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Temporal Tracing of Organic Molecular Biomarkers through the 

Environment 

 Abigail Marie Oakes, PhD  

University of Connecticut, 2017 

ABSTRACT 

One of the critical challenges facing modern environmental chemistry is how to 

identify sources, process of formation, and transport of organic compounds and pollutants 

in the environment. In recent decades, molecular and stable isotopic analysis of individual 

organic biomarkers, produced by living organisms, has emerged as a novel tool for 

identifying sources and processes associated with the synthesis of biological compounds. 

Specifically, this thesis focused on the questions related to processes controlling the 

production and movement of n-alkanes produced in plant leaf waxes and PAHs produced 

through the partial combustion of organic material. The aims of this thesis were to use 

compound-specific isotope analysis of these organic molecular biomarkers to understand 

how environmental changes are recorded, determine source materials, and evaluate 

potential methods of transport through the environment. Chapters 3 and 4 used stable 

hydrogen (δD) and carbon (δ13C) isotopes of n-alkanes produced by leaf waxes to 

determine how differences in taxonomic class are recorded and how these biomarkers are 

preserved in fluvial sediments. This study found that n-alkanes from individual plants 

record plant specific differences in photosynthetic processes and physiology whereas 

n-alkanes preserved in fluvial sediments can identify large scale ecosystem changes. In 

Chapter 5, the concentrations, δD and δ13C of 16 EPA priority PAHs were measured from 

samples collected from around the states of Connecticut and Rhode Island. Using a 

multivariate approach to source identification, this study found that PAHs extracted from
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sediments and soils in Connecticut were sourced from a complex mixture of vehicular 

exhaust, coal burning exhaust, and industrial emissions. These projects represent a 

significant contribution to the understanding of carbon mobility over the earth surface with 

broad applications to environmental pollution tracing and paleoenvironmental 

reconstructions. 
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1.1.0  IMPORTANCE OF BIOMARKERS IN TRACING ENVIRONMENTAL 

CHANGES 

Large scale environmental changes, often associated with anthropogenic 

influences, create global hazards to human health and well-being 1 as a result of pollutants 

released in the environment. One of the fundamental challenges of modern environmental 

chemistry is how to identify sources, formation processes, and movement of organically 

bound carbon through the environmental system.  Three hundred years of industrialization 

in Connecticut has left a history of anthropogenic contamination in rivers 2 and 

floodplains 3. Development of railroads, factories, coal, and charcoal combustion 

mobilized heavy metals, organic pollutants, ash, and soot across the landscape. Active 

development of industrial activity along coastal wetlands contributed to accumulation of 

persistent pollutant within a host of wetland systems. This thesis addresses how to identify 

sources and trace the movement of pollutant, and their precursor organic compounds 

through a landscape when sources are varied over space and time.  

In recent decades, attempts to source organic materials have focused on analysis of 

organic molecular biomarkers. In environmental systems, biomarkers from living 

organisms are typically found in a variety of contexts (sediment, rock, crude oils, etc.) and 

display minimal structural alterations from their parent molecules 4,5. This approach has 

been successfully used in a variety of fields including food authenticity 6, paleovegetation 

reconstruction 7, identification of source contaminants 8, and evaluation of the success of 

biodegradation and contaminant removal in aquifers 9. Using a suite of novel modern 

experimental molecular and isotopic data, this thesis explores the application of stable 

isotopes and molecular distributions of organic molecular biomarkers as a tool to trace flow 

of organic carbon in the environment. Ultimately, this work used the stable isotopic 
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compositions and molecular distributions of organic biomarkers as novel tools for 

understanding the controls of production and movement of carbon through the earth surface 

environment.  

1.2.0 THESIS STRUCTURE 

This thesis contains six chapters. Chapter 2 presents an overview of stable isotope 

ratio mass spectrometry and introduces the biological and abiological processes that can 

drive isotope fractionation in natural ecosystems. Chapters 3 and 4 present the stable 

carbon (δ13C) and hydrogen (δD) isotope ratios of plant wax n-alkanes collected from 

modern leaves and sediments to assess 1) how plants of various taxonomic classes grown 

under identical conditions vary in isotopic composition over time, and 2) how this isotopic 

variation is recorded in fluvial sediments. Establishing this “source to sink” scenario has 

implications for a range of investigations using leaf wax biomarkers. In particular, results 

evaluate the applicability of leaf wax n-alkane δD as a hydrological tracer in modern plant 

ecology, and has broad applications to past environmental and climatic change.  

Building on this, Chapter 5 explores how stable isotope measurements of individual 

PAHs can be used to determine source materials. Since PAHs are typically formed from 

the partial combustion of organic materials, there are numerous natural and anthropogenic 

sources in the environment that may be differentiated through the use of compound specific 

δD and δ13C PAH values. Once source has been determined, tracing spatial trends in PAH 

deposition will lead to further understanding of carbon movement through a system. 

Together, this compilation of data represents a significant contribution to the future of 

analytical environmental monitoring with broad scale applications to the study of 

environmental pollutants, investigation of environmental crime, and even 



 

 4 

paleoenvironmental reconstruction. The following sections will provide further details on 

these two main areas of experimental data.  

1.3.0 TRACING BIOMARKERS FROM MODERN PLANTS: FENTON 

RIVER PROJECT 

This project focuses on two main areas. Firstly, the effect of temporal 

environmental variation over a growing season on the δD (Chapter 3) and δ13C (Chapter 4) 

n-alkane biomarkers produced by leaves and how they are preserved in the river sediments. 

Plant leaf waxes consist of a complex mixture of compounds that include hydrocarbons, 

ketones, esters, aldehydes, and acids 32-37.  Many of these compounds are diagnostic of 

plant origin and environmental changes, and are therefore useful as tracers of organic 

carbon in the environment. Normal alkanes (n-alkanes) are one of the most abundant 

classes in plant leaf waxes and are readily preserved in sedimentary archives, allowing for 

straightforward organic carbon tracing. These records are then applied to current 

geochemical studies of n-alkanes employed as paleoclimate proxies 16–20. Since n-alkanes 

experience minimal alteration or degradation, they are believed to record processes 

associated with CO2 and H2O uptake, thus making them highly useful in 

paleoenvironmental tracers 21–25.   

1.3.1 Temporal variations in the δD of leaf n-alkanes from four riparian plant species 

While the relative abundance of hydrogen isotopes in the environment has been 

related to changes in the hydrological cycle, 24 understanding how changes in precipitation 

δD are recorded by plants is essential for studies seeking to link plants and plant products 

back to the location where they grew. Plant leaf wax n-alkanes are particularly useful as 
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tracers and have numerous applications in pollution bioremediation studies 26, tracing 

mobilized organic content to its source 27, and paleoclimate studies 24.  

Hydrogen isotopes of water vary greatly with changes in elevation and latitude 

across a continent (Figure 1.1) 24. Since precipitation water is the primary source of 

hydrogen for photosynthetic processes, it is theorized that organic matter produced during 

photosynthesis and preserved in sediments will function as a hydrological tracer 24. 

However, organic matter preserved in sediments is complex in nature and can differ 

significantly in isotopic composition based on biosynthetic pathway, variations in source 

organism, and secondary hydrogen exchange with environmental water 24,28. This results 

in difficulties interpreting biomarker source through bulk sedimentary organic matter 

analysis 24. The direct analysis of individual plant derived compounds circumvents the 

problems associated with complex bulk mixtures. In particular, research on this focuses on 

lipids produced in the cuticular wax layer of terrestrial plant leaves such as n-alkanes 24 

because they persist in the environment, hydrogens are covalently bonded with carbon 

atoms and therefore do not readily exchange at temperatures below 100 ℃ 5, and δD values 

are highly correlate with source water, although offset by several factors (Figure 1.2) 24. 
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Figure 1.2 A conceptual diagram of hydrogen isotopic relationships between source 

water (typically precipitation or ground water) and leaf wax n-alkanes. The purple dot 

illustrates the “pool” of biosynthetically available water from potentially mixed 

sources. Abbreviations: εbio, the apparent fractionation from biosynthetic means; εl/w, 

isotopic apparent fractionation between lipids and source water 24,36,78 

Figure 1.1 Rainout effect on δD values of water 79,80 
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Studies have postulated that the source of n-alkanes in sediments may be inferred 

by their average chain lengths. Short to mid-length n-alkanes (Cn16-25) are associated with 

predominantly submerged aquatic plants, with a few exceptions 14,29–32. Longer chain 

length n-alkanes are then associated with terrestrial higher plants, however there have been 

some recent studies that have indicated that terrestrial plants may produce mid-length 

n-alkanes while aquatic plants may also contribute longer chain length n-alkanes 30,33–35. 

As a source tracer, these inconsistencies are problematic.  

To reliably use n-alkanes as an environmental tracer, it is critical to relate plant wax 

n-alkane geochemistry to seasonal or annual environmental signals 36–39. In chapter 3, the 

stable hydrogen isotopic compositions of n-alkanes from four C3 plants (Pinus strobus, 

Tsuga canadensis, Phalaris arundinacea, and Corylus americana) within the Fenton River 

watershed (Storrs, CT) were examined. This approach was tailored to examine how the 

hydrogen isotopic composition of n-alkanes from plants with different patterns of stomatal 

regulation (angiosperm, gymnosperm, grass, and shrub), plant growth, and timescales of 

wax synthesis changed throughout the growing season and how these changes were 

recorded in fluvial sediments. The project focused on streamside vegetation with roots 

positioned visibly in the river water to minimize potential external differences in water 

stress and determine how resultant stomatal regulation is reflected in n-alkane isotopic 

composition. 

1.3.2 Seasonal variations in leaf wax n-alkane δD and δ13C of four riparian plants 

Chapter 4 builds on Chapter 3 by examining the changes in δ13C associated with 

plant wax n-alkanes over the growing season to evaluate how stomatal regulation of 
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different riparian plants during leaf flush and seasonal growth affected the fixation of 

carbon, water loss through transpiration, and resultant δD and δ13C of n-alkanes produced 

on leaf surfaces. Stable carbon isotopes of plants have strong relationships with 

environmental factors including temperature 40, water availability 41,42, and atmospheric 

CO2 concentration 43,  and provide valuable insight into the growth environment of the 

plant that synthesized the biomarker. Plant wax n-alkanes reflect various carbon sources 

and their isotopic composition in addition to biosynthetic pathways of the n-alkane 

producers. For example, aquatic plants reflect the availability of dissolved CO2 and HCO3
- 

in lakes 30 whereas δ13C of terrestrial plants distinguishes organic matter contributions by 

C3 and C4 plants where both plants exist simultaneously 44. In an area where C3 and C4 

plants do not mix, changed in δ13C ratios of n-alkanes are likely the result of changes in 

water stress of these plants 45. Modern data show large variations in δD and δ13C of 

n-alkanes produced by plants under similar environmental conditions 32,42,46–48. This 

variability within a single ecosystem leads to complications in tracing organic carbon to its 

source.  

While plant n-alkanes are believed to record environmental factors during wax 

production, recent studies indicate that physiological differences between plants species 

grown under identical environmental conditions may also be important determinants of 

their carbon isotope composition 32,41,42,46. In order to use leaf wax lipids as biomarkers in 

environmental investigations, it is essential to understand how variability in plant 

physiology and function are recorded in individual biomarkers. The δ13C of bulk plant 

materials have been shown to record intrinsic plant WUE 41,43,49,50. Recent studies suggest, 

however, that it may not be possible to interpret the carbon isotope composition of 
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individual plant biomarkers (i.e. n-alkanes) in the same way as bulk tissue due to 

uncertainties in plant-specific responses to environmental changes 46,47,51,52. Chapter 4 

therefore uses both δD and δ13C of plant leaf wax n-alkanes from plants exposed to the 

same environmental conditions to determine how variability in plant physiology and 

function are recorded by these biomarkers. To do this, the δ13C composition of n-alkanes 

from the riparian ecosystem introduced in Chapter 2 were measured. These data were used 

to calculate carbon fixation, water loss through transpiration, and various other plant 

specific functions. Isotopic values are presented in conjunction with stomatal 

morphometric parameters, such as stomatal size and density. These parameters were used 

to calculate the WUE and CO2 assimilation rate throughout the growing season to assess 

seasonal trends in addition to determining difference between various taxonomic classes. 

These values were then compared to a BIOME-BGC modelling scenario using real climate 

data to assess difference in plant function over time.  

1.4.0  POLLUTANT BIOMARKER TRACING: POLYCYLIC AROMATIC 

HYDROCARBON (PAH) PROJECT 

1.4.1 A multivariate approach to polycyclic aromatic hydrocarbon (PAH) source 

apportionment  

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the environment, 

having not only been detected in the inhabited regions of the world, but in uninhabited 

regions of the Antarctic 53. Some PAHs are well known carcinogens, mutagens and 

teratogens, and have attracted much attention in recent years due to concerns over the effect 

they have on human health 54,55.  Due to their physiochemical properties, PAHs are highly 

mobile, persistent in the environment, and prone to bioaccumulation 54,56–59.  As a result, 



 

 10 

the United States Environmental Protection Agency (EPA) has named 16 PAHs of 

particular concern (Table 1.1) for human health.  

Table 1.1 EPA 16 priority PAHs and structure guide 

Substance Structure Substance Structure 

Naphthalene 

 

Benz (a) 

anthracene 

 

 

  

Acenaphthylene 

 

Chrysene 

 

 

 

  

Acenaphthene 

 

Benzo(b) 

fluoranthene 

 

 

  

Fluorene 

 

Benzo (k) 

fluoranthene 

 

 

 
 

Anthracene 

 

Benzo (g,h,i) 

perylene 

 

 

  

Phenanthrene 

 

 

 
 

Benzo (a) pyrene 

 

 

 

 
 

Pyrene 

 

 

 

  

Indeno (1,2,3-

cd) pyrene 
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Polycyclic aromatic hydrocarbons are introduced to the environment through a 

variety of natural and anthropogenic processes 54,60. The ubiquitous distribution of PAHs 

in the environment is due to PAH production that occurs during the combustion of nearly 

all organic material 54. PAHs are typically divided into two categories: low molecular 

weight consisting of PAHs containing less than four rings and high molecular weight 

consisting PAHs with four rings or more 54.  In general, low molecular weight (LMW) 

PAHs are formed at relatively low temperatures and are considered petrogenic in nature 60. 

High molecular weight (HMW) PAHs are formed at high temperatures and low oxygen 

conditions and are considered pyrogenic in nature 60. 

Southern New England has an extensive history of industrial manufacturing, 

industrial-scale charcoal production, and forest clearing and burning for agriculture 3,61,62.  

As a result, there are high concentrations of PAHs found in sediments along coastal 

environments, upland areas, urban city centers, and pristine forests 56. In chapter 4, a 

multivariate approach used to identify PAH source is established. Specifically, molecular 

distributions and stable isotopes of PAHs are used to link composition to source and 

potential movement through surface ecosystems. 

 Organic materials extracted from sediments and soils in New England contain a 

complex mixture of pyrogenic and petrogenic PAHs. Various techniques are used to 

establish PAH source including diagnostic ratios and stable hydrogen and carbon isotope 

measurements of extracted PAHs. Diagnostic ratios are an identification technique for 

PAHs, calculated from the concentration of several pairs of PAHs (often structural 

isomers 63–65). These ratios decrease analytical variability within a diverse sample set and 

are used to determine broad source labels, such as pyrogenic and petrogenic 63,65,66.  While 
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informative, these diagnostic ratios lack the specificity necessary to identify intrasource 

variability 66. To account for the lack of specificity associated with diagnostic ratios, the 

δD and δ13C of individual PAHs were measured to determine the source materials.  

Numerous studies have measured variations in δ13C of individual PAHs as a tool 

for source identification 65,67,68, however the carbon isotopic composition of compounds 

from different sources often vary by only a few ‰ 65,67,69–71. To increase differentiation of 

source materials, recent research into hydrogen isotopic variations of PAHs have shown 

vast differences among PAHs produced from a range of starting materials, often on a 

magnitude of 100 ‰ or greater 68,72,73. Chapter 5 therefore uses a multi-variate approach to 

source apportionment, combining diagnostic ratios, δ13C, and δD values of individual 

PAHs to assess how successful these techniques are for identifying region-specific trends 

throughout an area with widely varied land use strategies, population densities, and 

industrial activity. Understanding source and distribution of PAHs is key to reducing 

environmental pollution and creating a safer and healthier world.  This complex data set 

establishes spatial trends in PAH distribution and sheds new light onto the use of stable 

isotopes for source identification. 

1.5.0 OVERALL AIMS OF THESIS AND INDIVIDUAL PROJECTS 

The primary goal of this thesis is to generate new data to further the use of 

biomarkers in studies tracing organic carbon through environments from sources to sinks. 

The Fenton River Project (Chapters 3 and 4) enhances current understandings of how 

environmental and physiological information is recorded in leaf wax n-alkanes from a 

diverse range of plant functional types in a riparian ecosystem.  Chapter 3 focuses on the 

uses of δD and apparent fractionation (ε) of n-alkanes of individual plants as indicators of 
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hydrological change to shed further light on what hydrogen isotope composition of leaf 

wax lipids are recording and how they can be used to enhance biomarker tracing. Specific 

aims of this chapter include:  1) quantifying the extent that various species record 

hydrological change n-alkanes, 2) determining how the timescales of leaf wax synthesis 

affect the δD composition of n-alkanes, and 3) assessing how fluvial sediments integrate 

individual plant n-alkanes from species along a river bank.  

The Fenton River project is continued in Chapter 4, where the focus switches to 

mechanisms influencing carbon isotope composition of plant tissues. Here, various 

physiological (stomata size and density) and chemical variables (δ13C and δD) are 

measured and to assess how well carbon isotope signatures record detailed information 

about plant function. Several plant specific functions were calculated, including intrinsic 

plant water use efficiency (WUE), carbon dioxide assimilation rate, and other physiological 

factors. These factors were then compared to modeled plant simulations through 

BIOME-BGC 74–77. The specific aims of this chapter include to 1) determining whether 

δ13Cn-alkane was a reasonable substitute for δ13Cbulk when calculating WUE using the 

universal equation for leaf gas exchange, 2) evaluating whether consideration of both δD 

and δ13C signatures improve our ability to reconstruct plant assemblages and dominant 

environmental conditions, using n-alkanes from plants and sediments, and 3) quantifying 

the extent that differences between plant species are reflected in  physical and chemical 

measurements, and assess their usefulness in studies seeking to trace the movement of 

organic carbon from plants through the environment.  

The final chapter of this thesis uses the techniques outlined in Chapters 3 and 4 and 

applies them to the pollution biomarkers, polycyclic aromatic hydrocarbons (PAHs). 
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Previous studies have shown that PAHs can be used to track the extent of industrialization 

or measure forest fire frequency throughout history. However, these studies focus on the 

bulk characterization of PAHs into two widely varied categories: Pyrogenic and 

petrogenic. Chapter 5 focuses on modern PAHs and uses a multivariate approach to refine 

source apportionment of PAHs collected from environmental samples. The specific aims 

of this chapter include: 1) characterizing concentrations and stable isotopic ratios of PAHs 

in environmental samples to determine spatial variations throughout the state of 

Connecticut, and 2) evaluating the use of stable isotope measurements of PAHs to refine 

approaches to source identification based on an extensive compilation of existing and new 

PAH source data.  
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2.1.0 STABLE ISOTOPE PRINCIPLES 

An isotope is an atom whose nuclei contains the same number of protons, but 

different numbers of neutrons. Almost all naturally occurring chemical elements have 

multiple isotopic forms, the majority of which are stable isotopes. As their name suggests, 

stable isotopes have a stable atomic nucleus and do not undergo radioactive decay-the loss 

of energy through radiation emission. While isotopes of an element are different in mass, 

their overall chemical properties, which are determined by the number of electrons, remain 

constant 1. However, the differences in mass may have subtle chemical effects such as 

slightly different equilibrium constants for a particular reaction leading to enrichment or 

depletion of specific isotopes in different molecules in the reaction, causing isotope 

fractionation to occur. Isotope fractionation is the process by which the relative abundances 

of isotopes are altered in a chemical or physical process. The two main forms of isotopic 

fractionation, kinetic and equilibrium, are both mass-dependent functions, however the 

laws describing the partitioning of isotopes differ between the two 2. 

2.2.0 EQUILIBRIUM STABLE ISOTOPE FRACTIONATION 

Equilibrium stable isotope fractionation is typically driven by the differences in 

vibrational, translational, and rotational energies of molecules containing different isotopes 

of the same element 3,4. In terms of energy, when a heavier isotope is exchanged for a 

lighter isotope the total nuclear charge and electronic distributions remain constant, thus 

leaving the potential energy curve unchanged. However, molecules containing heavier 

isotopes have higher binding energies (i.e. are more stable) leading to differences in the 

zero-point energy (ZPE) of isotopically different molecules (Figure 2.3). Equilibrium 
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fractionation distributes isotopes in a system in such a way that the total energy of the 

system is minimized 5.  

 

2.3.0 KINETIC STABLE ISOTOPE FRACTIONATION 

Kinetic isotope fractionation occurs due to the differences in reaction rates of 

isotopic molecules. The kinetic energy equation 

𝐾𝐸 =
1

2
𝑚𝑣2          (2.1) 

states that, given identical kinetic energy, molecules with a higher mass (i.e. molecules 

containing the heavier isotope) move slower and therefore react slower 6. Since equilibrium 

fractionation occurs in reversible reactions, kinetic fractionation is common in 

unidirectional reactions where the products are separated from the reactants as well as 

Figure 2.3 Potential energy diagram for the hydrogen molecule showing the zero-point 

energies and molecular dissociation energies of H2, HD, and D2 
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diffusion and differential bond breaking scenarios. This indicates that the products for a 

unidirectional reaction are typically depleted in the heavy isotope (Figure 2.4) 6. Biological 

processes are typically unidirectional as organisms will preferentially use the molecule 

containing the lighted isotope because it requires less energy to break and form bonds 7.  

 

2.4.0 STABLE ISOTOPE ANALYSIS  

Analytical methods of tracing the source of organic compounds often establish 

commonality between two substances by identifying their constituent elements, functional 

groups, and determining their chemical structures. However, this is not always a 

straightforward process. For example, two samples of common table sugar will contain 

identical elements, functional groups, etc. and all the previously mentioned data will 

conclude that they are chemically indistinguishable 8. However, isotopic variations occur in 

a variety of materials and the isotopic profile of a given material is unique to that materials 

origin and history 9. Difference in photosynthetic pathways of carbon and hydrogen fixation 

Figure 2.4 Schematic diagram of the potential energy trajectory involved in a molecular 

reaction. The product containing the heavier isotope is more stable, and therefore requires 

more energy to complete the reaction than the reactant containing the lighter isotope. 
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for individual plants causes differences in isotopic signatures of the molecules they produce, 

as do variations in the isotopic composition of source water. This means that sugar derived 

from sugar cane will have a different isotopic signature than sugar derived from beets, and 

plants harvested from Europe will have a different signature than those harvested from 

South America 8.  

Establishing an isotopic profile or signature is accomplished by measuring the 

ratios of stable isotopes of a variety of elements such as 2H/1H, 13C/12C, 15N/14N, etc. While 

variations on a global scale are minute, there are subtle variations in the isotopic 

composition of compounds that contain these elements that are introduced during 

biological, chemical, and physical processes. These variations in the natural abundances of 

stable isotopes are expressed using delta (δ) notation as shown in equations 2.2 and 2.3: 

ratio (𝑅) =
abundance heavy isotope

abundance light isotope
                                                                               (2.2) 

𝛿 = (
𝑅𝑠𝑎𝑚𝑝

𝑅𝑠𝑡𝑑
− 1) ∗ 1000                                                                                                         (2.3) 

samples δ-values are expressed in parts per thousand or ‘per mil’ (‰) notation, and are 

relative to an international standard (Rstd) 
9.  

2.5.0 STABLE ISOTOPE RATIO INSTRUMENTATION 

2.5.1 Compound-Specific Isotope Ratio Mass Spectrometry 

While there are many methods of stable isotope analysis including liquid 

chromatography-isotope ratio mass spectrometry (LC-IRMS), and bulk characterization of 

isotopes with elemental analysis-IRMS and high temperature conversion (IRMS), this 

work focuses on the use of gas chromatography-IRMS (GC-IRMS) for compound specific 
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analysis. In compound-specific isotope ratio mass spectrometry (CS-IRMS), an unknown 

mixture is eluted through a gas chromatography column and separated into its constituent 

compounds. When measuring carbon, the gaseous compounds are sent to a combustion 

reactor where they are heated to approximately 1000 °C in the presence of oxygen. The 

molecules are oxidatively combusted into CO2 and water, and the CO2 is sent to the IRMS 

for analysis. For compound-specific hydrogen, the gaseous molecules are passed through 

a pyrolysis reactor where they decompose in the absence of oxygen into solid carbon and 

H2 gas before being sent for isotope analysis (Figure 2.5). 

  

The IRMS is a specialized instrument that uses a magnetic sector to separate ions 

based on their mass and contains multiple collectors 10,15. Equation 2.4 tells us the radius 

of the curvature of the path taken by an ion with mass m and charge z 16: 

𝑚

𝑧
=

𝑒𝐵2𝑟2

2𝑉
                                                                                                                                   (2.4) 

Figure 2.5 General schematic for a Gas chromatograph coupled with and Isotope ratio 

mass spectrometer (GC-IRMS) capable of measuring compound specific H/D ratios and 
13C/12C ratios 
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Ions are selected for detection by adjusting the magnetic field (B) or accelerating 

the voltage (V) 16.  

Once passed through the magnetic sector, ions are detected by an array of Faraday 

cups.  Faraday cups (FC) are conductive metal cups that are placed in a vacuum to intercept 

a beam of charged particles (Figure 2.6) 17. The cup is one part of a larger circuit where 

current is accurately measured and is directly proportional to the number of ions hitting the 

cup. FC detectors are useful for compound specific stable isotope measurements because 

they exhibit no mass discrimination. The detection is based solely on charge, leading to 

higher precision than other mass analysis detectors 17.  

 

All stable isotope measurements are made relative to a standard reference material 

of known isotopic composition.  Primary isotope standards are internationally recognized 

materials that can be used for the purpose of comparing samples measured in different 

laboratories (Table 2.2). The international standards for carbon and hydrogen stable 

Figure 2.6 General schematic for a Faraday cup ion collector use in IRMS 



 

 30 

isotopes are Pee Dee Belemnite (PDB) and Vienna Standard Mean Ocean Water 

(VSMOW), respectively 10.  

 

Table 2.2 Internationally accepted stable isotope standards for hydrogen, carbon, nitrogen, 

oxygen, and sulfur 18 

Element Standard Abbreviation 

H Vienna Standard Mean Ocean Water VSMOW 

C Belemnitella americana from Cretaceous Peedee 

formation, SC USA 

PDB 

N Atmospheric N2 -- 

O Vienna Standard Mean Ocean Water VSMOW 

Belemnitella americana from Cretaceous Peedee 

formation, SC USA 

PDB 

S Troilite (FeS) from Canyon Diablo iron meteorite CD 

 

2.5.2 Bulk Hydrogen Isotope Ratio Mass Spectrometry 

Hydrogen isotopes of water samples are measured using a Thermo Scientific 

Temperature Conversion Elemental Analyzer (TC/EA) connected to a Themo Delta V 

isotope ratio mass spectrometer. TC/EA is a pyrolysis technique that allows for the direct 

analysis of δ18O and δD in bulk organic materials or inorganic samples. The instrument 

consists of an injection port capable of introducing both liquids and solids into a reactor 

where they are completely converted into gases (either CO or H2). From the reactor, the 

gases are passed into a short isothermal gas chromatography column that is attached to the 

TC/EA before being introduced to the IRMS for isotope analysis (Figure 2.7). 
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The reactor is housed in a fused alumina tube and consists of a glassy carbon tube 

containing glass carbon filling and silver wool. These fillings are intended to keep the 

sample, as well as any reaction gases, from coming in contact with any oxygen containing 

surfaces (e.g. Al2O3) and remove any unintended halogen atoms prior to introduction to 

the packed GC column 9,18. The evolved gases are then separated using the isothermal 

packed GC-column (e.g. molecular sieves). This is particularly important because N2 is 

isobaric with CO (m/z 28) and is known to have an ionization effect with H2  
9. Once 

through the GC column, the sample gas is sent through to the IRMS where its isotopic 

ratios are analyzed (Figure 2.7).  

Figure 2.7 General Schematic for a TC/EA IRMS 
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3.1.0  ABSTRACT 

The hydrogen isotopic composition of terrestrial plant leaf waxes is widely used as 

a proxy for the isotopic composition of ambient water at the time of plant growth, yet there 

is considerable uncertainty about how environmental or plant-specific factors impact 

apparent hydrogen isotope fractionation. We sampled leaves from four riparian plant 

species (Pinus strobus, Tsuga canadensis, Phalaris arundinacea and Corylus americana) 

during the 2013 growing season (April to October) to evaluate the controls of hydrogen 

isotope fractionation in plant-derived n-alkanes. Our data show that plants from different 

taxonomic classes produce distinct seasonal patterns of isotopic change that could reflect 

differences in stomatal regulation, soil versus groundwater uptake, and timescales of wax 

synthesis. These patterns are distinct even for plants from the same functional group (i.e. 

angiosperms versus gymnosperms). P. strobus (gymnosperm tree) and P. arundinacea 

(angiosperm grass) are characterized by a significant increase in apparent fractionation 

during the growing season (> 50 ‰ change). In contrast, n-alkanes from C. americana 

(angiosperm) show a decrease in ε value from –145 ± 8 ‰ during early season growth to 

–111 ± 6 ‰ late in the season. T. canadensis (gymnosperm) exhibits a constant ε of – 

123 ± 10 ‰ throughout the growing season with minimal temporal change. Sedimentary 

n-alkanes collected from the stream channel adjacent our plant sample locality show minor 

changes over the sampling period with a mean ε value of –130 ± 6 ‰. Apparent 

fractionation differences between plant species greatly exceed variations in stream 

composition throughout the growing season, indicating that differences in the timing of 

wax production or groundwater δD cannot alone explain the variation in  between 

different plant types. In contrast to individual plant leaves, fluvial sediments represent a 
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time-integrated ecosystem average of n-alkane δD that yields a more consistent isotopic 

record of changes in ambient ecosystem water than individual plants.  

3.2.0 INTRODUCTION 

Higher plants produce a range of organic molecules within, and on the surface of, 

leaves to provide protection from predation, minimize water loss, and add structural 

support for leaf architecture 1–6. One of the most abundant classes of plant-derived wax 

compounds is straight chain normal alkanes (n-alkanes). These compounds are produced 

on the surface of leaves and are preserved in sedimentary archives with minimal 

degradation or isotopic alteration at low temperatures (~150 °C) over geologic time 7–11. 

As a result, n-alkanes constitute a valuable record of past environmental conditions. 

Numerous studies have employed the stable hydrogen isotopes of plant-derived 

n-alkanes preserved in ancient sediments to interpret changes in paleoelevation 12,13, 

isotope hydrology 14–16, ecosystem change 17,18 and paleoenvironment 19,20. However, 

complications in reconstructing paleoenvironments result from uncertainty in the timing of 

wax production, sedimentary deposition and integration, and how isotopes of individual 

n-alkanes relate to ambient environmental conditions (i.e. temperature, precipitation, 

precipitation isotopes, moisture availability and ecosystem type).  

Hydrogen (δDn-alkane) stable isotopes of terrestrial plant n-alkanes reflect the 

isotopic composition of ambient water modified by environmental parameters such as 

temperature, precipitation, stomatal regulation, water use efficiency and plant functional 

types 8–10,15,21–25. Varied environmental factors affect ambient precipitation isotopes, such 

as the degree of soil or leaf-water evaporation or the magnitude of biosynthetic 

fractionation, and alter the leaf water composition and thus, final n-alkane δD 10,26–29. A 
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number of studies have examined apparent fractionation between plant n-alkane and leaf 

or xylem water 5,29,30. While this is informative of biological functions of plants, it does not 

fully address how plant n-alkane isotopes relate to ambient precipitation or groundwater. 

In order to reliably utilize δD of individual leaf wax n-alkanes as a proxy for isotope 

hydrology, it is critical to relate plant wax n-alkane geochemistry to seasonal or annual 

environmental signals 17,31–33. 

We examined the stable hydrogen isotopic compositions of n-alkanes from four C3 

plants (Pinus strobus, Tsuga canadensis, Phalaris arundinacea, and Corylus americana) 

within the Fenton River watershed (Storrs, CT). This approach was tailored to examine 

how the hydrogen isotopic composition of n-alkanes from plants with different patterns of 

stomatal regulation (angiosperm, gymnosperm, grass, and shrub), plant growth, and 

timescales of wax synthesis changes throughout the growing season. We focused on 

streamside vegetation with roots positioned visibly in the river water to minimize potential 

external differences in water stress and determine how resultant stomatal regulation is 

reflected in n-alkane isotopic composition. Our data indicates the possibility that 

differences in stomatal regulation and/or function rather than the timescale of synthesis 

account for the large differences in n-alkane hydrogen isotopic composition throughout the 

growing season. Temporal variations in plant δD during the growing season greatly exceed 

seasonal variation in groundwater δD and most likely reflect biologic differences in 

stomatal regulation of transpiration and CO2 fixation. In contrast to individual plant leaves, 

river sediments are temporal integrators that minimize heterogeneity in an ecosystem. 

Thus, we argue that soils or sediments provide the best ecosystem level record of the 

isotopic composition of ambient water during plant growth. 
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3.3.0 SAMPLE COLLECTION AND METHODS 

3.3.1 Study catchment and sample collection 

The Fenton River is a minimally-altered ~89 km2 drainage located in northeastern 

Connecticut and covered by a mixed deciduous forest. The climate is moist-temperate and 

receives ~120 cm/yr precipitation. Temperature ranges from a mean of –6 °C in January to 

21 °C in July, with a mean annual temperature of 15.7 °C (Supplementary Table 3.3) and 

Dprecipitation varies from ~ –30 ‰ to –100 ‰ throughout the year 34,35.  

We sampled modern leaves from four plants along the banks of the Fenton River 

(41°50’01” N, 72°15’02” W; Supplementary Figure 3.15) on a weekly to biweekly basis 

initiated in April 2013, prior to the period of leaf-out of deciduous trees, through the period 

of leaf senescence in October 2013. Targeted species included (a) White Pine (Pinus 

strobus); (b) Eastern Hemlock (Tsuga canadensis); (c) Reed canary-grass (Phalaris 

arundinacea); and (d) American Hazelnut (Corylus americana). In order to reduce 

heterogeneity in sampling, the same four trees were sampled from each sample period. 

Furthermore, during each sampling period, several leaves/needles/blades were sampled 

from various locations on each plant to get an average per plant, per week. All plants were 

situated immediately adjacent the river channel (< 1 m from bank full channel) and had 

roots visible in the stream channel below base-flow groundwater level. These species were 

chosen because they make up much of the young growth found along the river banks and, 

as such, are major contributors to sediment n-alkane concentrations. For conifers and grass, 

early season collection of leaves/needles contained mostly old growth, as that was all that 

was available. As the season progressed, we specifically targeted new growth for 

P. strobus, T. canadensis, and P. arundinacea. In addition to leaf samples, we collected 
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sediment adjacent the plants in the stream channel and stream water for each period of leaf 

sample collection.  

Sediments were collected from the streambed located on the northwest side of the 

small outcropping that the P. arundinacea was grown on. Samples were taken from here 

due to the accumulation of organic matter flowing through the catchment as a result of base 

flow deposition. A sample was collected concurrently with the plant samples throughout 

the growing season and heterogeneity was minimized by collecting from the same location 

and no deeper than 2–4 cm from the surface of the deposited materials. Samples were 

collected in ashed glassware and immediately frozen to minimize post-sampling alteration. 

The water was collected from the center of the stream in a PTFE bottle with a screw cap 

and sealed underwater in order to remove all headspace.  

3.3.2 Extraction, separation, and analytical methods 

Leaves and sediments were frozen following sampling and then freeze-dried 

(Labconco Freezone 4.5) prior to n-alkane extraction. A minimum of 3–5 leaves were 

extracted via sonication using a 9:1 (v/v) dichloromethane-methanol (DCM: MeOH) 

solution. Sediments were freeze-dried and extracted using Soxhlet extraction. A minimum 

of 100 g of sediment was weighed and extracted using a 2:1 DCM: MeOH mixture for 

24 hours. TLE’s were saponified with ~5 ml of 1 M KOH in MeOH and heated for 2 hours 

at 85 °C. The reaction was quenched using 5 ml of 5 % NaCl. The neutral fraction was 

separated via liquid/liquid extraction for n-alkane separation.  

n-Alkanes were separated by silica gel column chromatography and analyzed on a 

Thermo-Scientific Trace GC Ultra fitted with a split-splitless (SSL) injector and flame 

ionization detector (FID) using a BP-1 column (60 m × 0.25 mm i.d., 0.25 µm film 
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thickness) with He as the carrier (1.5 ml/min). We calculated carbon preference indices 

(CPI) (Eq. 3.1) and Average Chain Length (ACL) (Eq. 3.2), and Average Higher Plant 

Chain Length (Eq. 3.3) to evaluate temporal changes in the distribution of alkanes. These 

equations are:  

CPI = 
(C23+C25+C27+C29+C31+C33)+(C25+C27+C29+C31+C33+C35)

2(C24+C26+C28+C30+C32+C34)
     (3.1) 

ACL = 
(C

25
(25)+C27(27)+C29(29)+C31(31)+C33(33))

(C
25

+C27+C29+C31+C33)
       (3.2) 

AHPCL = 
(C27(27)+C29(29)+C31(31))

C27+C29+C31
                   (3.3) 

where Cx corresponds to the area of the individual n-alkane peak from the gas 

chromatogram. 

3.3.3 Stable hydrogen isotope analyses 

Hydrogen isotopes of individual n-alkanes were measured using a Thermo 

GC-Isolink attached to a Thermo Scientific Delta V Plus isotope ratio mass spectrometer 

with a 30 m × 0.25 m ID, 0.25 m film thickness BP-5 fused silica column with a helium 

carrier at a flow of 1.5 ml/min. The initial GC oven temperature was held at 50 °C for 1 min 

then warmed to 180 °C at 12 °C/min, followed by a ramp to 320 °C at 6 °C/min and held 

at 320 °C for 4 min. We measured the H3
+ factor daily prior to standard calibration and 

sample analysis. This averaged 6.4 over the duration of analysis.  

The isotopic compositions of individual n-alkanes were determined using an 

in-house laboratory gas reference and a suite of n-alkanes of known isotopic composition 

that were measured multiple times at a range of concentrations (Mix A5 prepared by 
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A. Schimmelmann). Typical standard deviation for repeated analysis of A. Schimmelann’s 

Mix A5 n-alkane isotope standard was less than 4 ‰.  

Hydrogen isotopes of stream waters were analyzed using a Thermo Scientific 

Temperature Conversion Elemental Analyzer (TC/EA) coupled to a Thermo Delta V Plus. 

Water samples were measured in triplicate the mean values are presented. Samples are 

expressed relative to VSMOW by comparison with a suite of International and laboratory 

standards (e.g., SMOW, SLAP, GISP). Repeat analyses of water standards yield a precision 

of ±3 ‰. 

The calculated enrichment factor (ε) is used to characterize the hydrogen isotopic 

fractionation between source and product. This may be defined by Eq. 3.4: 

𝜀 = [(
𝛿𝐷𝑛−𝑎𝑙𝑘𝑎𝑛𝑒𝑠+1

𝛿𝐷𝑤𝑎𝑡𝑒𝑟+1
) − 1]        (3.4) 

and includes a variety of fractionations associated with physical and biochemical 

processes. In the above formulation 36, the δ equation excludes the commonly utilized 

multiplier of 1000 for delta calculations and is defined by Eq. 3.5 for the calculation of 

epsilon values: 

𝛿𝐷𝑛−𝑎𝑙𝑘𝑎𝑛𝑒 = [(
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) − 1]       (3.5) 

3.4.0 RESULTS AND DISCUSSION 

3.4.1 Abundance, Carbon Preference Index (CPI), and chain length distribution of 

n-alkyl lipids  

We normalized the abundances and distribution of n-alkanes in plant extracts 

relative to the total mass of the extracted leaves (Figure 3.8, Supplementary Table 3.4). 

The n-alkane concentrations in P. strobus and T. canadensis are characterized most 
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prominently by large spikes in n-alkane concentration mid-season (days 200–250) 

(Figure 3.8). The angiosperms P. arundinacea and C. americana peak early in the season 

(days 100 – 150) and remain fairly constant throughout the growing season (Figure 3.8).  

Increases in n-alkane concentration during the period of growth (P. strobus, 

T. canadensis) suggest continued wax production throughout the growing season. The 

spikes seen in both species occur immediately after a period of heavy rain, which could 

possibly indicate increased production of n-alkanes after they have been physically 

removed by natural processes. Thus, changes in n-alkane δDnC27-33 of P. strobus and 

T. canadensis likely reflect changes in internal leaf water throughout the growing season. 

The relative stability of n-alkane concentrations after leaf flush (P. arundinacea, 

C. americana) indicates that for these angiosperm plants, the bulk of leaf waxes are formed 

early in the growing season. For P. arundinacea, peak n-alkane production occurs during 

late April as the weather warms and daylight hours increase, while for C. americana, waxes 

are produced with the bud and decrease with expansion of leaf mass during leaf flush. For 
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these two angiosperms, a temporally-biased period of formation indicates that n-alkanes 

from these two plants should reflect early season water δD. 

The distribution of sedimentary n-alkanes mirrors those of the plants, with 

maximum abundances of n-C29 to n-C33, and the most abundant n-alkane being n-C29 

(Figure 3.9). Angiosperms exhibit far higher concentrations of long-carbon chain n-alkanes 

than the gymnosperm samples (317 µg/g and 3.6 µg/g for C29 for C. americana and 

P. strobus respectively) and may bias the sedimentary pool (Figure 3.9). Indeed, 

Figure 3.8 Leaf n-alkane concentrations for (a) P. strobus, (b) T. canadensis, (c) 

P. arundinacea, and (d) C. americana throughout the growing season. Concentrations 

represent the total n-alkane concentration relative to leaf dry weight (ng/g). For 

C. americana (d) leaf flush occurred during days 113 to 137, as indicated by the gray 

box 
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sedimentary n-alkanes mirror the 

distribution in C. americana and 

other similar angiosperm 

vegetation. Soil n-alkane 

abundances show an almost 

identical pattern to C. americana 

(Figure 3.9 and Figure 3.10). This 

could be due to the fact that 

C. americana, and other deciduous 

trees shed alkane-rich leaf material 

each Autumn, adding more 

sedimentary n-alkanes than 

conifers with smaller leaf areas and 

lower normal alkane abundances. 

However, the overall concentration 

and distribution of n-alkanes 

preserved in fluvial sediments will 

vary as a function of both leaf-wax 

concentration and overall 

representation within an ecosystem.  

The CPI of plant n-alkanes 

is a measure of the distribution of odd and even carbon chain compounds and reflects 

variations in production and loss of different n-alkanes. T. canadensis shows modest 

Figure 3.9 (a) Total n-alkane abundances from 

collected sediments throughout the growing season 

in ng/g of dry material. Since sediments are assumed 

to incorporate the organic matter from the 

surrounding environment, (b) shows the weighted 

abundances of each n-alkane of all sampled plant 

species combined throughout the growing season in 

ng/g of dry material. Similar abundance patterns are 

seen in both graphs (C29 has the largest abundance 

for both). 
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change in CPI over the growing season (5 to 10), while CPI for P. strobus increases steadily 

(5 to 20) and P. arundinacea decreases (25 to 10) (Figure 3.11; Supplementary Table 3.4). 

C. americana is unique because it shows a sharp increase from below 10 on day 113 to 

above 50 on day 116, followed by a steep drop to approximately 10 on day 144, 

corresponding to leaf flush (Figure 3.11). These data point to variations in the timing of 

wax synthesis and/or degradation for each of the sampled species.  

Figure 3.10 Individual n-alkane abundances collected from (a) P.strobus, (b) 

T. canadensis, (c) P. arundinacea and (d) C. americana combined throughout the 

growing season. 
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Previous studies of n-alkanes indicate a relationship between ACL or AHPCL and 

extreme climate conditions 37,38. For P. strobus, T. canadensis, and P. arundinacea, there 

are only minute changes throughout the growing season. The AHPCL for each of these 

range from 29.1 to 30.3, 28.9 to 30.0, and 28.8 to 30.1 respectively (Figure 3.11; 

Supplementary Table 3.4). C. americana experiences an increase in AHPCL over the first 

6 weeks from 28.1 to 29.9 where it remained stable for the duration of the season (Figure 

3.11). 

 

Figure 3.11 The carbon preference index (CPI) and average higher plant chain length 

(AHPCL) for (a) P. strobus, (b) T. canadensis, (c) P. arundinacea, and (d) C. americana 

throughout the growing season. Leaf flush occurred during days 113 to 137, as indicated 

by the gray box. 
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The chain length range observed for our P. strobus is slightly larger than reported 

by Tipple and Pagani in their 2013 study of plants along a North American transect. These 

differences may stem from differences in climate, summer precipitation and ambient 

relative humidity. Since our plants have roots directly in the water system, we suspect that 

our specimens have reduced water stress compared to upland plant growth or vegetation in 

more arid environments. Reduced water stress and/or higher relative humidity may 

minimize the need to produce longer chain lengths, which have lower vapor pressure and 

higher melting point, during peak summer conditions. AHPCL in C. americana increases 

from 28.1 to 29.7 from day 113 to 144 (during leaf flush) where it stabilizes for the 

remainder of the growing season. This trend is similar to other broadleaf angiosperms 

reported by Tipple et al. (2013) 29 of ~27.5 to 28.9. This indicates that the composition of 

n-alkanes changes most substantially during leaf bud and leaf flush. Coupled with 

concentration and CPI data, this suggests there is little to no leaf wax production after leaf 

flush and all the long chain n-alkanes are formed at that time 29.  

3.4.2 Seasonal trends in δD and ε values 

Plants utilize water from a range of depths within the critical zone 39. We measured 

the hydrogen isotopic composition of stream water during the sampling period to constrain 

changes in composition of ambient water available to plant roots below the water table. All 

sampled plants had visible roots below base-flow groundwater level (less than 1 m below 

the surface), providing direct access to the stream and a means of minimizing potential 

water stress. Stream δD varied little over the period of sampling, ranging from –48 ± 1.7 ‰ 

in the early spring (days 100–150) to –42 ± 2.5 ‰ in peak summer (days 200–300). Water 

δD varied most during days 150–200 to approximately –57 ‰, a 10 ‰ difference from 
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previous weeks (Figure 3.12). This drop followed three weeks of intense rainfall and 

flooding.  

Environmental water is 

the primary hydrogen source for 

n-alkanes synthesized within the 

leaves 10,40. Greenhouse and 

field-based studies show no 

isotopic change during water 

uptake in roots 41. As a result, 

changes in the δD of plant 

source water should be evident 

in changes in the composition of 

n-alkanes 5,6,18. Our data show dramatically larger isotopic changes in n-alkanes than in 

source water. This can only result from fractionation after uptake of groundwater due to 

evaporative loss during transpiration, which would yield isotopically-enriched leaf water 

relative to groundwater, or storage of cold season soil water that is used in biosynthesis 

early in the growing season. We believe that the latter is unlikely because early season n-

alkanes show the most enriched δD values, when winter water should be the most depleted.   

Weighted DnC27-33 of P. strobus and P. arundinacea both decrease throughout the 

growing season. P. strobus shows fairly constant δDnC27-33 (~ –194 ± 5 ‰) until early July, 

when values decrease to –215 ± 11 ‰, while P. arundinacea decreases early in the season 

from –196 ± 16 ‰ to a steady value of ~ –218 ± 5 ‰ (Figure 3.13). In contrast, 

T. canadensis δDnC27-33 remains constant at ~ –160 ‰ (Figure 3.13). For C. americana, 

Figure 3.12 δD of stream water throughout collection 

period. Water was collected from the center of the 

stream and measured in triplicate with standard 

precision ±3 ‰. 
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δDnC27-33 is initially depleted (~ –186 ± 7 ‰), followed by an increase in δD value 

throughout leaf flush (days 113–144) to a stable ~ –152 ± 8 ‰ (Figure 3.13). 

  

For P. strobus, peak 2013 summer temperatures coincided with the transition to 

more isotopically-depleted n-C25–n-C33 values (days 178 to 248). Previous work shows that 

conifers have difficulty maintaining open stomata in the daytime during periods of high 

temperature and low precipitation, but open their stomata at night to allow CO2 diffusion 

to the sites of CO2 fixation 42. This could lead to a decrease in leaf-water evaporation due 

to a change in transpiration. However, since the roots of the pine are directly in the water 

source, the plant may experience reduced water stress, allowing the plant to maximize CO2 

Figure 3.13 Isotopic composition (δDnC27–C33) and apparent fractionation (ε) of (a) 

P. strobus, (b) T. canadensis, (c) P. arundinacea, and (d) C. americana throughout the 

growing season. Leaf flush occurred during days 113 to 137, as indicated by the gray box 
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diffusion into the stomata rather than minimizing water loss, which can be confirmed 

through a growth chamber study. For C. americana and P. arundinacea, the most 

significant changes in n-alkane δD occur during days 113 to 144 of plant growth during 

leaf flush and peak wax synthesis.  

Noise in isotope data from individual plants may result from a mixture of old 

growth and new growth, however recent high-resolution temporal studies also show strong 

seasonal variations and heterogeneity within an individual plant 29,43. This heterogeneity 

may derive from variability in the source of water used in biosynthesis, the leaf life cycle 

and timescale of wax synthesis, and plant-specific factors that influence stomatal regulation 

and transpiration of leaf water 22,31,42,44–53.  

We measured the δD of individual n-alkanes preserved in fluvial sediments 

collected adjacent to plant sample locality. The mean seasonal abundance-weighted 

n-C27-n-C33 δD was –170 ± 4 ‰ (Figure 3.14, Supplementary Table 3.5). The integration 

of multiple plants over time leads to a more stable isotopic signature than individual plants, 

which vary greatly over a single growing season. Several studies have observed a spatial 

correlation between sediment n-alkane δD values and climate variables 17,51,54,55. Our 

sediments are less affected by short-term changes in isotopic values than plants, yielding a 

better record of general paleoenvironmental conditions than data from individual leaves. 

Figure 3.14 shows a comparison of the δD values of the sediments with the weighted δD 

values of the four sampled plants. 
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Sediments appear to show a muted temporal change over the period of sampling 

and smaller variations than those observed in the weighted average of the sampled plants. 

We calculated the abundance weighted δD of n-alkanes for the four sampled plants to 

assess how well this compares with sediment n-alkane δD. Sedimentary organic matter is 

derived from both terrestrially sourced plant matter as well as microbially cycled organic 

matter. However, we focused on long-carbon chain normal alkanes that are dominantly 

produced by plants and integrated into the sedimentary flux within the small Fenton 

catchment. The mean n-alkane δD calculated from weekly individual n-alkane δD 

(weighted for δD values and n-alkane abundances for each plant) varies throughout the 

sampling period. This pattern is similar to the δD of n-alkanes extracted from the sediment 

Figure 3.14 Abundance weighted δDnC27-C33 for sediments throughout the growing season 

compared with abundance weighted δDnC27-C33 for all plant species measured. 
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samples, however the magnitude of change is reduced in sediments compared to the 

abundance weighted calculated value derived from our four plants (Figure 3.14). It should 

be noted that the sediment n-alkane δD values are an accumulation of a broader area with 

more plants. This may explain the slight differences in the patterns and the muted changes 

expressed in the sediments. These data suggest that sediments are biased by short timescale 

variability, but it is a second order effect relative to the long-term (multi-year) integration 

of n-alkanes from a variety of plants across a catchment. 

Plants with different photosynthetic pathways exhibit distinct apparent 

fractionation (εn-alkane) due to differences in timing of water synthesis or water use 

strategies, with C3 grasses averaging ~ –170 ‰, C4 grasses ~ –145 ‰, and C3 trees and 

shrubs averaging ~ –120 ‰ 5,22,29,31,47,56–58. The variability and magnitude of leaf water 

enrichment can be attributed to various environmental parameters and plant physiological 

processes 59. One of the primary goals of this experiment was to create a modern-day proxy 

that compared δDn-alkane to δDwater in order to better understand how they are related, for use 

in reconstructing paleohydrology.  

The ε value for P. strobus is relatively constant at –152 ± 11 ‰ throughout the early 

growing season, then decreased steadily to –174 ± 9 ‰ in early fall (Figure 3.13). 

P. arundinacea shows a decrease in ε early in the growing season with an average of               

–156 ± 16 ‰ over weeks 1 through 9 and achieves a constant value of –182 ± 6 ‰ 

(Figure 3.13). These fractionations are larger than nearly all previously published data for 

similar plant classes (εPinus strobus = –128 ± 12 ‰, εgrass ~ –145 ‰; Tipple and Pagani 2013 

and references therein). In contrast, ε values for T. canadensis remain constant at                     

–123 ± 10 ‰ with respect to stream water, while for C. americana they increase from          
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~ –145 ‰ during leaf flush to –111 ± 6 ‰, after which it remains stable (Figure 3.13). 

Both T. canadensis and C. americana have ε values similar to those published previously.   

Eley et al. (2014) 18 suggest that for a constant water source, apparent fractionation 

should remain constant throughout a growing season since source water is the only 

hydrogen source. However, the only specimen in our study with effectively constant ε is 

T. canadensis. P. strobus, C. americana, and P. arundinacea all show a large change in ε 

throughout the growing season despite all accessing the same potential water pool. 

C. americana is the first to attain steady state values (~day 130), followed by 

P. arundinacea (day 158) and by P. strobus (day 256). We cannot exclude uptake of 

shallow soil water by individual plants, however the temporal patterns observed in our 

n-alkane data are not easily explained by temporal shifts in precipitation δD during the 

growing season. Our data suggest that the major difference in the hydrogen isotopic 

composition of higher plant n-alkanes is not strictly a difference in the timing of wax 

synthesis, but rather regulation of stomata in response to environmental stressors.  

Tipple et al. (2013) 29 observed that for deciduous C3 species such as C. americana, 

the δD of n-alkanes will only reflect the environment at the time of wax synthesis. This 

interpretation was supported by n-alkane concentration, ACL, and δD data. Our data for 

angiosperms shows that during leaf flush, n-alkane concentrations peak, indicating 

maximum production. After several weeks, concentrations decrease to a stable value. ACL 

and δD of the n-alkanes follow a similar pattern. However, distinct trends in n-alkane δD 

for different plant species and approximately constant groundwater δD show that plants 

from the same functional group may be located adjacent each other yet show distinct 

temporal patterns. These data are most plausibly explained by differences in individual 



 

 54 

plant stomatal regulation in response to environmental variability throughout the growing 

season. Such variability requires records that integrate heterogeneity between plants in 

order to properly constrain the ecosystem-level geochemical signals, which can be 

provided by fluvial sediments. 

3.5.0 CONCLUSIONS 

We sampled leaves from four co-occurring plant species in the Fenton River 

catchment in Storrs, CT throughout the 2013 growing season to evaluate controls on the 

δD of individual plant n-alkanes for different plant functional types (P. strobus, 

T. canadensis, P. arundinacea, and C. americana). We specifically selected plants that 

were closely associated in space and had roots directly in the river water to evaluate how 

well these organic proxies reflect ambient water in the environment. River water and 

sediment samples were collected concurrently with the plant specimens. Our data show 

distinct timescales of wax synthesis and growth, and temporal shifts in εn-alkane. The 

deciduous angiosperm C. americana appears to show dominant wax production during leaf 

flush, followed by minimal change throughout the remainder of the growing season. 

P. strobus, T. canadensis, and P. arundinacea all show signs of continual leaf wax 

synthesis but distinct patterns of hydrogen isotopes. 

The ε values for our plants change significantly throughout the season, with the 

exception of T. canadensis. Observed changes are far larger than the change in 

river/groundwater δD and indicate strong control of factors such as stomatal regulation, 

biosynthesis, or timescales of wax synthesis. Proximity to groundwater source may also 

impact apparent fractionation, as measured ε values in this study are larger than studies 

from upland sites (with the exception of T. canadensis) 5,22,29,31,47,56–58. Sediments integrate 
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biomass from different plant types and possibly represent a weighted ecosystem average 

of n-alkanes. Given the heterogeneity between plants in our study that share a close 

proximity to the stream edge, our data indicates that the temporal and spatial integration 

provided by fluvial sediments produces the best organic molecular archive of ecosystem 

level paleoenvironment and paleohydrology, though this is likely biased by differences in 

wax production and timescales of integration.  
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3.8.0 SUPPLEMENTARY DATA 

The Fenton River catchment is a sub-regional basin of the greater Thames River 

basin in the eastern portion of Connecticut. The sampling site is located Mansfield 

Connecticut, but the river itself crosses through Mansfield, Chaplin, Willington, Ashford 

and Union CT 1. The Fenton River was chosen for this project because it is contained in a 

minimally altered landscape, since existing land use can affect water quality. The term 

“minimally altered” means that the majority of the land located within the watershed is 

undeveloped woodlands (Supplementary Figure 3.15). According to the Connecticut 

Department of Energy and Environmental Protection 1, 74 % of the Fenton River 

Watershed is forested, with only 14% urban land use 1. 
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Supplementary Figure 3.15 Image of the Fenton River sampling site 41° 49.537 N, 72° 14.222 W 
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Supplementary Table 3.3 Climate data from April 2013 to October 2013 at the Fenton 

River sampling location 
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Day Sample Cn 23 Cn 24 Cn 25 Cn 26 Cn 27 Cn 28 Cn 29 Cn 30 Cn 31 Cn 32 Cn 33 CPI ACL AHPCL Cn 23-33

113 fen-1-a13 353   -  61   -    -    -  278   -  282   -  65 5.9 29.5 29.6 1037

116 fen-2-a13   -    -    -    -    -    -    -    -    -    -    -  3.2 29.1 29.8

123 fen-3-a13 364 94   -  42   -  840 14 1120   -  1009 7.7 30.5 29.9 4416

130 fen-4-a13   -  91   -  1   -  420   -  580   -  303   -  6.7 30.0 29.8 1799

137 fen-5-a13 223   -  22   -    -    -  185   -  294   -  106 5.6 29.8 29.8 2297

151 fen-7-a13 188   -    -    -    -    -  581   -  1773 34 1728 6.8 31.2 30.3 5055

158 fen-8-a13 1393   -  274   -  79   -  1071 47 2107 42 1804 8.4 30.6 30.0 7635

165 fen-9-a13 3226 43 544   -  178   -  1062 36 1510   -  1058 7.1 29.9 29.8 8202

172 fen-10-a13 3700 52 704   -  411   -  1553 189 2523 93 1692 7.0 30.0 29.8 11535

179 fen-11-a13 1995   -  363   -  161   -  1099 35 1760 12 1421 9.3 30.3 29.9 7153

186 fen-12-a13 6991   -  1325   -  494   -  1905   -  808   -    -  7.9 28.0 29.1 11522

207 fen-13-a13   -  81   -  2072 478 42201 3996 41743 2177 4783   -  10.6 30.0 29.9 97999

217 fen-14-a13 4314 115 1396   -  756   -  1376 23 1121   -  374 9.7 28.8 29.3 9715

225 fen-15-a13 48330 3455 18527 845 13197 1094 29300 1913 26911 1160 12753 11.5 29.0 29.3 165523

232 fen-16-a13 459   -  99   -  27   -  244   -  337   -    -  13.4 28.8 29.7 1166

247 fen-17-a13 2175 90 782   -  516   -  1280 41 1240   -    -  9.8 28.5 29.4 6518

256 fen-18-a13 1885   -  428   -  129   -  1289   -  911   -  180 18.9 29.1 29.4 5942

262 fen-19-a13 616   -  142   -  55   -  303   -  198   -  2 11.9 28.8 29.3 1315

269 fen-20-a13 616   -    -    -    -  454   -  345   -    -  16.3 29.0 29.7 1420

276 fen-21-a13 1505 54 620   -  603 3 959 27 854   -    -  8.0 28.3 29.2 4981

284 fen-22-a13 1715 28 582   -  349   -  1080   -  787   -    -  15.8 28.4 29.3 5093

291 fen-23-a13 1527   -  473   -  320   -  1098   -  960   -    -  19.4 28.6 29.5 5342

113 fen-1-b13 60   -    -    -  1   -  560   -  795   -    -  4.8 29.4 29.8 3489

116 fen-2-b13 102   -  96   -  78 75 355   -  247   -    -  3.3 28.9 30.1 953

123 fen-3-b13 200   -  61   -  92 8 389 14 431   -    -  6.0 29.2 29.6 1214

130 fen-4-b13 526 34 367 94 493 283 1404 253 1423   -  168 4.2 29.2 29.5 5684

137 fen-5-b13 205 9 474 20 195 78 472 74 443   -  30 4.5 28.3 29.4 2000

151 fen-7-b13 10407 12 1148   -  66   -  709   -  880   -  10 10.4 28.3 29.6 15253

158 fen-8-b13 8242   -  936   -    -    -  498   -  880   -    -  8.6 28.5 29.7 12219

165 fen-9-b13 1903   -  218 747   -    -  1792   -  570   -    -  3.0 28.8 29.4 5664

172 fen-10-b13 2188 130 2102 412 1977 1451 5914 1282 6360 36 941 4.2 29.2 29.6 24026

179 fen-11-b13 281   -  166   -  269   -  1554 54 1855   -  209 5.7 28.8 29.5 5950

186 fen-12-b13 882   -  394   -  406 96 1382 97 1315   -    -  4.5 29.0 29.5 5900

207 fen-13-b13 794   -  270   -  535 188 1574 163 1336   -    -  5.4 29.4 29.5 5903

217 fen-14-b13 6823 1526 6163 1462 8332 4656 22011 4670 19381 271 1442 4.6 29.1 29.4 101761

225 fen-15-b13 867 49 595 178 1178 787 4447 987 5382 46 886 4.7 28.3 29.7 17457

232 fen-16-b13 563   -  97   -  373   -  1727 52 1830   -  139 4.4 29.3 30.0 5856

247 fen-17-b13 1269 15 760 36 1211 360 2756 254 1857   -    -  5.2 28.6 29.2 9058

262 fen-19-b13 927   -  291   -  296 48 914   -  502   -    -  3.6 28.4 29.2 3125

269 fen-20-b13 3893 196 1253   -  943   -  3266 345 4966 216 3919 8.9 29.1 29.8 23463

276 fen-21-b13 745   -  265   -  551 212 1677 144 1213   -    -  4.0 28.9 29.3 5872

284 fen-22-b13 599 45 525 197 926 613 2393 381 1526   -    -  3.0 28.7 29.2 8351

291 fen-23-b13 14048 1665 6002 1855 11341 2899 22483 2530 17527 219 2849 6.6 29.0 29.2 110982

113 fen-1-d13   -    -  1656   -  3873   -  4864   -  2693   -    -  21.2 28.3 28.8 15241

116 fen-2-d13 8957 896 124830 19006   -  42987 741486 8773 145108   -    -  13.4 28.8 29.3 1092376

123 fen-3-d13   -    -  1053 60 3022   -  4002   -  1629   -  459 31.3 28.5 28.7 10277

130 fen-4-d13 1169   -  13955   -  72991 8103 195943 3007 76778 124   -  26.0 28.9 29.0 372913

137 fen-5-d13 284 153 12964 809 42545 1979 62117   -  17461   -    -  21.0 28.2 28.6 188463

151 fen-7-d13 29368 1876 22456 709 15218 1418 297 936 3611 681   -  7.6 26.3 27.8 78533

158 fen-8-d13 4772 649 22032 387 13977 831 15458 411 6846   -    -  17.4 27.0 28.4 66732

165 fen-9-d13 3568 868 18915 1291 25787 988 17481 221 2917   -  707 20.2 27.2 28.0 74566

172 fen-10-d13 352 141 2330 243 2564 120 1618   -  224   -    -  11.2 27.0 28.0 8474

179 fen-11-d13 425 177 3250 396 4889 301 5001   -  849   -  121 13.5 27.6 28.3 15928

186 fen-12-d13 709 77 2936 220 4992 213 6671   -  1128   -  185 21.9 27.9 28.4 18622

207 fen-13-d13 969 194 3625 349 5232 364 6927   -  954   -    -  15.2 27.6 28.4 20699

217 fen-14-d13 167   -  1216 104 2942 156 5848   -  1239   -  323 19.7 28.4 28.7 12150

225 fen-15-d13 1339 650 19041 1451 17501 1515 30194 357 3049   -    -  17.4 27.5 28.4 76633

232 fen-16-d13 756 1237 5166 2035 10538 1434 11309   -  1556   -    -  5.9 27.7 28.3 34030

247 fen-17-d13 725   -  3418   -  12803 498 34230 292 39786   -  6224 25.1 29.3 29.4 98463

256 fen-18-d13 781 402 3091 459 4794 344 5894   -  872   -    -  15.4 28.5 28.9 18364

262 fen-19-d13 804 279 4965 609 9789 507 10517   -  1111   -    -  13.8 27.6 28.2 30072

269 fen-20-d13 554 301 2924 558 4887 603 5433 60 909 1095 68 4.9 27.7 28.3 18425

276 fen-21-d13 737 697 5321 1141 9164 787 8117 9 1094   -  112 8.5 27.5 28.1 28563

284 fen-22-d13 282 167 2244 272 2994 187 2551   -  299   -    -  9.7 27.3 28.1 9625

113 fen-1-f13 45548 5269 47454 37959 625259 115497 475525 10957   -    -    -  9.2 30.2 30.0 1363467

116 fen-2-f13 31989 6853 245796 2207 378484 15210 3373450 11389 68917   -    -  51.9 28.6 28.8 4134295

123 fen-3-f13 7894 1171 97866   -  113983 5489 772235 2208 23847   -    -  44.2 28.4 28.8 1024692

130 fen-4-f13 5423 2390   -  2282 68060 6246   -  6359 49853   -    -  27.5 28.6 28.9 140612

137 fen-5-f13 1563   -  26224   -  19200 171 95038   -  23277   -    -  21.5 28.4 29.1 165473

144 fen-6-f13   -    -  9131   -  25080 3315 234130 13253 196530 4788   -  14.2 29.6 29.7 486226

151 fen-7-f13 208   -  1880   -  2407 323 17665 1068 10601 147   -  11.6 29.2 29.5 34298

158 fen-8-f13 334   -  1774   -  3581 902 28744 2380 30311   -    -  16.7 29.7 29.8 68025

165 fen-9-f13   -  6361   -  15499 2233 141692 6877 87420 525   -    -  14.3 29.4 29.6 261171

172 fen-10-f13   -    -  1962   -  18443 5043 225653 21298 233492   -    -  14.8 29.8 29.9 505891

179 fen-11-f13   -    -  5866   -  40256 13189 522018 48813 506994 34220 96872 11.5 30.1 29.9 1268227

186 fen-12-f13 8   -  1052   -  12193 5062 244860 18245 207065 11080   -  12.1 29.8 29.8 499565

207 fen-13-f13 258   -  151   -  899 319 16137 1798 17717 1025   -  9.8 29.9 30.0 38767

217 fen-14-f13   -    -  427   -  8133 3766 303737 25991   -  17873   -  9.3 30.3 30.1 359926

225 fen-15-f13 42   -  155   -  1953 698 43010 4284 45893 2641 7835 10.3 30.2 29.9 106510

232 fen-16-f13 491   -  20   -  282   -  481   -  399   -    -  6.1 28.6 29.1 1672

247 fen-17-f13   -    -    -    -    -    -  14761   -  15910   -    -  11.5 30.0 29.9 30671

256 fen-18-f13   -    -    -    -    -    -  12635   -  14170   -    -  10.6 30.0 29.9 26805

262 fen-19-f13 8259 2075 8486 2232 22057 11308 437632 49144 501748 26954 65542 10.7 30.1 30.0 1146889

269 fen-20-f13   -    -    -    -    -  27565 1636 37878 535 3851 10.2 30.3 30.1 71466

276 fen-21-f13   -    -    -    -  1436   -  52589 1707 39874 257 2913 12.3 29.8 29.8 98775

284 fen-22-f13   -    -  3920   -  10957   -  26959 287 19760   -    -  18.3 28.9 29.3 61885

291 fen-23-f13   -    -    -    -  292   -  38147 1394 32324   -  818 9.7 29.9 29.8 72975

116 Fen-2 239 59 420 50 560 86 3089 61 1177 24 174 19.3 29.0 29.3 6309

137 Fen-5 18   -  18 33 30   -  148   -  67 26 17 3.4 29.2 29.3 368

151 Fen-7 588 116 995 105 1053 136 6723 94 2370 19 334 26.6 29.0 29.3 13198

158 Fen-8 176 45 239 41 341 54 1297 49 710 17 129 13.3 29.1 29.3 3263

165 Fen-9 143 39 164 36 248 40 898 36 531 9 91 11.7 29.1 29.3 2377

172 Fen-10 65 20 96 19 139 21 399 13 283   -    -  10.9 28.9 29.3 1103

179 Fen-11 174 44 286 45 358 39 1253 29 585 12 92 14.9 28.9 29.2 3108

186 Fen-12 217 45 248 44 458 63 1842 43 1027   -    -  18.5 29.0 29.3 4119

207 Fen-13 47 8 48 9 107 13 427 10 258   -  65 16.0 29.4 29.4 1024

217 Fen-14 112 0 146 26 259 40 231 33 89   -  42 6.5 28.1 28.4 1062

225 Fen-15 27 6 27 6 64 10 215 8 156 5 39 8.4 29.4 29.4 588

232 Fen-16 47 9 44 10 109 13 466 9 245   -  45 15.5 29.3 29.3 1028

247 Fen-17 53 10 44 11 94 16 335 13 250 3 68 10.6 29.5 29.4 955

256 Fen-18   -  6 40 8 79 11   -  12 189   -  49 5.9 29.7 29.8 424

262 Fen-19 111 21 114 22 194 34 169 26 443   -  36 8.6 29.2 29.6 1269

269 Fen-20 52 11 52 13 114 19 372 17 297   -  82 12.2 29.5 29.5 1072

276 Fen-21 108 16 136 17 167 22 529 15 327 3 71 13.2 29.0 29.3 1491

284 Fen-22 89 17 99 16 118 14 336 21 220 4 55 9.2 29.0 29.3 1060

291 Fen-23 4   -  7   -  15   -  49   -  37   -  6 9.4 29.3 29.4 119

" - " Dash lines indicate peak was below the detection level.

Corylus americana

Sediments

ng/g dry material 

Pinus strobus

Tsuga canadensis

Phalaris arundinacea

Supplementary Table 3.4 Calculated concentrations, CPI, ACL, and AHPCL of n-alkanes 

C23 to C33 for P. strobus, T. canadensis, P. arundinacea, C. americana, and collected 

sediment samples. 
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Day Sample Cn 23 Cn 24 Cn 25 Cn 26 Cn 27 Cn 28 Cn 29 Cn 30 Cn 31 Cn 32 Cn 33 CPI ACL AHPCL Cn 23-33

113 fen-1-a13 353   -  61   -    -    -  278   -  282   -  65 5.9 29.5 29.6 1037

116 fen-2-a13   -    -    -    -    -    -    -    -    -    -    -  3.2 29.1 29.8

123 fen-3-a13 364 94   -  42   -  840 14 1120   -  1009 7.7 30.5 29.9 4416

130 fen-4-a13   -  91   -  1   -  420   -  580   -  303   -  6.7 30.0 29.8 1799

137 fen-5-a13 223   -  22   -    -    -  185   -  294   -  106 5.6 29.8 29.8 2297

151 fen-7-a13 188   -    -    -    -    -  581   -  1773 34 1728 6.8 31.2 30.3 5055

158 fen-8-a13 1393   -  274   -  79   -  1071 47 2107 42 1804 8.4 30.6 30.0 7635

165 fen-9-a13 3226 43 544   -  178   -  1062 36 1510   -  1058 7.1 29.9 29.8 8202

172 fen-10-a13 3700 52 704   -  411   -  1553 189 2523 93 1692 7.0 30.0 29.8 11535

179 fen-11-a13 1995   -  363   -  161   -  1099 35 1760 12 1421 9.3 30.3 29.9 7153

186 fen-12-a13 6991   -  1325   -  494   -  1905   -  808   -    -  7.9 28.0 29.1 11522

207 fen-13-a13   -  81   -  2072 478 42201 3996 41743 2177 4783   -  10.6 30.0 29.9 97999

217 fen-14-a13 4314 115 1396   -  756   -  1376 23 1121   -  374 9.7 28.8 29.3 9715

225 fen-15-a13 48330 3455 18527 845 13197 1094 29300 1913 26911 1160 12753 11.5 29.0 29.3 165523

232 fen-16-a13 459   -  99   -  27   -  244   -  337   -    -  13.4 28.8 29.7 1166

247 fen-17-a13 2175 90 782   -  516   -  1280 41 1240   -    -  9.8 28.5 29.4 6518

256 fen-18-a13 1885   -  428   -  129   -  1289   -  911   -  180 18.9 29.1 29.4 5942

262 fen-19-a13 616   -  142   -  55   -  303   -  198   -  2 11.9 28.8 29.3 1315

269 fen-20-a13 616   -    -    -    -  454   -  345   -    -  16.3 29.0 29.7 1420

276 fen-21-a13 1505 54 620   -  603 3 959 27 854   -    -  8.0 28.3 29.2 4981

284 fen-22-a13 1715 28 582   -  349   -  1080   -  787   -    -  15.8 28.4 29.3 5093

291 fen-23-a13 1527   -  473   -  320   -  1098   -  960   -    -  19.4 28.6 29.5 5342

113 fen-1-b13 60   -    -    -  1   -  560   -  795   -    -  4.8 29.4 29.8 3489

116 fen-2-b13 102   -  96   -  78 75 355   -  247   -    -  3.3 28.9 30.1 953

123 fen-3-b13 200   -  61   -  92 8 389 14 431   -    -  6.0 29.2 29.6 1214

130 fen-4-b13 526 34 367 94 493 283 1404 253 1423   -  168 4.2 29.2 29.5 5684

137 fen-5-b13 205 9 474 20 195 78 472 74 443   -  30 4.5 28.3 29.4 2000

151 fen-7-b13 10407 12 1148   -  66   -  709   -  880   -  10 10.4 28.3 29.6 15253

158 fen-8-b13 8242   -  936   -    -    -  498   -  880   -    -  8.6 28.5 29.7 12219

165 fen-9-b13 1903   -  218 747   -    -  1792   -  570   -    -  3.0 28.8 29.4 5664

172 fen-10-b13 2188 130 2102 412 1977 1451 5914 1282 6360 36 941 4.2 29.2 29.6 24026

179 fen-11-b13 281   -  166   -  269   -  1554 54 1855   -  209 5.7 28.8 29.5 5950

186 fen-12-b13 882   -  394   -  406 96 1382 97 1315   -    -  4.5 29.0 29.5 5900

207 fen-13-b13 794   -  270   -  535 188 1574 163 1336   -    -  5.4 29.4 29.5 5903

217 fen-14-b13 6823 1526 6163 1462 8332 4656 22011 4670 19381 271 1442 4.6 29.1 29.4 101761

225 fen-15-b13 867 49 595 178 1178 787 4447 987 5382 46 886 4.7 28.3 29.7 17457

232 fen-16-b13 563   -  97   -  373   -  1727 52 1830   -  139 4.4 29.3 30.0 5856

247 fen-17-b13 1269 15 760 36 1211 360 2756 254 1857   -    -  5.2 28.6 29.2 9058

262 fen-19-b13 927   -  291   -  296 48 914   -  502   -    -  3.6 28.4 29.2 3125

269 fen-20-b13 3893 196 1253   -  943   -  3266 345 4966 216 3919 8.9 29.1 29.8 23463

276 fen-21-b13 745   -  265   -  551 212 1677 144 1213   -    -  4.0 28.9 29.3 5872

284 fen-22-b13 599 45 525 197 926 613 2393 381 1526   -    -  3.0 28.7 29.2 8351

291 fen-23-b13 14048 1665 6002 1855 11341 2899 22483 2530 17527 219 2849 6.6 29.0 29.2 110982

113 fen-1-d13   -    -  1656   -  3873   -  4864   -  2693   -    -  21.2 28.3 28.8 15241

116 fen-2-d13 8957 896 124830 19006   -  42987 741486 8773 145108   -    -  13.4 28.8 29.3 1092376

123 fen-3-d13   -    -  1053 60 3022   -  4002   -  1629   -  459 31.3 28.5 28.7 10277

130 fen-4-d13 1169   -  13955   -  72991 8103 195943 3007 76778 124   -  26.0 28.9 29.0 372913

137 fen-5-d13 284 153 12964 809 42545 1979 62117   -  17461   -    -  21.0 28.2 28.6 188463

151 fen-7-d13 29368 1876 22456 709 15218 1418 297 936 3611 681   -  7.6 26.3 27.8 78533

158 fen-8-d13 4772 649 22032 387 13977 831 15458 411 6846   -    -  17.4 27.0 28.4 66732

165 fen-9-d13 3568 868 18915 1291 25787 988 17481 221 2917   -  707 20.2 27.2 28.0 74566

172 fen-10-d13 352 141 2330 243 2564 120 1618   -  224   -    -  11.2 27.0 28.0 8474

179 fen-11-d13 425 177 3250 396 4889 301 5001   -  849   -  121 13.5 27.6 28.3 15928

186 fen-12-d13 709 77 2936 220 4992 213 6671   -  1128   -  185 21.9 27.9 28.4 18622

207 fen-13-d13 969 194 3625 349 5232 364 6927   -  954   -    -  15.2 27.6 28.4 20699

217 fen-14-d13 167   -  1216 104 2942 156 5848   -  1239   -  323 19.7 28.4 28.7 12150

225 fen-15-d13 1339 650 19041 1451 17501 1515 30194 357 3049   -    -  17.4 27.5 28.4 76633

232 fen-16-d13 756 1237 5166 2035 10538 1434 11309   -  1556   -    -  5.9 27.7 28.3 34030

247 fen-17-d13 725   -  3418   -  12803 498 34230 292 39786   -  6224 25.1 29.3 29.4 98463

256 fen-18-d13 781 402 3091 459 4794 344 5894   -  872   -    -  15.4 28.5 28.9 18364

262 fen-19-d13 804 279 4965 609 9789 507 10517   -  1111   -    -  13.8 27.6 28.2 30072

269 fen-20-d13 554 301 2924 558 4887 603 5433 60 909 1095 68 4.9 27.7 28.3 18425

276 fen-21-d13 737 697 5321 1141 9164 787 8117 9 1094   -  112 8.5 27.5 28.1 28563

284 fen-22-d13 282 167 2244 272 2994 187 2551   -  299   -    -  9.7 27.3 28.1 9625

113 fen-1-f13 45548 5269 47454 37959 625259 115497 475525 10957   -    -    -  9.2 30.2 30.0 1363467

116 fen-2-f13 31989 6853 245796 2207 378484 15210 3373450 11389 68917   -    -  51.9 28.6 28.8 4134295

123 fen-3-f13 7894 1171 97866   -  113983 5489 772235 2208 23847   -    -  44.2 28.4 28.8 1024692

130 fen-4-f13 5423 2390   -  2282 68060 6246   -  6359 49853   -    -  27.5 28.6 28.9 140612

137 fen-5-f13 1563   -  26224   -  19200 171 95038   -  23277   -    -  21.5 28.4 29.1 165473

144 fen-6-f13   -    -  9131   -  25080 3315 234130 13253 196530 4788   -  14.2 29.6 29.7 486226

151 fen-7-f13 208   -  1880   -  2407 323 17665 1068 10601 147   -  11.6 29.2 29.5 34298

158 fen-8-f13 334   -  1774   -  3581 902 28744 2380 30311   -    -  16.7 29.7 29.8 68025

165 fen-9-f13   -  6361   -  15499 2233 141692 6877 87420 525   -    -  14.3 29.4 29.6 261171

172 fen-10-f13   -    -  1962   -  18443 5043 225653 21298 233492   -    -  14.8 29.8 29.9 505891

179 fen-11-f13   -    -  5866   -  40256 13189 522018 48813 506994 34220 96872 11.5 30.1 29.9 1268227

186 fen-12-f13 8   -  1052   -  12193 5062 244860 18245 207065 11080   -  12.1 29.8 29.8 499565

207 fen-13-f13 258   -  151   -  899 319 16137 1798 17717 1025   -  9.8 29.9 30.0 38767

217 fen-14-f13   -    -  427   -  8133 3766 303737 25991   -  17873   -  9.3 30.3 30.1 359926

225 fen-15-f13 42   -  155   -  1953 698 43010 4284 45893 2641 7835 10.3 30.2 29.9 106510

232 fen-16-f13 491   -  20   -  282   -  481   -  399   -    -  6.1 28.6 29.1 1672

247 fen-17-f13   -    -    -    -    -    -  14761   -  15910   -    -  11.5 30.0 29.9 30671

256 fen-18-f13   -    -    -    -    -    -  12635   -  14170   -    -  10.6 30.0 29.9 26805

262 fen-19-f13 8259 2075 8486 2232 22057 11308 437632 49144 501748 26954 65542 10.7 30.1 30.0 1146889

269 fen-20-f13   -    -    -    -    -  27565 1636 37878 535 3851 10.2 30.3 30.1 71466

276 fen-21-f13   -    -    -    -  1436   -  52589 1707 39874 257 2913 12.3 29.8 29.8 98775

284 fen-22-f13   -    -  3920   -  10957   -  26959 287 19760   -    -  18.3 28.9 29.3 61885

291 fen-23-f13   -    -    -    -  292   -  38147 1394 32324   -  818 9.7 29.9 29.8 72975

116 Fen-2 239 59 420 50 560 86 3089 61 1177 24 174 19.3 29.0 29.3 6309

137 Fen-5 18   -  18 33 30   -  148   -  67 26 17 3.4 29.2 29.3 368

151 Fen-7 588 116 995 105 1053 136 6723 94 2370 19 334 26.6 29.0 29.3 13198

158 Fen-8 176 45 239 41 341 54 1297 49 710 17 129 13.3 29.1 29.3 3263

165 Fen-9 143 39 164 36 248 40 898 36 531 9 91 11.7 29.1 29.3 2377

172 Fen-10 65 20 96 19 139 21 399 13 283   -    -  10.9 28.9 29.3 1103

179 Fen-11 174 44 286 45 358 39 1253 29 585 12 92 14.9 28.9 29.2 3108

186 Fen-12 217 45 248 44 458 63 1842 43 1027   -    -  18.5 29.0 29.3 4119

207 Fen-13 47 8 48 9 107 13 427 10 258   -  65 16.0 29.4 29.4 1024

217 Fen-14 112 0 146 26 259 40 231 33 89   -  42 6.5 28.1 28.4 1062

225 Fen-15 27 6 27 6 64 10 215 8 156 5 39 8.4 29.4 29.4 588

232 Fen-16 47 9 44 10 109 13 466 9 245   -  45 15.5 29.3 29.3 1028

247 Fen-17 53 10 44 11 94 16 335 13 250 3 68 10.6 29.5 29.4 955

256 Fen-18   -  6 40 8 79 11   -  12 189   -  49 5.9 29.7 29.8 424

262 Fen-19 111 21 114 22 194 34 169 26 443   -  36 8.6 29.2 29.6 1269

269 Fen-20 52 11 52 13 114 19 372 17 297   -  82 12.2 29.5 29.5 1072

276 Fen-21 108 16 136 17 167 22 529 15 327 3 71 13.2 29.0 29.3 1491

284 Fen-22 89 17 99 16 118 14 336 21 220 4 55 9.2 29.0 29.3 1060

291 Fen-23 4   -  7   -  15   -  49   -  37   -  6 9.4 29.3 29.4 119

" - " Dash lines indicate peak was below the detection level.

Corylus americana

Sediments

ng/g dry material 

Pinus strobus

Tsuga canadensis

Phalaris arundinacea
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Day Date Sample n C25 C27 C29 C31 C33 δDn 27-33 εwax /H2O

123 5/3/2013 fen-3-a13 1   -    -  -184 -183 -196 -187 -147

130 5/10/2013 fen-4-a13 1   -    -    -  -202   -  -202 -162

137 5/17/2013 fen-5-a13 1 -165 -150 -199 -201 -202 -196 -157

158 6/7/2013 fen-8-a13 1   -    -    -  -197   -  -197 -157

165 6/14/2013 fen-9-a13 2 -173 -166 -194 -194 -196 -191 -142

172 6/21/2013 fen-10-a13 2 -157 -181 -199 -200 -194 -148

179 6/28/2013 fen-11-a13 2 -177 -184 -200 -198 -206 -199 -154

186 7/5/2013 fen-12-a13 1 -172   -  -190   -    -  -190 -147

207 7/23/2013 fen-13-a13 2 -185 -187 -200 -190   -  -191 -156

217 8/5/2013 fen-14-a13 2 -186 -184 -201 -202 -207 -199 -160

225 8/13/2013 fen-15-a13 1 -207   -  -215 -220   -  -217 -183

232 8/20/2013 fen-16-a13 1 -210 -174 -214 -210 -211 -207 -168

247 9/4/2013 fen-17-a13 2 -205 -191 -226 -224 -233 -225 -191

256 9/13/2013 fen-18-a13 1 -194 -194 -206 -209 -213 -205 -174

262 9/19/2013 fen-19-a13 2 -198 -182 -221 -223 -224 -221 -185

276 10/3/2013 fen-21-a13 2 -217 -225 -226 -227 -231 -227 -192

284 10/11/2013 fen-22-a13 2 -208 -209 -227 -231 -239 -227 -195

291 10/18/2013 fen-23-a13 2 -203 -202 -228 -230 -239 -228 -194

123 5/3/2013 fen-3-b13 1   -    -  -169 -162   -  -165 -125

151 5/31/2013 fen-7-b13 1 -123   -    -    -    -    -    -  

172 6/21/2013 fen-10-b13 1 -197 -158 -162 -166   -  -163 -115

217 8/5/2013 fen-14-b13 1 -208 -187 -158 -153 -162 -160 -120

225 8/13/2013 fen-15-b13 1 -188 -184 -170 -162 -165 -170 -128

232 8/20/2013 fen-16-b13 1 -181 -171 -151 -139 -156 -148 -124

247 9/4/2013 fen-17-b13 1 -202 -185 -168 -163 -160 -169 -131

262 9/19/2013 fen-19-b13 1 -189 -177 -167 -153   -  -163 -138

269 9/26/2013 fen-20-b13 1   -    -  -185 -172   -  -179 -143

276 10/3/2013 fen-21-b13 1 -161 -148 -148 -161   -  -153 -133

284 10/11/2013 fen-22-b13 1 -186 -167 -148 -143 -152 -149 -134

291 10/18/2013 fen-23-b13 1   -  -183 -163 -153   -  -162   -  

113 4/23/2013 fen-1-d13 1 -198 -172 -169 -170   -  -170 -128

116 4/26/2013 fen-2-d13 1 -196 -196 -187 -186   -  -191 -149

123 5/3/2013 fen-3-d13 2 -201 -192 -181 -170   -  -185 -146

130 5/10/2013 fen-4-d13 1 -202 -205 -207 -210   -  -207 -167

137 5/17/2013 fen-5-d13 1 -190 -191 -185 -183 -184 -187 -148

151 5/31/2013 fen-7-d13 1 -193 -198 -200   -    -  -199 -159

158 6/7/2013 fen-8-d13 1 -206 -222 -210 -225   -  -218 -179

165 6/14/2013 fen-9-d13 2 -226 -220 -215 -211 -210 -216 -169

172 6/21/2013 fen-10-d13 2 -227 -224 -224 -212 -209 -224 -180

179 6/28/2013 fen-11-d13 2 -232 -228 -228 -215 -190 -227 -183

186 7/5/2013 fen-12-d13 1 -215 -213 -211 -209   -  -212 -169

207 7/23/2013 fen-13-d13 2 -217 -218 -223 -217 -210 -221 -187

217 8/5/2013 fen-14-d13 2 -228 -215 -223 -211 -188 -219 -181

225 8/13/2013 fen-15-d13 2 -210 -214 -220 -211   -  -216 -182

232 8/20/2013 fen-16-d13 2 -212 -207 -213 -215   -  -210 -172

247 9/4/2013 fen-17-d13 2 -205 -220 -224 -224   -  -223 -189

256 9/13/2013 fen-18-d13 2 -219 -220 -218 -221 -212 -213 -182

262 9/19/2013 fen-19-d13 2 -223 -217 -219 -221 -192 -218 -182

269 9/26/2013 fen-20-d13 2 -229 -224 -223 -223   -  -223 -189

276 10/3/2013 fen-21-d13 2 -234 -223 -224 -220   -  -223 -188

284 10/11/2013 fen-22-d13 2 -211 -214 -217 -189   -  -215 -182

113 4/23/2013 fen-1-f13 2 -184 -172 -193 -208   -  -182 -140

116 4/26/2013 fen-2-f13 1 -158 -187 -197   -    -  -196 -154

123 5/3/2013 fen-3-f13 1 -159 -184 -190   -    -  -189 -149

130 5/10/2013 fen-4-f13 2 -139 -175 -183 -155   -  -179 -138

137 5/17/2013 fen-5-f13 2 -123 -145 -153 -126   -  -147 -106

144 5/24/2013 fen-6-f13 2   -    -  -146 -137   -  -141 -99

151 5/31/2013 fen-7-f13 2 -160 -154 -144 -141 -150 -144 -101

158 6/7/2013 fen-8-f13 2 -161 -144 -146 -144 -140 -144 -103

165 6/14/2013 fen-9-f13 2   -  -151 -161 -159 -157 -158 -110

172 6/21/2013 fen-10-f13 1   -  -138 -146 -143 -154 -145 -96

179 6/28/2013 fen-11-f13 1   -  -142 -156 -154 -162 -155 -109

186 7/5/2013 fen-12-f13 2 -167 -164 -150 -141 -143 -146 -101

207 7/23/2013 fen-13-f13 2   -  -159 -152 -152 -157 -153 -116

217 8/5/2013 fen-14-f13 2   -  -146 -153 -143 -152 -148 -106

225 8/13/2013 fen-15-f13 2   -  -151 -156 -156 -157 -156 -119

247 9/4/2013 fen-17-f13 2   -  -161 -153 -146 -149 -150 -112

256 9/13/2013 fen-18-f13 1   -    -  -147 -142 -139 -144 -105

262 9/19/2013 fen-19-f13 1   -    -  -157 -155 -149 -156 -119

269 9/26/2013 fen-20-f13 2   -  -166 -160 -151 -148 -154 -117

276 10/3/2013 fen-21-f13 2 -193 -193 -179 -157 -160 -170 -133

284 10/11/2013 fen-22-f13 2   -  -176 -176 -163 -166 -169 -134

291 10/18/2013 fen-23-f13 2 -186 -207 -150 -148 -157 -151 -114

116 4/26/2013 Fen-2 2 -192 -169 -177 -164 -150 -170 -127

123 5/3/2013 Fen-3 1 -181 -177 -181 -168 -167 -174 -134

130 5/10/2013 Fen-4 2 -190 -181 -183 -170 -168 -178 -131

137 5/17/2013 Fen-5 2 -182 -181 -183 -161 -169 -174 -130

151 5/31/2013 Fen-7 2 -143 -167 -177 -160 -156 -168 -126

158 6/7/2013 Fen-8 2 -178 -173 -178 -172 -158 -174 -126

165 6/14/2013 Fen-9 3  - -160 -174 -164 -146 -168 -116

172 6/21/2013 Fen-10 2  - -150 -175 -152 -179 -166 -111

179 6/28/2013 Fen-11 2 -190 -167 -178 -165 -159 -171 -118

186 7/5/2013 Fen-12 2 -215 -176 -168 -158 -145 -168 -119

207 7/23/2013 Fen-13 2 -147 -159 -173 -155 -148 -165 -128

217 8/5/2013 Fen-14 2 -162 -169 -175 -162 -155 -169 -130

225 8/13/2013 Fen-15 2 -172 -166 -172 -160 -156 -166 -124

232 8/20/2013 Fen-16 2 -144 -143 -175 -157 -145 -163 -124

247 9/4/2013 Fen-17 2 -164 -164 -178 -165 -157 -170 -134

256 9/13/2013 Fen-18 2 -178 -175 -174 -162 -161 -169 -134

262 9/19/2013 Fen-19 2 -178 -167 -176 -162 -148 -169 -128

269 9/26/2013 Fen-20 1 -170 -177 -183 -167 -168 -170 -127

276 10/3/2013 Fen-21 1 -192 -176 -178 -162   -  -173 -136

284 10/11/2013 Fen-22 1 -131 -187 -177 -173 -140 -178 -144

291 10/18/2013 Fen-23 1 -172 -175 -176 -162 -177 -170 -134

" - " Dash lines indicate peak was below the detection level.

Pinus strobus

Tsuga canadensis 

Phalaris arundinacea

Corylus americana 

Sediments

Supplementary Table 3.5 Measured isotope and apparent fractionation values for 

individual odd numbered n-alkanes from C25 to C33 for P. strobus, T. canadensis, 

P. arundinacea, C. americana, and collected sediment samples 
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Day Date Sample n C25 C27 C29 C31 C33 δDn 27-33 εwax /H2O

123 5/3/2013 fen-3-a13 1   -    -  -184 -183 -196 -187 -147

130 5/10/2013 fen-4-a13 1   -    -    -  -202   -  -202 -162

137 5/17/2013 fen-5-a13 1 -165 -150 -199 -201 -202 -196 -157

158 6/7/2013 fen-8-a13 1   -    -    -  -197   -  -197 -157

165 6/14/2013 fen-9-a13 2 -173 -166 -194 -194 -196 -191 -142

172 6/21/2013 fen-10-a13 2 -157 -181 -199 -200 -194 -148

179 6/28/2013 fen-11-a13 2 -177 -184 -200 -198 -206 -199 -154

186 7/5/2013 fen-12-a13 1 -172   -  -190   -    -  -190 -147

207 7/23/2013 fen-13-a13 2 -185 -187 -200 -190   -  -191 -156

217 8/5/2013 fen-14-a13 2 -186 -184 -201 -202 -207 -199 -160

225 8/13/2013 fen-15-a13 1 -207   -  -215 -220   -  -217 -183

232 8/20/2013 fen-16-a13 1 -210 -174 -214 -210 -211 -207 -168

247 9/4/2013 fen-17-a13 2 -205 -191 -226 -224 -233 -225 -191

256 9/13/2013 fen-18-a13 1 -194 -194 -206 -209 -213 -205 -174

262 9/19/2013 fen-19-a13 2 -198 -182 -221 -223 -224 -221 -185

276 10/3/2013 fen-21-a13 2 -217 -225 -226 -227 -231 -227 -192

284 10/11/2013 fen-22-a13 2 -208 -209 -227 -231 -239 -227 -195

291 10/18/2013 fen-23-a13 2 -203 -202 -228 -230 -239 -228 -194

123 5/3/2013 fen-3-b13 1   -    -  -169 -162   -  -165 -125

151 5/31/2013 fen-7-b13 1 -123   -    -    -    -    -    -  

172 6/21/2013 fen-10-b13 1 -197 -158 -162 -166   -  -163 -115

217 8/5/2013 fen-14-b13 1 -208 -187 -158 -153 -162 -160 -120

225 8/13/2013 fen-15-b13 1 -188 -184 -170 -162 -165 -170 -128

232 8/20/2013 fen-16-b13 1 -181 -171 -151 -139 -156 -148 -124

247 9/4/2013 fen-17-b13 1 -202 -185 -168 -163 -160 -169 -131

262 9/19/2013 fen-19-b13 1 -189 -177 -167 -153   -  -163 -138

269 9/26/2013 fen-20-b13 1   -    -  -185 -172   -  -179 -143

276 10/3/2013 fen-21-b13 1 -161 -148 -148 -161   -  -153 -133

284 10/11/2013 fen-22-b13 1 -186 -167 -148 -143 -152 -149 -134

291 10/18/2013 fen-23-b13 1   -  -183 -163 -153   -  -162   -  

113 4/23/2013 fen-1-d13 1 -198 -172 -169 -170   -  -170 -128

116 4/26/2013 fen-2-d13 1 -196 -196 -187 -186   -  -191 -149

123 5/3/2013 fen-3-d13 2 -201 -192 -181 -170   -  -185 -146

130 5/10/2013 fen-4-d13 1 -202 -205 -207 -210   -  -207 -167

137 5/17/2013 fen-5-d13 1 -190 -191 -185 -183 -184 -187 -148

151 5/31/2013 fen-7-d13 1 -193 -198 -200   -    -  -199 -159

158 6/7/2013 fen-8-d13 1 -206 -222 -210 -225   -  -218 -179

165 6/14/2013 fen-9-d13 2 -226 -220 -215 -211 -210 -216 -169

172 6/21/2013 fen-10-d13 2 -227 -224 -224 -212 -209 -224 -180

179 6/28/2013 fen-11-d13 2 -232 -228 -228 -215 -190 -227 -183

186 7/5/2013 fen-12-d13 1 -215 -213 -211 -209   -  -212 -169

207 7/23/2013 fen-13-d13 2 -217 -218 -223 -217 -210 -221 -187

217 8/5/2013 fen-14-d13 2 -228 -215 -223 -211 -188 -219 -181

225 8/13/2013 fen-15-d13 2 -210 -214 -220 -211   -  -216 -182

232 8/20/2013 fen-16-d13 2 -212 -207 -213 -215   -  -210 -172

247 9/4/2013 fen-17-d13 2 -205 -220 -224 -224   -  -223 -189

256 9/13/2013 fen-18-d13 2 -219 -220 -218 -221 -212 -213 -182

262 9/19/2013 fen-19-d13 2 -223 -217 -219 -221 -192 -218 -182

269 9/26/2013 fen-20-d13 2 -229 -224 -223 -223   -  -223 -189

276 10/3/2013 fen-21-d13 2 -234 -223 -224 -220   -  -223 -188

284 10/11/2013 fen-22-d13 2 -211 -214 -217 -189   -  -215 -182

113 4/23/2013 fen-1-f13 2 -184 -172 -193 -208   -  -182 -140

116 4/26/2013 fen-2-f13 1 -158 -187 -197   -    -  -196 -154

123 5/3/2013 fen-3-f13 1 -159 -184 -190   -    -  -189 -149

130 5/10/2013 fen-4-f13 2 -139 -175 -183 -155   -  -179 -138

137 5/17/2013 fen-5-f13 2 -123 -145 -153 -126   -  -147 -106

144 5/24/2013 fen-6-f13 2   -    -  -146 -137   -  -141 -99

151 5/31/2013 fen-7-f13 2 -160 -154 -144 -141 -150 -144 -101

158 6/7/2013 fen-8-f13 2 -161 -144 -146 -144 -140 -144 -103

165 6/14/2013 fen-9-f13 2   -  -151 -161 -159 -157 -158 -110

172 6/21/2013 fen-10-f13 1   -  -138 -146 -143 -154 -145 -96

179 6/28/2013 fen-11-f13 1   -  -142 -156 -154 -162 -155 -109

186 7/5/2013 fen-12-f13 2 -167 -164 -150 -141 -143 -146 -101

207 7/23/2013 fen-13-f13 2   -  -159 -152 -152 -157 -153 -116

217 8/5/2013 fen-14-f13 2   -  -146 -153 -143 -152 -148 -106

225 8/13/2013 fen-15-f13 2   -  -151 -156 -156 -157 -156 -119

247 9/4/2013 fen-17-f13 2   -  -161 -153 -146 -149 -150 -112

256 9/13/2013 fen-18-f13 1   -    -  -147 -142 -139 -144 -105

262 9/19/2013 fen-19-f13 1   -    -  -157 -155 -149 -156 -119

269 9/26/2013 fen-20-f13 2   -  -166 -160 -151 -148 -154 -117

276 10/3/2013 fen-21-f13 2 -193 -193 -179 -157 -160 -170 -133

284 10/11/2013 fen-22-f13 2   -  -176 -176 -163 -166 -169 -134

291 10/18/2013 fen-23-f13 2 -186 -207 -150 -148 -157 -151 -114

116 4/26/2013 Fen-2 2 -192 -169 -177 -164 -150 -170 -127

123 5/3/2013 Fen-3 1 -181 -177 -181 -168 -167 -174 -134

130 5/10/2013 Fen-4 2 -190 -181 -183 -170 -168 -178 -131

137 5/17/2013 Fen-5 2 -182 -181 -183 -161 -169 -174 -130

151 5/31/2013 Fen-7 2 -143 -167 -177 -160 -156 -168 -126

158 6/7/2013 Fen-8 2 -178 -173 -178 -172 -158 -174 -126

165 6/14/2013 Fen-9 3  - -160 -174 -164 -146 -168 -116

172 6/21/2013 Fen-10 2  - -150 -175 -152 -179 -166 -111

179 6/28/2013 Fen-11 2 -190 -167 -178 -165 -159 -171 -118

186 7/5/2013 Fen-12 2 -215 -176 -168 -158 -145 -168 -119

207 7/23/2013 Fen-13 2 -147 -159 -173 -155 -148 -165 -128

217 8/5/2013 Fen-14 2 -162 -169 -175 -162 -155 -169 -130

225 8/13/2013 Fen-15 2 -172 -166 -172 -160 -156 -166 -124

232 8/20/2013 Fen-16 2 -144 -143 -175 -157 -145 -163 -124

247 9/4/2013 Fen-17 2 -164 -164 -178 -165 -157 -170 -134

256 9/13/2013 Fen-18 2 -178 -175 -174 -162 -161 -169 -134

262 9/19/2013 Fen-19 2 -178 -167 -176 -162 -148 -169 -128

269 9/26/2013 Fen-20 1 -170 -177 -183 -167 -168 -170 -127

276 10/3/2013 Fen-21 1 -192 -176 -178 -162   -  -173 -136

284 10/11/2013 Fen-22 1 -131 -187 -177 -173 -140 -178 -144

291 10/18/2013 Fen-23 1 -172 -175 -176 -162 -177 -170 -134

" - " Dash lines indicate peak was below the detection level.

Pinus strobus

Tsuga canadensis 

Phalaris arundinacea

Corylus americana 

Sediments
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3.9.0    SUPPLEMENTARY REFERENCES 

(1) State of Connecticut Department of Energy & Environmental Protection (DEEP) 

http://www.ct.gov/deep/site/default.asp; Accessed 2/27/2017 

  

Day Date Sample n C25 C27 C29 C31 C33 δDn 27-33 εwax /H2O

123 5/3/2013 fen-3-a13 1   -    -  -184 -183 -196 -187 -147

130 5/10/2013 fen-4-a13 1   -    -    -  -202   -  -202 -162

137 5/17/2013 fen-5-a13 1 -165 -150 -199 -201 -202 -196 -157

158 6/7/2013 fen-8-a13 1   -    -    -  -197   -  -197 -157

165 6/14/2013 fen-9-a13 2 -173 -166 -194 -194 -196 -191 -142

172 6/21/2013 fen-10-a13 2 -157 -181 -199 -200 -194 -148

179 6/28/2013 fen-11-a13 2 -177 -184 -200 -198 -206 -199 -154

186 7/5/2013 fen-12-a13 1 -172   -  -190   -    -  -190 -147

207 7/23/2013 fen-13-a13 2 -185 -187 -200 -190   -  -191 -156

217 8/5/2013 fen-14-a13 2 -186 -184 -201 -202 -207 -199 -160

225 8/13/2013 fen-15-a13 1 -207   -  -215 -220   -  -217 -183

232 8/20/2013 fen-16-a13 1 -210 -174 -214 -210 -211 -207 -168

247 9/4/2013 fen-17-a13 2 -205 -191 -226 -224 -233 -225 -191

256 9/13/2013 fen-18-a13 1 -194 -194 -206 -209 -213 -205 -174

262 9/19/2013 fen-19-a13 2 -198 -182 -221 -223 -224 -221 -185

276 10/3/2013 fen-21-a13 2 -217 -225 -226 -227 -231 -227 -192

284 10/11/2013 fen-22-a13 2 -208 -209 -227 -231 -239 -227 -195

291 10/18/2013 fen-23-a13 2 -203 -202 -228 -230 -239 -228 -194

123 5/3/2013 fen-3-b13 1   -    -  -169 -162   -  -165 -125

151 5/31/2013 fen-7-b13 1 -123   -    -    -    -    -    -  

172 6/21/2013 fen-10-b13 1 -197 -158 -162 -166   -  -163 -115

217 8/5/2013 fen-14-b13 1 -208 -187 -158 -153 -162 -160 -120

225 8/13/2013 fen-15-b13 1 -188 -184 -170 -162 -165 -170 -128

232 8/20/2013 fen-16-b13 1 -181 -171 -151 -139 -156 -148 -124

247 9/4/2013 fen-17-b13 1 -202 -185 -168 -163 -160 -169 -131

262 9/19/2013 fen-19-b13 1 -189 -177 -167 -153   -  -163 -138

269 9/26/2013 fen-20-b13 1   -    -  -185 -172   -  -179 -143

276 10/3/2013 fen-21-b13 1 -161 -148 -148 -161   -  -153 -133

284 10/11/2013 fen-22-b13 1 -186 -167 -148 -143 -152 -149 -134

291 10/18/2013 fen-23-b13 1   -  -183 -163 -153   -  -162   -  

113 4/23/2013 fen-1-d13 1 -198 -172 -169 -170   -  -170 -128

116 4/26/2013 fen-2-d13 1 -196 -196 -187 -186   -  -191 -149

123 5/3/2013 fen-3-d13 2 -201 -192 -181 -170   -  -185 -146

130 5/10/2013 fen-4-d13 1 -202 -205 -207 -210   -  -207 -167

137 5/17/2013 fen-5-d13 1 -190 -191 -185 -183 -184 -187 -148

151 5/31/2013 fen-7-d13 1 -193 -198 -200   -    -  -199 -159

158 6/7/2013 fen-8-d13 1 -206 -222 -210 -225   -  -218 -179

165 6/14/2013 fen-9-d13 2 -226 -220 -215 -211 -210 -216 -169

172 6/21/2013 fen-10-d13 2 -227 -224 -224 -212 -209 -224 -180

179 6/28/2013 fen-11-d13 2 -232 -228 -228 -215 -190 -227 -183

186 7/5/2013 fen-12-d13 1 -215 -213 -211 -209   -  -212 -169

207 7/23/2013 fen-13-d13 2 -217 -218 -223 -217 -210 -221 -187

217 8/5/2013 fen-14-d13 2 -228 -215 -223 -211 -188 -219 -181

225 8/13/2013 fen-15-d13 2 -210 -214 -220 -211   -  -216 -182

232 8/20/2013 fen-16-d13 2 -212 -207 -213 -215   -  -210 -172

247 9/4/2013 fen-17-d13 2 -205 -220 -224 -224   -  -223 -189

256 9/13/2013 fen-18-d13 2 -219 -220 -218 -221 -212 -213 -182

262 9/19/2013 fen-19-d13 2 -223 -217 -219 -221 -192 -218 -182

269 9/26/2013 fen-20-d13 2 -229 -224 -223 -223   -  -223 -189

276 10/3/2013 fen-21-d13 2 -234 -223 -224 -220   -  -223 -188

284 10/11/2013 fen-22-d13 2 -211 -214 -217 -189   -  -215 -182

113 4/23/2013 fen-1-f13 2 -184 -172 -193 -208   -  -182 -140

116 4/26/2013 fen-2-f13 1 -158 -187 -197   -    -  -196 -154

123 5/3/2013 fen-3-f13 1 -159 -184 -190   -    -  -189 -149

130 5/10/2013 fen-4-f13 2 -139 -175 -183 -155   -  -179 -138

137 5/17/2013 fen-5-f13 2 -123 -145 -153 -126   -  -147 -106

144 5/24/2013 fen-6-f13 2   -    -  -146 -137   -  -141 -99

151 5/31/2013 fen-7-f13 2 -160 -154 -144 -141 -150 -144 -101

158 6/7/2013 fen-8-f13 2 -161 -144 -146 -144 -140 -144 -103

165 6/14/2013 fen-9-f13 2   -  -151 -161 -159 -157 -158 -110

172 6/21/2013 fen-10-f13 1   -  -138 -146 -143 -154 -145 -96

179 6/28/2013 fen-11-f13 1   -  -142 -156 -154 -162 -155 -109

186 7/5/2013 fen-12-f13 2 -167 -164 -150 -141 -143 -146 -101

207 7/23/2013 fen-13-f13 2   -  -159 -152 -152 -157 -153 -116

217 8/5/2013 fen-14-f13 2   -  -146 -153 -143 -152 -148 -106

225 8/13/2013 fen-15-f13 2   -  -151 -156 -156 -157 -156 -119

247 9/4/2013 fen-17-f13 2   -  -161 -153 -146 -149 -150 -112

256 9/13/2013 fen-18-f13 1   -    -  -147 -142 -139 -144 -105

262 9/19/2013 fen-19-f13 1   -    -  -157 -155 -149 -156 -119

269 9/26/2013 fen-20-f13 2   -  -166 -160 -151 -148 -154 -117

276 10/3/2013 fen-21-f13 2 -193 -193 -179 -157 -160 -170 -133

284 10/11/2013 fen-22-f13 2   -  -176 -176 -163 -166 -169 -134

291 10/18/2013 fen-23-f13 2 -186 -207 -150 -148 -157 -151 -114

116 4/26/2013 Fen-2 2 -192 -169 -177 -164 -150 -170 -127

123 5/3/2013 Fen-3 1 -181 -177 -181 -168 -167 -174 -134

130 5/10/2013 Fen-4 2 -190 -181 -183 -170 -168 -178 -131

137 5/17/2013 Fen-5 2 -182 -181 -183 -161 -169 -174 -130

151 5/31/2013 Fen-7 2 -143 -167 -177 -160 -156 -168 -126

158 6/7/2013 Fen-8 2 -178 -173 -178 -172 -158 -174 -126

165 6/14/2013 Fen-9 3  - -160 -174 -164 -146 -168 -116

172 6/21/2013 Fen-10 2  - -150 -175 -152 -179 -166 -111

179 6/28/2013 Fen-11 2 -190 -167 -178 -165 -159 -171 -118

186 7/5/2013 Fen-12 2 -215 -176 -168 -158 -145 -168 -119

207 7/23/2013 Fen-13 2 -147 -159 -173 -155 -148 -165 -128

217 8/5/2013 Fen-14 2 -162 -169 -175 -162 -155 -169 -130

225 8/13/2013 Fen-15 2 -172 -166 -172 -160 -156 -166 -124

232 8/20/2013 Fen-16 2 -144 -143 -175 -157 -145 -163 -124

247 9/4/2013 Fen-17 2 -164 -164 -178 -165 -157 -170 -134

256 9/13/2013 Fen-18 2 -178 -175 -174 -162 -161 -169 -134

262 9/19/2013 Fen-19 2 -178 -167 -176 -162 -148 -169 -128

269 9/26/2013 Fen-20 1 -170 -177 -183 -167 -168 -170 -127

276 10/3/2013 Fen-21 1 -192 -176 -178 -162   -  -173 -136

284 10/11/2013 Fen-22 1 -131 -187 -177 -173 -140 -178 -144

291 10/18/2013 Fen-23 1 -172 -175 -176 -162 -177 -170 -134

" - " Dash lines indicate peak was below the detection level.

Pinus strobus

Tsuga canadensis 

Phalaris arundinacea

Corylus americana 

Sediments
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4.1.0  ABSTRACT 

Carbon and hydrogen isotopes of normal alkanes (n-alkanes) in modern plants and 

sediments provide a record of biochemical processes and responses to environmental 

factors. We analyzed leaf wax n-alkanes of three riparian gymnosperm trees (Pinus 

strobus, Tsuga canadensis in the sun, Tsuga canadensis in the shade) and two angiosperm 

plants (Corylus americana, Phalaris arundinacea) to examine the controls of C and H 

isotope fractionation in plant-derived n-alkanes over a growing season. Weighted n-alkane 

δ13C of gymnosperm species are generally isotopically-enriched (δ13CnC27-33 > –35 ‰) 

compared to angiosperms (δ13CnC27-33 < –35 ‰), but all plants show significant isotopic 

variability throughout a growing season. Temporal variations in n-alkane δ13C for all four 

species are associated with distinct mean summer n-alkane D (P. strobus ~ –210 ‰, 

T. canadensis ~ –160 ‰, and –170 to –220 ‰ for C. americana and P. arundinacea, 

respectively). To evaluate controls of C and H isotope variability, we measured stomatal 

parameters to quantify CO2 assimilation rates and water use efficiency (WUE).  These are 

coupled with simulated leaf 13CnC27-33 and WUE for each species using stomatal 

morphological parameters, daily season climate information from a nearby climate station, 

and the BIOME-BGC model. Our data show: 1) clear differences in CO2 assimilation rates 

of gymnosperms (above 1.5 µmol*m-2s-1) and angiosperms (below 1.5 µmol*m-2s-1); 

2) plants grown in the sun have higher WUE than leaves from the same plant grown in the 

shade, but minimal difference in abundance-weighted δDnC27-33; 3) measured and modeled 

(WUE) show good agreement for all species with the exception of C. americana, which 

only shows agreement for early season.  In total our data show that inter-species variations 
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in leaf n-alkane δD and δ13C reflect biophysical differences between individual plant 

species such as stomatal density and size, whereas temporal shifts in these data reflect a 

combination of biochemical (stomatal conductance and WUE) and physical responses to 

changing environmental conditions as well as species-specific differences in timescales of 

wax synthesis. Thus, paired model and isotopic data from fossil leaves may yield climate 

and/or environmental information for different seasons or timescales of integration. 

Application of BIOME-BGC models with fossil leaf biomarkers may provide information 

on plant and climate data for distinct temporal intervals of the past. 

4.2.0 INTRODUCTION 

Vascular plants produce a range of organic molecular compounds on the surface of 

their leaves to provide protection, minimize water loss, and add structural support 1–6. 

Saturated, aliphatic compounds within the lipid layer are generally synthesized during leaf 

growth and provide a chemical record of processes related to carbon and hydrogen fixation. 

Straight chain normal alkanes (n-alkanes) are one of the more abundant and ubiquitous 

compounds found in plant leaf waxes 7–9. In recent years, n-alkanes have been increasingly 

utilized for paleoclimate reconstruction because they record processes associated with 

carbon isotope discrimination and water uptake 10–12 and are readily preserved in 

sedimentary archives 13–15. In addition, n-alkanes show minimal isotopic alteration over 

long timescales and at temperatures below 150 °C, providing a potential record of 

conditions at the time of molecular synthesis 13–17.  

Numerous studies have used plant wax n-alkanes preserved in sedimentary archives 

to interpret changes in paleoenvironment such as elevation, ecosystem, hydrology and 
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other environmental parameters 18–22.  These paleoenvironmental reconstructions are 

founded on modern datasets that evaluate the relationship between plant n-alkanes (i.e. 

δ13C and δD) and environmental factors such as precipitation isotopes, temperature, water 

stress/use efficiency, and plant functional type 23–25. Despite broad relationships between 

geochemical signals and environmental variables 15 modern studies also show large 

variations in δD and δ13C of leaf waxes for different plant species in similar environmental 

conditions 12,23,26–28. This variability between plants within a single ecosystem complicates 

paleoenvironmental interpretation and highlights the challenge of relating biologically-

produced signatures to external environmental variables. Specifically, it is uncertain how 

physical factors that regulate plant gas exchange (e.g. stomatal size, density, conductance, 

etc.) impact carbon isotope discrimination or hydrogen isotope fractionation over the 

course of a growing season or for plants with different functional strategies.  

Modern studies on the effects of climate variation and water availability on 

individual plant biomarkers provide an opportunity to refine the use of these molecular 

signals for paleoenvironmental reconstruction. Hydrogen (δD) isotopes of leaf wax lipids 

generally reflect the δD composition of ambient ground or source water, modified by 

various environmental parameters including temperature, humidity, and aridity 13–15,29–34. 

However, δDn-alkanes show considerable differences between plant species from a single 

sampling site grown under the same environmental conditions 26–28,33,35. These hydrogen 

isotopic differences have, in the past, been attributed to the Péclet effect which postulates 

an isotopic difference between plants with varying “effective path lengths”. Contrary to 

Péclet effect studies, recent work shows that δDleaf water values are more depleted with 
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increasing path length 36,37. Carbon isotopes provide an opportunity to better constrain 

physical and environmental drivers (stomatal density and regulation, humidity, water 

availability, etc.) of variability in hydrogen isotopes of plant waxes and to assess 

fundamental biologic responses to external conditions. 

Stable carbon (δ13C) isotope measurements of bulk leaf materials are well 

established as a record of plant water use efficiency (WUE) via the extent of stomatal 

conductance and CO2 assimilation and fixation 23,25,38,39. Numerous studies have 

demonstrated that WUE and δ13C are affected by various environmental factors including 

water stress, tree size, and light availability 40–46. While these data show that bulk carbon 

isotope discrimination and WUE respond to environmental conditions, there is still 

considerable uncertainty over the utility of individual biomarker isotopes as a record of 

plant-specific differences in response to environmental variables. This is particularly 

important because a number of studies now demonstrate temporal differences in the timing 

of synthesis of different biomarker compound classes 28,47–49. 

The goal of this study was to evaluate how variability in plant physiology and 

function impacts temporal patterns of carbon fixation, water loss through transpiration, and 

the resultant δD and δ13C values of n-alkanes produced on the leaf surfaces. We measured 

carbon and hydrogen isotopic compositions of n-alkanes from five C3 plants, three trees 

and one grass, (Pinus strobus, Tsuga canadensis (sun and shade), Phalaris arundinacea, 

and Corylus americana) collected from the Fenton River watershed in Storrs, CT on a 

weekly to biweekly basis over the 2013 growing season. In addition, we measured stomatal 

morphometric parameters and density and linked isotopic data to calculations of WUE. We 
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specifically targeted plants grown adjacent to the stream (< 1 m distance) with roots visibly 

situated below the water table to minimize any potential water stress.  These data were 

coupled with model predictions of WUE using the BIOME-BGC model and real climate 

data to assess temporal differences in plant function, carbon assimilation, and biomarker 

production. 

4.3.0 METHODS 

4.3.1 Study catchment and sample collection 

We collected leaves, river sediments, and river water samples on a weekly to 

biweekly basis from April to October 2013 along the Fenton River in the University of 

Connecticut Forest located in north-east Connecticut (41°49.537 N, 72°14.222 W). This 

area is characterized by a humid continental climate with cold winters, warm, humid 

summers, and average rainfall of ~120 cm yr-1. We sampled leaves from three 

gymnosperms (P. strobus, and T. canadensis in the sun and shade) and two angiosperms 

(C. americana and P. arundinacea) over the course of the growing season 28. These plants 

were in close proximity to each other (< 3m apart) with roots below the water table (visible 

on the stream cut-bank).  

For each plant, we collected a minimum of 3 to 5 leaves weekly to biweekly from 

April to October. These leaves were extracted via sonication using a 9:1 dichloromethane 

(DCM)-MeOH mixture (15 min x3). At each sampling interval, we also sampled river 

sediment 28 and extracted ~ 100g via Soxhlet extraction using a 2:1 DCM-MeOH mixture. 

Lipid fractions were separated via silica gel column chromatography using sequential 

hexanes, DCM, and methanol. The hexane fraction was analyzed for n-alkane purity using 
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a Thermo-Scientific Trace GC Ultra fitted with a split-splitless (SSL) injector and flame 

ionization detector (FID). Samples were analyzed using a BP-1 column (60 m x 0.25mm 

I.D, 0.25 µm film thickness) with He as the carrier (1.5 mL/min).  

4.3.2 Stable carbon isotope analysis  

Carbon isotopes of individual n-alkanes were measured using a Thermo GC-Isolink 

connected to a MAT 253 gas isotope ratio mass-spectrometer. Compounds were separated 

using a 30 m x 0.25mm x 0.25µm BP-5 fused silica column with a helium carrier flow of 

1.5 mL/min. The isotopic composition of n-alkanes was determined relative to a suite of 

n-alkanes with known isotopic composition (Mix A5, A. Schimmelmann). Typical 

standard deviation for standards is less than 0.3‰ 1 . 

 4.3.3 CO2 assimilation and Water Use Efficiency Calculations 

Stomata are microscopic pores on the surface of leaves that allow for the exchange 

of water vapor and CO2 within a leaf. Regulation of stomata controls the diffusion of CO2 

into the leaf and the loss of water through this pore via transpiration. The relationship 

between maximum pore area and leaf gas exchange capacity must be conserved and is 

governed by the physics of diffusion 50–52. The maximum diffusive conductance to water 

vapor or CO2 can be calculated with respect to stomatal processes:  

𝑔𝑤𝑚𝑎𝑥 =
𝑑

𝑣
∗ 𝐷 ∗

𝑎𝑚𝑎𝑥

𝑙+
𝜋

2
√

𝑎𝑚𝑎𝑥
𝜋

        (4.1) 

where the maximum area of the open stomatal pore (amax) and pore depth are dependent on 

stomata size (S), which can be approximated by the length of the guard cell multiplied by 

the total width of the guard cell. Stomatal density (D) is equal to the number of stomata 
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relative to total leaf area (mm-2). Maximum conductance is also dependent on d, the 

diffusivity of water vapor in air (m2s-1) and v, the molar volume of air (m3mol-1) 52.  

To estimate gwmax for our leaf samples, we first measured stomatal dimensions (S 

and D) from sampled leaves imaged using a Macropod Pro with a microscope kit with 

natural and fluorescent light at 20x and 10x magnification (Macroscopic Solutions) 

(Figure 4.16). For S, we measured the length and width of 25 randomly selected stomatal 

guard cells. Stomatal density (D) was calculated by quantifying stomatal count per image 

field of view for ten images, to provide an approximation of total stomatal density. We 

quantified stomatal density for 2-3 leaf samples spanning the growing season. Since 

stomata are formed during leaf growth, the size and density should (and do) remain 

effectively constant throughout the growing season, after the leaf has reached full size. 

Higher counts of stomatal guard cell measurements can refine precision of mean stomatal 

size, however the congruence of measurements spanning the growing season indicates this 

is not a significant source of error to overall calculations. With these measurements, we 

calculated total conductance (gc(tot)) from gcmax as determined from stomatal measurements:  

𝑔𝑐(𝑡𝑜𝑡) = (
1

𝑔𝑐𝑏
+

1

𝜁𝑔𝑤𝑚𝑎𝑥
+

1

𝑔𝑚
)

−1

       (4.2) 

where the leaf boundary layer conductance to CO2 (gcb) is equal to 0.11* √(u/d) where 

‘u’ is the mean wind speed (approx. 2 m/s) and d is the dimension of the leaf (0.72*leaf 

width), mesophyll conductance (gm) is 0.2 mol CO2 m
-2s-1 for deciduous angiosperms and 

0.1 mol CO2 m-2s-1 for evergreen gymnosperms 53, and the operational stomatal 

conductance (ζgwmax) is 0.2*gcmax 
25,54. 
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We defined water use efficiency (WUE) as the ratio of net carbon dioxide 

assimilation to stomatal conductance and which can be indirectly estimated through 

measures of the carbon isotope discrimination (intrinsic WUE) 55. To calculate 

discrimination, we follow Franks et al., 2014: 

𝑐𝑎 =
𝐴𝑛

𝑔𝑐(𝑡𝑜𝑡)∗(1−
𝑐𝑖
𝑐𝑎

)
         (4.3) 

where gc(tot) represents total operational conductance of CO2,  An is the rate of CO2 

assimilation, and ci/ca is the ratio of leaf internal CO2 concentration to atmospheric CO2 

concentration 56–59. This model was originally proposed to determine the atmospheric 

Figure 4.16 Microscopic leaf stomata images from a) P. strobus, b) T. canadensis, 

c) P. arundinacea, and d) C. americana 
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concentration of CO2 (ca) for paleoclimate reconstructions, however, by rearranging (2) we 

can solve for WUE: 

𝑊𝑈𝐸 =
𝐴𝑛

𝑔𝑐(𝑡𝑜𝑡)
= 𝑐𝑎 (1 −

𝑐𝑖

𝑐𝑎
)        (4.4) 

An estimate of ci/ca can be determined from the bulk carbon isotope composition, 

δ13Cbulk, of the plant leaf. The difference between the δ13Cbulk and δ13Cair provides a measure 

of the carbon isotope discrimination of the plant, Δleaf which can be related back to ci/ca by: 

𝑐𝑖

𝑐𝑎
= [

∆𝑙𝑒𝑎𝑓−𝑎

𝑏−𝑎
]           (4.5) 

where a is equal to the carbon isotope fractionation due to diffusion of CO2 in air (4.4‰) 

38,60 and b is the fractionation of carbon due to fixation with RuBP carboxylase (30‰) 25.  

Leaf carbon discrimination (Δleaf) was calculated by: 

 ∆𝑙𝑒𝑎𝑓=
𝛿13𝐶𝑎𝑖𝑟−𝛿13𝐶𝑙𝑒𝑎𝑓

1+
𝛿13𝐶𝑙𝑒𝑎𝑓

1000

         (4.6) 

where δ13Cair and δ13Cleaf are expressed in ‰. On average, n-alkanes are depleted in 13C by 

approximately 6.0±1‰ relative to total leaf δ13C 61, however it is well known that this 

offset can vary significantly between plants and likely varies throughout a growing season. 

This heterogeneity is a significant source of uncertainty in estimates of ci/ca and ultimately 

WUE. If we assume the relative depletion in n-alkanes relative to bulk is constant for each 

plant, and “correct” bulk leaf isotopic composition, δ13CnC27-33 can replace δ13Cleaf in 

Eq. 4.5. For discrimination calculations, a δ13Cair value of –8.0 ‰ was used, which reflects 

modern δ13C of atmospheric CO2 at the time of plant growth 39,62. 
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4.3.4 Ecosystem Process Modeling  

The ecosystem process model BIOME-BGC ver. 4.2 

(http://www.ntsg.umt.edu/project/biome-bgc) 63–65 was used to simulate WUE and 

non-alkane δ13Cleaf for the four species to assess consistency between values derived from 

the bulk leaf δ13CnC27-33 and assess potential underlying environmental conditions affecting 

these values during the observation period.  The model has a long history of use and 

accurate projection of ecosystem processes at fine 66,67 and broad 68–70 spatial scales.  

Parameterization for individual species has also been shown to correspond well to annual 

growth and productivity 71. 

From BIOME-BGC, we output daily estimated An and gc(tot) values using 

simulations driven by 2013 meteorological data from the NOAA cooperative weather 

station USC #00068138 near Storrs, CT, USA.  For all species, the An and gc(tot) values 

were for the full-sun fraction of the simulated canopy.  For T. canadensis, we also output 

the shaded canopy values of An and gc(tot) for comparison.  To estimate non-alkane δ13Cleaf 

from modeled values, we first calculated ci using Equation 4, where ca was set for these 

simulations at 400 ppm.  Next, the value of Δleaf was calculated using Equation 5 

substituting the modeled value of ci. Finally the non-alkane δ13Cleaf was estimated from 

Δleaf based on as the difference in δ13Cair and δ13Cleaf assuming δ13Cair = –8.0 ‰ 39,62. 

4.4.0 RESULTS 

4.4.1 Carbon Isotopic measurements 

Our two-gymnosperm species (P. strobus, T. canadensis) showed considerably 

enriched δ13CnC27-33 values with respect to the angiosperm samples, and less variability over 

http://www.ntsg.umt.edu/project/biome-bgc


 

80 

 

the course of the growing season (Supplementary Table 4.9). Specifically, abundance 

weighted δ13CnC27-33 of P. strobus (White Pine) became more depleted throughout the 

growing season, with early season δ13CnC27-33 values of –31 ‰ and ending near –33 ‰ 

(Figure 4.17). Similarly, we observed a decrease in δ13CnC27-33 over the growing season for 

T. canadensis (Eastern Hemlock). This is true for samples collected in both the sun (–30.4 

to –32.0 ‰; Figure 4.17) and shade (–32.2 to –36.0 ‰; Figure 4.17). The magnitude of 

variation for the T. canadensis (shaded) leaves was twice the variation of the full sunlight 

leaves (4 ‰ and 2 ‰ respectively; Figure 4.17). The largest variation in isotopic 

composition occurred between days 232 and 262 and occurred simultaneously with a large 

enrichment in δ13CnC27-33 in P. arundinacea (Figure 4.17).  

The δ13CnC27-33 values of P. arundinacea ranged widely over the growing season, 

with a general enrichment in carbon isotopes over the growing season from approximately 

–39 ‰ to –38 ‰ (Figure 4.17). Throughout the growing season, P. arundinacea 

experienced two periods of carbon isotopic enrichment, once early in the season between 

days 130 and 158 and again towards the end of the sampling period, days 232 to 256 (Figure 

4.17). The angiosperm C. americana (American hazelnut) shows a brief interval with more 

13C-enriched values (–38 to –36 ‰) during leaf flush (days 113 to 137) followed by a 

gradual negative shift throughout the duration of the sampling period to values of less than 

– 41 ‰ (Figure 4.17). 
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Figure 4.17 Variations in carbon (Black Circles) and hydrogen (White Circles) isotope 

values over time for a) P. strobus, b) T. canadensis in the sun, c) T. canadensis in the 

shade, d) P. arundinacea, and e) C. americana. Leaf flush is represented by the gray box 

(d) 
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We measured the δ13CnC27-33 of individual n-alkanes preserved in fluvial sediments 

collected adjacent to the plant sample site. The mean seasonal abundance weighted nC27-33 

was –32.8 ± 0.4 ‰ (Figure 4.18). The δDnC27-33 value for the same time periods was 

– 170 ± 4 ‰ 28. The δ13CnC27-33 of the sediments fluctuate less over time than the δ13CnC27-33 

of individual plants. 

 

Figure 4.18 Variations in sediment δ13CnC27-33 (black circles) and δDnC27-33 (black 

diamonds) throughout the growing season. Plant weighted averages over time for 

δ13CnC27-33 and δDnC27-33 are represented by the white circles and white diamonds 

respectively 
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The species sampled exhibit moderate heterogeneity in δ13CnC27-33 over the course 

of the growing season (end of April to mid-October). The magnitude of variation for 

P. strobus, P. arundinacea, and C. americana were 2.2, 3.6, and 6.9 ‰ respectively. The 

exception to this was T. canadensis, where heterogeneity appeared to be driven by 

exposure to differing amounts of sunlight. The magnitude of variation throughout the 

growing season for T. canadensis located in the sun and shade were 1.6 and 2.8 ‰, 

respectively. Angiosperms C. americana and P. arundinacea had highly depleted 

seasonally-averaged δ13CnC27-33 values (–39.7 and –38.0 ‰ respectively) relative to 

associated gymnosperms P. strobus and T. canadensis in sun and shade (–32.7, –31.3, and 

–33.4 ‰ respectively). δ13CnC27-33 values for gymnosperms grown in a temperate humid 

environment  are enriched by up to 4.0 ‰ in 13C compared to an arid environment (Pinus 

sylvestris and Picea pungens) 26.  

4.4.2 Water Use Efficiency (WUE) 

Throughout the growing season, each of our sample species showed a distinct 

pattern in calculated WUE (Figure 4.19). Gymnosperm samples were characterized by 

WUEcalc (herein referred to as WUE) between 100 and 200 ppm and showed only modest 

variation throughout the growing season. P. strobus experienced a decrease from 190 to 

160, while T. canadensis (sun leaves) decreased from 184 to 167 ppm (Figure 4.19). For 

T. canadensis (shade) WUE was more dynamic, averaging between 134 and 154 ppm early 

in the season (days 113 to 179), dropping to approximately 120 mid-season (days 207 to 

247) to a season low of 99 ppm on day 256, before rising to between 149 and 128 (days 

262 to 291, Figure 4.19). For P. arundinacea and C. americana the WUE fell below 
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100 ppm. P. arundinacea increases from approximately 40 to 60 (Figure 4.19) while 

C. americana decreases from 100 to below 20 in a clear, non-linear pattern. The largest 

decrease for C. americana occurs between days 113 and 150 during leaf flush, after which 

it levels out for the remainder of the experiment (Figure 4.19)

Figure 4.19 Temporal variations in water use efficiency for a) P. strobus, b) 

T. canadensis in the sun and shade, c) P. arundinacea, and d) C. americana  



 

85 

 

 

4.4.3    BIOME- BGC ecophysical modeling for plant species 

BIOME-BGC parameterization of the ecophysiological attributes for the individual 

species required a multi-step approach.  Plant types are broadly represented in BIOME-

BGC as functional plant types based on leaf longevity (i.e. deciduousness v. evergreen), 

leaf size (i.e. broad v. needle), and presence or absence of woody stems.  To select 

appropriate modeling parameters for each species, we started with the default input tables 

of required ecophysiological variable values provided with the BIOME-BGC model 72 for 

evergreen needle-leafed forests, representing P. strobus and T. canadensis, deciduous 

broad-leafed forest, representing C. americana, and C3 grass, representing P. arundinacea.  

Separate input parameter tables were created for the evergreen species P. strobus and 

T. canadensis.  One of the most important variables, gc(max), was set for each species using 

the mean values derived from this study. Parameters were then changed based on species-

specific values listed as part of the study by White et al. (2000) 72.  No specific 

physiological values for P. arundinacea were reported, therefore, this species was 

simulated using default values.  Next, parameter values were changed for P. strobus, 

T. canadensis, and C. americana using values from literature sources.  Finally, some input 

parameters were changed as part of the calibration by comparing the range and seasonal 

pattern of δ13CnC27-33 – derived WUE values.  Changes in parameter values by species were 

guided by only changing values within natural range of observation.  All final input 

parameter values are listed in Table 4.6. 
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For the majority of the samples, the simulated BIOME-BGC WUE was relatively 

similar to the observed WUE of the samples. For P. strobus and P. arundinacea, simulated 

WUE matches the observed values with an average between 150 and 200 ppm for 

P. strobus and 50 to 100 ppm for P. arundinacea (Figure 4.20). There is a wider range of 

values in the simulation for T. canadensis than is observed in the calculated values, 

however the observed values fall within the range of simulated values (Figure 4.20). For 

C. americana, the simulation shows a gradual increase in WUE from days 100 to 200 

where is reaches a maximum between 100 and 150. The observed WUE values match the 

simulated values from day 100 to approximately day 150, before declining to below 

100 ppm (Figure 4.20). 

Table 4.6 Final input δ13C (‰) values for Biome-BGC ecophysical modeling of species 1) 

P. strobus, 2) T. canadensis sun, 3) T. canadensis Shade, 4) P. arundinacea, and 5) 

C. americana in Storrs, CT 2013. 

Day 1 2 3 4 5 

100 -26.93 -36.72 -37.50 -32.90 -34.16 

101 -27.82 -36.78 -37.51 -32.13 -34.58 

102 -26.51 -37.18 -37.62 -32.71 -35.62 

103 -31.81 -37.23 -37.65 -34.49 -36.84 

104 -28.14 -37.52 -37.77 -36.35 -36.48 

105 -28.77 -37.47 -37.75 -35.82 -36.61 

106 -26.59 -37.12 -37.58 -36.01 -35.97 

107 -25.78 -35.88 -37.03 -35.02 -35.12 

108 -25.55 -29.48 -34.00 -33.68 -34.78 

109 -28.02 -21.89 -21.93 -33.11 -35.31 

110 -26.69 -22.34 -22.38 -33.91 -34.52 

111 -26.41 -37.04 -37.54 -32.60 -36.11 

112 -27.95 -36.44 -37.24 -35.25 -36.50 

113 -27.31 -34.33 -36.24 -35.82 -36.25 

114 -31.05 -29.76 -34.22 -35.43 -36.73 

115 -26.07 -20.74 -28.88 -36.15 -34.26 

116 -26.66 -21.77 -21.81 -32.33 -35.55 
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117 -25.74 -21.91 -21.95 -34.32 -35.30 

118 -25.93 -21.93 -21.98 -33.92 -35.21 

119 -26.26 -22.23 -22.27 -33.77 -34.65 

120 -25.37 -22.13 -22.17 -32.83 -34.84 

121 -25.76 -22.23 -22.27 -33.16 -34.66 

122 -25.62 -22.39 -22.43 -32.85 -34.38 

123 -25.17 -22.83 -22.86 -32.38 -33.19 

124 -26.60 -22.03 -22.07 -30.90 -35.03 

125 -25.25 -22.08 -22.12 -33.43 -34.92 

126 -25.81 -22.23 -22.27 -33.27 -34.65 

127 -25.94 -22.49 -22.53 -32.82 -34.23 

128 -26.89 -22.89 -22.95 -32.11 -33.74 

129 -30.85 -22.32 -22.49 -31.25 -34.85 

130 -28.99 -35.97 -37.25 -32.76 -34.40 

131 -28.04 -36.30 -37.40 -32.16 -33.85 

132 -31.84 -35.99 -37.38 -31.30 -34.97 

133 -26.56 -36.23 -37.25 -32.81 -34.59 

134 -27.76 -35.69 -36.92 -32.65 -36.05 

135 -26.33 -33.42 -35.82 -35.08 -35.77 

136 -29.31 -13.94 -23.88 -34.64 -34.66 

137 -25.62 -34.69 -36.67 -32.60 -32.87 

138 -26.07 -22.34 -22.38 -30.36 -34.44 

139 -26.29 -22.41 -22.45 -32.44 -34.32 

140 -31.59 -22.24 -22.44 -32.24 -35.05 

141 -27.05 -30.05 -34.90 -33.04 -33.31 

142 -26.44 -23.46 -23.60 -30.64 -32.36 

143 -26.10 -22.83 -22.86 -29.64 -33.60 

144 -28.66 -22.68 -22.80 -31.21 -34.19 

145 -27.04 -36.43 -37.36 -31.80 -34.41 

146 -31.78 -37.03 -37.60 -32.33 -36.32 

147 -29.52 -36.96 -37.56 -35.47 -35.73 

148 -25.96 -36.06 -37.17 -34.53 -34.15 

149 -25.88 -25.71 -32.56 -31.98 -33.25 

150 -28.22 -31.64 -35.78 -30.87 -33.61 

151 -26.73 -33.36 -36.42 -30.91 -32.35 

152 -26.42 -23.82 -23.95 -29.58 -31.94 

153 -27.34 -23.70 -23.86 -29.16 -32.70 

154 -29.36 -23.51 -23.76 -29.80 -33.77 
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155 -26.46 -32.76 -35.79 -30.95 -33.99 

156 -26.10 -22.77 -22.80 -31.69 -33.69 

157 -25.95 -22.75 -22.78 -31.34 -33.67 

158 -29.38 -22.49 -22.61 -31.34 -34.42 

159 -31.75 -34.45 -36.84 -32.18 -35.18 

160 -26.75 -36.87 -37.55 -33.31 -33.80 

161 -27.19 -36.75 -37.53 -31.36 -33.60 

162 -27.46 -36.56 -37.50 -30.96 -33.38 

163 -27.26 -36.55 -37.49 -30.72 -33.33 

164 -28.16 -37.11 -37.65 -30.69 -34.49 

165 -31.28 -37.09 -37.70 -32.44 -35.05 

166 -28.02 -36.95 -37.60 -33.12 -34.16 

167 -26.44 -36.77 -37.51 -31.83 -33.58 

168 -29.40 -36.90 -37.63 -31.11 -34.00 

169 -27.56 -36.42 -37.47 -31.38 -33.12 

170 -26.99 -36.59 -37.49 -30.34 -33.36 

171 -26.47 -36.77 -37.51 -30.78 -33.58 

172 -26.63 -36.43 -37.38 -31.10 -33.60 

173 -27.29 -34.84 -36.84 -31.07 -33.41 

174 -26.98 -20.85 -28.75 -30.71 -33.12 

175 -28.46 -23.65 -23.86 -30.39 -33.28 

176 -28.03 -23.85 -24.11 -30.35 -32.85 

177 -29.66 -34.87 -37.09 -29.93 -33.56 

178 -30.65 -28.61 -35.08 -30.62 -34.16 

179 -33.61 -35.60 -37.37 -31.31 -35.32 

180 -31.88 -36.16 -37.48 -33.08 -34.55 

181 -31.74 -35.55 -37.30 -31.87 -34.50 

182 -30.34 -34.16 -36.82 -31.79 -33.95 

183 -33.30 -29.20 -35.60 -31.04 -35.12 

184 -32.66 -28.51 -35.28 -32.69 -34.86 

185 -30.37 -23.24 -32.48 -32.30 -33.91 

186 -29.33 -23.92 -24.19 -30.94 -33.52 

187 -29.12 -24.07 -24.36 -30.49 -33.33 

188 -29.12 -24.07 -24.36 -30.28 -33.33 

189 -28.55 -24.09 -24.36 -30.28 -33.00 

190 -27.48 -23.84 -24.01 -29.96 -32.62 

191 -30.13 -23.28 -23.50 -29.66 -33.94 

192 -31.35 -23.65 -24.01 -31.10 -34.31 
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193 -30.16 -35.95 -37.38 -31.47 -33.97 

194 -28.41 -35.56 -37.14 -31.07 -33.59 

195 -29.87 -31.81 -35.98 -30.81 -33.95 

196 -29.61 -21.66 -30.79 -31.14 -33.63 

197 -28.86 -23.96 -24.22 -30.53 -33.25 

198 -27.85 -24.04 -24.26 -30.21 -32.64 

199 -29.53 -24.21 -24.53 -29.63 -33.47 

200 -28.96 -24.33 -24.65 -30.40 -33.10 

201 -28.94 -24.33 -24.64 -30.02 -33.09 

202 -28.31 -23.92 -24.19 -30.01 -32.94 

203 -27.33 -23.48 -23.58 -29.96 -32.99 

204 -30.11 -23.54 -23.82 -30.10 -33.92 

205 -29.92 -35.47 -37.24 -30.98 -33.86 

206 -26.40 -35.31 -36.95 -30.86 -33.13 

207 -33.84 -12.72 -30.23 -30.46 -35.57 

208 -28.47 -36.53 -37.46 -33.64 -33.99 

209 -27.50 -35.53 -37.11 -31.52 -33.27 

210 -28.85 -31.30 -35.65 -30.38 -33.54 

211 -26.57 -19.74 -26.13 -30.64 -32.70 

212 -27.41 -23.14 -23.22 -29.89 -33.38 

213 -27.19 -23.12 -23.19 -30.58 -33.36 

214 -30.09 -23.09 -23.30 -30.58 -34.03 

215 -27.91 -31.27 -35.52 -31.27 -33.39 

216 -28.50 -22.93 -23.05 -30.53 -33.81 

217 -27.97 -29.04 -34.58 -31.14 -33.77 

218 -26.31 -18.01 -23.34 -31.13 -33.73 

219 -26.70 -22.93 -22.98 -31.27 -33.49 

220 -29.16 -22.89 -23.04 -30.84 -33.94 

221 -31.06 -23.38 -23.68 -31.29 -34.23 

222 -30.67 -23.13 -23.38 -31.41 -34.19 

223 -26.43 -36.20 -37.31 -31.44 -33.12 

224 -27.06 -34.68 -36.73 -30.45 -33.44 

225 -27.60 -22.64 -30.87 -30.71 -33.33 

226 -28.90 -22.81 -22.93 -30.44 -33.97 

227 -27.39 -22.61 -22.66 -31.38 -33.95 

228 -26.44 -22.71 -22.74 -31.57 -33.73 

229 -26.85 -22.93 -22.99 -31.28 -33.51 

230 -27.11 -23.15 -23.22 -30.85 -33.28 
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231 -27.74 -23.06 -23.15 -30.53 -33.50 

232 -29.16 -23.08 -23.23 -30.75 -33.76 

233 -26.96 -23.33 -23.41 -30.98 -32.93 

234 -26.88 -23.39 -23.48 -30.11 -32.79 

235 -27.01 -22.93 -23.02 -29.96 -33.38 

236 -26.68 -22.97 -23.02 -30.80 -33.40 

237 -26.86 -22.91 -22.97 -30.80 -33.54 

238 -28.21 -23.21 -23.34 -30.91 -33.51 

239 -31.63 -23.12 -23.43 -30.66 -34.54 

240 -30.53 -36.39 -37.52 -31.91 -34.13 

241 -29.38 -35.65 -37.26 -31.27 -33.82 

242 -26.68 -35.24 -36.88 -30.96 -33.85 

243 -26.63 -25.12 -32.30 -31.48 -33.16 

244 -32.51 -23.36 -23.79 -30.53 -34.81 

245 -32.29 -28.76 -35.30 -32.25 -34.69 

246 -32.47 -29.11 -35.44 -32.04 -34.80 

247 -29.26 -32.64 -36.18 -32.23 -33.98 

248 -28.12 -24.17 -32.24 -31.35 -33.59 

249 -27.22 -22.51 -22.57 -30.87 -34.12 

250 -27.04 -22.24 -22.27 -31.88 -34.45 

251 -27.20 -22.79 -22.85 -32.51 -33.72 

252 -25.86 -22.57 -22.60 -31.24 -33.82 

253 -28.35 -22.15 -22.22 -31.65 -34.66 

254 -31.51 -30.07 -35.50 -32.79 -34.75 

255 -28.06 -24.82 -32.80 -32.47 -33.00 

256 -30.01 -23.56 -23.86 -30.09 -33.96 

257 -26.67 -35.42 -36.99 -31.15 -33.64 

258 -27.21 -32.16 -35.48 -31.26 -34.61 

259 -27.51 -22.61 -30.82 -32.82 -34.27 

260 -26.06 -16.92 -23.41 -32.23 -34.79 

261 -26.79 -21.87 -21.91 -33.17 -35.16 

262 -26.75 -22.47 -22.51 -33.76 -34.10 

263 -25.98 -22.66 -22.70 -32.00 -33.59 

264 -26.31 -22.83 -22.88 -31.42 -33.37 

265 -28.90 -22.67 -22.80 -31.05 -34.15 

266 -27.94 -36.71 -37.49 -31.83 -34.57 

267 -25.61 -35.23 -36.88 -32.74 -33.22 

268 -26.74 -31.43 -35.17 -31.04 -34.41 
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269 -27.45 -18.59 -27.52 -32.57 -34.20 

270 -28.11 -15.53 -22.82 -32.16 -34.41 

271 -28.76 -22.23 -22.31 -32.50 -34.59 

272 -27.10 -22.59 -22.65 -32.75 -34.01 

273 -27.14 -22.36 -22.41 -31.88 -34.32 

274 -26.11 -22.57 -22.61 -32.43 -33.78 

275 -27.60 -22.93 -23.04 -31.81 -33.62 

276 -27.91 -22.95 -23.07 -31.28 -33.69 

277 -27.78 -22.74 -22.84 -31.33 -33.93 

278 -31.83 -22.41 -22.65 -31.70 -34.94 

279 -31.39 -32.71 -36.36 -32.90 -34.63 

280 -32.63 -35.10 -37.16 -32.37 -35.14 

281 -28.21 -35.69 -37.23 -33.11 -33.72 

282 -27.80 -36.20 -37.25 -31.42 -34.78 

283 -28.34 -35.04 -36.78 -33.29 -34.96 

284 -28.96 -32.79 -35.93 -33.57 -34.90 

285 -29.36 -28.36 -34.41 -33.44 -34.39 

286 -28.94 -21.50 -30.97 -32.47 -34.50 

287 -28.11 -16.78 -26.82 -32.76 -35.56 

288 -27.61 -14.95 -23.53 -34.60 -35.01 

289 -28.18 -15.82 -22.82 -33.77 -34.32 

290 -29.74 -22.23 -22.35 -32.55 -34.70 

291 -30.84 -22.74 -22.97 -33.06 -34.55 

292 -27.60 -22.03 -22.07 -32.41 -34.91 

293 -29.27 -21.98 -22.07 -33.67 -35.02 

294 -27.88 -21.75 -21.79 -33.74 -35.41 

295 -26.92 -22.05 -22.09 -34.48 -34.86 

296 -27.95 -22.06 -22.13 -33.67 -34.87 

297 -29.94 -21.20 -21.26 -33.61 -36.42 

298 -29.26 -21.28 -21.32 -35.98 -36.34 

299 -30.28 -21.08 -21.14 -35.88 -36.62 

300 -29.96 -21.31 -21.37 -36.27 -36.21 
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4.4.4  CO2 assimilation rate 

 The rate of calculated CO2 assimilation for each plant was relatively stable for the 

duration of the growing season, with the exception of C. americana, which experienced a 

drop in An over the sampling period, coinciding with the period of leaf flush (Figure 4.21). 

Gymnosperm samples typically showed calculated assimilation rates between 1 and 2.5 

with little fluctuation (P. strobus, 2.05 ± 0.11 mol*m-2s-1; T. canadensis sun, 1.71 ± 0.17 

mol*m-2s-1; T. canadensis shade, 2.14 ± 0.08 mol*m-2s-1; Figure 4.21). Angiosperms have 

Figure 4.20 BIOME-BGC simulated WUE for a) P. strobus, b) T. canadensis in the sun 

and shade, c) P. arundinacea, and d) C. americana 
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rates below 1 mol*m-2s-1 with slightly more seasonal fluctuation. C. americana has a higher 

CO2 assimilation during leaf flush due to its leaf mass and wax production at that time 

(Figure 4.21). Carbon assimilation rates for T. canadensis leaves in the sun were larger 

than in the shade (Figure 4.21).  

 

4.4.5 WUE in humid and arid environments 

Recent data shows that plants grown in arid conditions generally maintain relatively 

stable WUEs throughout the growing season (Table 4.7, Figure 4.22).  Gymnosperms 

grown under arid conditions (Pinus sylvestris, Picea pungens, Washington) 26 have WUE’s 

Figure 4.21 Temporal variations in carbon dioxide assimilation rates for a) P. strobus, 

b) T. canadensis in the sun and shade, c) P. arundinacea, d) C. americana 
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between 200 and 240 ppm, which is significantly higher than the 100 to 200 ppm we report 

from our gymnosperms growing in moist environments (P. strobus, T. canadensis, 

Connecticut; Figure 4.22 and Figure 4.19). The same phenomenon occurs when comparing 

angiosperms P. tremuloides and S. vulgaris (150 to 200 ppm) 26 and P. arundinacea and 

C. americana (10 to 100 ppm) (Figure 4.22 and Figure 4.19).  In both cases, there is a 

distinct separation in the WUE based on taxonomic class of the plants, with the exception 

of the angiosperm Betula pendula that has WUE values closer to those of P. sylvestris and 

P. pungens (Figure 4.22).  

Table 4.7 Calculated carbon isotope discrimination and WUE from 5 plant species 

Day of 

Year δ13C* δD* δDH2O* 

Δleaf 

(‰) ci/ca** 

 An/gc 

(ppm) % Humid 

Betula pendula 

147 -30.9 -176 -103 17 0.50  198 39 

184 -26.7 -177 -103 13 0.33  266 48 

205 -29.3 -157 -102 16 0.44  223 41 

236 -28.1 -166 -104 14 0.39  244 49 

257 -28.0 -171 -104 14 0.39  245 61 

270 -27.8 -175 -103 14 0.38  249 79 

296 -28.2 -165 -103 14 0.39  242 73 

Syringa vulgaris 

147 -32.8 -189 -103 19 0.58  167 39 

184 -33.0 -200 -103 20 0.59  164 48 

205 -32.9 -197 -102 19 0.59  166 41 

236 -33.3 -196 -104 20 0.60  160 49 

257 -33.8 -198 -104 20 0.62  150 61 

270 -32.8 -198 -103 19 0.58  168 79 

296 -33.1 -194 -103 20 0.59  163 73 

Populus tremuloides 

147 -31.9 -173 -103 18 0.54  182 39 

184 -32.7 -179 -103 19 0.58  169 48 

205 -33.0 -175 -102 19 0.59  164 41 

236 -32.7 -173 -104 19 0.58  168 49 
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257 -32.3 -181 -104 19 0.56  175 61 

270 -32.6 -184 -103 19 0.57  170 79 

296 -33.2 -178 -103 20 0.60  160 73 

Pinus sylvestris 

147 -29.0 -194 -103 15 0.43  230 39 

184 -30.3 -196 -103 17 0.48  208 48 

205 -29.0 -194 -102 15 0.43  228 41 

236 -28.9 -190 -104 15 0.42  230 49 

257 -29.4 -194 -104 16 0.44  223 61 

270 -30.2 -198 -103 17 0.48  210 79 

296 -29.2 -191 -103 16 0.43  226 73 

Picea pungens 

147 -30.6 -201 -103 17 0.49  203 39 

184 -29.8 -204 -103 16 0.46  215 48 

205 -29.1 -199 -102 15 0.43  227 41 

236 -29.8 -195 -104 16 0.46  216 49 

257 -29.8 -203 -104 16 0.46  217 61 

270 -29.7 -205 -103 16 0.45  218 79 

296 -29.1 -198 -103 15 0.43  227 73 

* Data published in Pedentchouk et al., 2008    

** ci/ca calculated by ci/ca= (Δleaf - a)/(b - a) 
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4.5.0 DISCUSSION 

4.5.1 Seasonal trends in δ13C values 

The carbon incorporated into leaves and leaf biomolecules is ultimately derived 

from the atmosphere and thus, to first order, biomolecule δ13C is regulated by the δ13CO2 

of the atmosphere. However, secondary processes that include regulation of stomata and 

Figure 4.22 Seasonal variability in WUE of angiosperms Betula pendula (white 

diamonds), Populus tremuloides (black diamonds), Syringa vulgaris (gray diamonds) 

and gymnosperms Pinus sylvestris (black circles) and Picea pungens (gray circles) 

grown during 2005, in central Washington State, USA. WUE values calculated from 

previously published compound specific n-alkane δ13C values using the method 

described.26 



 

97 

 

the diffusion of CO2 to the sites of carboxylation, as well as fractionation between internal 

carbon pools, play a critical role in determining carbon isotopic compositions of leaf lipids. 

The offset between original δ13CO2 and individual biomolecules can reflect, in a sense, the 

“metabolic distance” 73,74. Our data show that the carbon isotopic composition of leaf wax 

n-alkanes (e.g. n-C27-33) varies significantly within a single species/tree and between plants 

over the course of the growing season. The magnitude of variation within a single plant 

can be as large as or larger than the difference in mean values between plants from different 

functional groups (e.g. angiosperms versus gymnosperms). 

P. arundinacea, commonly known as reed-canary grass, is an invasive wetland 

species that is located on a small flood plain in our study area. This plant is characterized 

by multiple intervals of enriched carbon isotopes within the lipid layer. The first carbon 

enrichment period (days 130 and 158) occurred during a period of intense rainfall that 

caused flooding and left the grasses completely submerged under water for several weeks 

(Figure 4.17). Hydrogen isotope data from P. arundinacea suggests continued production 

of leaf waxes throughout the growing season 28. With the plants completely submerged in 

water, they had no access to atmospheric carbon and in response used all available carbon 

leading to isotopic enrichment. A second period of carbon isotope enrichment occurred as 

the weekly average temperature began to decrease. Isotopic enrichment at this time may 

reflect variation in stomatal regulation that biased the internal carbon dioxide partial 

pressure within a leaf, leading to changes in the magnitude of isotopic fractionation of 

carbon in the leaf waxes.  
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The angiosperm C. americana (American hazelnut) shows no “plateau” value in 

δ13CnC27-33 as has been observed in other angiosperm plants in riparian environments 75, but 

rather a progressive depletion through the growing season (Figure 4.17). This is opposite 

the pattern observed for hydrogen isotopes in these same leaves, where δDnC27-33 values are 

depleted during leaf flush and become enriched for the remainder of the growing season. 

This trend may be the result of production of n-alkanes that occurs during leaf flush 28,75. 

As the leaves are forming in the early spring period, the plant undergoes maximum leaf 

growth and mass gain. This period of leaf flush is associated with a shift to heavier carbon 

isotope values associated with maximum C assimilation. 

There are distinct differences in carbon isotope fractionation between the 

T. canadensis grown in the sun and T. canadensis grown in the shade throughout the 

growing season (Figure 4.17). Carbon isotope discrimination differences within a single 

species are often correlated to complex climatic gradients such as temperature and 

precipitation 76 and depend on three main factors: 1) the δ13C of atmospheric CO2, 2) the 

concentration of atmospheric CO2, and 3) the ratio of atmospheric CO2 and intercellular 

leaf CO2 
29. However, for our sampled plants, there are no climatic differences that can 

account for the differences in isotopic discrimination. Since the sampled trees were grown 

under identical atmospheric and environmental conditions, the differences between sun and 

shade leaves are likely related to intercellular leaf CO2 concentration. Differences in 

absorbed irradiance, which affects leaf water content and morphological plasticity and 

changes the amount of internal space within the mesophyll layer of the needles, affects the 

amount of CO2 allowed into the leaf 77.  This is further demonstrated by the higher inherent 
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photosynthetic rates of plants with leaves grown in high sunlight. These are characterized 

by higher rates of photosynthesis (16 to 20 mg of CO2 per dm2 hr) than leaves grown in the 

shade (2 to 5 mg of CO2 per dm2 hr) 78. These differences in the intake and photosynthesis 

of carbon may lead to the observed differences in the isotopic signatures of sun and shade 

for T. canadensis grown in identical environments.  

4.5.2 Comparison of δ13CnC27-33 and δDnC27-33 in plants and sediments 

Previous studies show a strong negative correlation between leaf wax n-alkyl lipid 

δD and δ13C values. This relationship is argued to indicate the importance of WUE on the 

δD of leaf wax biomarkers 23. Our data however, show no correlation, whether positive or 

negative, between the n-alkane δD and δ13C values either between sampled species or 

within a single tree over time (Figure 4.23). Instead, a bivariate plot of carbon and hydrogen 

isotope values from our selected species shows little overlap (Figure 4.23), with data from 

individual plants plotting in discrete groupings. The angiosperms, C. americana (blue 

diamonds) and P. arundinacea (orange diamonds), tend to produce n-alkanes that are more 

depleted in 13C relative to the gymnosperms P. strobus (yellow circles) and T. canadensis 

(green circles). n-Alkanes from C. americana are more D-enriched than P. arundinacea, 

with overlap occurring only during leaf flush as a result of D-depletion in n-alkanes from 

C. americana during that interval. The two gymnosperms show no overlap in δDnC27-33 

values, with n-alkanes from T. canadensis being approximately 20 ‰ more enriched than 

P. strobus throughout the growing season (Figure 4.23). Although there are no obvious 

trends between measured n-alkane δDnC27-33 and δ13CnC27-33 values, there is a broad 

separation between the angiosperms and gymnosperms in terms of δ13CnC27-33.  
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4.5.3 Sedimentary δD and δ13C and weighted plant averages 

The carbon and hydrogen isotope values of sedimentary n-alkanes are commonly 

used as a paleoenvironmental proxy because they incorporate geochemical signatures of 

multiple plants over long periods of time. We calculated a theoretical abundance-weighted 

δDnC27-33 and δ13CnC27-33 that uses isotopic values of our plant species and the relative 

compound abundance in each of these to assess how well a simple weighting of these 

Figure 4.23 Comparison of δDnC27-33 and δ13CnC27-33 of our four sampled plant species and 

sediments. The angiosperms P. arundinacea and C. americana are more depleted (orange 

diamonds and blue diamonds, respectively) while the gymnosperms P. strobus and 

T. canadensis are more enriched (green circles and yellow circles, respectively). Sediments 

are represented with black Xs and are more enriched in δ13C, plotting near T. canadensis. 
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components might reflect an ecosystem average (i.e. sediment). Simple abundance-

weighted averages of the four components produce reasonable agreement between the 

measured sediment δDnC27-33 and calculated δDnC27-33 using the four endmember values and 

abundances. These match reasonably well throughout the growing season. However, 

sedimentary δ13CnC27-33 values (mean of ~ –32.8 ‰) are inconsistent with a simple 

weighted plant average that fluctuated around a value of –38.2 ± 1.6 ‰ (Figure 4.18). 

Modern vegetation maps 79 show that evergreen plants comprise a small percentage of the 

overall vegetation in the Fenton catchment today, but are locally abundant in the sample 

area. Prior to 8,000 years ago, the southern New England region was dominantly evergreen 

vegetation. Sedimentary cores from the Fenton river show abundant Pine pollen in cores 

less than 1-2 m deep. Thus, fluvial sediment may contain a mixed modern-inherited 

signature that is distinct from what would be predicted from modern vegetation.  

4.5.4 WUE of riparian plants 

Plant stomata are located on the surface of the plant leaves and regulate the 

diffusion of CO2 to the site of carboxylation and the loss of water through the open pore. 

Plants regulate the stomatal opening and closing to minimize water loss and maximize CO2 

uptake. Water use efficiency (WUE) can be defined in a variety of ways, however for the 

purpose of this paper we use the definition for intrinsic WUE: the molar ratio of CO2 fixed 

to the water transpired 23,39,76,80. This ratio is calculated using carbon isotope 

discrimination, which provides an integrated measure environmental and physiological 

properties of a leaf due to the strong negative correlation between isotope discrimination 

and the internal to external isotope CO2 concentration ratio 76. Plants undergoing C3 
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photosynthesis discriminate against 13CO2. This discrimination occurs in two steps: 1) 

carbon isotopic fractionation due to diffusion of CO2 in air (4.4 ‰), and 2) fractionation 

due to carboxylation with RuBP (30 ‰) 25,39,60,76. Discrimination increases as the ratio of 

internal carbon dioxide concentration and atmospheric carbon dioxide concentration 

decreases 38,39,76.  

In previous studies, a negative correlation between δD and δ13C was observed in 

leaf samples, indicating WUE was an important control on hydrogen isotope ratios of leaf 

waxes 23. We did not observe any correlation between hydrogen and carbon isotopes within 

the normal alkane pool (Figure 4.23). Likewise, we observed minimal correlation between 

instantaneous WUE and relative humidity (Figure 4.24). 
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Plants regulate their stomata to minimize water loss while maximizing CO2 

assimilation.  Short-term controls of stomatal aperture changes include soil water 

availability, vapor pressure deficit, light, temperature, wind speed, and atmospheric CO2 

concentration while long term controls consist of stomatal density, maximum stomatal 

conductance, light intensity/ quality, and root-to-shoot signals of water availability 81,82. 

Long-term controls dictate differences between species, seen in Figure 4.19. If n-alkanes 

are produced throughout a growing season, changes in short term controls may be recorded 

in the δ13CnC27-33 and δDnC27-33.  

Figure 4.24 The relationship between WUE and humidity for a) P. strobus, b) 

T. canadensis in the sun and shade, c) P. arundinacea, and d) C. americana. 
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Gymnosperms (P. strobus and T. canadensis) have higher calculated WUE 

throughout the season (between 100 and 200 ppm) whereas angiosperms (P. arundinacea 

and C. americana) have lower calculated WUE (between 5 and 100 ppm) but all vary 

during the sample interval. BIOME-BGC model results provide a tool for predicting 

changes to stomatal regulation as a function of ambient environment and improving 

interpretation of isotopic data. BIOME-BGC model simulations produce distinct temporal 

patterns of WUE for each of the sampled species. The shape of these curves is dictated by 

physiological response to the same environmental forcing. For P. strobus, T. canadensis 

and P. arundinacea, modeled WUE and calculated WUE are generally consistent, with the 

model predicting a slight decline in WUE over the growing season for P. strobus, and a 

peak in WUE in mid-summer for P. arundinacea (Figure 4.20). For P. strobus, 

correspondence between isotope and simulated values necessitated increasing the 

photosynthetic capacity of this species, higher than the default values set by BIOME-BGC 

for a typical evergreen needle leafed species (Table 4.6).  This included specifically higher 

values of nitrogen partitioning into the Rubisco enzyme. 

  The high variability found in BIOME-BGC simulations of daily WUE for 

T. canadensis could not be reduced through changing model parameters, which are a result 

of the high observed maximum gs for this species (3.29 mol m-2 s-1 water vapor).  However, 

observed WUE have mean values of 167 and 133 ppm for sun and shade leaves, 

respectively, compared to the simulated values of 165 and 138 ppm for sun and shade 

leaves, respectively (Figure 4.20).  The high variance, while plausibly representing the 

actual gas-exchange in comparison to the low variable isotopic values, may indicate a 
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slower, more stable integrated path of C inclusion, especially in alkane waxes (Figure 

4.20). The high correspondence between WUE derived values for the grass, 

P. arundianacea, likely indicates that cutin is produced continuously through the growing 

season (Figure 4.20) and physiological responses evidenced in isotopic signatures of leaf 

n-alkanes. 

BIOME-BGC simulations of C. americana show poor agreement with isotope-

calculated WUE values, with the exception of the time interval coincident with leaf flush 

(Figure 4.20). Hydrogen isotope data for this plant, and published studies 75 show that 

angiosperm trees achieve stable isotopic composition early in the growing season during 

the period of leaf flush. Early season physiological activity and conditions may likewise, 

set the carbon source imprint of waxes in this species. This indicates that, while leaf gas 

exchange is still occurring throughout the growing season, it is no longer recorded in the 

leaf waxes post leaf flush (~ day 150).  These data confirm evidence for early season setting 

of hydrogen and carbon isotopes in n-alkanes in angiosperm trees/large shrubs within mid-

latitude environments 28,75,83. In contrast, temporal changes in measured hydrogen isotopes, 

WUE and modeled WUE data suggest continued production of n-alkanes within grass 

leaves and gymnosperm needles throughout the growing season. 

Differences in measured and modeled WUE is mirrored in the calculated carbon 

assimilation rate (Figure 4.21). Importantly, calculated assimilation rates show higher 

C fixation when a plant species has higher light availability (Figure 4.21), as well as high 

rates of fixation during the period of maximum leaf expansion and mass accumulation 

(Figure 4.21). 
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4.5.5 Tsuga canadensis: Sun versus shade analysis 

T. canadensis leaves grown in the same environment with varying amounts of 

sunlight have distinct stomatal densities, WUE, δDnC27-33, and δ13CnC27-33 (Table 4.8). 

Likewise, these are characterized by a higher rate of CO2 assimilation (average 

2.14 µmol*m-2s-1) in sun-leaves versus shade (average 1.71 µmol*m-2s-1). Assimilation and 

WUE differences are related to subtly different δDnC27-33 (–168 ‰ shade and –161 ‰ 

sun) 28 and δ13C (–33 ‰ shade and –31 ‰ sun; Figure 4.17; Table 4.8) values. These 

differences may result from effects of UV-B 41,84. In general, the effects of UV-B radiation 

are often masked by the effects of drought or nutrient deficiency 41. However, we suspect 

our plants do not experience these problems due to their proximity to stream water. Several 

studies suggest UV-B may be responsible for changes in epidermal anatomy or wax 

deposition 85,86, limitations to carbon assimilation rates 87,88, and changes in stomatal 

density 41.  

Table 4.8 Physical and chemical differences between sun and shade T. canadensis* 

 Da Anb WUE δ13C δD C (ng/g)c AHPCL CPI 

Sun 8.40*106 2.14 167 -31.3 -161 1.71*104 29.5 5 

Shade 5.29*106 1.71 134 -33.4 -168 1.11*104 29.4 8 

* All values are seasonal averages 
a Stomatal Density 
b CO2 Assimilation rate 
c Weighted n-alkane concentration 

 

4.5.6 WUE differences of plants in arid and humid environments 

Numerous studies have addressed water stress and plant water use 

strategies 45,76,89-91. These suggest that plants under moderate water stress have higher 
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WUEs than plants with little to no water stress. We calculated WUEs for five angiosperm 

and gymnosperm species grown in central Washington State, USA over the 2005 growing 

season, using published n-alkane isotope data 26. The central Washington State area is 

considered an arid environment where the plants are expected to experience elevated water 

stress 26. This provides a contrast to the 5 angiosperm and gymnosperm plants sampled as 

part of our study, as our plants should have reduced levels of water stress due to their 

proximity to the river and generally humid environment. Comparison of gymnosperms and 

angiosperms from these two sites show consistent separation of the two groups, with higher 

WUE for both in the more arid environment as compared to the Fenton River site.  

4.6.0 CONCLUSIONS 

We sampled leaves of five different angiosperm (C. americana and 

P. arundinacea) and gymnosperm (P. strobus, T. candensis in sun, T. canadensis in shade) 

plants growing alongside the Fenton River in Storrs, CT throughout the 2013 growing 

season to evaluate the environmental and physical controls on δDnC27-33 and δ13CnC27-33. We 

focused on closely associated streamside vegetation with roots visibly located in the river 

water and coupled data with model simulations of WUE for each plant species using real 

climate information and the BIOME-BGC model. These simulations were used to assess 

timescales of integration of geochemical signals and how well isotopic data might inform 

on plant function.  

Modeled and measured data show three key results. First, isotope and modeled 

WUE data suggest three of the four plant species (T. canadensis, P. strobus, 
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P. arundinacea) produce n-alkanes throughout the growing season and record plant 

responses to environmental conditions. n-Alkane isotopes of an angiosperm tree/large 

shrub, records a short duration interval during the time of leaf-flush. Model simulations of 

WUE or assimilation based on n-alkane isotopes and stomatal measurements of fossil 

angiosperm tree leaves are thus likely to record an early season environmental response (in 

temperate, mid latitude environment). Model simulations of WUE and assimilation based 

on n-alkane isotopes and stomatal measurements of fossil gymnosperms are likely to reflect 

seasonally integrated conditions, or those close to the time at which the leaf 

material/needles were integrated into the sedimentary record. Second, our data show 

distinct water use efficiency (WUE) differences between angiosperms versus 

gymnosperms, as well as differences in carbon isotopic fractionation and CO2 assimilation 

between each sampled plant. The difference is evident in measured and calculated WUE. 

Differences between gymnosperms and angiosperms are also represented by differences in 

carbon assimilation, where gymnosperms are characterized by higher CO2 assimilation 

rates. Measurable variations in stomatal density, WUE, CO2 assimilation, and timing of 

wax synthesis, are all recorded in leaf wax n-alkanes. Third, isotopic heterogeneity between 

n-alkanes of plants with different functional types that share a close proximity to the stream 

edge indicates that constraints on weighted temporal and spatial integration provided by 

sediments is critical to interpreting paleoenvironmental signatures.  
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4.9.0 SUPPLIMENTARY DATA 

Supplementary Table 4.9 Master data sheet of physical and chemical changes of 5 sampled plants and collected sediments 

Name δDH2O Day  ng/g δD27-33 ε27-33  δ13C27-33 Humid  Δleaf  ci/ca WUE gcmax gctot Ana ℃b 

Pinus strobus 

fen-1-a13 -48.4 113 25   -     -   -33.0 54.3   -     -     -   1.139 0.012   -   10.4 

fen-2-a13 -49.4 116   -     -     -   -32.2 46.4 18.7 0.56 177 1.139 0.012 2.1 11.1 

fen-3-a13 -46.3 123 19 -187 -147   -     -     -     -     -     -     -     -     -   

fen-4-a13 -48.1 130 33 -202 -162 -32.4 52.4 18.9 0.57 174 1.139 0.012 2.1 13.8 

fen-5-a13 -45.6 137 497 -196 -157 -32.7 61.9 19.2 0.58 169 1.139 0.012 2.1 13.3 

fen-7-a13 -47.3 151 12   -     -   -31.9 59.0 18.3 0.54 182 1.139 0.012 2.2 14.4 

fen-8-a13 -46.6 158 78 -197 -157 -33.6 59.3 20.1 0.61 154 1.139 0.012 1.9 21.2 

fen-9-a13 -56.7 165 92 -191 -142 -32.6 64.4 19.1 0.57 171 1.139 0.012 2.1 18.6 

fen-10-a13 -53.9 172 88 -194 -148 -32.0 59.7 18.5 0.55 180 1.139 0.012 2.2 19.4 

fen-11-a13 -53.3 179 50 -199 -154 -33.0 59.1 19.6 0.59 163 1.139 0.012 2.0 23.5 

fen-12-a13 -51.0 186 71 -190 -147 -33.2 72.4 19.7 0.60 161 1.139 0.012 2.0 24.4 

fen-13-a13 -41.3 207 451 -191 -156 -32.1 63.1 18.6 0.55 178 1.139 0.012 2.2 27.7 

fen-14-a13 -46.4 217 263 -199 -160 -33.1 67.1 19.7 0.60 161 1.139 0.012 2.0 20.7 

fen-15-a13 -41.7 225 2192 -217 -183 -33.1 60.6 19.6 0.60 162 1.139 0.012 2.0 21.2 

fen-16-a13 -46.5 232 173 -207 -168 -31.5 67.4 18.0 0.53 188 1.139 0.012 2.3 21.1 

fen-17-a13 -42.9 247 207 -225 -191 -32.2 69.7 18.7 0.56 177 1.139 0.012 2.1 22.4 

fen-18-a13 -37.9 256 564 -205 -174 -33.7 60.0 20.2 0.62 153 1.139 0.012 1.9 19.8 

fen-19-a13 -43.9 262 142 -221 -185 -33.4 68.4 19.9 0.61 157 1.139 0.012 1.9 15.6 

fen-20-a13 -42.1 269 67   -     -   -32.7 67.7 19.2 0.58 169 1.139 0.012 2.0 16.2 

fen-21-a13 -43.0 276 165 -227 -192 -32.7 69.7 19.2 0.58 168 1.139 0.012 2.0 15.8 
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fen-22-a13 -39.8 284 190 -227 -195 -33.1 70.6 19.6 0.59 162 1.139 0.012 2.0 17.7 

fen-23-a13 -41.9 291 207 -228 -194 -32.7 67.6 19.2 0.58 169 1.139 0.012 2.1 13.7 

Tsuga canadensis (shade) 

fen-1-b13 -48.4 113 10   -     -   -31.3 54.3 19.3 0.58 167 9.79 0.013 2.1 10.4 

fen-2-b13 -49.4 116 12   -     -   -30.4 46.4 18.4 0.55 182 9.79 0.013 2.3 11.1 

fen-3-b13 -46.3 123 76 -165 -125 -30.9 52.4 18.9 0.57 173 9.79 0.013 2.2 11.1 

fen-4-b13 -48.1 130 64   -     -   -31.5 52.4 19.5 0.59 164 9.79 0.013 2.1 13.8 

fen-5-b13 -45.6 137 27   -     -   -31.1 61.9 19.1 0.57 170 9.79 0.013 2.2 13.3 

fen-8-b13 -46.6 158 140   -     -   -31.9 59.3 19.9 0.61 157 9.79 0.013 2.0 21.2 

fen-9-b13 -56.7 165 59   -     -   -30.9 64.4 18.9 0.56 174 9.79 0.013 2.2 18.6 

fen-10-b13 -53.9 172 273 -163 -115 -31.6 59.7 19.6 0.59 163 9.79 0.013 2.1 19.4 

fen-11-b13 -53.3 179 29   -     -   -31.1 59.1 19.1 0.57 170 9.79 0.013 2.2 23.5 

fen-12-b13 -51.0 186 36   -     -   -31.5 72.4 19.5 0.59 164 9.79 0.013 2.1 24.4 

fen-13-b13 -41.3 207 252   -     -   -31.2 63.1 19.2 0.58 169 9.79 0.013 2.2 27.7 

fen-14-b13 -46.4 217 298 -160 -120 -31.1 67.1 19.0 0.57 171 9.79 0.013 2.2 20.7 

fen-15-b13 -41.7 225 685 -170 -133 -31.3 60.6 19.2 0.58 168 9.79 0.013 2.2 21.2 

fen-16-b13 -46.5 232 789 -148 -107   -     -     -     -     -     -     -     -     -   

fen-17-b13 -42.9 247 819 -169 -131 -31.8 69.7 19.8 0.60 159 9.79 0.013 2.0 22.4 

fen-19-b13 -43.9 262 496 -163 -125 -31.4 68.4 19.3 0.58 166 9.79 0.013 2.1 15.6 

fen-20-b13 -42.1 269 176 -179 -143   -     -     -     -     -     -     -     -     -   

fen-21-b13 -43.0 276 599 -153 -115 -32.0 69.7 20.0 0.61 156 9.79 0.013 2.0 15.8 

fen-22-b13 -39.8 284 1680 -149 -113 -31.7 70.6 19.7 0.60 161 9.79 0.013 2.1 17.7 

fen-23-b13 -41.9 291 660 -162 -125 -31.5 67.6 19.50 0.59 164 9.79 0.013 2.1 13.7 

Tsuga canadensis (sun) 

fen-1-c13 -48.4 113 12   -     -   -32.1 54.3 20.1 0.61 154 7.67 0.013 2.0 10.4 
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fen-2-c13 -49.4 116 2   -     -   -32.6 46.4 20.6 0.63 147 7.67 0.013 1.9 11.1 

fen-3-c13 -46.3 123 6   -     -   -33.3 52.4 21.3 0.66 135 7.67 0.013 1.7 11.1 

fen-4-c13 -48.1 130 36   -     -   -33.1 52.4 21.2 0.65 138 7.67 0.013 1.8 13.8 

fen-5-c13 -45.6 137 381 -149 -106   -     -     -     -     -     -     -     -     -   

fen-7-c13 -47.3 151 657 -164 -110 -33.3 59.0 21.3 0.66 135 7.67 0.013 1.7 14.4 

fen-8-c13 -46.6 158 123   -     -   -33.3 59.3 21.4 0.67 134 7.67 0.013 1.7 21.2 

fen-9-c13 -56.7 165 29   -     -   -33.2 64.4 21.3 0.66 136 7.67 0.013 1.7 18.6 

fen-10-c13 -53.9 172 169   -   -137 -33.3 59.7 21.3 0.66 135 7.67 0.013 1.7 19.4 

fen-11-c13 -53.3 179 37   -     -   -33.3 59.1 21.4 0.66 135 7.67 0.013 1.7 23.5 

fen-13-c13 -41.3 207 35   -     -   -34.1 63.1 22.2 0.69 122 7.67 0.013 1.6 27.7 

fen-14-c13 -46.4 217 486 -160 -113 -33.8 67.1 21.9 0.68 127 7.67 0.013 1.6 20.7 

fen-16-c13 -46.5 232 258 -168 -132 -33.3 67.4 21.4 0.66 135 7.67 0.013 1.7 21.1 

fen-17-c13 -42.9 247 279 -166 -128 -34.9 69.7 23.0 0.73 109 7.67 0.013 1.4 22.4 

fen-18-c13 -37.9 256 12   -     -   -35.5 60.0 23.7 0.75 99 7.67 0.013 1.3 19.8 

fen-19-c13 -43.9 262 16   -     -   -32.4 68.4 20.5 0.63 149 7.67 0.013 1.9 15.6 

fen-20-c13 -42.1 269 12   -     -   -32.9 67.7 20.9 0.65 142 7.67 0.013 1.8 16.2 

fen-21-c13 -43.0 276 3   -     -   -32.4 69.7 20.5 0.63 149 7.67 0.013 1.9 15.8 

fen-22-c13 -39.8 284 26   -     -   -33.7 70.6 21.8 0.68 128 7.67 0.013 1.6 17.7 

fen-23-c13 -41.9 291 19   -     -   -33.6 67.6 21.7 0.67 130 7.67 0.013 1.7 13.7 

Phalaris arundinacea 

fen-1-d13 -48.4 113 122 -170 -128 -38.8 54.3 27.2 0.89 44 1.58 0.012 0.5 10.4 

fen-2-d13 -49.4 116 3805 -191 -149 -39.0 46.4 27.5 0.90 40 1.58 0.012 0.5 11.1 

fen-3-d13 -46.3 123 163 -185 -146 -39.4 52.4 27.9 0.92 33 1.58 0.012 0.4 11.1 

fen-4-d13 -48.1 130 938 -207 -167 -36.6 52.4 24.9 0.80 80 1.58 0.012 1.0 13.8 

fen-5-d13 -45.6 137 743 -187 -148 -36.5 61.9 24.7 0.79 83 1.58 0.012 1.0 13.3 



 

121 

 

fen-7-d13 -47.3 151 892 -199 -159 -37.8 59.0 26.1 0.85 61 1.58 0.012 0.7 14.4 

fen-8-d13 -46.6 158 1196 -218 -179 -36.6 59.3 24.9 0.80 80 1.58 0.012 1.0 21.2 

fen-9-d13 -56.7 165 874 -216 -169 -38.7 64.4 27.1 0.89 45 1.58 0.012 0.6 18.6 

fen-10-d13 -53.9 172 338 -224 -180 -38.6 59.7 27.0 0.88 47 1.58 0.012 0.6 19.4 

fen-11-d13 -53.3 179 223 -227 -183 -38.6 59.1 27.0 0.88 47 1.58 0.012 0.6 23.5 

fen-12-d13 -51.0 186 199 -212 -169 -38.2 72.4 26.6 0.87 53 1.58 0.012 0.7 24.4 

fen-13-d13 -41.3 207 387 -221 -187 -38.5 63.1 26.9 0.88 48 1.58 0.012 0.6 27.7 

fen-14-d13 -46.4 217 843 -219 -181 -38.1 67.1 26.5 0.86 55 1.58 0.012 0.7 20.7 

fen-15-d13 -41.7 225 1067 -216 -182 -38.1 60.6 26.4 0.86 56 1.58 0.012 0.7 21.2 

fen-16-d13 -46.5 232 239 -210 -172 -38.1 67.4 26.5 0.86 55 1.58 0.012 0.7 21.1 

fen-17-d13 -42.9 247 822 -223 -189 -35.8 69.7 24.1 0.77 93 1.58 0.012 1.1 22.4 

fen-18-d13 -37.9 256 560 -213 -182 -36.8 60.0 25.1 0.81 76 1.58 0.012 0.9 19.8 

fen-19-d13 -43.9 262 432 -218 -182 -38.3 68.4 26.7 0.87 52 1.58 0.012 0.6 15.6 

fen-20-d13 -42.1 269 366 -223 -189 -38.2 67.7 26.6 0.87 53 1.58 0.012 0.7 16.2 

fen-21-d13 -43.0 276 456 -223 -188 -39.0 69.7 27.4 0.90 41 1.58 0.012 0.5 15.8 

fen-22-d13 -39.8 284 69 -215 -182 -37.7 70.6 26.0 0.85 62 1.58 0.012 0.8 17.7 

Corylus americana 

fen-1-f13 -48.4 113 7152 -182 -140 -38.2 54.3 26.6 0.87 53 0.53 0.011 0.6 10.4 

fen-2-f13 -49.4 116 8528 -196 -154 -35.9 46.4 24.1 0.77 93 0.53 0.011 1.1 11.1 

fen-3-f13 -46.3 123 4517 -189 -149 -36.9 52.4 25.2 0.81 75 0.53 0.011 0.8 11.1 

fen-4-f13 -48.1 130 7208 -179 -138 -35.8 52.4 24.1 0.77 93 0.53 0.011 1.1 13.8 

fen-5-f13 -45.6 137 792 -147 -106 -36.3 61.9 24.5 0.78 86 0.53 0.011 1.0 13.3 

fen-6-f13 -46.5 144 947 -141 -99 -39.7 65.9 28.2 0.93 28 0.53 0.011 0.3 18.2 

fen-7-f13 -47.3 151 539 -144 -101 -39.3 59.0 27.7 0.91 36 0.53 0.011 0.4 14.4 

fen-8-f13 -46.6 158 1423 -144 -103 -40.0 59.3 28.5 0.94 24 0.53 0.011 0.3 21.2 
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fen-9-f13 -56.7 165 240 -155 -105 -39.8 64.4 28.3 0.93 27 0.53 0.011 0.3 18.6 

fen-10-f13 -53.9 172 1207 -145 -96 -40.6 59.7 29.1 0.97 14 0.53 0.011 0.2 19.4 

fen-11-f13 -53.3 179 2524 -155 -107 -40.1 59.1 28.6 0.94 23 0.53 0.011 0.3 23.5 

fen-12-f13 -51.0 186 1469 -146 -101 -40.3 72.4 28.7 0.95 20 0.53 0.011 0.2 24.4 

fen-13-f13 -41.3 207 617 -153 -116 -40.4 63.1 28.9 0.96 17 0.53 0.011 0.2 27.7 

fen-14-f13 -46.4 217 2395 -148 -106 -40.2 67.1 28.7 0.95 20 0.53 0.011 0.2 20.7 

fen-15-f13 -41.7 225 348 -156 -119 -40.7 60.6 29.2 0.97 12 0.53 0.011 0.1 21.2 

fen-16-f13 -46.5 232 218   -     -   -40.7 67.4 29.2 0.97 13 0.53 0.011 0.1 21.1 

fen-17-f13 -42.9 247 521 -150 -112 -40.9 69.7 29.4 0.98 9 0.53 0.011 0.1 22.4 

fen-18-f13 -37.9 256 332 -144 -111 -40.8 60.0 29.3 0.97 11 0.53 0.011 0.1 19.8 

fen-19-f13 -43.9 262 2067 -156 -117 -40.7 68.4 29.2 0.97 13 0.53 0.011 0.1 15.6 

fen-20-f13 -42.1 269 410 -154 -117 -41.0 67.7 29.5 0.98 7 0.53 0.011 0.1 16.2 

fen-21-f13 -43.0 276 593 -170 -133 -41.9 69.7 30.5 1.02   -     -     -     -     -   

fen-22-f13 -39.8 284 510 -169 -134 -40.8 70.6 29.3 0.97 11 0.53 0.011 0.1 17.7 

fen-23-f13 -41.9 291 852 -151 -114 -42.7 67.6 31.37 1.05   -     -     -     -     -   

Sediments 

Fen-2 -49.4 116 25201 -170 -127 -32.7 46.4 20.7 0.64 145   -     -     -   11.1 

Fen-3 -46.3 123   -   -174 -134 -32.8 52.4 20.8 0.64 143   -     -     -   11.1 

Fen-4 -48.1 130   -   -178 -131 -32.5 52.4 20.5 0.63 148   -     -     -   13.8 

Fen-5 -45.6 137 1479 -174 -130 -32.4 61.9 20.5 0.63 149   -     -     -   13.3 

Fen-7 -47.3 151 52707 -168 -126 -32.8 59.0 20.9 0.64 142   -     -     -   14.4 

Fen-8 -46.6 158 12988 -174 -126 -32.1 59.3 20.2 0.62 154   -     -     -   21.2 

Fen-9 -56.7 165 9502 -168 -116 -32.8 64.4 20.9 0.64 142   -     -     -   18.6 

Fen-10 -53.9 172 4413 -166 -111 -33.0 59.7 21.1 0.65 139   -     -     -   19.4 

Fen-11 -53.3 179 12421 -171 -118 -32.5 59.1 20.5 0.63 148   -     -     -   23.5 
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Fen-12 -51.0 186 16454 -168 -119 -33.1 72.4 21.2 0.65 138   -     -     -   24.4 

Fen-13 -41.3 207 4094 -165 -128   -     -     -     -     -     -     -     -   27.7 

Fen-14 -46.4 217 4247 -169 -130 -33.0 67.1 21.1 0.65 139   -     -     -   20.7 

Fen-15 -41.7 225 2354 -166 -124 -32.9 60.6 21.0 0.65 141   -     -     -   21.2 

Fen-16 -46.5 232 4113 -163 -124 -32.7 67.4 20.8 0.64 144   -     -     -   21.1 

Fen-17 -42.9 247 3824 -170 -134 -32.3 69.7 20.4 0.62 150   -     -     -   22.4 

Fen-18 -37.9 256 1701 -169 -134 -33.5 60.0 21.6 0.67 131   -     -     -   19.8 

Fen-19 -43.9 262 5074 -169 -128 -32.7 68.4 20.8 0.64 145   -     -     -   15.6 

Fen-20 -42.1 269 4289 -170 -127 -32.5 67.7 20.6 0.63 147   -     -     -   16.2 

Fen-21 -43.0 276 5963 -173 -136 -32.7 69.7 20.8 0.64 144   -     -     -   15.8 

Fen-22 -39.8 284 4242 -178 -144 -33.9 70.6 22.1 0.69 124   -     -     -   17.7 

Fen-23 -41.9 291 477 -170 -134 -32.7 67.6 20.7 0.64 145   -     -     -   ### 

* "  -  " indicates no data 

a An = CO2 Assimilation rate 

b ℃ = Mean Daily Temperature 
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5.1.0 ABSTRACT 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants 

of particular concern due to their mutagenic and carcinogenic properties. Identifying the 

source and movement of these compounds in the environment poses a significant 

challenge. Molecular distributions and stable isotopic compositions of PAHs vary as a 

function of both source and production/degradation processes and therefore provide an 

opportunity for delineating origin and transport through the natural system. Here we utilize 

a multivariate approach to identify spatial variations in source materials, 

transport/degradation, and determine if there are differences in molecular and isotopic 

distributions of PAHs between sites dominated by aerial and aquatic modes of transport. 

We measured the concentration, δ13C, and δD of 16 EPA priority PAHs in over 100 soil 

and sediment samples collected across Connecticut and Rhode Island, USA. Our data show 

that despite large variations in industrial activities and land use, the distribution of PAHs 

with different numbers of ring units remains fairly stable at all sites with percent 

distributions at 9.4 % 2-3 ring, 47.9 % 4 ring, and 42.8 % 5-6 ring compounds. The 

distribution of PAH compounds in the sediments indicate a mixture of pyrogenic and 

petrogenic sources with a majority of PAHs produced through pyrogenic means. While all 

sites are dominated by pyrogenic sources, carbon and hydrogen isotopes are highly 

variable, ranging from –29.6 to –20.6 ‰ and –131 to –33 ‰ respectively. Based on 

established endmember isotopic compositions the PAHs collected from Connecticut and 

Rhode Island are made up of a complex mixture of three main source materials: Liquid 

fossil fuels, low temperature coal combustion, and industrial contaminants.  
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5.2.0 INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants that are 

comprised of two or more fused aromatic rings and are ubiquitous in the environment 1. 

PAHs are a concern for both human and environmental health because they possess toxic 

characteristics, are environmentally persistent, bioaccumulate, and are prone to long-range 

transboundary atmospheric transport and deposition 2. Although PAHs are naturally 

formed in un-combusted petroleum (petrogenic), the majority of PAHs in the environment 

are by-products of incomplete combustion of biomass (pyrogenic), such as wood and fossil 

fuels, including petroleum and coal 1,3,4. Relative PAH abundances are generally indicative 

of PAH source, with pyrogenic sources in urban atmospheric dust depleted in lower 

molecular weight (2-3 ring) PAHs and petrogenic sources dominated by low molecular 

weight PAHs 5.   

Recently there has been a surge of interest in measuring the spatial distribution of 

PAHs as a means of tracing environmental pollution from anthropogenic and natural 

sources 2,6–8. PAHs are extensively used as molecular tracers of combustion-related 

airborne particles 4,9 because they are a major cause for numerous human health 

problems 10,11. PAHs account for most of the total mutagenic activity of airborne particles 

(approx. 35-82% 12) and are known to cause problems such as lung cancer, respiratory 

disease, and heart disease 10–12. Due to these factors, a reduction of PAH emissions is 

necessary to improve overall air quality.  

Atmospheric PAHs come from a multitude of sources (e.g. vehicle exhaust, power 

generation, cooking, asphalt surfaces, and industrial processes) however, identifying the 

sources of these compounds in the natural environment can be complicated due to the 
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variety of sources. A number of techniques are used to determine source or origin, however 

the majority use diagnostic ratios of PAHs 4,6,13. Diagnostic ratios are a “fingerprinting” 

technique that differentiates pyrogenic and petrogenic sources by using molecular indices 

based on ratios of structural isomers 5,14,15. These indices rely on the fact that low 

temperature production of PAHs (petrogenic) is governed by thermodynamic processes, 

whereas high temperature production (pyrogenic) is governed by kinetic processes 15.  

Hence, PAH distribution and, more specifically, structural isomer distribution is 

temperature dependent and thus these indices can be used to determine the origin of PAHs 

in the environment 15. These isomeric ratios, while useful in determining the PAH 

production methods (pyrogenic versus petrogenic), are not source specific, have 

considerable intra-source variability, and are limited to these bulk characterizations 13. 

Diagnostic ratios discriminate between petroleum (petrogenic) or fire (pyrogenic) derived 

sources, however the diagnostic ratios are inconclusive with regards to identifying specific 

petrogenic or pyrogenic sources. 

While there is an extensive body of literature regarding diagnostic ratios as a tool 

for determining PAH source, the carbon isotopic composition (δ13C) of an individual PAH 

molecule is a better tracer of PAH source 1.  The δ13C composition of PAHs is determined 

solely from source materials and evaporation, photodecomposition, and microbial 

degradation have minimal effect on intrinsic carbon isotope composition of a PAH 

molecule relative to source materials 1,16–18. Carbon isotopes provide a key tool for 

discriminating between PAH source 1,8,19, however , variations in δ13C of PAHs produced 

from different sources have a small range and typically differ by only a few ‰ 20.  

Compound specific hydrogen (δD) isotopes of PAHs in tandem with δ13C can greatly 
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improve constraints on source apportionment of PAHs 1,20,21. δD has a relatively large range 

in ‰ (sometimes greater than 100 ‰) and, used in combination with δ13C and 

concentration data, represents a promising approach to PAH source determination.  

Here we use a multivariate (δD, δ13C, and concentration) approach to examine the 

spatial variability in PAH source in areas with distinct land use, industrial activity, and 

potential mode of transport (airborne versus aquatic). The sites are located in both highly 

urbanized and mostly rural areas, to account for the varied land use strategies of the 

Connecticut-Rhode Island region. A duel compound specific isotope approach 

corroborated with general source appointment from diagnostic ratios provides a novel 

method to elucidate contributors from specific source materials.   

5.3.0 SAMPLE COLLECTION AND METHODS 

5.3.1 Study area 

We collected soils from 55 sites in Connecticut and Rhode Island, USA during 

Spring and Summer of 2015. The sampling area covered approximately 14,000 km2 and is 

dominated by temperate broadleaf and mixed deciduous/coniferous forests containing 

oaks, beech, hickories, maple, and various conifer species. Coastal salt marshes have 

distinct zones of vegetation, with tall saltmarsh cordgrass grown along the water’s edge, 

salt-meadow cordgrass and spike grass in the high marsh, and glasswort in the salt pannes. 

Sample sites span a range of land uses and land use histories and are characterized by large 

regional variabilities in urbanization 22. In general, samples sites range from 1.10 km from 

the city center to 27.04 km from the city center.  

Hartford CT has a humid continental climate with cold winter and warm humid 

summers with average rainfall of approximately 112 cm/year. The Greater Hartford 
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Metropolitan is the largest metro in the state and spans approximately 110 km2 and 3 cities: 

East Hartford, Hartford, and West Hartford. The temperatures in Hartford and the majority 

of inland sampling sites range from an average of –9 °C in January to 17 °C in July 23. New 

London has a southern coastal climate which is similar to the continental climate of 

Hartford, however seasonal extremes are tempered by proximity to the Atlantic Ocean 

leading to slightly warmer winters and a longer frost-free season. The region receives 

approximately 190 cm/yr precipitation and the temperature ranges from a mean of –5 °C 

in January to 18 °C in July 23. 

5.3.2 Study design and sample collection 

Sample locations were chosen to examine spatial variations in molecular 

distributions and isotopic differences in a variety of urban and rural areas in both inland 

and coastal environments. Furthermore, these sites were chosen to specifically differentiate 

between sites that are affected only by atmospheric or local production and deposition, and 

those that are biased by both airborne and aquatic transport. We collected samples of 

modern soil and sediment samples from 55 urban and rural sites (Table 5.10). All sites 

were located in state or city parks, a minimum of 35 meters away from roadways, parking 

areas, and walking paths in locations where routine maintenance does not occur to 

minimize any localized contamination. At each site, a minimum of two samples were taken 

within 4.5 m of each other to characterize site heterogeneity. PAHs in Connecticut are 

transported through two main pathways: airborne depositions and aquatic transport. Our 

samples are separated into three distinct categories based on the types of transport possible 

at that site. First is airborne, for sites that are only subject to deposition from the 

atmosphere. Second is riverine, for samples collected from fluvial sediments and subject 
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to transport and mobilization by freshwater. Lastly is marine, for samples located in 

saltmarshes where sediments are subject to transport and mobilization by salt water. 

Sediments and soils were collected from the top 1 to 5 cm depth after any loose 

brush, wood chips, etc. associated with the O horizon were removed. Approximately 200 

to 400 g of sample was placed in a 0.25 L polyethylene bag and transported in a cool, dry 

container until they returned to the University of Connecticut where these were frozen at –

20 °C prior to sample preparation. 

Table 5.10 Sampling Locations, abbreviations, latitudes and longitudes, and mass 

sediment/soil extracted 

Sampling Site Abb. Lat (N) Long (W) Mass Extracted 

Aslop A ASA 41.80417 -72.81889 115.8 

Aslop B ASB 41.80417 -72.81889 181.2 

Batterson A BAA 41.71583 -72.78750 107.7 

Batterson B BAB 41.71583 -72.78750 136.8 

Bluff Point A BPA 41.33361 -72.03222 109.7 

Bluff Point B BPB 41.33361 -72.03222 109.1 

C. Mount A CMA 41.76583 -72.48250 68.7 

C. Mount B CMB 41.76583 -72.48250 101.9 

C.M. Park A CPA 41.78667 -72.62556 174.4 

C.M. Park B CPB 41.78667 -72.62556 164.2 

Camp O. A COA 41.47667 -72.15278 87.5 

Camp O. B COB 41.47667 -72.15278 81.9 

Charlestown D. CHD 41.35111 -71.71917 94.1 

Charlestown S. CHS 41.35111 -71.71917 30.6 

Clark A CLA 41.64139 -72.55917 74.4 

Clark B CLB 41.64139 -72.55917 48.9 

Deadmans D. DMD 41.61160 -72.62310 125.0 

Deadmans S. DMS 41.61160 -72.62310 50.1 

Drake A DKA 41.87250 -72.80028 95.7 

Drake B DKB 41.87250 -72.80028 22.8 

Elys Ferry D. EFD 41.60944 -72.62389 33.9 

Elys FerryS. EFS 41.60944 -72.62389 24.2 

Fort T. A FTA 41.34361 -72.09472 168.9 

Fort T. B FTB 41.34361 -72.09472 163.8 
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Gay City A GCA 41.73167 -72.44028 98.1 

Gay City B GCB 41.73167 -72.44028 79.9 

Goodwin A GWA 41.69361 -72.69028 121.9 

Goodwin B GWB 41.69361 -72.69028 97.5 

Gorman A GMA 41.73611 -72.59500 98.1 

Gorman B GMB 41.73611 -72.59500 135.1 

Great Oak A GOA 41.39750 -72.00700 163.8 

Great Oak B GOB 41.39750 -72.00700 71.2 

Great River A GRA 41.75833 -72.65889 126.5 

Great River B GRB 41.75833 -72.65889 166.1 

Hains Park A HPA 41.36167 -72.29500 61.0 

Hains Park B HPB 41.36167 -72.29500 187.0 

Haley Woods A HWA 41.39556 -72.00694 22.0 

Haley Woods B HWB 41.39556 -72.00694 30.1 

Hammock Point HP 41.25889 -72.51778 38.2 

Island Ave. D. IAD 41.31690 -72.01830 49.8 

Island Ave. S. IAS 41.31690 -72.01830 70.3 

Lyman Allen A LAA 41.42083 -72.13167 116.5 

Lyman Allen B LAB 41.42083 -72.13167 106.7 

Manchester A MCA 41.77667 -72.52778 134.9 

Manchester B MCB 41.77667 -72.52778 110.3 

Mills Wood A MWA 41.69028 -72.80389 94.6 

Mills Wood B MWB 41.69028 -72.80389 114.7 

Morea A MRA 41.71833 -72.88861 79.5 

Morea B MRB 41.71833 -72.88861 60.6 

Municipal A MPA 41.57250 -72.56111 155.5 

Municipal B MPB 41.57250 -72.56111 132.2 

Nassahegon A NSA 41.75528 -72.93972 53.9 

Nassahegon B NAB 41.75528 -72.93972 97.0 

Nehantic A NHA 41.41667 -72.26528 89.5 

Nehantic B NHB 41.41667 -72.26528 74.9 

Nepaug A NPA 41.85167 -72.95778 114.4 

Nepaug B NPB 41.85167 -72.95778 96.2 

Northwest A NWA 41.94750 -72.70194 140.6 

Northwest B NWB 41.94750 -72.70194 158.4 

Ocean Beach A OBA 41.30111 -72.10139 110.1 

Ocean Beach B OBB 41.30111 -72.10139 133.6 

Old Lyme OL 41.31389 -72.33750 64.2 

Old Saybrook OS 41.27889 -72.39306 - 
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Parkway A PWA 41.37333 -72.18167 141.8 

Parkway B PWB 41.37333 -72.18167 131.9 

Peace Nature A PNA 41.36694 -71.97389 133.0 

Peace Nature B PNB 41.36694 -71.97389 149.9 

Plainville A PVA 41.71694 -72.88194 40.4 

Plainville B PVB 41.71694 -72.88194 91.9 

Pope Park A PPA 41.75833 -72.69806 109.1 

Pope Park B PPB 41.75833 -72.69806 143.6 

Poquetanck A PQA 41.46850 -72.06610 170.0 

Poquetanck B PQB 41.46850 -72.06610 141.3 

Ragged A RGA 41.62806 -72.80389 94.3 

Ragged B RGB 41.62806 -72.80389 82.6 

Riverside Hart A RHA 41.77528 -72.66667 108.8 

Riverside Hart B RHB 41.77528 -72.66667 98.7 

Riverside Park A RPA 41.36750 -72.09694 88.3 

Riverside Park B RPB 41.36750 -72.09694 63.3 

Rocky Neck  RN 41.30250 -72.24500 101.3 

Salmon Brook A SBA 41.94778 -72.79722 152.2 

Salmon Brook B SBB 41.94778 -72.79722 160.7 

Salmon River A SRA 41.62222 -72.42278 159.4 

Salmon River B SRB 41.62222 -72.42278 212.4 

Sand Hill A SHA 41.84111 -72.55056 54.5 

Sand Hill B SHB 41.84111 -72.55056 72.7 

Sand Hill Rd. A SNA 41.57328 -72.61085 165.2 

Sand Hill Rd. B SNB 41.57328 -72.61085 115.5 

Scantic A SCA 41.83833 -72.54667 164.1 

Scantic B SCB 41.83833 -72.54667 153.3 

Spice A SIA 41.75833 -72.76389 179.2 

Spice B SIB 41.75833 -72.76389 122.1 

Spring Park A SPA 41.93611 -72.65444 164.3 

Spring Park B SPB 41.93611 -72.65444 178.5 

Stanley A STA 41.69167 -72.77472 205.1 

Stanley B STB 41.69167 -72.77472 181.0 

Talcott Mtn A TMA 41.83944 -72.79278 68.9 

Talcott Mtn B TMB 41.83944 -72.79278 179.0 

Valley Falls A VFA 41.82278 -72.44417 114.1 

Valley Falls B VFB 41.82278 -72.44417 64.6 

Westerly D. WD 41.32683 -71.78624 44.3 

Westerly S.  WS 41.32683 -71.78624 23.7 
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Williams A WLA 41.70333 -72.55889 73.3 

Williams B WLB 41.70333 -72.55889 64.2 

Windsor A WDA 41.81222 -72.64722 125.5 

Windsor B WDB 41.81222 -72.64722 109.8 

 

5.3.3 Sample preparation 

 Sediments and soils were freeze-dried (Labconco Freezone 4.5) prior to extraction. 

A minimum of 22 g of sediment or soil was extracted for 24 hours via Soxhlet extraction 

with approximately 300 mL of dichloromethane (DCM). The total lipid extract (TLE) was 

saponified with approximately 5 mL of 1M KOH in methanol (MeOH) and heated for 2 h 

at 85 °C. The reaction was cooled to room temperature, then quenched with 5 mL of 5 % 

sodium chloride. The neutral fraction was separated using liquid/liquid extraction for PAH 

separation.  

The neutral fraction was then separated into three fractions based on molecular 

polarity using column chromatography. Silica gel columns were built using approximately 

15-20 grams of silica in an ashed borosilicate pipette. The sample was added to the column 

and run through with 60 mL of hexanes to ensure complete removal of the abundant 

n-alkanes. The second fraction is slightly more polar and is collected using a 70:30 

hexanes:DCM mixture. Approximately 60 to 90 mL of the second fraction is collected, 

depending on sample richness. The final fraction is the polar fraction where 30 mL of 

MeOH clears the remainder of the sample from the column.  
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5.3.4 PAH determination 

 PAHs were dried at ~45 °C under a continuous flow of nitrogen and concentrated 

down to 2 mL and dissolved in toluene. PAH content in sediments and soils was determined 

by Thermo-Scientific Trace GC Ultra filter with a split-splitless (SSL) injector and flame 

ionization detector (FID) using a DB-5 column (60 m × 0.25 mm i.d., 0.25 µm) with He as 

the carrier (1.5 mL/min). The initial GC oven temperature was held at 70 °C for 3.80 

minutes then warmed to 180 °C at 15 °C/min, followed by a ramp to 290 °C at 4.2 °C/min, 

ramp to 310 °C at 5.2 °C/min and held at 310 °C for 19.20 min.  

A standard mix containing  the EPA priority PAHs naphthalene (NAP), 

acenaphthene (ACE), acenaphthylene (ACY), fluorene (FLR), phenanthrene (PHE), 

anthracene (ANT), fluoranthene (FTN), pyrene (PYR), benzo (a) anthracene (BaA), 

chrysene (CHY), benzo (b) fluoranthene (BbF), benzo (k) fluoranthene (BkF), benzo (a) 

pyrene (BaP), dibenzo (a,h) anthracene (DahA), indeno (1,2,3-c,d) pyrene (IcdP), and 

benzo (g,h,i) perylene (BahiP) at 200 µg/mL in toluene was used for calibration (Restek 

SV Calibration Mix #5/610 PAH mix, Bellefonte PA, USA). All solvents were HPLC 

grade: Toluene, DCM, solvent extracted water, and hexanes were provided by Sigma 

Aldrich (Natick MA, USA). 

5.3.5 Isotopic measurements 

 Hydrogen and carbon isotopes of individual PAHs were measured using a Thermo 

GC-Isolink attached to a Thermo Scientific MAT 253 isotope ratio mass spectrometer 

(IRMS) with a 60 m × 0.25 m ID, 0.25 nm film thickness BP-5 fused silica column with 

a helium carrier at a flow of 1.5 ml/min. The initial GC temperature was held at 90 °C for 

1 min then warmed to 180 °C at 10 °C/min, followed by a ramp to 310 °C at 2 °C/min and 
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held for 19 minutes.  The separated molecules were thermally decomposed to H2 and CO2 

and isotopic ratios of compound specific hydrogen or carbon, respectively, were measured. 

We measured the H3
+ factor daily prior to standard calibration and sample analysis and 

averaged 6.8 over the duration of analysis.  

The isotopic compositions of individual PAHs were determined using in-house 

laboratory gas references and a suite of n-alkanes of known composition that were 

measured multiple times are at a range of concentrations (Mix A5 prepared by A. 

Schimmelmann). Typical standard deviation for hydrogen isotopes for repeated analysis of 

A. Schimmelmann’s Mix A5 n-alkane isotope standard was less than 4 ‰ for a range of 

concentrations. Standard deviation for carbon isotope measurements for standards is less 

than 0.3 ‰ (1 σ).  

5.4.0 RESULTS AND DISCUSSION 

5.4.1 PAH Concentrations and Composition 

Sample locations vary from heavily wooded areas with mostly deciduous plant life 

to coastal salt marshes on the Long Island Sound. In addition, sample sites can be 

characterized by those sites that are subject to surface flooding by fresh or marine waters 

(and thus subject to potential marine transport of PAHs) and those outside the reach of 

fluvial transport and subject only to local or airborne deposition of PAHs. All locations 

were rich in organic matter, which favor PAH accumulation 1. The content of PAHs (sum 

of 16 EPA PAHs) in Connecticut and Rhode Island sediments and soils range from 17.0 

ng/g to 5452 ng/g dry material (Table 5.11). The site with the highest concentration is 

located 22.5 km south-east of the city of Hartford on the banks of the Connecticut River, 

while the lowest concentration of PAHs is located 24.5 km northwest of Hartford.  
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Table 5.11 Concentration and diagnostic ratios of sampling locations 

Sample 

PAH 

ng/g 

PAHheavy 

ng/g* 

%O.M.

**  

FLT/ 

(FLT+PYR) 

BaA/ 

(BaA+CHR) 

LMW/

HMW 

ASA    -       -    23.55    -       -       -    

ASB 2697 1244.83 2.40 0.52 0.32 0.10 

BAA 208.3 189.75 11.59 0.66 0.26 0.03 

BAB 4315 1552.85 8.16 0.50 0.33 0.22 

BPA 150.4 107.52 9.68 0.58 0.27 0.11 

BPB 168.4 152.63 12.84 0.75 0.30 0.06 

CMA    -    182.22 15.73    -       -       -    

CMB 174.6 106.91 8.94 0.54 0.35 0.12 

CPA 115.1 58.60 3.81 0.55 0.40 1.05 

CPB 81.8 84.59 4.65 0.58 0.37 0.05 

COA 37.7 38.39 12.38 0.53 0.32 0.00 

COB 103.7 91.39 22.27 0.53 0.33 0.05 

CHD 355.0 352.35 37.36    -       -    0.16 

CHS 726.2 275.62 30.61    -    0.61 0.22 

CLA 528.8 236.35 18.17 0.57 0.32 0.18 

CLB 4870 1841.68 42.45 0.51 0.34 0.19 

DMD    -    405.51    -       -       -       -    

DMS    -    693.78 17.38    -       -       -    

DKA    -    76.76 13.79    -       -       -    

DKB 1852 1444.01 50.64 0.55 0.33 0.02 

EFD 1812 1288.02 33.91    -    0.43 0.34 

EFS 2053 1078.08 24.22    -    0.42 0.31 

FTA 99.8 74.59 2.20 0.56 0.33 0.00 

FTB 244.0 162.99 4.49 0.52 0.38 0.08 

GCA    -    39.33 12.73    -       -       -    

GCB    -    41.38 16.62    -       -       -    

GWA 1289 586.10 9.37 0.58 0.31 0.20 

GWB 1660 842.28 19.93 0.53 0.30 0.16 

GMA 104.1 74.03 26.70 0.59 0.33 0.09 

GMB 66.2 70.26 7.08 0.53 0.40 0.04 

GOA 30.9 30.97 0.00 0.57 0.35 0.09 

GOB 385.9 220.28 26.87 0.59 0.28 0.12 

GRA 169.2 121.48 4.67 0.56 0.43 0.08 

GRB 99.3 83.04 1.83 0.55 0.28 0.08 

HPA 490.8 298.89 40.35 0.55 0.29 0.06 

HPB 385.7 226.96 0.99 0.54 0.36 0.10 

HWA 651.0 523.62 60.95 0.45 0.33 0.15 
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HWB 969.7 439.97 30.58 0.54    -    0.25 

HP 383.5 357.97 20.26 0.46 0.37    -    

IAD 28.2 205.57    -    0.53    -       -    

IAS 353.5 837.56 15.18 0.54 0.36 0.11 

LAA 394.0 201.27 9.58 0.55 0.29 0.14 

LAB 1042 515.23 9.06 0.55 0.29 0.12 

MCA 55.0 55.15 5.48 0.66 0.30 0.08 

MCB 106.1 83.75 7.05 0.62 0.30 0.11 

MWA 105.5 129.28 12.16 0.72 0.30 0.03 

MWB 947.2 573.33 10.61 0.56 0.34 0.06 

MRA 288.1 164.86 15.64 0.59 0.32 0.12 

MRB 675.7 380.35 33.88 0.56 0.22 0.12 

MPA 79.0 64.29 5.36 0.62 0.40 0.08 

MPB 3399 957.21 10.59 0.50 0.39 0.29 

NSA 613.0 468.26 34.35 0.56 0.34 0.07 

NAB 142.7 142.04 15.57 0.66    -       -    

NHA 73.5 81.22 18.30 0.60 0.35 0.01 

NHB    -       -    19.83    -       -       -    

NPA 117.3 44.60 12.24 0.57 0.35 1.65 

NPB 17.0 47.09 9.44    -       -       -    

NWA 30.7 40.51 7.27 0.68 0.36 0.11 

NWB 72.7 57.86 2.98 0.48 0.25 0.06 

OBA 886.6 394.51 13.54 0.52 0.23 0.15 

OBB 67.8 49.31 7.21 0.55 0.40 0.27 

OL 869.7 388.77    -    0.41 0.41 0.42 

OS 987.5 744.76 21.37    -       -       -    

PWA 135.6 63.70 5.88    -       -       -    

PWB 956.3 464.08 1.37 0.50 0.41 0.12 

PNA 361.7 185.80 6.24 0.57 0.32 0.17 

PNB 32.1    -    5.24    -       -       -    

PVA 4027 1948.07 41.67 0.50 0.23 0.13 

PVB 1556 933.79 13.22 0.55 0.29 0.12 

PPA 138.5 102.68 7.28 0.82 0.30 0.20 

PPB 95.6 71.04 7.68 0.88 0.28 0.19 

PQA 873.0 300.02 32.06 0.51 0.37 0.23 

PQB 1344 476.37 6.54 0.47 0.39 0.18 

RGA 217.4 208.57 14.34    -    0.20 0.08 

RGB    -       -    15.26    -       -       -    

RHA 86.7 74.78 7.16 0.51 0.26 0.04 

RHB 163.7 118.38 6.48 0.58 0.32 0.06 

RPA 306.3 203.09 14.69 0.56 0.39 0.13 



 

138 

 

RPB 819.1 494.70 30.53 0.58 0.32 0.08 

RN 1842 1223.22 22.00 0.48 0.40 0.05 

SBA 121.2 100.58 1.82 0.59 0.29 0.09 

SBB 1779 638.12 5.79 0.52 0.36 0.23 

SRA 2037 703.09 4.19 0.53 0.32 0.22 

SRB 2440 618.57 9.27 0.53 0.43 0.31 

SHA 239.2 164.04 39.72 0.54 0.23 0.04 

SHB 174.7 125.86 27.04 0.58 0.34 0.09 

SNA 5452 1528.49 3.71 0.51 0.43 0.30 

SNB 4477 1766.04 7.58 0.52 0.31 0.15 

SCA 128.7 93.90 1.44 0.77 0.30 0.04 

SCB    -    31.12 2.22    -       -       -    

SIA 877.8 398.91 3.69 0.58 0.31 0.20 

SIB 147.6 140.55 11.21    -    0.22 0.07 

SPA 188.0 110.76 3.78 0.63 0.27 0.09 

SPB 158.3 116.35 4.67 0.60 0.32 0.06 

STA 416.3 215.19 1.77 0.60 0.39 0.11 

STB 334.0 174.88 3.25 0.69 0.33 0.14 

TMA 131.0 92.74 24.55 0.66 0.34 0.13 

TMB 96.4 80.03 2.52 0.64 0.36 0.12 

VFA    -    207.33 12.45    -       -       -    

VFB 608.5 340.03 32.30 0.55 0.38 0.10 

WD 3426 2314.64 13.40 0.50 0.34 0.06 

WS 849.8 582.02 58.21 0.50 0.38 0.03 

WLA    -    80.63 26.05    -       -       -    

WLB 279.8 174.98 30.29 0.60 0.25 0.08 

WDA 180.5 106.08 6.93 0.55 0.23 0.07 

WDB 238.9 167.82 6.64 0.71 0.27 0.06 

"-" indicates below detection limit 

*Heavy PAHs include 4-6 ring compounds   

** O.M. = Organic Material         

 

Previous data shows that most frequently, sites with extremely high PAH 

concentrations are commonly located in highly urbanized areas 1,2,5,24. Contrary to these 

studies, sampling sites located within city limits have lower PAH concentrations than sites 

located in more rural areas (Figure 5.25). We find that sampling sites that have above 2000 
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ng/g of PAHs are located in areas that have less than 40 % urbanization, while the site with 

the highest concentration (5452.2 ng/g) was less than 20 % urbanized (Figure 5.26). Since 

all sampling locations were a minimum of 35 meters from roadways, industrial sites, 

parking lots, and other direct sources of PAH input, PAHs collected at all sites are most 

likely the result of transportation (atmospheric or aquatic) and deposition, rather than direct 

dumping of pollution onto a particular site. In general, vehicle exhaust is believed to be the 

main source of PAHs in urban atmospheres 25–29. PAHs are mostly emitted in the gas phase 

where they are adsorbed onto preexisting small particles (< 2 µm) 29,30. While adsorbed to 

particulates in the atmosphere, PAHs are subject to long range transport to remote and rural 

areas 31. Since the wind in Connecticut travels from north to south over the city of 

Hartford 32, it is possible that PAHs emitted to the atmosphere in urban areas are 

transported outside the city center before accumulating in the sediments and soils, leading 

to the high concentrations of PAHs in the sediments and soils south of the city.
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Figure 5.25 Positions of sampling sites and PAH concentrations throughout Connecticut, USA 
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The relative abundances of PAHs are characteristic of PAH source 33,34. Despite the 

large variations in concentrations throughout the sampling area, the molecular distributions 

of PAHs with varying ring numbers remain relatively identical (Supplementary Figure 

5.32). Pyrogenic sources, such as those most often found in urban areas, tend to be depleted 

in (2-3 rings) PAHs and enriched in high molecular weight (4-6 ring) PAHs while 

petrogenic PAHs are enriched in low molecular weight PAHs 35,36. The average percent by 

mass of petrogenic PAHs was 9.4 %, whereas 42.8 % (on average) of the overall PAHs 

contained in the soils and sediments consisted of pyrogenic PAHs. The majority of PAHs 

extracted from our soil and sediment samples were four ring compounds (47.9 %), which 

Figure 5.26 Percent urbanization and PAH concentration of sampling sites. Orange circles 

indicate areas that are only affected through air deposition, blue circles are samples affected 

by fluvial transport, and green circles represent coastal sampling sites affected by tidal 

shifts. 
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indicates some mixing of petrogenic and pyrogenic PAHs (4 ring PAHs), with a 

significantly larger input of pyrogenic PAHs than petrogenic 5,37,38.   

5.4.2 Diagnostic ratios and bulk source identification 

 Diagnostic ratios (DR) are ratios of structural isomers of PAHs that are formed at 

various temperatures. Low temperatures produce thermodynamically stable PAHs whereas 

high temperatures form kinetically stable PAHs, thus PAH distribution is indicative of the 

temperature at which PAHs are formed 15. These ratios are particularly helpful for bulk 

characterization of samples (pyrogenic versus petrogenic; Table 5.12). The BaA/ (BaA + 

CHR) and FLT/ (FLT + PYR) ratios ranged from 0.20 to 0.61 and 0.41 to 0.88 respectively 

(Table 5.11). The ratio of BaA/(BaA + CHR) separates samples into three distinct 

categories: values less than 0.2 indicate petroleum sources, between 0.2 and 0.35 indicate 

a mixed origin (petroleum and combustion sources), and above 0.35 indicates combustion 

sources (Table 5.12) 14. Figure 5.27a shows the spatial distribution of BaA/ (BaA + CHR) 

at each sampling site. We found that the majority of inland samples (33 sites, 66 samples) 

had ratios between 0.2 and 0.35 (41 samples, approximately 20 sites) indicating mixed 

combustion and petroleum sources while the coastal samples separate into 15 mixed source 

and 15 pure combustion samples (Table 5.11). 
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Table 5.12 Diagnostic ratios for the determination of general PAH source 

 

While there are equal numbers of mixed and combustion related sources, all sites 

located in coastal salt marshes and exposed to tidal movement are dominated by 

combustion sources (Figure 5.27). This dominance may be the result of PAH removal and 

redistribution during tidal and flooding events or through biodegradation that occurs in 

these salt marshes that are not present in the inland samples 39,40. Tidal mobilization 

preferentially removes the petrogenic PAHs since the heavier pyrogenic PAHs are more 

likely to be adsorbed to sediments and thus immobile 39. This constant removal of the 

lighters PAHs could create an apparent dominance of pyrogenic PAHs in coastal 

sediments. 

Ratios Values/Source Reference 

Fluoranthene/ 

(Fluoranthene 

+Pyrene) 

< 0.4 petroleum source Bakhtiari et al., 2009 

 0.4-0.5 petroleum combustion 

> 0.5 Combustion of coal, grass, wood 

Benzo(a)anthracene/ 

(Benzo(a)anthracene 

+ Chrysene) 

< 0.2 petroleum source Bakhtiari et al., 2009 

 0.2-0.35 mixed source 

> 0.35 combustion source 
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Figure 5.27 Spatial variations in diagnostic ratios a) Benzo (a) anthracene/ (BaA + 

chrysene) and b) Fluoranthene/ (FLT + pyrene). 
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Furthermore, it is possible that coastal samples undergo biodegradation of PAHs to 

a larger degree than inland samples. Biodegradation transforms PAHs from one form to 

another through a series of biotransformations of organic compounds into less complex, 

non-PAH, metabolites. This occurs through mineralization into inorganic compounds such 

as water, carbon dioxide (aerobic) or methane (anaerobic) 40–43. In wetlands, including 

coastal salt marshes, there are more bacteria, fungi, and algae that are capable of degrading 

PAHs, typically the low molecular weight PAHs 40. Bacteria isolated from coastal 

sediments located in brackish water were found to degrade phenanthrene up to 58 % in 6 

days, while a mixed microbial culture of bacteria reduced the concentration of LMW PAHs 

by 99.5 % and HMW PAHs by 97 % over 6 months 40,44.  Certain algae have been reported 

to enhance the degradation of fluoranthene and pyrene when present with bacteria 45. 

Increased degradation and mobilization of smaller PAHs in coastal salt marshes may skew 

diagnostic ratios, thus leading to the appearance of more pyrogenic PAHs along the coast. 

Examination of FLT/(FLT + PYR) ratios do not show a similar pattern of 

combustion PAHs only along the coast, however we do see a higher amount of combustion 

dominated sites overall in both inland and coastal sites (Figure 5.27). This is unusual, as 

we would expect these diagnostic ratios to be relatively similar, however studies indicate 

that different microbial bacteria degrade different PAHs 40. It is possible that microbial 

degradation of individual PAHs occurs at different rates, thus causing the differences in 

DR between the two sets of structural isomers.  We can establish reasonable consistency 

identifying formation process through comparative analysis of BaA/(BaA +CHY) and 

FLT/(FLT + PYR). The diagnostic ratios indicate that the majority of our sites are 

dominated by mixed petroleum and combustion sources (Figure 5.28). While the majority 
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of sites are dominated by a mix of petroleum and combustion sources, we find several sites 

with diagnostic ratios that suggest strictly combustion related sources.  

 

5.4.3 Carbon and Hydrogen Isotope Composition of PAHs in Sediments and Soils. 

 While diagnostic ratios of PAHs are informative about the bulk characterization of 

PAH methods of production (pyrogenic versus petrogenic) compound specific stable 

carbon isotope measurements are used to further corroborate PAH source materials. PAH 

extracts from all samples were analyzed for their carbon isotopic composition (δ13C). The 

δ13C values for the sampling locations ranged between –29.6 and –20.6 ‰ (–24.1 ± 1.6 ‰, 

μ ± σ; Table 5.13). While there is significant variation between sampling locations, there 

is no substantial relationship to this variation (Figure 5.29). Overall, the δ13C values of all 

PAHs in the present study can be separated into five categories: C3 plants (–27.3 to –

30.1 ‰), liquid fossil fuels (–23.7 to –26.9 ‰), low temperature (~650 °C) coal (–22.1 to 

Figure 5.28 Comparative analysis of PAH diagnostic ratios. The gray shaded area represents 

petroleum dominated source materials, the green shaded area consists of mixed source 

materials, and white area represents combustion dominated source materials 
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–24.3 ‰), high temperature (~900 °C) coal (–25.5 to –28.1 ‰), and industrial emissions 

(–22.3 to –22.9 ‰). The majority of our samples exhibited δ13C values that indicate there 

are multiple sources of PAHs in the environment. Environmental PAHs originate from a 

complex mixture of liquid fossil fuels, low temperature coal burning, and industrial 

emissions.    

Table 5.13 δD and δ13C of FLT, PYR, and total PAHs 

Abb. δDFLT δDPYR δDPAH* δ13CFLT δ13CPYR δ13CPAH*  

ASB -78 -71 -77 -23.0 -24.6 -23.6 

BAB -52 -40 -48 -24.0 -24.9 -23.4 

BPA -43 -35 -52 -23.9 -23.8 -24.5 

BPB -91 -95 -86 -24.1 -24.8 -26.9 

CMB -47 -39 -44 -24.3 -25.1 -25.0 

CPB -57 -50 -56 -23.3 -24.1 -23.7 

COA   -     -     -   -22.8 -24.0 -24.0 

COB   -     -     -   -22.2 -23.2 -23.0 

CHD -81 -116 -132 -23.6 -22.7 -20.6 

CLB -53 -40 -51 -22.7 -24.6 -22.7 

DKA -59 -59 -60   -     -     -   

DKB   -     -     -   -23.5 -27.1   

EFD   -     -     -   -27.4 -24.9 -26.4 

EFS -99 -52 -90 -33.1 -26.2 -29.5 

FTA -71 -63 -79 -23.0 -24.1 -24.0 

FTB -58 -50 -66 -23.3 -24.1 -24.1 

GWB -57   -   -47 -24.3 -25.1 -23.3 

GMA -44 -34 -53   -     -   -29.6 

GRA -77 -59 -62 -24.4 -24.8 -24.4 

HPA   -     -     -   -22.1 -23.7   -   

HPB   -     -     -   -21.5 -22.8   -   

HWA   -     -     -   -23.9 -24.6 -23.8 

HP -65 -67 -101 -24.6 -24.3 -24.2 

IAD -62 -58 -68 -23.1 -23.5 -23.3 

IAS -33 -50   -   -24.2 -24.8 -24.7 

LAA   -     -     -   -20.3 -22.2   -   

LAB   -     -     -   -19.4 -21.3   -   

MCB -73 -57 -63 -24.5 -24.8 -25.4 

MWB   -     -     -   -23.8 -23.6 -24.5 

MRA -43 -37 -47 -22.6 -24.0 -23.5 
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MRB -45 -34 -41 -23.0 -24.4 -22.9 

MPB   -     -     -   -23.9 -24.9 -23.0 

NSA   -     -     -   -21.8 -23.4 -22.5 

NPA   -     -     -   -28.5 -25.1 -26.3 

NWB -60 -38 -43 -23.3 -24.8 -24.1 

OBA -57 -48 -54 -23.6 -24.9 -24.2 

OBB   -     -     -   -24.0 -24.2 -25.2 

OL -96 -120 -111 -25.9 -24.6 -25.5 

OS -89 -78   -   -22.9 -23.4 -22.0 

PWA   -     -     -   -23.2 -24.0 -23.6 

PWB   -     -     -   -23.1 -23.9 -25.4 

PNA -72 -58 -94 -23.0 -24.1 -23.6 

PVA   -     -     -   -23.5 -24.2   -   

PVB -64   -   -54   -     -   -23.9 

PPA -48 -30 -48 -23.1 -24.8 -23.1 

PQA   -     -     -   -23.6 -24.9 -23.1 

PQB   -     -     -   -24.1 -25.5 -23.8 

RGA   -     -     -   -21.6 -22.9 -22.4 

RHB   -     -     -   -24.9 -25.6 -25.1 

RPA -66 -52 -63 -23.8 -24.8 -24.1 

RPB   -     -     -   -24.5 -24.8 -25.1 

RN   -     -     -   -24.3 -25.3 -24.9 

SBB   -     -     -   -22.9 -24.7 -22.8 

SRA -63 -53 -59 -22.1 -23.9 -22.0 

SRB -74 -74   -   -22.3 -24.0 -23.0 

SHA -44 -29 -37 -24.1 -24.9 -25.6 

SHB -40 -16 -42 -24.4 -25.2 -24.5 

SNA -37 -27 -33 -23.3 -24.9 -23.2 

SNB   -     -     -   -22.9 -24.6   -   

SIA -66 -57 -65 -22.1 -23.4 -22.6 

SIB -54   -   -54 -23.7 -24.2 -24.0 

SPA -58 -52 -59 -25.3 -23.7 -23.5 

STA -39 -34 -45 -21.6 -23.4 -21.8 

STB -56 -52 -58 -21.5 -23.9 -22.1 

TMA -56   -   -66 -24.4 -25.4 -24.3 

VFA -31 -35 -33 -27.0 -29.3 -27.4 

WD -59 -54 -64 -24.0 -25.0 -24.6 

WS   -     -     -   -23.2 -23.6 -23.8 

WDB   -     -     -   -22.4 -24.1 -22.6 

* Weighted average of all detected PAH isotope values 

"-" indicates below detection limit 
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Figure 5.29 Spatial variations of a) hydrogen (δD) and b) carbon (δ13C) isotopic values of 

PAHs in Connecticut, USA 



 

150 

 

The use of compound specific stable carbon isotope analysis for source-

apportionment of PAHs located in environmental samples has been well 

established 8,19,20,46,47. However, differences in carbon isotopic composition from various 

sources typically only range by a few ‰. Moreover, numerous studies have evaluated the 

hydrogen compound specific isotopes of n-alkanes preserved in sediments and soils and 

found that there are vast differences in isotopic differences between starting materials 48 

often on the magnitude of 100 ‰ or greater.  Therefore, hydrogen isotope compositions 

can be further used to differentiate between sources. PAH extracts were analyzed for their 

compound specific hydrogen isotope composition (δD) and found large variations between 

sites. Hydrogen isotopic values ranged from –131 to –33 ‰ (Figure 5.29; Table 5.13) with 

the majority of the depleted isotope values located in tidal salt marshes and areas affected 

by tides and flooding (average of –81.4 ± 25 ‰). Studies have shown that PAHs do not 

readily exchange their hydrogens unless exposed to high temperatures (above 170 °C) and 

low pH (below 2) 49. This indicates that the differences in δD between our coastal and 

inland samples are likely not a result of hydrogen isotope exchange with water, but rather 

differences in starting materials.  

 Previous literature 1,20 found that PAHs formed from non-petroleum sources 

tended to have more isotopically depleted hydrogen and carbon values, with the exception 

of low temperature coal which has more enriched carbon values.  The state of Connecticut 

currently has a single active coal burning plant in the city of Bridgeport, a coastal city 

located approximately 106 km west of New London and 85 km south of Hartford 50. The 

wind and water currents move from west to east along the northern shore of the Long Island 

Sound 51 and provide an opportunity for PAH mobility away from the coal burning facility 
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toward the sampling locations. There is also the possibility of PAH remobilization from 

sediments near the former AES Thames Generation Plant, a defunct coal burning facility 

located in Uncasville, CT (8.69 km north of New London on the Thames River). Operations 

at the Uncasville facility ceased in February 2011 however, due to a lack of environmental 

safety regulations regarding safe disposal of coal combustion waste (CCW), this facility 

was responsible for ongoing contamination of the Thames River and surrounding ground 

water with toxic metals and other pollutants 52. Over the 52 years in operation where the 

Thames Generation Plant was burning coal, the harmful byproducts coal ash and slurry 

were disposed of on site in a variety of unsuitable locations. Since the groundwater from 

the Thames plant discharges directly into the Thames River 52, seepage from these disposal 

sites have the potential of mobilizing not only volatile and semi-volatile organic 

compounds such as PAHs, but heavy metals and other toxins that are associated with coal 

ash.  

5.4.4 Duel-isotope approach to PAH Source determination  

There are several studies that measure the δD and δ13C of PAHs that are formed 

from different starting materials 19–21,53–55. We created a bivariate plot of the δD and δ13C 

average values of five categories of common environmental PAH sources (C3 plants, liquid 

fossil fuels, high temperature coal, low temperature coal 1, and industrial emissions 21) to 

compare these endmembers to the most common PAHs found in our sampled, FLT and 

PYR. We find that the majority of FLT and PYR from our samples have carbon isotope 

values within the range associated with the burning of liquid fossil fuels or low temperature 

coal (Figure 5.30). There are some outlier points that may indicate source mixing or 

different sources altogether. 
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While our PAHs have carbon isotope values well within the range for vehicle 

emissions or coal burning, a significant number of samples have unusually isotopically 

enriched δD values (between –50 and –16 ‰). These heavy PAHs may be derived from 

industrial smoke stacks, which have produced volatile aromatic compounds, including 

naphthalene, with δD values of – 11 ± 10 ‰ 21. PAHs are generally emitted as gases into 

the atmosphere 29,30 from a range of sources including vehicle exhaust, home heating 

emissions, and industrial emissions. While car exhaust is still considered the main source 

of PAHs in the environment, over the past 10-20 years the amount of volatile organic 

Figure 5.30 Carbon and hydrogen isotopic ranges of PAHs formed from the combustion 

of C3 plants (blue circle), liquid fossil fuels (orange circle), low temperature (> 600 ℃) 

coal (green circle), high temperature (< 900 ℃) coal (yellow circle), and industrial 

emissions (white circle) and their relationship with fluoranthene (blue triangles) and 

pyrene (yellow triangles) extracted from soil and sediment samples 
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compounds (VOCs) emitted from cars has decreased and industrial emissions now make 

up approximately 46 % of VOC emissions 21.  

While some PAH δD values are within the accepted ranges for natural sources 1,56, 

many samples are significantly enriched in deuterium. Since δD of liquid aromatics 

becomes depleted during progressive evaporation (80 % loss of liquid) 57,58, it has been 

theorized that isotopic fractionation associated with water condensation (such as a rain 

cloud formation) may occur 21. This fractionation occurs because intermolecular van der 

Waals forces decreases with an increasing number of deuterium atoms. This theory 

assumes that condensation is the exact opposite of evaporation and will, therefore, have the 

opposite effect on isotopic fractionation 21. Given this, our samples are still some of the 

heaviest PAHs recorded in literature 20,53,59 and are most similar to industrial emissions. 

5.4.5 Concentration and stable isotopes of fluoranthene and pyrene 

Previous studies indicated that there are two pathways for PAH formation: 

pentagonal ring (fluoranthene series) and non-pentagonal (pyrene series) 56,48. Similar to 

previous studies 2, FLT and PYR concentrations in our samples have a strong linear 

relationship (Figure 5.31). Sites that are only subject to airborne deposition tend to have 

higher concentrations of PYR and FLT than sites associated with marine and riverine 

mobilization. The linear relationship suggests that these structural isomers are produced 

simultaneously or through similar reactions, while the differences in concentration between 

sites suggest that the majority of PAHs in the environment are deposited from the 

atmosphere rather than through aquatic transport.  

Hydrogen isotopes of PAHs showed that there is a distinctive isotopic difference 

between FLT and PYR, with FLT being more depleted in deuterium than PYR 60. 
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Concentration data for FLT and PYR suggest that these PAHs are produced through similar 

processes, however it gives little insight into the source materials. Comparison of the δD 

and δ13C of FLT and PYR can be used to determine whether these PAHs came from the 

same source material. The δ13C of airborne deposited FLT and PYR show a weak liner 

relationship (Figure 5.31) however, the relationship is stronger than those experienced in 

sites subject to marine and riverine transport. Similarly, δD values show a slightly stronger 

relationship than the carbon isotopes (Figure 5.31), particularly for airborne and marine 

samples however there are still significant outliers, particularly in riverine samples. Since 

there is no isotopic enrichment or depletion associated with biodegradation 61,62, these 

outliers may indicate the FLT and PYR in those samples originate from different source 

materials 15. Studies of these reaction pathways suggest that low temperature formation 

occurs under a kinetic control 63,64 while high temperature PAH formation is better 

explained using a thermodynamic control 56,48. The higher thermal energy associated with 

production of PAHs in cylinders and gasoline engines affect isotopic behavior, leading to 

more enriched δ13C and δD values and eliminating low temperature processes such as wood 

burning as likely sources of PAHs 48 
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Figure 5.31 Comparative analysis of the linear relationship of a) concentration, b) δD, 

and c) δ13C of fluoranthene and pyrene extracted from soil and sediment sample for the 

determination of single or multi-source origin 
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5.5.0 CONCLUSIONS 

In this study, we collected over 100 samples from 55 locations in the states of 

Connecticut and Rhode Island to determine the source materials for polycyclic aromatic 

hydrocarbons (PAHs) extracted from environmental soils and sediments.  We specifically 

selected locations to measure differences in PAH concentrations and isotopic values over 

the wide regional variations in landscapes. Our data show there is a persistent background 

of PAHs in environmental samples, regardless of the proximity to urban centers. Contrary 

to most contemporary studies, we found a higher concentration of PAHs in less urbanized 

areas. This is indicative of highly mobilized contaminants prior to deposition.  There are 

clear differences in the diagnostic ratios between coastal and inland sites as well as 

differences in hydrogen and carbon isotopic ratios, both of which are indicative of 

differences in sources materials and methods of PAH production.  

While the total concentration of PAHs varied widely from site to site, the 

percentages of each type of PAH (2-3 rings, 4 rings, 5 rings, and 6 rings) remained fairly 

stable throughout all sampling locations. These data indicate that there are mixed sources 

of PAHs, but a large quantity of PAHs in the environment are introduced through pyrogenic 

means. This is supported by a comparative analysis of the diagnostic ratios of FLT/ (FLT 

+ PYR) and BaA/ (BaA + CHR) that shows the all samples have either mixed sources or 

solely combustion sources. Observed differences in the diagnostic ratios between coastal 

and inland sites may indicate there is increased biodegradation or mobilization of PAHs in 

coastal sediments leading to fewer petrogenic PAHs and skewing the diagnostic ratios to 

favor pyrogenic sources.  
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Since there is no hydrogen isotopic exchange with water, the differences in δD 

values between coastal and inland sites is most likely the result of a difference in source 

rather than hydrogen isotope exchange between water and individual PAHs. While studies 

indicate hydrogen exchange is possible at high temperatures and low pH, there is little 

chance of hydrogen exchange at ambient conditions 49. While concentration data concluded 

that the majority of samples were of mixed pyrogenic and petrogenic sources, the δD and 

δ13C of FLT and PYR indicate that the majority of PAHs in the environment result from a 

complex mixing of three main sources: burning of liquid fossil fuels, low temperature coal 

burning, and industrial emissions.  
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5.8.0 SUPPLIMENTARY DATA 

 

  

Supplementary Figure 5.32 PAH distribution by number of rings for sites a) 0 to 5 km, b) 

5 to 10 km, c) 10 to 15 km, and d) 15 to 20 km from the city center. 
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6.1.0 BROAD THESIS GOALS  

This thesis focused on three key questions relating to processes controlling the 

production and movement of organically bound carbon through the earth surface 

environment:  

1. How the heterogeneity within stable hydrogen and carbon isotopic compositions of 

organic biomarkers produced by individual plants in forest ecosystems are 

preserved in fluvial sediments. 

2. How isotopic heterogeneity in organic biomarkers are associated with biological 

processes and molecular formation, and how informative it is as a proxy for 

understanding ancient environments or ecosystems. 

3. Does the isotopic composition of PAHs provide a tool for tracing movement of 

these organic pollutants through the environment and identifying potential sources 

of contamination?  

The following sections summarize the key findings and conclusions presented here, 

in light of these research questions. By demonstrating the value of a multiple method 

approach throughout - whether investigating temporal changes in biological fractionation 

of leaf waxes or the use of compound specific stable isotope measurements to identify the 

source of PAHs - these projects provide new detailed methodologies for future studies 

spanning a range of disciplines that utilize the tools of analytical environmental chemistry. 

6.2.0  FENTON RIVER PROJECT 

The Fenton River project investigated the temporal heterogeneity in carbon and 

hydrogen isotopic compositions of leaf wax biomarkers produced in a riparian ecosystem, 

across the course of a growing season. Chapter 3 considers how differences in plant 
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seasonal growth patterns and the timing of leaf wax synthesis influences the hydrogen 

isotope signatures recorded by leaf wax n-alkanes from four plants of differing taxonomic 

class. This is key area of active research, as many disciplines (e.g., food authenticity 1, 

paleoclimate reconstruction 2–4) seek to use n-alkane δD as an environmental, hydrological 

or geographical tracer 4–6. Numerous studies have established that δDn-alkane in terrestrial 

plants reflects the isotopic composition of source water, with varying degrees of 

modification due to a range of environmental factors (e.g. relative humidity, 

evapotranspiration, metabolic distance) 1–8. By measuring plants with roots visibly in the 

stream of the Fenton River, however, this project was able to isolate the extent that 

physiological differences between plants were recorded in δDn-alkane as water availability 

remained constant throughout sampling. 

Chapter 3 concludes that the Fenton River plants from different taxonomic classes 

(gymnosperm versus angiosperm) show greater fractionation between source water and 

n-alkane δD than previously reported 9,10.  Further, the δDn-alkane values displayed much 

larger temporal shifts (~60 ‰) in isotope composition throughout the growing season than 

source water (~15 ‰). Thus, plant specific factors have significant effects on the hydrogen 

isotope composition of leaf wax biomarkers and must be accounted for when seeking to 

understand the extent that δDn-alkane values record an environmental water hydrogen isotope 

signal. 

Chapter 4 focuses on the δ13C of plant wax n-alkanes. Key findings show that 

differentiation between taxonomic classes is possible through carbon isotopic analysis of 

n-alkanes of various plants from the Fenton River ecosystem. Gymnosperms are classified 

by more positive δ13C values (> −35.0 ‰) whereas angiosperms have more negative δ13C 
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values (< −35 ‰).  Further, n-alkanes preserved in the fluvial sediments have isotopic 

values near to that of the sampled gymnosperms. This Chapter posits two theories to 

account for this: 1) ancient sediments from a time when the area was dominated by 

gymnosperms are being remobilized and deposited in the sampling area, or 2) there is a 

localized dominance of gymnosperms along the Fenton River leading to higher 

concentrations of gymnosperm-produced n-alkanes in the sediments. Regardless, Chapter 

4 concludes that δ13C of n-alkanes preserved in sediments can be used to determine general 

trends in vegetation inputs in a specific region.  

There have been numerous studies that use δ13Cbulk to calculate the intrinsic WUE 

(mole ratio of CO2 fixed to H2O transpired) of various plant species 11–14. In this study 

δ13Cn-alkane was used to calculate WUE, correcting for the relative depletion in n-alkane 

isotopic values compared to bulk leaf wax δ13C. Using the corrected δ13C values, it was 

possible to determine the temporal variation in WUE of for all of the studied plants 

throughout the growing season. A distinct separation is observed between taxonomic 

classes; angiosperms tend to have consistently lower WUE (< 100 ppm) than gymnosperms 

(100-200 ppm) throughout the growing season.  The fidelity of these calculated WUE 

results was confirmed using a BIOME-BGC ecophysical modeling scenario to simulate 

WUE and non-alkane δ13Cleaf for the plant species measured 15–17.  Comparison of modeled 

WUE and calculated WUE were in agreement for all but the angiosperm C. americana. 

This suggests that C. americana only produces leaf waxes during leaf flush, and thus only 

records environmental response in early season.  

Once the method for calculating WUE from n-alkane δ13C values was confirmed 

with empirical data from the Fenton River, Chapter 4 then uses isotopic data from 
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Pedentchouk et al. (2008) 18 to determine whether the differences in WUE observed 

between different taxonomic classes would be preserved in plants growing in more arid 

environments.  Regardless of the growth habitat, gymnosperms again tend to have higher 

WUE (200-280 ppm) relative to angiosperms (> 180 ppm). The fact that the discrimination 

in WUE persists among angiosperms and gymnosperms in both humid and arid climates 

shows that δ13C analysis of biomarkers can be a valuable tool for investigating plant 

ecology in a variety of different biomes. In addition, as plants growing in an arid climate 

have much higher WUE that those in a humid climate, leaf wax biomarker δ13C values 

could also help identify the type of environment that plants were growing in when their 

lipids were produced. Furthermore, these data underpin the application of biomarker 

isotopes to trace the movement of carbon through the earth system.   

6.3.0 PAH TRACING PROJECT 

 PAHs are ubiquitous environmental pollutants of concern for human health and 

are found throughout Connecticut as a result of a prolonged history of natural and 

anthropogenic fires and industrial activity. In Chapter 5, the concentrations, δ13C, and δD 

values of the 16 EPA priority PAHs extracted from sediments collected from 55 locations 

across Connecticut and Rhode Island were measured. These values were used to evaluate 

the application of molecular ratios and stable isotopes as a tool for delineating the source 

materials of these organic pollutants. These sites were specifically chosen as they are all 

non-industrial locations, and therefore as close to pristine as possible. Moreover, any PAHs 

in these environments are dominantly transported by two mechanisms: atmospheric 

deposition or aqueous transport. The goal of this work was to determine if there was a 
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distinct isotopic and/or molecular difference between sites with distinct modes of PAH 

transport, deposition, and potentially secondary degradation.  

In previous studies, PAH concentrations have been shown to be highest in urban 

areas 19–22. Intuitively one would predict that areas with greater industrial and vehicular 

activity would be characterized by a higher PAH burden. However, data collected for this 

project show no consistent relationship between PAH concentration and regional 

urbanization. In addition to being located in less urban areas, the sampling locations with 

the highest concentration of PAHs were also subject purely to atmospheric deposition, with 

no contributions from rivers or marine systems. These results suggest that in Connecticut 

and Rhode Island, PAHs formed in heavily urbanized are readily transported through the 

atmosphere, and can ultimately accumulate in sediments and soils considerable distances 

from their point of origin.  

The overall goal of this experiment was to use a multivariate approach to determine 

the source materials responsible for PAH pollution in the Connecticut and Rhode Island 

sediments. These samples proved to contain a complex mixture of organic materials, 

making individual source identification difficult. However, through the use of 

concentration data and diagnostic ratios, combined with compound specific δ13C and δD 

measurements, it was possible to establish a likely mixing scenario for the majority of 

PAHs found across the sampling locations.  Diagnostic ratios indicated that the majority 

of the sample sites contain PAHs from mixed pyrogenic and petrogenic sources, and the 

remainder were attributed to purely combustion source. Once bulk characterizations were 

established, comparative analysis of δD and δ13C of the two most common PAHs, 

fluoranthene and pyrene, indicated that these contaminants were predominantly products 
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of several key anthropogenic activities: the use of liquid fossil fuels, low temperature coal 

burning, and industrial emissions. A key finding is that, despite sample location, or 

dominant depositional mode, diagnostic ratios show a relatively small range, indicative of 

a generally consistent, if mixed, source. In contrast, stable isotope data show a higher 

degree of heterogeneity, that exceeds what would be expected from previous isotope data 

and estimates of petrogenic and pyrogenic sources.  

A key output from this project is the contribution of a significant body of novel 

molecular and compound specific stable isotope data, which has significant value to studies 

seeking to trace the origin of PAHs in modern and ancient environment. As a result, 

findings presented in Chapter 5 will be of interest to environmental forensic practitioners 

investigating the causes of pollution events, those seeking to trace the impact of human 

activity and landscape change in the archaeological record, and even studies seeking to 

identify the prevalence of fires and biomass burning deep in Earth’s geological history.  

6.4.0 FURTHER WORK  

6.4.1 Expanding collection area to include more data points 

This thesis provides a number of avenues for future studies seeking to build on the 

conclusions presented here, particularly in respect of the tracing and source apportionment 

of organic contaminants. The conclusions in Chapter 5 are based on PAHs collected from 

55 sampling locations in eastern Connecticut and southwest Rhode Island. However, in 

order to establish a robust PAH profile of the entire state of Connecticut, a much broader 

sampling regime will be required. For example, although samples collected cover a variety 

of land use strategies, the western portion of the state is largely unrepresented. This region 

of Connecticut is particularly important because it has a significant history of charcoal 
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hearths, particularly in the Litchfield Hills to the northwest 23. Through geospatial and 

remote sensing LiDAR (Light Detection and Ranging), over 20,000 relic charcoal hearths 

have been identified in a 1,170 km2 region 24. The presence of these charcoal hearths offers 

multiple opportunities to develop projects to investigate remobilization of previously 

deposited PAHs from earlier human activity. Such investigations would contribute to our 

understanding of human-driven environmental changes occurring in this region through 

the Holocene era 25. 

6.4.2 Collection and analysis of atmospheric PAHs 

Results presented in Chapter 5 show that the highest concentration of PAHs from 

sampled locations often occurred in in less urbanized areas, contrary to most previously 

published literature 26. This is potentially a result of excess emissions in urban areas, with 

pollutants undergoing long-range airborne transport prior to deposition. Anthropogenically 

produced PAHs occur in the atmosphere in complex mixtures 26. Many of the lower 

molecular weight PAHs (2-3 ring compounds) exist in the completely in the vapor phase, 

while higher molecular weight compounds are almost all adsorbed to fine particulates that 

can remain airborne for days before deposition occurs in remote areas 27–29. In order to trace 

the precise transport vectors controlling how PAHs are transported and deposited, a series 

of atmospheric PAH collection sites can be established throughout the state of Connecticut. 

By measuring the atmospheric composition of PAHs throughout the sampling area, future 

research can determine the origin of these ‘rural’ pollutants and plot the partitioning of 

organic contaminants between the atmosphere, sediments and soils. This will advance 

understanding of the range, magnitude, and environmental impact of atmospherically-
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transported PAHs, and provide new data to further future environmental health and safety 

policies and practices.  
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