of compounds in sediments of rivers draining the Cascades.

River, State Santiam River, OR Deschutes River, OR Rogue River, OR Chewook River, WA
Sites Hoeklomeo Yukwih Casoatha Three Cr. Lake Paaliea Creek Ciice Falls Crooked R. west Crater L. upAhsiaed Cr mid Auhiaad Cr. low Ashioad Cr. Lake Creek

SeasonYear So04 Spot Sp05 So04 (io) Su04 (out) Sp04 Sp04 Sp05 Su04 Sp04 Sp04 SpOS Su05 (outflow) Mean
Compounds
n -Alkanes

Nonadecane - - - - 1.7 - - - - - - - 2.2 0.3
Eicosane - - - - 0.4 - - - - - - - - 0.0
Heneicosane - - 4.3 2.7 4.3 - - 8.2 12.7 15.7 - - 4.4 4.0
Docosane - - 2.8 - 1.8 - - 7.7 4.0 5.2 - - 4.0 2.0
Tricosane 1,3 17,8 4.7 0.8 5.1 19.2 46.6 13.4 22.5 37.2 - 4.6 6.4 13.8
Tetracosane - 17.7 2.7 - 0.7 14.9 34.9 8.8 2.9 37.9 - 3.8 3.3 9.8
Pentacosaeie 2.2 29.5 7.1 0.7 4.0 21.5 60.5 35.8 16.2 85.2 4.1 8.4 5.0 21.6
Hexacosane 1.8 20.0 2.5 - 0.4 17.5 36.5 9.6 1.9 54,3 - 3.5 2.6 11.6
Heptacosane 2.9 39.0 9.2 0.2 3.5 28.6 67.3 49.6 26.6 106.3 20.4 12.6 5.3 28.6
Octacosane 1.9 21.0 1.4 - 0.4 15.6 28.4 9.1 0.7 68.1 - 3.2 1.9 11.7
Nonacosane 2.5 37.9 11.7 - 3.2 29.7 60.8 48.5 20.0 97.3 13.9 10.4 3.1 26.1
Triacontane - 15.3 1,3 - - 14.2 18.9 7.1 - 53.5 - 2.6 - 8.7
Hentriacontane 1.5 19.0 5.2 - 2.4 15.8 51.5 44.7 - 55.3 7.4 8.0 1.4 16.3
Doiriacontane - - 0.9 - - - - - - 34.7 . - - 2,7
Tritriacontane - - 2.5 - - - - 10.0 - 31.2 - - - 3.4
Total 14.1 217.2 56.3 4.4 28.0 177.0 405.4 252.5 107.5 682.0 45.8 57.0 39.5 160.5
5CPI 2.9 1.9 4.1 - 8.9 1.8 2.4 5.3 12.4 1.6 - 3.3 2.3 3.6

n -Alkanols
Tetradecanol - - - - - - - 21.5 - - - 1.7 3.7 2.1
Pentadecanol - . . - 16.4 - - 18.3 - - - 1.1 3.4 3.0
Hexadecanol - - 2.3 27,4 20.6 72,8 113.7 103.4 50.6 10.9 11.8 7.4 13.5 33.4
Heptadecanol - - 2.5 16.5 - - - . - - - - - 1.5
Octadecanol - 29.3 1.9 24,6 6.6 47.1 - 19.1 36.0 21.7 12.0 4.2 6.4 16.1
Eicosanol - - 19.7 24.6 18.0 59,0 - 21.9 42.1 57.4 25.3 14.5 13.9 22.8
Heneicosanol - - - - - - - - 13.0 - - - - 1.0
Docosanol 63.9 120.7 36.3 37.2 31.4 76.5 - 42.6 240.2 71.2 49.2 15.8 36.5 63.2
Ti'icosanol - 8.4 - . - - - - 17.3 35.6 - - - 4.7
Teiracosanol - 114.9 30,4 17.3 13.3 71.3 66.2 19.1 242.1 141.8 54.8 20.9 29,9 63.2
Pentacosanol - 17.9 - - - - - - 15.9 39.7 - - . 57
Hexacosanol - 97,8 21.1 - 8.7 311.1 133.3 195.3 157.5 111.6 94.8 10.7 14.7 89.0
Heptacosanol - 25.7 - - - - - - - 77.6 - - - 7.9
Octacosanol - 96,4 12.5 - 7.5 149.5 - 124.5 111.3 124.9 110.1 12.4 13.9 58.7
Nonacosanol - - - - - - - 73.6 - - - 5.7
Tnacontanol - 10.5 8,7 - - 134,0 - 85.2 - 85,8 66.8 2.6 6.8 30.8
Total 63.9 521.5 135.4 147.5 122.5 921.3 313.3 651.0 925.9 851.8 424.8 91.3 142.7 408.7
bCp1

- 8.5 - - - - - - 19.5 2.4 - - - 2.3
Nonacosan-lO-ol 10.3 275,5 90,3 58.0 15.2 108.7 28.4 27.2 776.3 190.7 65.1 21.1 60.2 132.9
Nonacosan-4,10-diol - - 7.1 - - - - - - - - - - 0.5
Nonacosan-5,10-diol - - 11.4 - - - - - - - - - 8.5 1.5
Nonacosan-10,13-diol - - 15.5 - - - - - - - - - - 1.2

00



Table 5.2. Continued.

n -Alkanoic acids
Dodecanoic acid 18.9 13.7 - - - 27.4 - - - - - - 2.3 4.8
Tridecanoic acid - - - - - - - 12.7 - - - - - 1.0
Tetradecanoic acid 73.1 55.4 9.8 198.4 46.5 136.2 449.0 122.3 164.6 34.7 78.5 12.8 28.6 108.4
Pentadecanoicacid 67.5 71.8 22.9 56.1 36.6 66.6 301.4 113.6 113.9 36.2 59.9 16.6 20.4 75.7
Hexadecanoicacid 387.8 242.8 123.1 1505.3 278.7 1124.2 4171.3 565.3 723.8 190.3 455.5 115.0 130.7 770.3

Heptadecanoicacid 22.1 27.1 57.4 - - . 154.1 101.1 33.5 9.7 14,4 11.6 33,2
Octadecanoic acid 115.6 165.8 38.2 4.9 5.7 312.5 396.3 108.3 98.4 237.1 111.9 61.1 56.6 131.7
Nonadecanoic acid - - - - - - - - - - - - - -

Eicosanoicacid 15.2 8.8 - - - - 17.2 - 41.4 54.1 11.0 26.3 13.4
Heneicosanoic acid - - - - - - - - - - - - - -

Docosanoic acid 45.7 - 22.8 29.5 21.3 - - 19.1 - 47.0 19.2 16.7 51.9 21.0
Tncosanoic acid - - - - - - - - - - - - - -

Tetracosanoic acid 21.7 - 30.2 . - . - 26.8 - 86.1 6.8 11.0 31.6 16.5
Pentacosanoic acid - - - - - - - - - - - -

Hexacosanoic acid - - - - - - - 3.0 - - - - 2.3 0.4
Octacosanoic acid - - - - - - - - - - - - - -

Triacontanoic acid - - - - - - - - - - -

Total 767.6 576.6 313.2 1794.1 388.7 1666.9 5472.2 1089.5 1100.8 706.3 795.5 258.6 3623 1176.3
CPI 6.8 4.8 2.2 30.5 9.0 24.0 11.0 3.6 8.7 7.2 10.1 6,4 7.6 10.2

n -Alkenoic acids
Hexadec-9-enoicacid 503.5 170.9 60.8 2835.3 289,4 1122.1 6083.6 291.6 781.1 88,3 361.9 59.0 114.8 981,7
Octadec-9-enoicacids 298.5 231.3 174.4 29.2 66.6 239.7 830.8 367.8 289.7 180.1 315.9 114.7 114.0 250.2
Octadecadienoic acids 82.6 43.1 16.4 - - - - 39.8 36.0 - 85.7 12.1 10.9 25.1
Total 884.6 445.3 251.6 2864.5 356.0 1361.8 69143 699.3 1106.9 268.5 763.5 185.8 239.7 1257.1

Methyl n -alkanoates

Methyl tetradecanoate - - 0.3 31.6 1.6 - - 1.5 - - 6.4 - - 3.2
Methyl pentadecanoate - - - - - - - 0.5 - - 5,1 - - 0.4
Methylhexadecanoate 0.3 - 1.3 97.1 15.7 18.1 - 9.0 13.5 97.3 38.7 0.9 2.5 22.6

Methyl heptadecanoate - - 0.2 - - - - - - - 3.4 - - 0.3
Methyl octadecanoate - - 0,7 24.3 4.2 - - 1.6 6.7 23.8 11.8 0.5 0.9 5.7
Methyl nonadecanoate - - 0.2 - - - - 0.2 - - - - - 0.0
Methyl eicosanoate - - 0.4 7.1 1.9 - - 0.5 - 7.7 7.6 0.2 0.5 2.0
Methyl heneicosanoate - - 0.3 - - - 0.4 - - - - - 0.1
Methyldocosanoate - - 0,7 36.4 3.2 - - 0.8 11.9 28.7 5.9 0.4 1.1 6.9
Methyl tricosanoate - - 0,3 - - - - 0.4 - - - - - 0.1
Methyl tetracosanoate - - 0.8 8.5 3.5 - - 1.1 11.0 17,1 1.8 0.3 1.0 3.5
Methyl pentacosanoate - - 0.3 - - - - - - - - - - 0.0
Methyl hexacosanoate - - 0.5 - 3.6 - - - 4.1 - - 0.1 - 0.6
Methyl octacosanoate - - 0.4 - - - - - - - - - - 0.0
Methyl tijacontanoate - - 0,7 - - - - - - - - - 0.1
Total 0.3 - 7.0 205.1 33.7 18.1 - 15.9 47.1 174.7 80.8 2.4 5.9 45.5

'.0



Table 5.2. Continued.

Diterpenoids
Totarol - 16.0 - - - - - -

Totara-7,1 3-diol - - - - - - -

Totarol-7-one - - - - - - -

Ferruginol - - - - - - - -

Dehydroferruginol - - - - - - - -

1 8-Hydroxyferruginol - - - - - - -

7-Ketoferruginol - - - - - - -

Dehydroabietol 131.2 26.6 - 52.0 17.4 - - -

Dehydroabietane - - - - - - - -

Dehydroabietinal - - - - - - - -

Dehydroabietic acid 897.0 89.4 123.8 2.9 9.4 127.0 34.9 9.2
7a- + 8-Hydroxydehydroabietic acid 484.7 - 21.8 - - - - -

a- + 15-seco -Dehydroabietic acid 168.9 - - - - - - -

3-Oxodehydroabietic acid 282.9 - - - - - -

16,17-Bisnordehydroabietic acid - - 11.8 - - - -

Methyl dehydroabietate - - - - - - -

Abietic acid - - - - - - - -

Abietan-18-oic acid - - - - - - - -

18-Norabieta-8,1 1,13-trien-19-ol 61.2 - - - - - -

19-Norabieta-8,11,13-triene 25.8 - - - 14.2 - - -

7-Oxo-19-norabieta-8,1 1,1 3-triene 33.5 - - - - - -

Abieta-8,1 1,13-trien-7-one 25.9 - - - - - -

Abieta-6,8,1 1,1 3-tetraenoic acid 90.3 - 19.9 - - - -

Pimaric acid 29.9 - 4.6 - - - - -

Isopimaric acid 48.3 45.7 11.6 - - - - -

Isopimara-8,15-dien-18-oic acid - - 18.2 - - - - -

Sandacopimar-1 5-en-8-ol - - - - - - - -

Retene - - - - - 104.6 -

I ,2,3,4-Tetrahydroretene - - - - - - - -

Total 2279.6 177.7 211.7 54.9 41.0 231.6 34.9 9.2
Triterpenoids

Taraxerol - 169.6 - - - - - -

Taraxerone - 169.9 22.3 - - - - -

Taraxeryl acetate - - - - - - -

a-+ fI-Amyrin 2.6 188.5 19.2 1.9 1.1 - - 56.2
a- + 5-Amyrone - 99.2 11.0 - - - - -

Lupeol 2.0 353.6 25.0 0.9 0.5 7.9 69.3 31.6
Lupen-3-one - 346.0 28.9 - - - - -

Olean-13(18)-en-3-one - 136.4 - - - - - -

Glutin-5-en-3-ol . - - - - - - -

Glutin-5-en-3-one - - - - - - - -

Betulin - 146.3 - - - - - -

Betulinic acid - - - - - - -

Betulone - - - - - - -

- - - 6.9 6.4 2.2

- - 598.1 - 46.0
- - 105.8 8.4 7.8 9.4
-

- 99.4 - 7.6
- - 41.8 4.9 - 3.6
- 29.0 - 0.4 23.0 21.5
- - - - 3.3 0.3
- - - - 1.6 0.1

21.4 56.3 67.5 19.4 85.6 118.7
- - - - 11.7 39.9
- - - - - 13.0
- - - - - 21.8
- - - - - 0.9
- - - - 3.9 0.3
- 33.0 - 3.1 8.3 3.4
- - - - 16.1 1.2
- - - - - 4.7
- - - - 3.1 3.3
- - - - - 2.6
- - - - - 2.0
- - - - 22.1 10.2
- 64.8 4.6 9.7 8.7
- - - - 26.4 10.1
- - - - 1.4

- - - - 5.2 8.4

2L4 118.4 977.4 47.5 234.2 341.5

0.9 115.5 82.5 50.4 - 32.2
71.0 143.7 77.5 37.6 10.4 41.0

140.2 133.3 41.0 69.1 21.1 51.9
34.7 - - 16.9 - 12.4
82.2 330.6 197.9 85.2 18.9 92.7
224.4 294.0 149.7 77.2 29.8 88.5
95.5 106.8 72.4 16.9 - 32.9

39.0 131.1 133.4 30.1 18.3 38.3

- - 76.4 - - 5.9



Table 5.2. Continued.

Oleanolic acid - - - - - - - - 60.2 15.5 - 5.8
Ursolic acid - - - - - - - - - - 91.0 18.5 - 8.4
1815-Friedelin - - - - - - - 34.1 - - - - 2.6
Des-A-oleana-9(10),18-diene - - - - - - - - - - - -

Des-A-26,27-Dmoroleana-5,7,9,1 1,13- - - - - - - - - - - - - -

pentaene - - - - - - - - - - - - - -

Total 4.6 1609.3 106.5 2.8 1.6 7.9 69.3 121.9 688.0 1255.0 981.9 417.5 98.6 412.7
Steroids

Cholesterol 18.8 174.6 33.0 63.4 170.8 428.9 699.1 362.5 161.7 281.1 159.4 46.7 60.8 204.7
Cholestanol - 51.9 11.9 2.9 38.9 118.9 - 122.8 48.0 96.0 23.8 18.3 28.4 43.2
Cholesta-3,5-diene - - - - - - - - - - - - - -

Sct-Cholestan-3-one - - - - - - - - - - - - - -

Cholest-5-en-3-one - - - - - - - - - - - -

Cholesta-5,22-dien-3-ol - - - - - 405.3 - - - - - - 31.2
Cholesta-4,6-diene-3-one - - - - - - - - -

24-Nor-22,23-methylenecholest-5-en- - - - - 43.8 - - 92.3 52.5 - - 13.5 25.3 17.5
3-ol - - - - - - - - - - - - - -

Ergosta-4,6,22-triene - - - - - - - - - - - - 5.9 0.5
Brassicasterol 4.0 198.1 18.1 67.4 72.8 453.6 323.4 159.3 128.4 226.9 93.4 34.7 78.0 142.9
Campesterol 2.5 209.4 25.1 34.7 69.2 159.5 226.8 129.3 172.4 257.8 107.9 45.0 49.2 114.5
Campestanol - - - - - - - 32.8 - - - - - 2.5
Stigmasterol 7.4 111.3 24.3 - 47.6 147.8 - 70.2 77.3 164.2 45.3 24.2 31.1 57.8
Stigmastanol - - 29.3 - 19.2 73.8 - 113.2 - - - - 13.6 19.2
Stigmast-4-ene - - - - - - - 82.9 - - - - - 6.4
Stigmasta-3,5-diene - - - - - - - - - - - - -

Stigmasta-3,5-dien-7-one - - - - - - - - - - - - 15.0 1.2
Sitosterol 28.0 456.1 120.3 97.2 95.0 407.4 304.3 282.8 385.0 351.1 280.1 122.7 149.4 236.9
Sitosterone - 86.8 19.1 - - . - - - - - - - 8.1
Total 60.6 1288.3 281.2 265.7 557.3 2195.2 1553.5 1448.2 1025.4 1377.1 710.0 305.0 456.7 886.5
C27/C29 0.5 0.3 0.2 0.7 1.2 0.8 23 1.0 0.3 0.5 0.5 0.3 0.3 0.7

tsoprenoid derivatives
Squalene - - - - - 11.8 - - - - - - 4.6 1.3
Dihydrosqualene - - - - - - - - - - - - - -

Phytol 22.4 18.6 6.5 88.9 54.0 156.5 122,9 80.9 90.7 43.2 55.4 14.5 26.4 60.1
Phytone - - - - 17.2 - - - - - - - 6.3 1.8
Phytadienes - - - 4.1 - - 9.5 - - - - 1.0
Isoprenoidyl thiophenes - - . - - - - - - - -

a-Tocopherol (Vitamin E) - - - - - - - - - -

Total 22.4 18.6 63 88.9 75.3 168.3 122.9 90.5 90.7 43.2 55.4 14.5 37.2 642
Saccharides

a- + 5-Glucose 336.0 213.1 25.4 908.9 521.7 328.7 2012.6 460.1 984.7 161.0 189.6 34.0 2.1 475.2
a-+5-Deoxyribose 97.5 - - - - - - 40.6 - - - 6.1
a- + 3-Ribose 22.0 2.2 4.9 101.8 21.8 - 13.0 72.4 104.1 - - - - 32.1
a- + 3-Xylose - - - - - - - . 95.7 - - - - 7.4
a- + IS-Galactose - - - 134.3 25.8 - 145.8 - 101.5 - - - - 31.3



Table 5.2. Continued.

a-+-Arabinose 38.1 18.6 - - - - 166.5 - - - - - - 15.9
Sucrose 0.0 4.0 10.6 - 3.9 15.0 28.7 0.6 0.1 30.9 3.0 0.5 - 7.5
Mycose - 1.2 0.2 8.5 7.9 8.1 44.1 0.4 0.2 8.2 1.1 0.3 3.8 6.5
Total 493.8 239.1 41.1 1153.6 581.2 351.8 2410.7 533.5 1326.9 200.1 193.8 34.8 5.9 582.0

Triglyceride derivatives
Glycerol 61.0 - - 89.4 - - - - 18.6 - 34.7 - - 15.7
Phosphoric acid - - - - - - - - - - - - - -

a-Glycerophosphoric acid - - - - - - - - . - - - - -

1-0-tetradecanoyl-glycerol 1.6 - - 15.7 - 45.0 41.1 - 19.2 8.0 - - - 10.0
l-O-peeetadecanoyl-glycerol . - 6.3 7.5 20.6 34.5 35.0 22.0 - 25.4 - - 11.6
2-0-hexadecenoyl-glycerol - - - 56.4 - - 266.2 - - - - - - 24.8
2-0-hexadecanoyl-glycerol - - - 31.8 - - 381.1 - 24.5 - 18.6 - - 35.1
1-0-hexadecenoyl-glycerol - 24.8 - 226.0 23.2 207.0 468.5 28.0 132.6 40.4 20.2 3.9 6.6 90.9
1-0-hexadecanoyl-glycerol 2.0 48.1 6.5 189.7 25.9 189.4 839.3 25.9 147.2 40.6 71.1 6.8 8.4 123.2
l-O-octadeeenoyl.glycerol - 23.4 3.3 5.1 - 44.1 27.0 3.5 - 6.7 5.2 11.6 10.0
1-0-octadecanoyl-glycerol - 25.9 0.9 4.1 2.7 27.8 12.5 4.1 - 3.0 - 3.0 2.2 6.6
1-O-eicosanoyl-glycerol - - - - - - - - - - - - . -

Total 64.5 122.2 16.9 625.7 72.5 547.9 2070.7 83.5 342.0 124.1 144.6 18.9 28.8 327.9
Lignin derivatives

p-Hydroxybenzoic acid - - - - - . - 15.6 13.1 - 2.4 - 2.4
p -Hydroxybenzaldehyde - - - - - - - - - - - - - -

Vanillin - - - - - - - - - - - - - -

Vanillic acid - - - - - - - - . - - - 2.1 0.2
Lariciresinol - - - - - - - - - - - - 33.6 2.6
Matairesinol - - - - - - - - - - - - 12.1 0.9
Total - - - - - - 15.6 13.1 - - 2.4 47.8 6.1

Other compounds
Inositols - 19.5 - - 41.7 - - - 160.5 4.8 - 17.4
Succinic acid - - . - - - - - - - - - - -

Methyl pentadecyithiophene - - - - - - - - - - - - -

Sulfur (S5) - - - - - . - 467.8 - - - 36.0
Diethylhexylphthalate 3.3 - 1.0 - 3.9 - - - - - 7.8 5.3 2.7 1.8
Dioctyl adipate - - - - - - - 9.6 - - 20.0 - 2.3
Total 3.3 19.5 1.0 - 45.6 - - 477.5 160.5 4.8 7.8 25.3 2.7 57.5
TEOC 4669.7 5510.8 1518.6 7265.0 2318.6 7756.5 19395.8 5515.0 7732.5 5996.8 5246.5 1482.1 1762.4 5859.3
- (dm1) is below the detection limit of 0.8 og.'; C. for bomologue torios ore let italic; TEOC: Total oxtroctoblo organic compounds; Ce,: cholesterol; C: sitostorol+stigmosteeol;
CPI (1(C,Cte)/(Caa-Cet),..] +1(Cu-Cor)/(Cor-Css}/2; CPl = (1(Cc Ceo5..J(CorCc,).ca1 + 1(CsoC,o)...,J(Ca.Ct,)il/2;aCPI (l(Ceeso)eer/(CerCse).cs] + [(C,rCao)..../(CerCts)aeoflf2



Table 5.3. Concentrations (108g g') of compounds in sediments of rivers draining the Coast Range.

River, State Yaquina River, OR Alsea River, OR Umpqaa River, OR Elwha River, WA Hob River, WA
Sites Elk Cily Mix region Exlnosy Aloes Foils Csmpbcll Pk. Tidewater Tokelec Elklon Mill Creek Wsyoidc Harricsne Olympic

SeasonYear Su04 Sp99 Sp99 SuOl ScSI SuOl Su04 Su04 Su54 Su04 Sp05 Sp05 Mean
Compounds
n -Alkanes

Nonadecane - - - - - - - - - - - - -

Eicosane - - - - - - - - - - - - -

Heneicosane - - - - - - - - - 7.9 - 0.2 0.7
Docosane - - - - - - - - - 6.3 - 0.2 0.5
Tricosane 7.9 10.7 8.2 - - 2.3 - 3.1 0.6 15.6 5.7 0.7 4.6
Tetracosane - 4.6 4.6 - - - - - 0.8 5.5 2.8 0.3 1.6
Pentacosane 48.0 39,2 13.9 1.2 4.0 5.9 4.9 6,0 1,1 44.1 20.1 1.0 15.8
Hexacosane - 6.4 6.1 - 1.2 - - - 1.2 10.1 3.6 0.3 2.4
Heptacosane 63.1 42.9 22.4 1.4 8.4 10.4 5.9 7.6 1.3 74.5 23.3 1.5 21.9

Octacosane - 4.3 4.3 - 1.8 - - - 1.0 10.8 3.2 0.5 2.1
Nonacosane 33.8 42.5 16.8 1.1 4.7 7.3 5.6 6.8 0.9 55.0 20.3 0.8 16.3
Triacontane - 4.1 2.9 - 0.8 - - - 0.7 5.2 2.6 0.3 1.4
Hentriacontane 10.2 18.5 7.0 - 2.1 2.5 - 2.2 0.7 25.9 17.7 0.7 7.3
Dotrlacontane - - - - - - - - - - - 0.2 0.0
Tritriacontane - - - - - - - - - 11,7 - 0.5 1.0
Total 163.0 173.3 86.1 3.8 23.0 28.5 16.4 25.7 8.4 272.7 99.2 7.3 75.6
5CPI - 7.9 3.8 - 5.1 - - - 1.2 6.6 7.1 2.9 2.9

n -Alkanols
Telradecanol 14.9 - - - - - - 52.6 2.1 10.1 2.5 - 6.8
Pentadecanol 26.3 - - - - - 13.7 52.7 0.6 8.6 - - 8.5
Hexadecanol 51.5 - - - - - 11.1 167.4 3.8 43.8 18.2 0,8 24.7
Heptadecanol 10.5 - - - - - - 34.3 - 11.1 - - 4.7
Octadecanol 12.9 - - - - - 13.3 27.7 1.1 15.6 9.5 0.4 6.7
Eicosanol 62.6 10.7 3.9 0.5 - 1.4 40.2 49.8 - 25.6 47.5 1.4 20.3
Heneicosanol 9.3 - - - . - - - . - - - 0.8
Docosanol 175.5 48.7 21.7 1.5 3.4 30.6 31.4 17.8 3.4 27.6 56.3 2.3 35.0
Tricosanol 6.1 - - - - 4.9 - - - - - - 0.9
Tetracosanol 128.6 62.2 28.7 2.6 5.3 38.2 17.3 - 2.0 5.8 26.0 1.5 26.5
Pentacosanol 4.8 - - - 0.7 6.3 - - - - - - 1.0
Hexacosanol 149.6 114.3 21.5 2.5 15.8 55.9 46.4 - 1.9 - 26.1 1.6 36.3

Heptacosanol - - - - 1.2 5.9 - - - - - - 0.6
Octacosanol 65.5 71.6 21.1 2.0 13.5 30.1 37.1 - 1.0 - 26.9 0.8 22.5
Nonacosanol - - - - 0.7 - - - - - - - 0.1
Triacontanol . 38.5 9.2 0.5 6.3 12.5 . . - - 26.3 0.1 7.8
Total 718.1 346.0 106.1 9.5 46.8 185.6 210.5 402.2 15.9 148.3 239.3 8.8 203.1
bCpI 36.6 - - - 17.3 9.8 - - . - - - 5,3
Nonacosan-lO-ol 35.1 25.9 - 3.8 2.1 12.7 13.5 - 0.9 - 53.9 3.5 12.6
Nonacosan-4, lO-diol - - - - - - - - - - - - -

Nonacosan-5,10-diol - - - - - - - - - - 24.5 - 2.0
Nonacosan-10,13-diol - - - - - - - - - - - -
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n -Alkanoic acids
Dodecanoic acid 15.8 25.3 - - - - - 34.7 2.1 8.2 7.9 - 7.8
Tridecanoic acid - - - - - - - 37.7 0.7 3.1 3.2 - 3.7
Tetradecanoic acid 45.0 47.1 20.6 - - - 52.2 294.9 9.6 46.9 96.6 - 51.1
Pentadecanoic acid 70.3 45.3 13.7 - - - 60.0 193.6 8.2 36.5 21.6 - 37.4
Hexadecanoicacid 201.7 77.3 78.4 - - - 280.2 743.8 33.8 197.4 216.9 0.5 152.5
Heptadecanoic acid 12.2 34.2 - - - - 4.6.9 54.5 6.6 16.3 8.9 - 15.0
Octadecanoic acid 42.3 25.1 25.5 - - - 24.0 108.4 4.4 50.2 107.4 - 32.3
Nonadecanoicacid - 11.4 - - - - - - - - - - 1.0
Eicosanoic acid 20.9 26.1 10.2 - - - - 2.1 0.9 14.5 30.5 - 8.8
Heneicosanoic acid - 10.7 - - - - - - - - - 0.9
Docosanoic acid 75.2 93.0 20.0 - - 10.7 - 1.5 2.2 25.6 22.4 - 20.9
Tricosanoic acid 29.5 46.6 - - - - - - - - - - 6.3
Tetracosanoic acid 59.5 118.6 28.9 - - 24.6 - - 0.6 8.5 8.3 - 20.7
Pentacosanoic acid 10.2 50.3 - - - - - - - - - - 5.0
Hexacosanoic acid 23.8 79.4 13.2 - - 1.3 - - - - - - 9.8
Octacosanoic acid 11.9 36.4 9.2 - - - - - - - - - 4.8
Triacontanoic acid - 8.2 - - - - - - - - - 0.7
Total 618.3 734.9 219.8 - - 36.6 463.3 1471.2 69.1 407.3 523.7 0.5 378.7
°CPI 3.9 2.1 9.8 - - - 3.3 4.1 3.3 5.7 13.6 - 3.8

n -Alkenoic acids
Hexadec-9-enoic acid 86.7 131.2 48.6 - - - 328.9 670.2 25.4 207.7 162.5 - 138.4
Octadec-9-enoic acids 133.4 82.4 34.0 - - - 121.6 395.2 9.2 114.6 212.9 - 91.9
Octadecadienoic acids 24.4 30.8 - - - - 10.2 64.4 - 19.8 36.6 - 15.5
Total 244.5 244.4 82.5 - - - 460.7 1129.8 34.5 342.1 412.1 - 245.9

Methyl n -alkanoates
Methyl tetradecanoate - - - - - - - - - - 0.5 - 0.0
Methyl pentadecanoate - - 14.7 - - - - - - - - - 1,2
Methylhexadecanoate 77.7 35.6 40.3 - - - 7,2 9.9 1.2 14.9 2.1 - 15.7
Methyl heptadecanoate - - - - - - - - - - - -

Methyloctadecanoate - 11.2 3.7 - - - 0.1 - - - 0.8 - 1.3
Methyl nonadecanoate - - 3,2 - - - - - - - - - 0,3
Methyl eicosanoate - 8.9 7.0 - - - - - - - 0.4 - 1.4
Methyl heneicosanoate - - 3.8 - - - - - - - - - 0.3
Methyl docosanoate - 19.6 13.1 - - - - - - - 0,5 - 2.8
Methyl tiicosanoate - 3.6 3.5 - - - - - - - - - 0.6
Methyl tetracosanoate - 27.2 15.4 - - - - - - - 0.3 - 3.6
Methyl pentacosanoate - 2.8 2.8 - - - - - - - - - 0.5
Methyl hexacosanoate - 8.0 4.9 - - - - - - - - - 1.1
Methyl octacosanoate - - - - - - - - - - - -

Methyl triacontanoate - - - - - - - - - - -

Total 77.7 117.1 112.1 - - - 7.3 9.9 1.2 14.9 4.6 - 28.7
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Diterpenolds
Totarol - - - - - - 8.3 - - - 523.2 9.6 45.1
Totara-7,13-diol - - - - - - - - 156.9 0.4 13.1
Totarol-7-one - - - - - - - - 21.9 - 1.8
Ferruginol - - - - 7.1 - - 51.2 1.3 5.0
Dehydroferruginol - - - -

18-Hydroxyferruginol - - - - - - 81.1 - 6.8
7-Ketoferruginol - - - - - - - 31.5 - 2.6
Dehydroabietol - - - - - - - 0.8 0.1
Dehydroabietane - 16.7 - - - 5.9 - - - - 28.4 - 4.3
Dehydroabietinal - - - - - - - -

Dehydroabietic acid 38.5 60.5 8.7 - - 0.5 14.5 71.5 4.9 46.7 29.5 0.2 23.0
7a- + 5-Hydroxydehydroabietic acid - - - - - - - - - - - - -

a- + 3-seco -Dehydroabietic acid - - - - - - - - - - - - -

3-Oxodehydroabietic acid - - - - - - -

16,17-Bisnordehydroabietic acid - - - - - - - - -

Methyl dehydroabietate - - - - - - - - - -

Abietic acid - 29.5 - - - - - - - - - 2.5
Abietan-18-oic acid 4.8 - - - - - - - - 35.0 - 3.3
18-Norabieta-8,l 1,13-trien-19-ol - - - - - - - -

19-Norabieta-8,11,13-triene - - - - - - - - 59.7 - 4.7 5.4
7-Oxo-19-norabieta-8,1 1,13-triene - - - - - - - - 32.7 - - 2.7
Abieta-8,1 1, 13-trien-7-one - - - - - - -

Abieta-6,8,1 1,13-tetraenoic acid - - - - - - -

Pimaric acid - - - - - - - - 37.2 - 3.1
Isopimaric acid - 51.1 - - - - - 49.1 2.6 13.3 - - 9.7
Isopimara-8,15-dien-18-oic acid - - - - - - - - -

Sandacopimar-15-en-85-ol - - - - - - - - - - 26.2 1.1 2.3
Retene - - - - - - -

1,2,3,4-Tetrahydroretene 10.5 - - - - - - - - 9.8 - 0.6 1.7
Total 53.8 157.8 8.7 - - 6.5 29.9 120.6 7.5 197.2 986.9 18.9 132.3

'friterpenoids
Taraxerol 226.3 - 29.0 - - - 66.2 - - 48.8 - 2.5 31.1
Taraxerone 101.2 43.4 28.7 5.0 3.3 25.3 31.8 - - 22.2 - 0.9 21.8
Taraxexyl acetate 48.9 - - - 11.6 - - - - - - 5.0
a-+ 5-Amyrin 511.6 39.3 - 8.7 7.5 71.4 55.7 13.7 1.4 90.9 76.8 2.5 73.3
a- + 3-Amyrone 159.4 90.5 4.4 5.6 10.4 56.3 22.4 - - 29.5 31.3 0.9 34.2
Lupeol 275.9 110.4 9.9 6.1 4.5 49.8 63.3 34.4 1.1 77.9 21.6 1.8 54.7
Lupen-3-one 259.7 117.3 44.2 11.2 9.1 58.5 65.0 28.8 1.2 51.7 - 2.0 54.1
Olean-13(18)-en-3-one 102.2 36.4 - 9.0 4.8 17.7 23.2 - 24.9 - 1.3 18.3
Glutin-5-en-3-ol 62.2 8.8 - - - 5.6 - - - - - - 6.4
Glutin-5-en-3-one - 21.5 14.4 - 11.8 - - - - - - 4.0
Betulin 92.1 37.2 - - 0.6 10.5 39.9 30.8 0.9 40.6 - - 21.1
Betulinic acid 59.1 - - - - - - 55.0 - 27.8 - - 11.8
Betulone - - - - - -
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Oleanolic acid 52.7 -

Ursolic acid 144.0 29.0 -

183-Friedelin - - 16.4

Des-A-oleana-9(10),18-diene - 11.4 -

Des-A-26,27-I3iooroleana-5,7,9,1 1,13- - 30.7 -

pentaene - - -

Total 2095.3 575.8 147.1
Steroids

Cholesterol 75.7 47.6 99.1
Cholestanol 88.5 8.8 15.3
Cholesta-3,5-diene - - 38.8
5a-Choleslan -3-one - - 31.8
Cholest-5-en-3-one - 21.0
Cholesta-5,22-dien-3-ol - - -

Cholesta-4,6-diene-3-one - - 16.4
24-Nor-22,23-methylenecholest-5-en- - - -

3j5-oI - - -

Ergosta-4,6,22-triene - -

Brassicasterol 48.9 11.6 23.8
Campeslerol 88.1 33.5 12.4
Campestanol 38.1 - -

Stigmaslerol 82.8 21.5 10.6
Stigmastanol - 21.3 30.6
Stigmasl-4-ene 73.7 - 22.7
Stigmasta-3,5-diene - 51.5 56.0
Stigmasta-3,5-dien-7-one - - -

Sitosterol 599.3 232.1 85.1
Sitosterone - 20.0 16.2
Total 1095.1 448.0 479.8
C27/C29 0.1 0.2 1.0

Isoprenoid derivatives
Squalene - 33.1 15.1

Dihydrosqualene - - 32.6
Phytol 12.4 12.6 20.8
Phytone 6.8 - -

Phytadienes - 17.7 121.7
lsopreooidyl thiophenes - - 43.6
a-Tocopherol (Vitamin F) - 21.3 29.0
Total 19.2 84.6 262.8

Saccharides
a-+5-Glucose 94.5 - -

cx- + 5-Deoxyribose - - -

a-+3-Ribose
cx- + 13-Xylose - - -

a-+j3-Galactose - - -

- - - - 67.0 - 49.6 - 14.1
- - - - 118.2 - 93.6 - - 32.1
- - - - - - - - - 1.4
- - 7.7 - - - - 1.6
- - 25.3 - - - - - 4.7

45.6 40.1 351.6 367.4 348.0 4.7 557.5 129.7 12.0 389.6

6.5 2.8 9.7 79.4 56.3 2.9 61.0 154.8 1.9 49.8
- - 16.9 28.8 14.4 2.0 25.5 15.0 - 17.9
- - - - - - - - - 3.2
- - - - - - - - - 2.7
- - - - - - - - - 1.8

- - - - - - - - - 1.4
- - - 17.0 - - - 25.4 - 3.5

1.5 0.3 17.6 59.8 32.8 1.0 33.7 33.6 1.0 22.1
2.0 3.4 22.9 52.6 28.1 1.9 45.9 34.0 0.8 27.1
-

- 9.7 - - - - - - 4.0
0.9 1.6 19.8 34.1 25.8 - 29.1 84.2 1.5 26.0
- - - - - - - - - 4.3

0.7 0.9 15.7 - - - - - 9.5
- - - - - - - - - 9.0

16.1 12.6 144.4 182.2 49.3 6.1 127.0 261.6 7.7 143.6
- - 14.2 - - - - 23.1 - 6.1

27.8 21.6 270.9 453.8 206.7 13.9 322.3 63L6 12.9 332.0
0.4 0.2 0.1 0.4 0.7 0.5 0.4 0.4 0.2 0.4

- - - - - - - - - 4.0
- - - - - - - - - 2.7

2.2 0.8 - 17.1 32.1 3.1 13.9 38.2 1.1 12.9
- - - - 22.8 1.0 10.9 4.0 - 3.8
- - - - - - - 3.3 - 11.9
- - - - - - - - - 3.6
- - 4.4 - - - - - 4.6

2.2 0.8 4.4 17.1 54.9 4.1 24.8 45.4 1.1 43.5

- 0.1 - 147.7 185.3 12.6 0.2 3.7 2.4 37.2
- - - 22.8 - - - - 1.9
- - - 58.8 9.7 - - - 5.7
- - 30.4 - - - - - 2.5
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a- + 5-Arabinose - - - - - -

Sucrose 6.3 2.5 - - 0.6 - 8.1 31.9 0.0 - - 0.2 4.1
Mycose 17.0 2.9 - 0.1 0.2 - 6.7 89.0 0.1 0.1 - 0.1 9.7
Total 117.8 5.5 - 0.1 1.0 - 274.4 315.9 12.7 0.4 3.7 2.7 61.2

Triglyceride derivatives
Glycerol - 291.7 86.5 - - - - 31.5
Phosphoric acid - 163.3 251.8 - - - - 34.6
a-Glycerophosphoric acid - - 45.3 - - - - 3.8
1-0-tetradecanoyl-glycerol - - - - 13.7 46.7 6.7 22.3 32.2 - 10.1
1-O-pentaelecanoyl-glycerol - - - - - 26.1 39.0 1.3 5.3 - - 6.0
2-0-hexadecenoyl-glycerol . - - - - 31.8 1.0 6.6 - 3.3
2-0-hexadecanoyl-glycerol . - - - - 31.7 47.0 4.1 19.2 - - 8.5
1.O-hexadecenoyl-glycerol 6.9 - - - - 66.3 35.3 6.3 19.6 36.8 0.3 14.3
1-O.hexadecanoyl-glycerol 15.9 - 1.9 - - - 86.2 107.0 13.6 48.5 36.4 0.7 25.8
1-O.octadecenoyl-glycerol - - - - - 24.7 0.6 0.4 2.8 40.0 0.1 5.7
1-O.octadecanoyl-glycerol - - - - 3.8 7.1 0.4 3.4 3.6 0.1 1.5
1-O.eicosanoyl-glycerol - - - - - 0.7 - 0.3 - - 0.1
Total 22.9 455.0 385.4 - - - 252.5 315.2 33.7 127.8 149.0 1.2 145.2

Lignin derivatives
p-Hydroxybenzoic acid - - - - - - 2.8 18.2 - 2.8 - - 2.0
p-Hydroxybenzaldehyde - - - - - - - 6.4 0.3 4.7 - - 0.9
Vanillin 4.8 - - - - - 6.8 0.5 5.6 - - 1.5
Vanillic acid 5.2 - - - - - 13.2 - - - 1.5
Lariciresinol - - - - -

Matairesinol - - - -

Total 10.0 - - - - - 2.8 44.6 0.8 13.2 - - 5.9
Other compounds

Inositols 29.4 - - - - - - - 2.5
Succinic acid - 37.4 - - - - - - 3.1
Methyl pentadecylthiophene - - 18.0 - - - - - 1.5
Sulfur(S8) 59.7 - - - - 2.3 - - - - 0.8 5.2
Diethylhexyl phthalate 8.4 - 5.4 0.7 - 1.1 - 0.9 4.2 1.9 - 1.8 2.0
Dioctyl adipate - - - 0.5 0.7 6.1 - - - - 34.0 - 3.4
Total 97.6 37.4 23.5 1.2 0.7 9.4 - 0.9 4.2 1.9 34.0 2.6 17.8
TEOC 5368.4 3405.8 1914.0 94.0 136.1 906.3 2569.7 4445.7 211.5 2430.2 3313.4 71.6 2072.2

(dm5) icbrlow tlrodotcotion limit of 0.5 ng.g; C for homotogor maim arc in italic; TEOC total extractableorgomo compomsds; C,: cholostorol; C0: sttoxtorol-oxttgmaxtorol;

VP! (1(CaaCat)d(CaaCtt)c0ol * I(Cta-Css).aa'(CarCttmI)/2; xCPI (((CsrCro)...1(CurCcx).aal * 1(CarCto)./(Co.Ctx)l}/S; 'CPI {[(C:rCao). (C:rCt).l * 1(C:rcc)c1(C:rCo)ma1(I2

8
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Abstract

Biomass burning is an important primary source of particles containing

biomarker compounds, which are introduced into smoke primarily by direct

volatilizationlsteam stripping and by thermal alteration based on combustion

conditions. This study presents comprehensive organic compound source profiles for

smoke from controlled burning of green vegetation native to the predominant

temperate and semi-arid forests of the western US. Smoke particles were extracted

with dichloromethane:methanol (2:1, v/v), and the extracts were analyzed as their

TMS derivatives by gas chromatography-mass spectrometry. Sugars were by far the

major compound class emitted in smoke particles, encompassing 65% of the total

extractable organic compounds here detected. Diterpenoids ( 11%) from bleed resins

and lignin derivatives (- 9%) were the next most abundant compound groups

observed. The major individual compounds were inositols (36%) and the thermal-

altered products levoglucosan (15%), mannosan (4%) and galactosan (3%). The

remaining compound classes, i.e., n-alkanoic acids, n-alkanols, n-alkanes,

triterpenoids, steroids, and polycyclic aromatic hydrocarbons, were present at lower

abundances (< 5%). The results showed that wet/green vegetation burning imprints

high amounts of polar/water-soluble compounds into the smoke probably by

volatilization/steam stripping processes. However, comparisons to previous studies

reporting smoke molecular compositions of dry leaves or needles and just wood (from
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fireplaces) were not possible directly since the extraction performed by these works

did not fully recover the polar fraction of their aerosol extracts.

6.1. Introduction

Burning of biomass fuels in wildfires has been a natural process on this planet

since the Carboniferous, as recorded by charcoal horizons in the sedimentary record

(Simoneit, 2002). The major components of biomass burning are forests (tropical,

temperate and boreal), savannas, agricultural lands after harvest, and wood for

cooking, heating and the production of charcoal (Andreae et al., 1993). Vegetation is

the major fuel consumed in wildfires and is composed predominantly of cellulose,

hemicellulose and lignin (Pettersen, 1984). Cellulose is mainly responsible for the

structural strength of vascular plants, and a cellulose molecule is a long-chain, linear

polymer made up of 7000-12000 glucose monomers. In contrast, hemicellulose

molecules consist of only 100-200 sugar monomers (mainly glucose, mannose,

galactose, xylose and arabinose), are less structured than cellulose and their sugar

composition varies widely among different tree species (Parham and Gray, 1984).

The lignin biopolymers are derived from p-coumaryl, coniferyl and sinapyl alcohols

and contain mainly anisyl, vanillyl and syringyl nuclei (Simoneit et al., 1993).

Together, these three biopolymers account for over 90% of the dry weight of most

vascular plants, with the remaining mass being composed of various lipids,

terpenoids, proteins and other metabolites, as well as minerals and water (Parham and

Gray, 1984).
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The combustion of the organic components of biomass involves a complex

series of physical transformations and chemical reactions, including pyrolysis,

depolymerization, water elimination, fragmentation, oxidation, char formation and

volatilization (Shafizadeh, 1984). During earlier stages of combustion, known as

flaming combustion, organic compounds (e.g., hydrocarbons) volatilized from the

decomposing biomass are rapidly oxidized in a flame upon mixing with air. Once the

flux of these combustibles falls below the critical level, flaming expires and

smoldering combustion commences. This lower temperature processes (temperature <

300 °C) involves a gradual gas-solid phase reaction between oxygen and the

remaining reactive char and emits large amounts of incompletely oxidized pyrolysis

products (Shafizadeh, 1984). High molecular weight compounds are volatilized

directly into smoke by an injection mechanism similar to steam

stripping/volatilization, with the extent of this process dependent on the fuel moisture

content (Shafizadeh, 1984; Simoneit et al., 1993). Many of these compounds have

sufficiently low vapor pressures to be found in the particulate phase and, for this

reason, extractable organic matter often constitutes the major fraction of smoke

aerosols (Yamasoe et al., 2000). The heat intensity, aeration, moisture content and

duration of flaming and smoldering conditions determine the distribution of natural

product and altered compounds present in smoke (e.g., Fine et al., 2001; Nolte et al.,

2001; Oros and Simoneit, 2001a,b; Simoneit, 2002). Thus, the directly emitted and

thermally altered molecular tracers from biomass combustion provide a chemical
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fingerprint, which is source specific and useful for identifying contributions from

single or multiple vegetation species in samples of atmospheric particulate matter.

Biomass burning is an important primary source of soot and organic particulate

matter in emissions, which influence atmospheric chemistry, optical and radiative

properties through direct (absorption and scattering of solar and terrestrial radiation)

and indirect (modification of cloud processes) mechanisms (e.g., IPCC, 1992). The

effects of aerosol particulate matter on visibility, human health and ultimately on

global climate has also been discussed by numerous authors (e.g., Crutzen and

Andreae, 1990; Levine, 1991; Charison et al., 1992; Hannigan et al., 1998). However,

in comparison to the relatively extensive studies that have been carried out on

hydrocarbons of both biogenic and anthropogenic origins in aerosols from urban and

rurallremote regions, only limited molecular information is available on polar, water-

soluble compounds (e.g., Saxena and Hildemann, 1996; Kawamura and Sakaguchi,

1999; Decesari et al., 2000; Graham et al., 2002; Simoneit et al., 2004; Medeiros et

al., 2006). Studies have demonstrated that polar organic compounds encompassed

approximately 30-75% of the total carbon in smoke aerosol samples (Novakov and

Corrigan, 1996; Narukawa et al., 1999; Graham et al., 2002), suggesting that they

may play a significant role in the aqueous-phase chemistry occurring within cloud

droplets nucleated by smoke (Graham et al., 2002). Additionally, for biomass

burning, most data on the molecular composition are available for wood combustion

(e.g., Larson and Koenig, 1994; Fine et al., 2001, 2004; Nolte et al., 2001; Schauer et

al., 2001).
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We hypothesize that the combustion of moist vegetation, as in wildfires, would

release high amounts of polar, water-soluble organic compounds by the steam

stripping/volatilization process, imprinting a different biomarker profile compared to

the combustion of only wood. Therefore, the purpose of this study is to characterize

the polar and apolar organic chemical composition of smoke particulate matter

emitted by combustion of fuel from green (moist) vegetation native to the

predominant forests of the western United States, potentially subject to wildfires.

6.2. Background

Fires ignited by people or natural causes have interacted over evolutionary time

with ecosystems, exerting a significant influence on numerous ecosystem functions

(Pyne, 1982). As humans alter fire frequency and intensity, many plant communities

(biomes) are experiencing a loss of species diversity, site degradation and increases in

size and severity of wildfires (Kilgore and Heinselman, 1990). Fire-adapted

ecosystems such as juniper woodlands, Ponderosa pine forest and Lodgepole pine

forest have become more susceptible to destructive and larger fires because ofaltered

fire regimes. Juniper woodlands (e.g., western Juniper) began increasing in both

density and distribution in the late 1800's because of climate (warmer and wetter),

grazing of domestic livestock (greatly reducing understock fuel) and lack of fire

(mainly due to 50 years of fire suppression) (Miller and Waigand, 1994). Juniper

woodlands occupy 42 million acres (17 million hectares) in the Intermountain

Region, covering now over 5 million acres (2 million hectares) in eastern Oregon,
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compared to less than half a million acres (200 thousand hectares) in 1936 (USDA,

online). Fire exclusion are also affecting Ponderosa pine forests, a common

component on about 40 million acres (16 million hectares) in the western United

States, as well as Lodgepole pine forests, which cover about 20 million acres (8

million hectares) in the northwestern US. Many of these forests are plagued by

epidemics of insects and diseases and subject to severe stand-destroying fires (Mutch

et al., 1993).

While many fires were started by lighting, most were reportedly started by

human activities as a result of accident or arson. The 2002 wildfire season was the

second largest in the past 50 years, after the year 2000. Nearly twice the ten-year

average was burned (-S 3.8 million acres or 1.5 million hectares) and the total acreage

destroyed as of November 2002 was about 7.1 million acres (2.8 million hectares)

across the United States (versus 7.3 million acres in 2000) (NOAAINCDC, online).

Three states recorded their largest wildfires this century: Arizona, Colorado and

Oregon with approximately 650 thousand, 506 thousand and 993 thousand acres (260

thousand, 202 thousand and 397 thousand hectares) burned in 2002, respectively

(NOAA/NCDC, online). Forest stands burned included mainly Douglas Fir, Grand

fir, White fir, Western hemlock and Ponderosa pine, making fire monitoring an

important social, health and economic concern.

6.3. Experimental Methods

6.3.1. Sampling and burn conditions
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Due to difficulties in safely situating personnel and equipment close to actual

forest wildfires to sample for reliable emissions data, simulated vegetation burns were

performed here. Samples of dominant vegetation were collected from temperate and

semi-arid forested areas of Oregon, USA away from urban areas and major roads.

Five composited samples were prepared and the vegetation species are listed in Table

6.1. In the first set (temperate vegetation), green forest vegetation from different

conifer species and a mixed forest vegetation sample composed of conifers,

deciduous trees, shrubs, ferns and lichens were burned. In the second set (semi-arid

vegetation), semi-arid climate vegetation was reconstituted for a high desert Juniper

forest, an eastern Cascades Lodgepole pine forest, and a Ponderosa pine forest. These

composites included branchlets, needles, cones, leaves, shrubs, ferns and lichens

(Table 6.1). These mixtures of green vegetation more closely resemble the fuel of

wildfires when burned rather than stove or fireplace burning of just wood. All

vegetation samples were cut into small pieces (< 1 cm) and burned within two days

after collection. Weight measurements were taken before and after burning to

determine the total mass of plant material consumed. Additionally, composited

samples were weighed, allowed dry for one month, and weighed again in order to

determine the fuel water content. Using a controlled fire (excessive flaming was

doused by misting with water spray from an aspirator bottle), composited samples

were burned completely under both flaming and smoldering conditions. The emitted

smoke was collected as TSP on an organically clean quartz fiber filter (annealed at

450 °C for 3 h; 95% particle size retention> 1.0 jtm) using a high volume air sampler
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located approximately 1.0 m diagonally above and to the side of the flames in the

smoke plume. Emissions from burning biomass are primarily fine (< 2.0 tm)

particles (e.g., Schauer et al., 1996), thus no provisions were made to remove coarse

particles during sampling of these burning tests. Smoke was typically sampled for 5-7

mm periods at a suction flow rate of 1.13 m3 min1. After sampling, a portion of each

filter (2 x 4 cm) was cut out and set aside for black carbon analysis. The collection

filters were then placed in pre-cleaned 300 mL jars with Teflon lined lids to which 10

mL of dichioromethane was added. The jars were then stored at ambient temperature

and extracted after up to 48 h.

6.3.2. Extraction

Each filter was solvent-extracted with a dichioromethane and methanol mixture

(2:1, v/v) two times (15 mm each) under ultrasonic agitation. The extracts were

combined, filtered and concentrated on a rotary evaporator and then under blow-down

with filtered nitrogen gas to 1 mL. Aliquots of 500 jiL of the total extracts were

eluted through silica cartridges (300 mg; Burdick & Jackson, Inc., MI) with

approximately 1 mL of hexane as solvent to remove the polar, water-soluble

compounds such as saccharides. The "neutral" (cleaned) extracts were then

evaporated to dryness using a stream of N2 and redissolved using a mixture of

hexane:dichloromethane (8:2, vlv). Aliquots of the remaining total extracts were

converted to trimethylsilyl derivatives by reaction with N,O-bis-

(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% trimethylchiorosilane

(TMCS) and pyridine for 3 h at 70 °C prior to GC-MS analysis.
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6.3.3. Instrumental analysis

Both cleaned and silylated total extracts of the smoke particles were analyzed in

the splitless mode using a HP6890 gas chromatograph interfaced with a HP5973

MSD (GC-MS). The injector and MS ion source temperatures were set to 280 °C and

230 °C, respectively. A DB5-MS capillary colunm (30 m x 0.25 mm i.d. and film

thickness of 0.25 tm, Agilent) was used, with helium as the carrier gas. The column

temperature program consisted of injection at 65 °C and hold for 2 mm, temperature

increase of 6 °C mm1 to 300 °C, followed by an isothermal hold at 300 °C for 15 mm.

The MS was operated in the electron impact mode with an ionization energy of 70

eV. The scan range was set from 50 to 650 Da.

Data were acquired and processed with the HP-Chemstation software.

Compound identification was performed by comparison with the chromatographic

retention characteristics and mass spectra of authentic standards, reported mass

spectra and the mass spectral library of the GC-MS data system. The mass spectra of

unknown compounds were interpreted based on their fragmentation patterns.

Compounds were quantified using peak areas in the total ion current (TIC) trace and

converted to compound mass using calibration curves of external standards:

tetracosane for n-alkanes and isoprenoids; hexadecanoic acid for n-alkanoic and n-

alkenoic acids, methyl alkanoates, and n-alkanols; dehydroabietic acid for

diterpenoids; sitosterol for tnterpenoids and steroids; glucose for monosaccharides;

sucrose for disaccharides; p-hydroxybenzaldehyde for lignin derivatives; and

phenanthrene for polycyclic aromatic hydrocarbons (PAils). A procedural blank was
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run in sequence to aerosol samples, presenting no significant background

interferences.

6.4. Results and Discussion

The major organic components identified in the soluble lipid fraction of the

vegetation smoke samples and their emission factors (pg g' of vegetation fuel

burned) are given in Table 6.2. Examples of GC-MS total ion current (TIC) traces for

smoke extracts are shown in Figures 6.1 (temperate vegetation composites) and 6.2

(semi-arid vegetation composites). The distributions of compound classes included

homologous series of n-alkanes, n-alkanols, n-alkanoic acids and methyl alkanoates;

terpenoid (mainly diterpenoid) and steroid biomarkers; saccharides from cellulose

and hemicellulose; phenolics from lignins; and PAHs. The distributions and

abundances of the green vegetation smoke constituents are strongly dependent on

combustion conditions (e.g., temperature, aeration). Thus, the values reported here

should be used as relative chemical fingerprints for these sources. The biomarkers are

source specific and may be used as confirming tracers for transport and fate studies of

green vegetation smoke emissions in the environment.

6.4.1. Homologous compound series

The n-alkanes in green vegetation smoke presented distributions ranging from

C23 to C35, with strong odd-to-even carbon number predominances (CPI range from

6.1 to > 30.0). The Cmax varied from 25 to 33, occurring predominantly at 29,
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indicating a typical epicuticular wax contribution from various higher plants in

temperate climatic areas (Eglinton and Hamilton, 1967; Simoneit, 1977) (Table 6.2).

The general alkanol distributions are also characteristic of epicuticular wax from

higher plant sources. The n-alkanols ranged from C18 to C30, with the dominant

homologues > C20, strong even carbon number predominances (most CPI values>

30.0) and Cmax varying from 22 to 28 (e.g., Tulloch, 1976; Simoneit, 1977). The

secondary alcohol n-nonacosan-10-ol was present as a major component in all smoke

extracts (Table 6.2). This compound has been identified previously as a major

component in epicuticular waxes from gymnosperm species (Tulloch, 1976, 1987). In

addition, alkanediols were found in most of smoke samples and they are also

indicators of epicuticular waxes derived mainly from conifer vegetation (Jetter,

2000). Interestingly, smoke from green vegetation of Juniper forest had the lowest

amount of normal alkanols; however, the concentrations of alkanediols were

distinctly high (Table 6.2).

The n-alkanoic acids in these samples ranged from C12 to C30 as free acids and

from C12 to C32 as the methyl esters, with a typical strong even-to-odd carbon number

predominance for n-alkanoic acids (CPI range from 4.3 to> 30.0) and odd-to-even

carbon number predominance for methyl esters (CPI = 5.1 to 16.9). An exception

occurred for the high desert Juniper sample, which presented CPI = 0.95, mainly due

to the unusual high Cm value at 15 (Table 6.2; Fig. 6.2a). Smoke samples were

characterized by a bimodal distribution peaking at C16 with a second Cmax at 22 or 24.

The presence of lower molecular weight fatty acids (<C22) was prevalent, mainly for
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the Juniper, Lodgepole pine and Ponderosa pine vegetation samples. The n-alkanoic

acid distributions < C20 are probably derived from microorganisms hosted by plant

foliage, although they are ubiquitous all in biota (Simoneit and Mazurek, 1982),

occurring as basic units of plant fats, oils and phospholipids (Oros and Simoneit,

2001a,b). Significant contributions of n-alkenoic acids (16:1, 18:1 and 18:2) were

found in those samples also as free acids and methyl esters (Table 6.2), contrasting

with the results of Oros and Simoneit (2001a), where the inputs of those compounds

were minor for conifer vegetation smoke. n-Alkenoic acids have multiple sources,

including broadleaves and conifer needles lipids, as well as microbiota (e.g., bacteria,

fungal spores) (Simoneit, 1977; Rogge et al., 1993).

In general, the total amounts of homologous lipid series were higher for the

semi-arid forest composite samples, i.e., high altitude western Juniper, Lodgepole

pine and Ponderosa pine compared to the temperate vegetation composites (conifers

and mixed vegetation). Inputs from epicuticular waxes of terrestrial higher plants

were characterized by the homologue distributions of n-alkanes and n-alkanols, while

fatty acid distributions inferred a microbial contribution to these smoke extracts. Of

the vegetation composites analyzed here, the Juniper forest smoke presented a

distinctive presence of secondary alcohols and pentadecanoic acid as the most

concentrated acid homolog (Fig. 6.2a).

6.4.2. Terpenoids

Sesquiterpenoids are synthetized by several plant communities, and their

oxygenated forms are known for their pleasant and distinctive odors (Otto and Wilde,
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2000). They were found as natural products in the particulate matter from leaf

abrasion (Rogge et al., 1993), and have been reported as common constituents of

conifers (Otto and Wilde, 2000). Here they were minor, except for the smoke extract

from the high desert Juniper forest burn, where natural and altered compounds were

detected (Table 6.2).

in contrast to sesquiterpenoids, diterpenoids were major biomarkers present in

the temperate climate vegetation smoke, both as natural and thermally altered

products. The predominant biomarkers identified in the smoke extracts have the

abietane and pimarane skeletons, which are the major diterpenoids produced by

gymnosperms in the northern hemisphere (Thomas, 1970). The most common

diterpenoid natural products present in the smoke samples are pimaric acid,

isopimaric acid and abietic acid (Table 6.2; Figs. 6.1 and 6.2) in agreement to Oros

and Simoneit (2001 a). The major thermal alteration (oxidation) product was by far

dehydroabietic acid, followed by neoabietic acid (Table 6.2; Figs. 6.1 and 6.2).

Dehydroabietic acid has been regarded a pyrolysis product of resin acids and

proposed as molecular tracer compound for coniferous wood combustion (Simoneit et

al., 1993). Diterpenoids are important biomarker constituents of many higher plants,

especially conifers (e.g., Erdtman et al., 1968; Simoneit, 1986; Simoneit et al., 1993;

Otto and Wilde, 2000). In fact, the lowest total diterpenoid concentration was found

for the mixed vegetation composite (Fig. 6. ib), where deciduous trees, shrubs, ferns

were burned conjunctly with conifers vegetation, attesting that this compound class is

an important constituent of mainly softwood resins. The highest concentration was
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detected in the Ponderosa pine vegetation smoke sample (Fig. 6.2c), mainly due to the

presence of natural diterpenoids, which were also common for the other semi-arid

vegetation composites (Table 6.2). Furthermore, the western Juniper vegetation

smoke sample (Fig. 6.2a) contained high amounts of biomarkers not observed for

other smoke extracts, such as levopimaric acid, 33-hydroxy-1abd-8(17)-en-15-oic

acid, 2-oxo-3-hydroxy-labd-8(17)-en-15-oic acid, and sclareol (an antifungal

diterpenoid). However, labdane- and pimarane-type compounds are common

diterpenoids in conifers and have been described in most families (Otto and Wilde,

2000). Similar to the homologous series, the total concentrations of diterpenoids were

higher in the semi-arid vegetation smoke samples compared to the temperate

composites (Table 6.2).

Triterpenoids are important constituents of many vascular plants, especially in

the gums and mucilages of angiosperms (Ghosh et al., 1985; Koops et al., 1991). This

class of compounds was not detected in the smoke sample of the conifers vegetation

only, and occurred in minor amounts in the other samples from conifer forest

composites, except for Ponderosa pine smoke extract in which uvaol was found at

significant amount (Table 6.2; Fig. 6.2c). This triterpenol has been described as major

constituent of plant leaf waxes (Tulloch, 1976). The highest total concentration was

observed for the smoke sample from the mixture of conifer and deciduous tree green

vegetation (see Table 6.1; Fig. 6. ib), confirming deciduous trees as an important

source for this class of compounds (Oros and Simoneit, 2001b).
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Sterols, comprised of the C28 and C29 phytosterols, are constituents of plant lipid

membranes and waxes (Goad, 1977). Sitosterol (C29) was the most common natural

product sterol found in these smoke samples, followed by campesterol (C28) (Table

6.2). Stigmasterol (C29) was not significant, indicating greater thermal instability of

this compound. Thermal alteration products from the sterol precursor sitosterol were

also found and included mainly stigmasta-3,5-diene and sitosterone. Overall,

phytosterols and their alteration products were present at relatively higher

concentrations in the smoke samples compared to triterpenoids and isoprenoids. In

fact, isoprenoid compounds were found in these aerosol samples in only minor

amounts (Table 6.2). Squalene, the precursor in steroid biosynthesis (e.g., Goad,

1977), was present only in the mixed vegetation composite. In contrast, phytadienes,

biomarkers indicative of thermal alteration of phytol from chlorophyll (de Leeuw et

al., 1975), and a-tocopherol (or vitamin E), a common compound present in vascular

plants, were found in all samples analyzed here.

6.4.3. Saccharides

Saccharides were the most abundant class of compounds identified in the smoke

samples (Table 6.2). The anhydrosugars levoglucosan, with minor mannosan and

galactosan are the primary thermal alteration products produced during biomass

combustion of cellulose and hemicellulose and, therefore, are key tracers for smoke

particulate matter from burning biomass (Simoneit et al., 1999). The most abundant

anhydrosugar was levoglucosan, the 1 ,6-anhydro derivative of glucose, followed by

mannosan and galactosan, the 1 ,6-anhydro derivatives of marmose and galactose,



154

respectively (Figs. 6.1 and 6.2). Similar distribution profiles have been reported for

urban, rural and remote aerosols impacted by biomass combustion (e.g., Simoneit et

al., 1999; Simoneit and Elias, 2000; Nolte et al., 2001; Graham et al., 2002; Zdráhal

et al., 2002). Inositols were by far the most abundant saccharides found, exceeding

the sum of the anhydrosugars detected in this study (Figs. 6.1 and 6.2). Inositols

(hexahydroxycyclohexanes) comprise nine stereoisomeric alcohols that closely

resemble glucose in structure. Inositol or myo-inositol (the most common

stereoisomer) is present in animals as part of the phospholipids; in plants, it is part of

phytic acid (myo-inositol hexaphosphate) which is considered as the storage medium

of organic phosphorus in vegetation (Loewus and Murthy, 2000). Graham et al.

(2002) have already documented the strong correlation between inositol and BC

(black carbon) and OC (organic carbon) in aerosols collected from both forest and

pasture sites subjected to biomass burning emissions, suggesting a dominant

combustion source for this compound. In addition to inositol, the sugar alcohols (or

reduced sugars) xylitol, sorbitol and, to a lesser degree, erythritol were observed at

significant concentrations in most of smoke samples. Those compounds are

ubiquitous in nature, occurring as constituents in plants, bacteria, fungi and lichens

(Pigman and Horton, 1970; Bieleski, 1992). The remaining monosaccharides found in

the smoke samples comprise glucose, galactose and mannose. These hexoses occur as

such and are found in hemicellulose polysaccharides (Pigman and Horton, 1970;

Parham and Gray, 1984). Glucose, in particular, is commonly present at higher levels

in vascular plants, while nonwoody tissues, such as leaves and needles, are typically
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richer in pectin, a polysaccharide containing galactose as one of the predominant

sugars (Sjöstrom, 1981). Maltose and sucrose were the only disaccharides detected in

this study. Maltose, a degradation product of starch (Pigman and Horton, 1970), was

observed in all smoke samples (Figs. 6.1 and 6.2); whereas sucrose, the predominant

sugar in the phloem of plants, was found at trace amounts in the temperate vegetation

composites (conifers and mixed vegetation).

6.4.4. Lignin derivatives

Gymnosperm lignin is enriched in the coniferyl alcohol precursor; whereas

deciduous tree lignin is enriched in the sinapyl alcohol precursor. On burning, these

lignins produce primarily vanillyl and syringyl/vanillyl moieties, respectively. The

differentiation of hard- and softwood smoke based on syringyl-type compounds has

already been demonstrated (Hawthorne et al., 1988). Biomass burning injects these

lignin nuclei into smoke as breakdown products such as acid, aldehyde, ketone and

alkyl derivatives of the methoxyphenols (Hawthorne et al., 1988; Simoneit et al.,

1993). Lignin derivatives were major compounds found in the green vegetation

smoke samples, and the predominant phenolic biomarkers included 3-hydroxybenzoic

acid, pyrogallol, hydroquinone, 3-vanillyipropanol and catechol (Table 6.2; Figs. 6.1

and 6.2). The phenol substitution (i.e., 3-methoxy-4-hydroxy) pattern in most of

lignin compounds is consistent with an origin from mainly softwood (Simoneit et al.,

1993; Oros and Simoneit, 2001a). Since the phenolic structures derived from

coniferyl alcohol have commonly been reported for gymnosperm wood smoke (e.g.,

Simoneit et al., 1993; Fine et al., 2001, 2004; Oros and Simoneit, 2001a; Schauer et
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al., 2001), no distinctions can be made between the combustion of green vegetation

and wood of conifers. In addition, syringyl derivatives commonly found in emissions

from fires burning wood of angiosperms (e.g., syringaldehyde, syringyl acetone,

syringic acid) were not detected here, except methoxy-eugenol detected at trace

amounts (Table 6.2). Thus, the characterization of hardwood fuel emissions upon

burning was not possible, suggesting lower amounts of sinapyl-derived compounds in

the green vegetation of deciduous tree compared to just wood.

Lignans are basically dimers of p-coumaryl, coniferyl and sinapyl alcohols and

serve as toxins, support fillers and other purposes to woody plants (Simoneit et al.,

1993). Shonanin (2-deoxomatairesinol) was the dominant lignan found here; whereas

divanillyl was the only secondary product dimer formed from substituted lignin

phenols. Both compounds have the phenolic moiety from coniferyl alcohol, attesting

that those compounds are biomaker tracers from conifer combustion emissions (Oros

and Simoneit, 2001a).

6.4.5. Polycyclic Aromatic Hydrocarbons (PAHs)

All biomass fires are pyrolysis processes causing the formation of PAHs from

(a) high temperature thermal alteration of natural product precursors in the source

organic matter, and (b) the recombination of molecular fragments in the smoke

(Simoneit, 1998). Similar to wood smoke emissions, PAHs were not major

contributors to smoke from green vegetation samples. Pyrene, fluoranthene and

phenanthrene were the most prevalent PAHs found in the green vegetation smoke

samples (Table 6.2), consistent with previous studies of wood smoke where PAHs
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were measured for both soft and hardwoods (e.g., Oanh et al., 1999; Fine et al.,

2001). PAHs that exhibit mutagenic and genotoxic potential such as

benz[a]anthracene, benzo[ajpyrene and cyclopenta[c,djpyrene (IARC, 1989) were

also found as significant constituents, especially the latter (Table 6.2). Phenalen- 1-

one, an oxy-PAH, was also detected at low amounts in smoke from both conifers only

and mixed vegetation composites (Table 6.2).

6.4.6. Other compounds

Glycerol and 1 -0-hexadecanoyl glycerol are altered products derived mainly

from triglycerides, which are labile cell components derived from the active

phospholipids pool of all biota (Volkman et al., 1998). Those compounds were found

in all smoke samples. Succinic acid (or butanedioic acid) and shikimic acid were

observed in most of the smoke extracts analyzed, with the latter at significantly high

concentrations (Table 6.2). Succinic acid occurs naturally in plant and animal tissues;

whereas shikimic acid is an intermediate in a general metabolic pathway in plants,

which produces a variety of compounds such as lignins and tannins (Mooney, 1972).

Usnic acid has been isolated from several species of lichen genera (Takai et al., 1979)

and here, it was detected only in the mixed vegetation composite.

6.4.7. Major biomarker tracers

The total emission factors and % abundances of the major compound groups

identified in smoke from burning of green vegetation are given in Table 6.3.

Saccharides were by far the most abundant group found in the smoke samples,



158

comprising approximately 64% of the total compound emissions. Diterpenoids (

11%) from resins and lignin derivatives ( 9%) were the next most abundant

compound groups. The remaining compound classes were present at lower

abundances (< 5%). Inositols alone encompassed approximately 36% of the total

emission factors, while levoglucosan was responsible for 15% of the total

emissions. The abundance percent of pimaric acid, the most abundant diterpenoid,

was 1.6%; whereas the most common lignin derivative, 3-hydroxybenzoic acid, was

about 1.8% (Table 6.3). These emission profiles were different from that observed for

simulated burns of conifers and deciduous trees as dry vegetation (Oros and Simoneit,

2001a,b) and wood (e.g., Fine et al., 2001; Nolte et al., 2001; Schauer et al., 2001). In

these studies, diterpenoids, methoxyphenols and anhydrosugars (mostly

levoglucosan) were the most abundant compound groups detected; however, primary

(unaltered) saccharides (e.g., glucose, inositol, maltose) were not reported or were

reported in smaller amounts for those smoke extracts (e.g., Nolte et al., 2001). Thus,

it can be inferred that wet/green vegetation burning would imprint higher amounts of

polar/water-soluble compounds into the smoke by volatilization/steam stripping

processes compared to dry/dead leaves or needles and wood. The water loss of the

vegetation analyzed here over one month after collection varied from 20% to 33% (by

weight), reinforcing the possibility for releasing of high molecular weight polar

compounds by steam stripping. However, these results should be considered with

caution because the methodology used for previous studies was different from that

used here. In the present study, a mixture of dich!oromethane:methanol (2:1, v/v) was
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utilized to extract both the polar (e.g., sugars) and apolar (e.g., n-alkanes) compounds

and thus capture a larger range of compounds released by burning of green

vegetation. The studies mentioned above used less polar solvents or mixtures of

solvents in those filter extractions, which would result in lower extracted amounts of

polar compounds.

The results of this study showed that burning of wet/green vegetation release

high amounts of polar/water-soluble compounds (mainly sugars) into the smoke, and

thus may exert some influence on the aqueous-phase chemistry occurring within the

atmosphere. Comparisons between combustion products of wet vegetation and wood

are not possible directly because the extraction procedures used in previous studies

did not fully recover the polar fraction of the aerosol particles. However, sugars

appear to be emitted at greater levels by steam stripping/volatilization during burning

of greenlwet vegetation (simulated wildfires).
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Table 6.1. Vegetation species sampled and composited for simulated biomass burning
as wet/green fuel.

Common name Scientific name Composite percentage
# 1: conifers vegetation (OSU Forest Reserve, Corvallis, OR, 120 m alt.)
Douglas fir Pseudotsuga menziesii 16

Western hemlock Tsuga heterophylla 12

Grand fir Abies grandis 4
Common juniper Juniperus communis 6

Sitka spruce Picea sitchensis 6
Western white pine Pinus monticola 8

Noble fir Abiesprocera 4
Ponderosa pine Pinus ponderosa 6

California incense cedar* Calocedrus decurrens 4

Western cedar Thuja plicata 6

Yellow cedar Chamaecyparis nootkatensis 5

Western larch Larix occidentalis 5

Balsam fir* Abies balsamea 6

Blue Engelmann spruce* Picea engelmannii 12

# 2: mixed forest vegetation (OSU Forest Reserve, Corvallis, OR)
Conifers

Douglas fir Pseudotsuga menziesii 6
Western hemlock Tsuga heterophylla 5

Grand fir Abies grandis 1

Common juniper Juniperus communis 3

Sitka spruce Picea sitchensis 3

Western white pine Pinus monticola 3

Noble fir Abies procera 2

Ponderosa pine Pinus ponderosa 3

California incense cedar* Calocedrus decurrens 1

Western cedar Thuja plicata 3

Yellow cedar Chamaecyparis nootkatensis 2

Western larch Larix occidentalis 2
Balsam fir* Abies balsamea 2

Blue Engelmann spruce* Picea engelmannii 4

Deciduous trees
Oregon white oak Quercus garryana 10

Madrone Arbutus menziesii 3

Big-leaf maple Acer macrophyllum 4
Red alder Alnus rubra 8

Oregon ash Fraxinus latfolia 6
Paper birch* Betula papyrfera 2
Douglas maple* Acer glabrum 2
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Table 6.1. Continued.

Shrubs
Pacific rhododendron Rhododendron macrophyllum 4
Dwarf rose Rosa gymnocarpa 1

Hooker's willow Salix hookeriana 2

Beaked hazlenut Corylus cornuta 1

Salal Gaultheria shallon 2

Dull Oregon grape Mahonia nervosa 3

Black raspberry Rubus leucodermis 1

Pink mountain heather Phyllodoce empetrformis 1

Ferns
Deer fern Blechnum spicant 1

Bracken fern Pteridium aquilinum 2

Sword fern Polystichum munitum 2

Others
Common horsetail Equisetum arvense 1

Lung wort Lobaria pulmonaria 1

Common witch's hair Alectoria sarmentosa 2

Oregon beaked moss Kindbergia oregana 1

# 3: High desert juniper forest (Eagle Crest loop, 900 m alt.)
Western juniper Juniperus occidentalis 92
Rabbit brush Chrysothamnus nauseosus 2

Big sagebrush Artemisia tridentada 2

Mockorange Philadeiphus lewisii 1

Tumbleweed* Salsola kali 1

Antelope-bush Purshia tridentada 1

Wolf lichen Letharia vulpina 1

# 4: Lodgepole pine forest (Sisters Wilderness, 1300 m alt.)
Lodgepole pine Pinus contorta var. 1atfolia 95

Mountain hemlock Tsuga mertensiana 2

Pacific silver fir Abies amabilis 1

Subalpine fir Abies lasiocarpa 1

Common witch's hair Alectoria sarmentosa 1

# 5: Ponderosa pine forest (Deschutes National Forest, 1200 m alt.)
Ponderosa pine Pinus ponderosa 94
Antelope-bush Purshia tridentada 2

Snowbrush Ceanothus velutinus 2

Giant Chinkapin Castanopsis chrysophylla 1

Kinnikinnick (common bearberry) Arctostaphylos uva-ursi
* Non native species to Oregon and Washington.
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Table 6.2. Emission factors (106g g' of vegetation fuel burned) of the major organic
constituents in vegetation smoke.

Green vegetation composites
#1 #2 #3 - High #4 - Lodge- #5 - Ponde-

Compounds Conifers Mixed desert Juniper pole pine rosa pine
n -Mkanes

(Natural products)
Tricosane - 0.90 - 2.22 4.92
Tetracosane - 0.57
Pentacosane 1.15 2.00 - 3.96 30.60
Hexacosane 0.03 0.75 0.42
Heptacosane 1.53 4.41 1.55 7.09 23.72
Octacosane 0.03 0.98 - 3.76 0.16
Nonacosane 1.93 7.79 13.71 16.38 17.77

Triacontane 0.03 0.83 0.03 1.41 0.13
Hentriacontane 1.71 3.88 12.92 7.40 8.65

Dotriacontane 0.02 0.38 0.04 0.14
Tritriacontane 1.15 1.49 32.79 0.99 1.52

Tetratriacontane - - 0.03
Pentatriacontane - 0.89 3.21

Total 7.55 24.87 64.28 43.36 87.90
aCPI >30 6.10 >30 7.17 >30

n -Alkanols
(Natural products)

Octadecanol - - - 4.12 8.15
Nonadecanol - - - -

Eicosanol 4.66 - - 7.11 11.48

Heneicosanol - - -

Docosanol 9.03 4.80 1.32 9.65 56.40
Tricosanol 0.06 0.09 - 0.15 3.20
Tetracosanol 3.34 6.19 1.43 13.88 32.14
Pentacosanol 0.03 0.08 0.03 0.12 1.54

Hexacosanol 7.87 5.34 0.23 8.08 14.54

Heptacosanol 0.01 0.08 0.03 0.09 1.49

Octacosanol 1.91 6.59 0.91 1.56 12.17

Nonacosanol - - 0.02 0.04 0.71

Triacontanol - 4.34 0.64 1.23 11.34

Total 26.91 27.50 4.61 46.02 153.16
bCpI >30 >30 >30 >30 21.09
Heptacosan-lO-ol - - 4.55
Nonacosan-lO-ol 67.40 39.89 229.82 39.53 88.38
Nonacosan-4,lO-diol 4.50 - 8.32 2.98
Nonacosan-5,lO-diol 8.68 5.39 19.58 2.01 1.77

Nonacosan-7,10-diol - 11.22

Nonacosan-10,13-diol 7.25 - 4.43 1.67 4.61

Tritriacontan-7,14-diol - - 8.42 - 7.03
Total 87.84 45.28 286.33 46.18 101.80

n -Alkanoic acids
(Natural products)

Dodecanoic acid 1.73 0.71 43.37 4.63 2.13

Tridecanoic acid - - 4.95 0.38
Tetradecanoic acid 2.30 2.48 1.40 30.90 2.72
Pentadecanoic acid - 175.60 1.55 0.15
Hexadecanoic acid 21.50 24.64 89.40 50.50 47.81



175

Table 6.2. Continued.

Heptadecanoic acid 2.00 0.15 0.09 0.14 1.37

Octadecanoic acid 6.87 758 30.34 25.06 30.15

Nonadecanoic acid 0.96 0.1 I 0.07 0.09 0.59

Eicosanoic acid 8.92 4.11 1.10 21.20 38.11

Heneicosanoic acid 10.73 0.09 - 0.07 0.90

Docosanoic acid 10.18 5.70 1.60 14.36 45.43

Tricosanoic acid 1.18 0.05

Tetracosanoic acid 7.24 4.81

Pentacosanoic acid 0.94 0.05

Hexacosanoic acid 6.25 0.99

Heptacosanoic acid 0.43 0.05

Octacosanoic acid 4.13 0.81

Nonacosanoic acid
Triacontanoic acid 0.96 0.20

Total 86.33 52.54 342.98 153.45 169.74

CCPI
4.31 >30 0.95 21.54 >30

16-Hydroxyhexadecanoic acid 23.93 69.79 26.48 32.94

n -Alkenoic acids
Hexadec-9-enoic acid 9.38 4.62 53.73 15.05

Octadec-9-enoic acids 14.12 15.80 45.05 35.85 27.76

Octadecadienoic acids 7.07 7.33 40.96 20.59 80.36

Total 30.57 27.75 139.74 71.49 108.12

Methyl n -alkanoates
(Alteration products)

Methyl dodecanoate 0.29 - 11.16 4.66 15.08

Methyl tridecanoate - - 1.57 2.23 1.51

Methyl tetradecanoate 0.41 0.84 8.22 3.24 8.95

Methyl pentadecanoate 0.19 - 1.40 1.60 1.32

Methyl hexadecanoate 1.81 2.00 12.94 14.84 24.41

Methyl heptadecanoate 0.17 - 1.32 1.23 1.04

Methyl octadecanoate 1.02 0.75 5.70 4.44 6.08

Methyl nonadecanoate - - 0.73 1.41 0.88

Methyl eicosanoate 0.19 1.12 3.57 7.05 9.21

Methyl heneicosanoate - 0.31 0.87 1.42 1.56

Methyl docosanoate 1.51 1.68 6.80 10.32 17.17

Methyl tricosanoate 0.17 0.38 2.01 1.74 1.88

Methyl tetracosanoate 1.24 1.49 8.00 9.06 12.19

Methyl pentacosanoate - 0.33 1.44 0.61 0.78

Methyl hexacosanoate 0.36 1.19 4.90 2.18 1.53

Methyl heptacosanoate - 0.27 - 0.35

Methyl octacosanoate 0.25 1.06 1.60 1.42 1.03

Methyl nonacosanoate 0.27 - 0.29

Methyl triacontanoate 1.23 1.39 3.42 2.70 0.81

Methyl heneitriacontanoate - 0.70 - 0.85

Methyl dotriacontanoate 0.54 - 1.60 2.39 0.12

Total 9.39 13.80 77.24 73.40 106.20

dCpl 16.88 5.09 7.28 5.62 10.05

Butyl hexadecanoate 4.92 - - 5.16

Butyl octadecanoate 4.60 12.95 12.30

Methyl hexadecenoate - - 5.19

Methyl octadecenoate - 5.81 8.28

Methyl octadecadienoate - - - 5.74 10.70

Total 9.52 - 18.15 29.02 18.98
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Table 6.2. Continued.

Sesquiterpenoids
(Natural products)

3-Oplopenone 1.48 - 1.45

Germacrene - - 1.35

a-Muurolene - - 0.70

y-Cadinene - 1.54 0.76

-Cadinene - - 4.94 0.67 2.45

Cadina-1,4-diene 4.27

a-Cadinol 4.82 - 1.83

3-Selinene - 2.89

(Alteration products)
Cadalene - 8.68

Total 1.48 - 30.63 0.67 5.04

Diterpenoids
(Natural products)

Dehydroabietane - 2.90

Manoyl oxide 6.39 38.82

Totarol 19.75 11.88 73.94

Ferruginol - - 16.34

Abietol 10.44

Abietic acid 34.27 17.78 58.28 76.33 118.21

Isopimaric acid 19.10 23.75 - 105.02 220.61

Sandaracopimaric acid - - 60.04 - 55.39

Pimaric acid 10.66 5.45 156.47 24.91 218.84

Palustric acid 4.75 9.58 - 60.02 118.09

Pimara-8,13-diene 2.57 -

(Alteration products)
Retene 0.64 1.38 1.19 8.10 11.61

1,2,3,4-Tetrahydroretene - - - 7.44 5.23

Simonellite - - 6.27 5.92

Dehydroabietol 7.72 3.46 39.27

Dehydroabietal 3.23 2.60 16.71 17.94 19.95

4-Epidehydroabietal - - 14.22

Neoabietic acid 18.56 9.86 - 15.40 86.16

Dehydroabietic acid 21.75 11.11 16.00 97.88 172.16

Methyl dehydroabietate - 16.90

18-Norabieta-4,8,11,13-tetraene - - 5.78

19-Norabieta-4,8,11,13-tetraene - - - 5.45 6.13

Abieta-6,8,11,13-tetraenoic acid 5.73

Abieta-8,11,13,15-tetraenoic acid - - 9.72 37.48

Levopimaric acid - - 88.84

Methyl sandaracopimarate 8.08 -

7-Hydroxysandaracopimara- 9.83 4.26 24.14

8(14),15-diene
Isopimarinal 0.95 - - 9.14 8.61

18-Norisopimara-4(19),7,15-triene - - - 2.08 12.24

Sciareol - - 110.59

Beyerene 5.08 4.66

Beyeren-19-ol 5.78 5.39

Beyeren-19-ol acetate 9.00 6.61

Labda-11,13-dien-8-ol 2.00 3.73 23.14 11.39 15.65

33-Hydroxy-labd-8(17)-en-15-oic acid - 244.53
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Table 6.2. Continued.

2-Oxo-3-hydroxy-labd-8(17)-en-1 5- - - 95.13

oic acid
Total 191.82 130.81 1046.45 519.03 1112.27

Triterpenoids
(Natural products)

a- + 3-Amyrin - 9.96 3.57 3.50 9.11

Lupeol - 7.20 - 2.90

Oleanolic acid - 4.24 -

Ursolic acid - 8.90

Uvaol - - - 15.29

(Alteration products)
a- + 3-Amyrone - 1.06 6.49

Friedelan-3-one - - - 2.23

Total - 31.35 10.05 3.50 29.52

Steroids
(Natural products)

Campesterol 2.12 2.29 9.02 4.09 7.10

Stigmasterol - 1.85

Sitosterol 18.38 19.86 42.63 28.09 42.45

(Alteration products)
Stigmast-4-ene - - - 3.19 9.23

Stigmast-5-ene - - 4.28 4.03 -

Stigmasta-3,5-dienc 8.68 15.73 29.74 14.09 29.08

Sitosterone 1.48 2.53 2.65 2.82 3.42

Total 30.66 42.27 88.32 56.30 91.28

Isoprenoids
(Natural products)

Squalene - 3.46

a-Tocopherol (Vitamin E) 7.35 19.93 19.36 8.54 16.72

3-Tocopherol 1.55 2.49 -

y-Tocopherol - 2.98

6-Tocopherol 2.10 2.18

(Alteration products)
Phytadienes 3.11 3.63 6.50 1.59 6.27

Total 14.11 34.67 25.86 10.14 22.99

Saccharides
(Natural products)

a- + f3-Glucose 9.06 23.60 26.89 18.04 71.67

a- + 3-Galactose 37.38 45.18 190.22 - 99.78

a- + 3-Mannose 8.97 - -

Erythritol 7.25 12.43 - 18.22 17.34

Inositols 1176.89 1381.24 3447.36 1739.40 1794.67

Xylitol - 318.69 95.52 109.47 24.90

Arabitol 7.70 54.08

Ribitol - - - 22.58 -

Sorbitol - 39.47 40.60 26.93 32.80

Sucrose 0.01 0.04

Maltose 33.00 26.00 38.11 63.95 77.88

(Alteration products)
Galactosan 88.74 141.87 214.17 219.50 160.00

Mannosan 209.06 147.97 188.50 299.37 287.49

Levoglucosan 454.48 519.07 1012.06 1074.82 1011.29

Total 2032.54 2709.64 5253.43 3592.27 3577.81



Table 6.2. Continued.

Lignin derivatives
(Natural products)

Catechol 9.46

Cinnamic acid -

p -Coumaric acid 22.89

Eugenol 1.36

(Alteration products)
Hydroquinone 27.03

Hydroxycinnamic acid -

4-Hydroxybenzaldehyde 2.24

3-Hydroxybenzoic acid 101.64

4-Hydroxybenzoic acid 17.51

3,4-Dihydroxybenzoic acid -

Gallic acid -

4-Hydroxyphenylethanol
3-Hydroxyphenylpropanol 6.99

Vanillin 0.99

Vanillic acid 7.02

Pyrogallol 21.27

Coniferol 1.41

Homovanillic acid 1.66

Methyl eugenol 0.55

Methoxy-eugenol -

Divanillyl
3-Vanillylpropanol 25.13

4-Methyl catechol -

4-Vinyl-2-methoxy-phenol 0.57

4-Vinyl-phenol -

Shonanin 4.61

Matairesinol
Total 252.33

Polycyclic aromatic hydrocarbons (PAils)
(Alteration products)

Phenanthrene 2.25

Methylphenanthrenes 1.43

Anthracene 0.43

Fluoranthene 2.08

Acephenanthrylene 1.38

Pyrene 1.93

Benzo[ghi Ifluoranthene 0.87

Cyclopenta[cd ]pyrene 1.45

Benz[a lanthracene 0.89

Chrysene 0.98

Benzo[b,k]fluoranthene 1.71

Benzo[e ]pyrene 0.58

Benzo[a ]pyrene 0.79

Perylene 0.13

lndeno[ 1 ,2,3-cdjpyrene 0.50

Benzo[ghi Iperylene 0.59

Phenalen-1 -one 0.36

Total 1838

31.25 37.44 36.10

16.34 - 10.36 8.99

19.73

2.16 - 1.60 3.78

70.21 67.25 59.38 69.94

- - 9.21 7.79

56.46 38.03 146.35 137.28

11.66 - 59.24 21.05

- - 19.06

4.72 - 35.66

- - - 36.50

- - 130.92 73.28

1.02

- - 20.48 12.73

93.16 63.78 109.13 126.08

1.52 -

1.32

0.90 -

2.68 - 1.47

- - 25.06 35.27

49.43 121.79 60.64

4.23 13.93 8.43 8.56

1.16 - 2.92 3.15

1.56 -

7.15 - 21.30 17.17

- - 3.87

295.98 263.66 767.47 714.49

3.01 2.99 4.39 3.18

2.00 3.16 3.09 3.07

0.72 0.06 1.05 0.82

3.24 3.53 4.59 3.06

2.15 1.63 2.77 1.92

3.34 3.64 4.93 3.05

1.18 1.25 2.08 0.92

1.73 1.45 2.57 1.91

1.26 0.75 1.34 1.20

1.58 1.25 1.94 1.86

1.91 1.02 2.46 2.44

0.56 0.58 0.52 0.59

1.00 0.81 0.41 0.91

0.15 - 0.10 0.03

0.61

0.68

0.49 -

25.61 22.12 32.26 24.98

178
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Table 6.2. Continued.

Other compounds
Glycerol 3.95 7.11 19.46 10.90 9.47

1-0-hexadecanoyl-glycerol 20.79 14.11 39.98 12.06 21.21

Succinic acid 2.23 2.98 5.39

Shikimic acid 88.01 98.97 179.40 218.26

Usnic acid 2.86

Nonacosan-lO-one 2.14 1.86

Ambrettolide 6.89 3.35 3.96

Total 124.01 131.23 63.40 207.75 248.94

TEF 2947.37 3593.29 7807.03 5678.78 6606.18

(dash) is below the detection limit of 10 ng.g'; C for homologous series are in italics; TEF: Total emission factors;
aCPl [(C2s-C35)/(C22-C)orJ; bCpl

CPI = 1(Cl2-Cw)J(Cl3-C3I)]; dCPI = (C13-C33)/(C12-C32).].



Table 6.3. Major compound groups and biomarkers identified in smoke from burning
of temperate climate green vegetation.

Major compound group Average total emission Abundance Total emission factor for

Major biomarker factor (1 06g gl)a (%)b pine wood smoke (1 0g g1)

Saccharides 3433 64 1921c

Inositols 1908 36 nr

Levoglucosan 814 15 1380c

Mannosan 226 4.2
34ØC

Galactosan 165 3.1 108c

Diterpenoids 600 11 309'

Pimaric acid 83 1.6 5.09

Isopimaric acid 70 1.4 42.9'

Dehydroabietic acid 64 1.2
187d

Lignin derivatives 470 8.6
647d

3-Hydroxybenzoic acid 96 1.8 nr
Pyrogallol 83 1.6 nr

Hydroquinone 59 1.1
d20.9

Carboxylic acids 237 4.4
Alkanols 165 3.1 Sum of

Alkanoates 71 1.3 other compound
Steroids 62 1.2 classes equal

Alkanes 46 0.9 to 267'
PAH 25 0.5 1

a Sum for each compound group/individual compounds listed in Table 2.
b% Abundance relative to sum of total emission factors.

Nolte et al. (2001); d Schauer et al. (2001); nr not reported.
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7. Summary

The biogeochemistry and cycling of carbon (i.e., organic matter source,

composition, transformation and fate) in the environment can be better understood by

applying molecular biomarkers as tracers. Organic tracer analysis is primarily used in

environment research to identify and distinguish sources of organic matter released to

the environment (e.g., natural vs anthropogenic, terrestrial vs marine). Natural

organic matter is identified by its characteristic biomarkers derived from plant (e.g.,

phytosterols, wax esters, terpenoids), microbial (e.g., fatty acids, mycose) and animal

origins (e.g., cholesterol). In the environment, these compounds can be preserved or

are transformed into products that retain the structural characteristics of their parent

precursor molecule. The retention of chemical information is useful for determining

the transformation mechanisms of the compound intermediates that are formed along

the parent precursor to product reaction pathway. Through biomarker analysis the

parent precursor, reaction intermediates and final products can be traced as they are

transported and transformed in environmental compartments. Ultimately, they reach

their final fate as organic deposits in aquatic sediments.

A simple analytical method was used for the analysis of several kinds of

environmental samples. It consisted of extracting polar and apolar organic

compounds with dichloromethane:methanol (2:1, v:v) and analyzing the extracts as

their TMS derivatives by gas chromatography-mass spectrometry (GC-MS). The

extraction method was evaluated using a sugar standard mixture containing glucose,
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sorbitol, levoglucosan and sucrose, i.e., sugar compounds commonly observed in

environmental samples and representatives of different sugar groups

(monosaccharides, sugar alcohols, anhydrosugars and disaccharides, respectively).

Both recoveries (-S 68-119%) and limits of detection (130-360 ng mU1) were

acceptable. In addition, fifty sugar standards were analyzed, including

monosaccharides, disaccharides, trisaccharides, sugar alcohols and anhydrosugars for

determination of their mass spectra and retention times. Despite similar fragmentation

patterns of some derivatized standards pertaining to the same sugar group, the correct

identification of these sugars was possible by their distinct retention times. Therefore,

this analytical method was used for determining the molecular composition of

aerosol, soil and sediment samples. Polar and apolar biomarkers derived mainly from

vegetation and microorganisms were identified and applied as tracers of transport and

alteration processes of the organic matter in the different environmental

compartments.

Sugars were major components of the aerosols collected above the canopy at the

Howland Experimental Forest, Maine, USA. The monosaccharide glucose was the

most common sugar found. Identical to glucose, the other sugars detected exhibited a

strong seasonal trend. Mannose, arabinose, galactose, fructose and sucrose had

greater relative contributions to the total sugar composition from spring to mid-

summer, whereas the relative abundances of the polyols mannitol and arabitol, and

the disaccharide mycose increased throughout the growing season to a maximum in

early autumn. The changes in the sugar composition in the aerosol samples reflected
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the seasonality of sugar production and utilization by the ecosystem. Levoglucosan

increased by an order of magnitude in the aerosol samples during the passage of

smoke plumes from the Quebec wildfires over the Howland site in early July 2002.

This study allowed determining the background sugar inputs over a temperate-boreal

forest and, consequently, distinguishing the sugar compounds that were enriched in

concentrations (i.e., glucose, mannose, galactose, arabinose) due to the long-range

transport of smoke particulate matter emitted by combustion of fuel from Quebec

boreal forests.

The relationship among sugar concentrations, microbial communities and

physical variables (precipitation and soil temperature) was investigated in surface soil

from a ryegrass field during January 2004 to January 2005. The identification and

quantification of sugars were performed using the method described here; whereas

changes in microbial community were assessed using phospholipid and neutral lipid

fatty acids (PLFA and NLFA, respectively) analyses. The results of the one-year

study showed that the seasonal variability of sugar contents found in the soil samples

is mainly related to biomass or nutritional status of the fungal community (PLFA and

NLFA fungal signatures, respectively). In contrast, bacterial community growth

seems to be more dependent on plant substrate than on climatic variables, since the

strongest decrease in bacterial biomass PLFA amounts was found after cutting of the

ryegrass field. The results also confirm the sugars mannitol and trehalose as stress-

induced fungal metabolites, triggered by the low soil moisture observed during the

summer season. This data is of utility for understanding the production dynamics of



saccharides in soils since they are potential organic tracers for the release of soil dust

from the ground into the atmosphere.

Sediment samples were collected in creeks and small rivers draining Oregon

and Washington states (from the Cascades and the Coastal Range ecoregions) and

their polar and apolar components were determined. The major natural product

contributions found in the river sediment samples were sterols and triterpenoids

derived mainly from the vegetation bordering the rivers, followed by n-alkanols and

n-alkanes from epicuticular plant wax. Autochthonous production biomarkers, such

as fatty acids (16:0, 16:1, 18:0, 18:1, 18:2), cholesterol, triglyceride derivatives (e.g.,

1 -0-hexadecanoyl glycerol) and glucose, were important organic tracers detected in

to be from the algal bloom during the

spring season. Resin acids (e.g., dehydroabietic acid, a biomarker for conifers) were

expected to be the major tracer input to these sediments. However, diterpenoids were

detected at significant amounts only for sites directly bordering conifer forests,

suggesting that those compounds are not transported downstream during normal river

flow. Using a multi-biomarker tracer approach, the dominant organic compounds in

river/estuarine systems, as well as their redox alteration processes during transit from

land to sea were assessed, providing data for the understanding of sources, transport

and alterations of the organic matter in temperate small rivers.

Finally, biomarker compounds were identified in smoke samples emitted from

controlled burning of green vegetation from temperate and semi-arid forests. Sugars

were by far the major compound class emitted in smoke particles, encompassing
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65% of the total extractable organic compounds detected here. Diterpenoids ( 11%)

from resins and lignin derivatives (-- 9%) were the next most abundant compound

groups. The major individual compounds were inositols (36%) and the thermal

altered products levoglucosan (15%), mannosan (4%) and galactosan (3%). The

remaining compound classes, i.e., n-alkanoic acids, n-alkanols, n-alkanes,

triterpenoids, steroids, polycyclic aromatic hydrocarbons, were present at lower

abundances (< 5%). The results showed that wet/green vegetation burning imprints

high amounts of polar/water-soluble compounds into the smoke probably by

volatilizationlsteam stripping processes, and may exert some influence on aqueous-

phase chemistry occurring within the atmosphere. However, comparisons to previous

studies reporting smoke molecular compositions of dry/dead leaves needles and

just wood (from fireplaces) were not directly possible since the extraction performed

in those works neglected/partially neglected the polar fraction of their aerosol

extracts.

In conclusion, the results of this work provided more robust data on the

molecular organic composition of atmospheric, soil and sediment samples by the

utilization of polar compounds conjunctly with apolar biomarkers as tracers, proving

a better understanding on sources, transport and transformation processes of the

organic matter in different environmental compartments. In addition, the analytical

method used here allowed the characterization of a large spectrum of compound

classes, using a simple procedure and common device in environmental chemistry

laboratories.



Despite the advances in the interpretations of organic compound behavior in the

environment based on this research, some aspects still remain unanswered and should

be the target of future work. One point is the higher concentrations of organic

compounds observed for the high altitude rivers of the Cascades compared to the

Coast Range river sediments. That was interpreted here to be due to topographic

loading of high OM amounts in the steep rivers of the Cascades. Another possibility

would be the different organic carbon contents in these high and low altitude river

sediments driving greater sorption of organic compounds. Thus, the determination of

total organic carbon (TOC) for these sediments would eliminate the organic

compound concentration variations due to different contents of organic carbon.

Another aspect is the poor distinction between the molecular composition of smoke

particles emitted from gymnosperm and angiosperm vegetation species in the

controlled burning study. The characterization of temperate green vegetation

combustion was performed with a composite of only conifer species and a mixed

composite containing conifer and deciduous tree species. However, most organic

compounds were found in both smoke samples, and the distinction between conifers

and deciduous vegetation combustion was not possible. Therefore, in order to assign

input sources of organic matter from different biomass combustion fuel to the

atmosphere, organic compounds emitted from controlled burning of composite

containing just deciduous trees green vegetation should also be characterized. Finally,

in order to compare emissions from green (moist) vegetation (natural wildfires) and

woodstove/fireplace burning (anthropogenic) sources, the biomarker tracers in smoke
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particles of just wood should be determined using a similar (or possibly the same)

analytical method utilized in this work.
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