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Abstract

Local climate and environment broadly affect the deuterium/hydrogen (D/H) ratios of plant materials, however the degree 
to which an individual plant’s leaf waxes D/H ratios are affected by these parameters remains in question. Understanding 
these issues is particularly important in order to reconstruct past floral transitions and changes in the paleohydrologic cycle.
For this study, we sampled five co-occurring tree species, Acer rubrum , Platanus occidentalis , Juniperus virginiana , Pinus taeda ,
and Pinus strobus and soils at forty sites along the East Coast of the US, from Florida to Maine. Hydrogen isotopic compo- 
sitions of leaf wax n-alkanes, stem and surface waters were analyzed and compared against high-resolution temperature, pre- 
cipitation, relative humidity, and vapor pressure deficit data to determine environmental controls on isotopic composition.

Our results demonstrate that each tree species produce a unique distribution of n-alkanes with distinct chain length pattern.
Average n-alkane chain lengths recovered from soils, A. rubrum , and J. virginiana leaves show significant correlations with 
mean annual temperature. dD values of A. rubrum leaf n-alkanes were strongly correlated to modeled mean annual precipi- 
tation dD values and other climate parameters related to latitude (i.e. temperature, relative humidity, vapor pressure deficit),
while the dD values of J. virginiana n-alkanes were not. Differences in correspondence may reflect the timing of leaf wax syn- 
thesis between the two species. Further, soil n-alkane D/H compositions were strongly correlated to modeled mean annual 
precipitation dD values, while the apparent hydrogen isotopic fractionation was not. These findings indicate that the isotope 
ratio of n-alkanes from soils in Eastern North American forests and similar ecosystems likely represents a time-averaged value 
that smooth out the environmental influence any one plant experiences.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION 

The character and isotopic signature of higher plants 
and their molecular compounds are often applied to deter- 
mine the terrestrial ecosystem’s response to ancient climate 
change. However, our knowledge of modern higher-plant 
isotope chemistries and compound distributions in relation 
to climate variables is not well constrained (Sachse et al.,
2012). Of particular significance is the application of stable 
hydrogen isotope values of leaf wax n-alkanes (dDn-alkane)
as proxies of “environmental water ” (Sauer et al., 2001; Pe- 
ters et al., 2005; Sessions, 2006; Eglinton and Eglinton,
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2008). Hydrogen atoms of n-alkanes are covalently bonded 
to carbon atoms and have very slow exchange rates (104–
108 years) in thermally immature sediments (Schimmel-
mann et al., 1999, 2006; Pedentchouk et al., 2006 ), making 
records of dDn-alkane excellent tools to interpret ancient 
hydrological characteristics. Nonetheless, fundamental 
questions regarding the relative importance of environmen- 
tal versus biological controls of dDn-alkane signatures remain 
largely unexplored in modern natural ecosystems (Smith
and Freeman, 2006; Feakins and Sessions, 2010 ) and con- 
trolled greenhouse experiments (Kahmen et al., 2011 ).
Advancements are being made in this topic with the recent 
and widespread application of compound-specific hydrogen 
isotope analyses (CSIA) of terrestrial flora (Liu et al., 2006;
Sachse et al., 2006, 2009; Hou et al., 2007a, 2008; Jia et al.,
2008; Liu and Yang, 2008; Pedentchouk et al., 2008;
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McInerney et al., 2011; Zhang and Liu, 2011 ); however,
knowledge of environmental factors that control isotopic 
compositions of terrestrial plant material, including the 
importance of interspecies and intraspecies variation, is 
poor even though these records are increasingly used to 
interpret ancient environments (Sachse et al., 2012 ).

The hydrogen isotope ratio (D/H) of plant water and the 
resultant plant materials is closely associated with the 
hydrogen isotopic composition of environmental water,
which is controlled by temperature, latitude, and regional 
weather patterns (Craig and Gordon, 1965; Rozanski 
et al., 1993; Gat, 1996; Dawson et al., 2002 ). Comparisons 
of dDn-alkane values with local precipitation and/or catch- 
ment water dD values suggest that at the basin, continental,
and global scales, hydrogen isotope compositions of precip- 
itation water the primary control on dDn-alkane (Sauer et al.,
2001; Bi et al., 2005; Sessions, 2006; Hou et al., 2007a,
2008). Internal plant water D/H ratios can be further mod- 
ified by soil rates of transpiration and/or evapotranspira- 
tion, which in turn are influenced by plant ecophysiology 
and environmental conditions (Dawson et al., 2002; Smith 
and Freeman, 2006; Hou et al., 2007a; Feakins and Ses- 
sions, 2010 ). Illustrating the difference between plant phys- 
iology and evaporative conditions, dDn-alkane values from 
deeply rooted plants in Californian chaparral and desert 
ecosystems show little evidence of soil evaporation in stem 
waters or n-alkanes (Feakins and Sessions, 2010 ), while 
shallow-rooted Great Plain grasses dDn-al kane values indi- 
cate that soil evaporation is an important influence (Smith
and Freeman, 2006 ). In addition, leaf architecture specific
to photosynthetic pathways (e.g. C3 versus C4), taxonomic 
classes (e.g. angiosperm versus gymnosperm), and growth 
forms (e.g. monocotyledons versus dicotyledons) are 
important controls on a plant’s water-use characteristics,
influencing the apparent isotopic fractionation between n-
alkanes and source water (en-alkane) with C3 grasses en-alkane

values averaging ��170&, C
4

grasses; ��145&, and C3

trees and shrubs averaging ��120& (Chikaraishi and Nar- 
aoka, 2003; Bi et al., 2005; Liu et al., 2006; Sachse et al.,
2006; Smith and Freeman, 2006; Hou et al., 2007a; Pedentc- 
houk et al., 2008 ). On regional scales, D/H compositions of 
plants derive primarily from the initial dD value of precip- 
itation, the plant’s functional type and any subsequent D- 
enrichment during evaporation in soils and/or evapotrans- 
piration from leaves. Deconvolving the influence of these 
parameters is necessary to bolster the utility of dDn-alkane

as a paleoclimate proxy (Sachse et al., 2012 ).
Ecophysiology studies of North American species using 

leaf wax dD values from natural ecosystems are weighted 
toward the arid western US west (Feakins and Sessions,
2010) and mid-west (Smith and Freeman, 2006; McInerney 
et al., 2011 ) with fewer studies on moist broad-leaf temper- 
ate Eastern forests (Hou et al., 2007a,b ). Temperate forests 
of the Eastern United States have high relative humidity 
and precipitation amounts during the growing season, with 
multiple species that span the entire Eastern Seaboard, and 
thus provide the opportunity to assess the influence of lat- 
itudinal-varying environmental signals on specific species.

The molecular distribution of lipids is also influenced by 
environmental conditions and can act as a proxy for envi- 
ronmental temperature (Brassell et al., 1986; Schouten 
et al., 2002; Weijers et al., 2007 ). Distributions of n-alkanes
from dust and marine sediment samples correspond to the 
temperature of n-alkane source region (Gagosian and Pelt- 
zer, 1986; Poynter et al., 1989; Simoneit et al., 1991 ). Recent 
studies show that the average n-alkane chain-length in aero- 
sols correspond to precipitation and aridity, where regions 
of lower precipitation and higher aridity are characterized 
by higher-molecular weight n-alkanes (Schefuss et al., 2003 ).

Modern plants produce species-specific n-alkane distri- 
butions (Schefuss et al., 2003; Pedentchouk et al., 2008;
Vogts et al., 2009 ) that vary with climatic parameters (i.e.
temperature and precipitation) (Hughen et al., 2004 ), and 
C4 grasses produce longer-chain n-alkanes compared to 
C3 plants from similar environments (Rommerskirchen
et al., 2006 ). Taxonomy (Rommerskirchen et al., 2006 )
and environmental conditions (Schefuss et al., 2003; Hug- 
hen et al., 2004; Sachse et al., 2009 ) are likely reasons driv- 
ing molecular distributions. While the available data 
support links between n-alkane chain-length and environ- 
mental conditions, no study has tracked n-alkane chain- 
lengths of individual species across a climate gradient in or- 
der to determine contributing factors.

In this paper, we present stable hydrogen isotope compo- 
sitions of higher-plant n-alkanes from specific C3 angio-
sperm and gymnosperm tree species along a climate 
gradient in order to better understand environmental factors 
responsible for the hydrogen isotopic compositions of ter- 
restrial plant materials. The chosen climate gradient allows 
us to assess environmental factors, such as precipitation 
and temperature, while limiting humidity and elevation ef- 
fects. Here, we address if and how dDn-alkane values are influ-
enced by temperature, precipitation, and/or relative 
humidity, as well as isotopic differences between angiosperm 
and gymnosperms. Finally, we attempt to understand how 
leaf wax lipid distributions are related to local climate.
2. MATERIALS AND METHODS 

2.1. Sample localities and materials collected 

Materials were collected twice during the growing sea- 
son of year 2006 (July and August) from 40 sites along 
the East Coast of the United States (Fig. 1). The eastern 
coast of the US is a humid temperate domain under the 
Koppen-Trewartha ecoregion scheme (Bailey, 2002 ). An- 
nual precipitation ranges from 1800 mm on the Florida 
Panhandle to �750 mm in Maine (McNab and Avers,
1994). Mean annual and seasonal temperatures and mois- 
ture delivery decrease towards the north, while relative 
humidity is rather invariant over the entire eastern United 
States with an average value of 70 ± 2% (1r). Sample eleva- 
tions range between 0 and 685 m above sea level and are 
characteristic of piedmont and coastal plain regions 
(McNab and Avers, 1994 ).

The transect covers a >100 mm summer precipitation 
range and a 13 �C mean annual temperature gradient with 
little variation in annual or seasonal relative humidity. Sev- 
eral ecoregion divisions are represented including warm 
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continental (high humidity, warm summers, continental cli- 
mate), hot continental (high humidity, hot summers, conti- 
nental climate), and subtropical (humid subtropical climate,
no dry season) (Bailey, 2002 ). Two angiosperm (red maple,
Acer rubrum L.; sycamore, Platanus occidentalis L.) and 
three gymnosperm species (redcedar Juniperus virginiana 

L.; loblolly pine, Pinus taeda L.; white pine, Pinus strobus 

L.) were selected as they are common species and co-occur 
together along the transect (Fig. 1).

To limit anthropogenic disturbance and potential con- 
tamination, all samples were collected from regional, state,
and national wild lands. Individual trees were marked with 
GPS coordinates. Tree height, canopy cover, aspect, slope,
distance to standing or moving water were noted for each 
individual tree. To limit canopy isotope effects, all samples 
were collected from open forest canopy coverage of less 
than 50% coverage. Three to six individual sun leaves (to
control for irradiance) were harvested from each specimen 
between 1.8 and 2.4 m above the ground (to control for 
hydraulic conductance) and stored in adhesive-free enve- 
lopes. Leaves were only handled by the petiole and/or stem 
to limit contamination and wax abrasion. Leaves were oven 
dried overnight at 50 �C.

Stems 10–20 cm in diameter and 40–50 cm in length 
were clipped as near to the trunk as possible, immediately 
placed in thick-walled glass culture tube (Pyrex
25 � 150 mm, rimless) and capped with a double seal serum 
stoppers to limit water loss. Stems were frozen until stem 
water was extracted. To establish a baseline for comparison 
between stem waters and leaf waxes, surface waters were 
collected at most sites from nearby rivers and streams. Sur- 
face water were in 4 ml vials, capped, sealed with Parafilm�,
and transported in a cooler. Surface waters were refriger- 
ated prior to analysis.

In addition to plant materials, �100 g of the soil A-hori- 
zon (down to 15 cm) was collected at most localities by 
removing the duff with a hand trowel. Soil material was 
stored in a sterile, low hydrocarbon bleed Whirl Pak brand 
sample bags. Soils were dried for 24 h using a Labconco 
freeze drier and frozen prior to lipid extraction.

2.2. Lipid extraction 

Leaf wax lipids were extracted from whole leaves and soils 
with 2:1 dichloromethane (DCM)/methanol by ultra-sonica- 
tion (30 min � 2). Total lipid extracts were concentrated un- 
der a stream of purified nitrogen using a Zymark Turbovap II
evaporator. Hydrocarbons were separated by column chro- 
matography using 1 g deactivated silica gel and hexane. If 
needed, n-alkanes were separated from branched alkanes 
and alkenes/alkynes using urea adduction and silver nitrate 
treatment, respectively (Wakeham and Pease, 1992 ).

Compound abundances were determined using a Ther- 
mo Trace 2000 gas chromatograph (GC) fitted with a pro- 
grammable-temperature vaporization injector and flame
ionization detector (FID). A fused silica, DB-1 phase col- 
umn (60 m � 0.25 mm I.D., 0.25 lm film thickness) was 
used with helium as the carrier at a flow of 2 ml/min. GC 
oven temperature program utilized was 60–320 �C at 
15 �C/min with an isothermal for 30 min. n-Alkanes were 
identified and quantified through comparison of elution 
times with n-alkane references at known concentrations.

2.3. Compound-specific isotope analysis 

Isotope analyses were performed using a Thermo Trace 
2000 GC coupled to a Finnigan MAT 253 isotope ratio 
mass spectrometer interfaced with a High Temperature 
Conversion system. GC column, carrier flow, and ramp 
conditions were identical to above. The H3

+ factor was 
determined daily prior to standard calibration and sample 
analysis.

Isotopic compositions are calculated following:

d ¼ Rsamp

Rstd

� �
� 1

� �
ð1Þ

where R represents the D/H abundance ratio, and Rsamp

and Rstd represent the sample and standard, respectively.
Delta values are reported in permil notation, which implies 
a factor of 1000 (Coplen, 2011 ) and are expressed relative to 
Vienna Standard Mean Ocean Water (VSMOW). Individ- 
ual n-alkane isotope ratios were calibrated using n-alkane
standard reference materials (Arndt Schimmelmann’s “Mix

A”) analyzed daily at several concentrations. In addition,
5a-androstane of known isotopic composition was co-in- 
jected to confirm standard corrections were appropriate.
Analytical precision for n-alkanes isotope determinations 
was ±3& for dD analysis.

2.4. Stem water extraction 

Stems were warmed to room temperature prior to stem 
water extraction. Sealed tube, stem, and serum stopper were 
weighed and placed in liquid nitrogen for 5 min to freeze 
water vapor. Serum stopper was then removed and the tube 
containing the stem was attached to a water extraction man- 
ifold coupled to a vacuum line system following West et al.
(2006). Once vacuum was reached, U-shaped extraction 
chambers were closed and liquid nitrogen was removed from 
stem-side tube and a placed on a water collection vessel.
Stem-containing tubes were allowed to warm to room tem- 
perature and then submerged in a hot oil bath (100 �C). Stem 
water collection was maintained for 1 h. A hot-air gun was 
used to remove any condensation trapped between the hot 
and cold arms of the extraction chamber. After 1 h, or when 
no condensation remained, vacuum was broken and the 
water collection vessel was capped with Parafilm, allowed 
to melt in a refrigerator and then immediately transferred 
to a pre-weighed 4 ml vial. Water weight was determined 
and vial was stored in the refrigerator prior to isotope analy- 
sis. After extraction, serum stopper was replaced on stem- 
containing tube and the stem, tube, and serum stopper were 
reweighed to determine weight of water removed. To deter- 
mine if water was quantitatively extracted, stems were dried 
in an 80 �C oven for one week and then reweighed.

2.5. Water dD and d18O analysis 

Stem and surface water D/H compositions were ana- 
lyzed using a ThermoFinnigan H-device interfaced to a



Fig. 1. Sample localitie s and distribut ions of sampled trees. Tree distributions produced from United States Geologic Survey’s Digital 
Representat ions of Tree Species Range Maps.
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ThermoFinnigan MAT 253 isotope ratio mass spectrome- 
ter. The liquid water (0.1 ll) was injected onto an 850 �C
chromium granule column to produce Cr 2O3 and H2 gas.
dD values are expressed relative to VSMOW and corrected 
to in-house water references (normalized to international 
standards) analyzed during sequence. The H3

+ factor was 
determined daily prior to sample analysis. Analytical preci- 
sion for water dD was ±2& (1r).

For d18O analysis, a 500 ll sub-sample was taken from 
each stem water and surface water sample and equilibrated 
for 24 h with 0.3% CO 2 with a known isotopic composition 
in He at approximately 26 �C. The d18O of the equilibrated 
CO2 gas was analyzed using a GasBench II coupled to a Ther- 
moFinnigan Delta plusXP. Water d18O values are expressed 
relative to VSMOW. In-house reference materials were in- 
cluded with each sequence to allow for the empirical calcula- 
tion of the isotopic equilibrium offset between water and 
CO2. Analytical precision for water d18O was ±0.2& (1r).

2.6. Climate variables and geographical information systems 

Site latitude, longitude, and elevation information were 
imported to geographical information software (ArcGIS
9.2) as a point shape (vector) file. The site vector layer 
was intersected with raster layers of the PRISM (Parame-
ter-elevation Regressions on Independent Slopes Model)
continuous, gridded climate data produced by the Oregon 
Climate Service (from http://www.ocs.orst.edu/prism/).
PRISM is an analytical model of gridded estimates of 
monthly and annual precipitation and temperature mea- 
surements (as well as other climatic parameters). PRISM 
point measurements of temperature, precipitation, and 
dew point originated from some or all of the following 
sources: (1) National Weather Service (NWS) Cooperative 
stations, (2) Natural Resources Conservation Service 
(NRCS) SNOTEL, (3) United States Forest Service (USFS)
and Bureau of Land Management (BLM) RAWS Stations,
(4) Bureau of Reclemation (AGRIMET) stations, (5) Cali- 
fornia Data Exchange Center (CDEC) stations, (6) Storage 
guages, (7) NRCS Snowcourse stations, (8) Other State and 
local station networks, (9) Estimated station data, (10)
Upper air stations, and (11) NWS/Federal Aviation 
Administration (FAA) Automated surface observation sta- 
tions (ASOS). The PRISM climate datasets provide high 
spatial resolution (0.042� grid cells) for all years and 
months necessary for our analysis. The site vector layer 
was intersected with the PRISM mean annual temperature 
(MAT) and July mean precipitation (PPT). The PRISM 
mean July dew point temperature and mean July tempera- 
ture were used to calculate mean July relative humidity 
(RH) following:

RH ¼ e
17:269�T d
273:3þT d

� �

e
17:269�T mean 
273:3þT mean ð Þ � 100%; ð2Þ

where Td is the mean July dew point temperature and Tmean

is the mean July temperature.
Monthly vapor pressure deficit (VPD) was calculated for 

each site. The saturation vapor pressure (es) was computed 
using the Tetens formula (Buck, 1981 ) following:
es ¼ ae
bT 

Tþc ð3Þ

http://www.ocs.orst.edu/prism/
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where T is the average monthly temperature (�C) and the 
constants a, b, and c are 0.611 kPa, 17.502, and 
240.97 �C. The average monthly air vapor pressure (ea)
was determined by:

ea ¼ es � ð
RH

100%
Þ ð4Þ

where es and RH were determined from Eqs. (2) and (3).
The vapor pressure deficit (VPD) is defined by:

VPD ¼ es � ea ð5Þ
2.7. Statistical analysis 

All statistical analyses were performed using JMP 9
(SAS, Cary, NC) with an a set at 1% for all analyses. Mean 
annual temperature, July relative humidity, July vapor 
pressure deficit, July precipitation, and mean annual precip- 
itation dD value were extracted from the PRISM climate 
datasets and waterisotopes.org across the 40 sites. The rela- 
tionship between climate data, average chain length, and 
dDn-alkane were analyzed using simple linear regressions.
Principal component analysis (PCA) was used to identify 
patterns in the original data set, combine co-variables,
and to facilitate the extraction of accumulated variables 
not directly measured. PCA provides an interpretable over- 
view of the main information in a multidimensional data ta- 
ble. Here, PCA combines the initial variables onto a smaller 
number of components from which isotope values can be 
compared. An acceptable principal component solution 
CPI ¼ ðA23 þ A25 þ A27 þ A29 þ A31 þ A33Þ þ ðA25 þ A27 þ A29 þ A31 þ A33 þ A35Þ
ð2A24 þ A26 þ A28 þ A30 þ A32 þ A34Þ

; ð6Þ
was determined based on Cattell’s Scree Test (Norman
and Streiner, 2000 ) and component loadings.

3. RESULTS 

3.1. Measured and modeled surface waters dD and d18O

values

The dD values of streams and rivers (i.e. surface waters;
dDSW) express a 51 & range along the East Coast 
(Table S1 ). dDSW values are strongly correlated to latitude 
(r = 0.99, p < 0.0001; Fig. 2a). Surface water oxygen and 
hydrogen isotope ratios are positively correlated (r = 0.96,
p < 0.0001) with a relationship of dDSW = 7.5 d18OSW + 3.6 
ACL ¼ ðA23ð23Þ þ ðA25ð25Þ þ ðA31ð27Þ þ ðA29ð29Þ þ ðA31ð31Þ þ ðA
ðA23 þ A25 þ A27 þ A29 þ A31 þ A33 þ A35
(Fig. S1 ). These regional data are consistent with local sur- 
face water lines from Eastern Seaboard locations (Kendall
and Coplen, 2001 ) and suggest the influence of kinetic ef- 
fects associated with evaporation (Dansgaard, 1964 ). dDSW

values are strongly correlated to the hydrogen isotope com- 
positions of modeled growing season (dDGSP, r = 0.94,
p < 0.0001) and modeled mean annual precipitation 
(dDMAP, r = 0.94, p < 0.0001) (Fig. 3a). Slopes between 
dDSW and dDGSP and between dDSW and dDMAP are 0.60 
and 0.93, respectively. Surface water dD values are 12 &
more D-enriched compared to modeled mean annual pre- 
cipitation dD values. These data suggest East Coast surface 
water is weighted towards D-enriched summer precipitation 
or subject to evaporation.

3.2. Stem water dD values 

Extractions were found to recover 99.8% of xylem water.
The hydrogen isotope ratio of xylem water (dDXW) from A.

rubrum and J. virginiana stems (n = 62) demonstrated an 
overall variation of 47 & (Table S1 ). dDXW values are 
strongly related to latitude (r = 0.96, p < 0.0001; Fig. 2b)
and hydrogen isotope compositions of surface water 
(dDSW, r = 0.87, p < 0.0001), modeled growing-season 
(dDGSP, r = 0.79, p < 0.0001) and mean annual precipita- 
tion (dDMAP, r = 0.81, p < 0.0001). The relationship be- 
tween dDXW versus dDMAP is nearly 1:1, suggesting 
ground water is equivalent to mean annual precipitation 
in this case (Fig. 3b). Furthermore, these results indicate 
that stem water dD values can be used interchangeable 
with, and in place of, modeled dDMAP values in these tem- 
perate broad-leaf forests.

3.3. Leaf wax compound distributions 

We found no systematic variation of n-alkanes abun- 
dance with species or site location. Carbon preference indi- 
ces (CPI) were calculated following Marzi et al.
(1993):where “A” represents the area of the individual n-al-
kane peak from the chromatograph trace. Individual leaf 
and soil CPI values are shown in Table S2 .

A. rubrum and P. occidentalis have an average CPI of 
33.3 and 23.6, respectively. J. virginiana , P. strobus and P.

taeda average 17.8, 6.8, and 9.6, respectively. Strong odd- 
33ð33Þ þ ðA35ð35ÞÞ
Þ ; ð7Þ



Fig. 2. Hydroge n isotope values of surface waters and stem waters 
versus latitude. (a) Hydrogen isotope values of surface waters and 
latitude are correlated (r = 0.96, p < 0.0001) with a regression line 
of dDSFW = �3.4 � Latitude + 92. (b) Hydrogen isotope values of 
stem waters and latitude were correlated (r = 0.96, p < 0.0001) with 
a regression line of dDXW = �2.5 � Latitud e + 50.

Fig. 3. (a) Hydrogen isotope values of mean annual and growing 
season precipitatio n versus surface water. Hydrogen isotope values 
of surface waters and mean annual and growing season precipita- 
tion were correlated (dDMAP, r = 0.94, p < 0.0001 and dDGSP,
r = 0.94, p < 0.0001, respective ly) with regression lines of 
dDMAP = 0.94 � d2HSFW � 12 and dDGS = 0.60 � dDSFW � 22.
Dotted line represents 1:1 correspon dence. (b) Hydrogen isotope 
values of mean annual precipitatio n and surface waters versus stem 
water. Hydroge n isotope values of stem water and mean annual 
and surface waters were correlated (r = 0.87, p < 0.0001 and 0.82,
p < 0.0001, respectively) with regression lines of dDSFW = 0.99 -
� dDXW + 5 and dDMAP = 0.99 � dDXW � 1. Dotted line repre- 
sents 1:1 correspon dence.
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over-even predominance in modern leaf wax extractable n-
alkanes is consistent with previous observations (Eglinton
and Hamilton, 1967; Lockheart et al., 1997; Piasentier 
et al., 2000 ). Soil CPI values average 12.4, and range from 
4.6 to 22.9.

A. rubrum was found to produce n-C27–C33 with n-C31 as
the most abundant n-alkane, while P. occidentalis produced
n-C25–C33 with C25 and C27 as the most abundant alkanes 
(Fig. 4). J. virginiana produced n-alkanes with 31–35 carbon 
atoms with n-C33 as the predominant n-alkane. P. taeda and
P. strobus contained n-C21–C31 and n-C23–C31, respectively 
(Fig. 4).

We compiled peak areas of high molecular weight n-al-
kanes in order to quantify variations in distributions of n-
alkanes. To relate changes in average chain length (ACL)
we used the following:where “A” corresponds to the area 
of the individual n-alkane peak from the chromatograph 
trace. Individual leaf and soil ACL values are shown in 
Table S2 . We found that molecular distributions for indi- 
vidual species vary slightly (<10% change) across the entire 
transect. Soil ACL range from 28.8 to 30.5 and average 
29.8, while J. virginiana ACL range from 33.0 to 33.7 and 
average 33.3 (Fig. S2 ). The angiosperms, A. rubrum and
P. occidentalis , range from 27.4 to 30.6 and 28.0 to 32.3 
and average 29.9 and 29.2, respectively. The pines, P. taeda 
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and P. strobus , range from 24.0 to 26.5 and 27.1 to 28.1 and 
average 24.9 and 27.8, respectively (Fig. S2 ).

Our results show that ACL is inversely related to lati- 
tude, with longer-chain lengths produced at lower latitude.
Soils (r = 0.65, p = 0.0003) and angiosperm and juniper 
species ACL (A. rubrum r = 0.54, p = 0.0002, P. occidental- 

is r = 0.75, p = 0.0321, J. virginiana r = 0.52, p = 0.0027)
show stronger correlations to mean annual temperature 
(MAT) than any other environmental parameter (Table 2
and Fig. 5). P. strobus ACL is not significantly correlated 
to MAT and P. taeda (r = �0.55, p = 0.0436) maintains 
an inverse and weak correlation to MAT. As P. occidental- 

is, P. strobes , and P. taeda were not sampled as frequently 
across the environmental gradient and yield no significant
relationships to the parameters tested here, and are ex- 
cluded from further analysis. We focus the remaining statis- 
tical analyses and discussion on ACL indices from n-
alkanes extracted from soils, A. rubrum and J. virginiana .

PCA indicates that three components explain 99% of the 
variance with the dataset, with the first component explain- 
ing 77% of the variance alone (Table S3 ). We found MAT,
VPD, dDMAP and relative humidity are significantly loaded 
on the first component, a result of the north–south climate 
trend of the transect itself (Fig. S3 ). Precipitation is loaded 
nearly equally on the first and second component (Table 1).

Temperature accounts for 42%, 27% and 29% of the var- 
iation in soil, J. virginiana and A. rubrum ACL. We find a
Fig. 4. Histogram of the mean concentratio n of individua l n-alkanes fro
mass relative to the dry leaf mass.
significant relationship between soil, J. virginiana and A. ru- 

brum ACL and the first component (PC1), and explains 
31%, 24% and 22% of the variation in ACL, respectively 
(Table 2), suggesting the combination of temperature,
humidity and VPD contribute influence leaf wax lipid 
production.

3.4. dD variation of leaf and soil n-alkanes

To compare hydrogen isotope values from the diverse 
species studied here, we weight individual n-alkane dD val- 
ues according to compound abundance to produce a single 
mean-weighted n-alkane hydrogen isotope (dDn-alka ne ) va- 
lue for each individual tree (Supplemental Table S2 ).
Hydrogen isotope ratios of species-specific and soil n-al-
kanes span over 112 & and ranged from �208& to
�97& (Fig. 6). Our results indicate that dDn-alkane values
are most strongly related to latitude and climate variables 
that co-vary with latitude (Fig. 6). Temperature and dDMAP

values are strongly correlated. dDn-al kane values of soil 
(MAT r = 0.82, p < 0.0001; dDMAP r = 0.82, p < 0.0001)
and angiosperm n-alkanes show the most significant linear 
correlations to MAT and dDMAP values (A. rubrum 

[MAT r = 0.94, p < 0.0001; dDMAP r = 0.92, p < 0.0001],
P. occidentalis [MAT r = 0.93, p = 0.0003; dDMAP

r = 0.90, p = 0.0010]). dDn-alkane values of J. virginiana n-al-
kanes are weakly correlated to temperature and dDMAP val-
m soils and leaf waxes. Concentra tions reported as the compound 



Fig. 5. Cross-plot of average chain lengths from n-alkanes 
extracted from soils, A. rubrum , and J. virginian a versus mean 
annual temperatu re. Average chain length and mean annual 
temperatu re correlate with soils (r = 0.65, p = 0.0003) and individ- 
ual species (r = 0.52, p = 0.0027 and 0.54, p = 0.0002, respectively).

Table 1
Loading of principal component/f actor analysis.

Principal compone nt loadings 

Variable PC1 PC2 PC3 

dDMAP 0.937 0.219 0.232 
PPT �0.601 0.785 �0.151 
MAT 0.938 0.226 0.247 
RH �0.865 0.046 0.497

VPD 0.984 0.100 �0.112 

Bold and italic denotes values that are statistically significant.
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ues (MAT r = 0.46, p = 0.0246; dDMA P r = 0.42,
p = 0.0427), and P. strobus and P. taeda are not signifi-
cantly correlated with either temperature or dDMA P values
(p > 0.05). P. occidentalis , P. strobes , and P. taeda were not 
sampled at the same resolution across the environmental 
gradient, and thus excluded from our evaluation (Fig. 6).
Nonetheless, with few exceptions, angiosperms have more 
positive dDn-alkane values than Pinus species from the same 
site, while dDn-alkane values of J. virginiana are greater than 
angiosperms and pines (Fig. 6).

PCA indicates a significant relationship between dDn-

alkane values of soil and A. rubrum n-alkanes and the first
component (PC1), explaining 48% and 79% of the varia- 
tion, respectively (Table 3). This suggests the combination 
of dDMAP value, temperature, humidity, and VPD signifi-
cantly influences both dDn-al kane values of soil and A. ru- 

brum n-alkanes. PCA indicates a significant relationship 
between dDn-al kane values of J. virginiana n-alkanes and 
the second component (PC2), explaining 19% of the varia- 
tion (Table 3).

dDMAP values, available for all sites, show a one-to-one 
correspondence to dDXW values (Fig. 3b). We use dDMA P
values to calculate the apparent isotopic fractionation be- 
tween n-alkanes and source water (en-alkane) defined as:

en�alkane ¼
Rn�alkane

RMAP
� 1

� �
ð8Þ

where r = D/H. Average en-alkane values are �107 ± 112 &
(1r) for soils, �113 ± 8& for the two angiosperm species,
�128 ± 12 & for the two Pinus species, and �89 ± 12 &
for J. virginiana (Fig. 7). With few exceptions, angiosperm 
species express more positive en-alka ne-MAP values than Pinus

species, while J. virginiana en-al kane-MAP values are more po- 
sitive than the angiosperms and pines from the same site.

Paired T-test results between en-alkane values for soils,
angiosperm species, Pinus species, and J. virginiana indicate
that the means for all groups are statistically different
(p < 0.01) except between en-alkane values from soils and 
angiosperm species (Table S4 ). Further, our results indicate 
that neither en-alkane values of angiosperm or gymnosperm 
species are consistently related to any one variable tested 
here (Table 3). Soil en-alkane values are not significantly cor- 
related with any climate variable tested here, while J. virgin- 

iana en-alkane values are significantly correlated to all the 
climate variables and A. rubrum en-al kane values are signifi-
cantly correlated with all climate variables except precipita- 
tion (Table 3).

PCA indicates a relationship between en-alkane values for 
J. virginiana and A. rubrum and the first component (PC1),
explaining 37% and 41% of the variation, respectively (Ta-
ble 3). J. virginiana en-alkane values are negatively correlated 
to PC1, while A. rubrum en-alkane values are positively corre- 
lated to PC1. Soil en-alkane values are not correlated to any 
component in this analysis (Table 3).
4. DISCUSSION 

4.1. Climatic influence on n-alkane distributions 

Marked differences in n-alkane distributions of the five
dominant tree species studied are clearly evident (Fig. 4).
Compound distributions among species widely vary, but 
individual species produce remarkably consistent leaf wax 
compositions. J. virginiana leaf waxes are dominated by 
n-C33 and n-C35. P. strobes and P. taeda vary in their distri- 
bution of n-alkanes compared to other species, producing 
both odd- and even-chain length n-alkanes (CPI of 6.8 
and 9.8, respectively). Common East Coast conifers pro- 
duce a wide variety of n-alkanes including both the longest 
(J. virginiana ) and the shortest (P. taeda ) chain lengths ob- 
served in this study (Fig. 4).

A. rubrum and J. virginiana yield longer chain lengths at 
higher temperatures/lower latitudes (Fig. 5), with MAT 
explaining 27% and 29% of the ACL variation in A. rubrum 

and J. virginiana n-alkane distributions, respectively (Ta-
ble 2) and suggest temperature is the most important con- 
trol (Table 2). Soil-extracted n-alkanes show similar 
relationships to MAT as A. rubrum and J. virginiana 

ACL across the studied gradient (Fig. 5), suggesting that 
the overall plant community responds similarly to temper- 
ature. Sachse et al. (2006) demonstrated that n-alkane chain 
lengths of Betula , Fagus, and Quercus species decrease from 



Table 2
Average chain length variation accounted from climate parameters and principal compone nts/factor analysis .

Soil ACL J. virginiana ACL A. rubrum ACL

r p r p r p

RH �0.52 0.0050 �0.39 0.0311 �0.22 0.1589 
MAT 0.65 0.0003 0.52 0.0027 0.54 0.0002 

PPT �0.25 0.2158 �0.15 0.4068 �0.28 0.0673 
VPD 0.45 0.0193 0.47 0.0079 0.40 0.0066 

PC1 0.56 0.0027 0.49 0.0051 0.47 0.0012 

PC2 0.05 0.8190 0.13 0.4938 0.02 0.9108 
PC3 0.43 0.0255 0.00 0.9957 0.28 0.0684 

Bold and italic denotes values that are statistically significant.

Fig. 6. Hydroge n isotope values of individual species weighted n-
alkane versus (a) latitude and (b) hydrogen isotope values of mean 
annual precipitatio n.
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higher to lower latitudes. While that work did not focus on 
the same species for the entire transect, the latitudinal trend 
appears to be consistent in broad taxonomic groups. This 
relationship might be the result of a plant’s response to 
longer growing seasons, increased radiation, in response 
to water loss or alternatively, evaporative loss of shorter 
n-alkanes due to increased temperature (Sachse et al.,
2006). Similarly, under warmer conditions, plants poten- 
tially biosynthesize longer chain-length waxes to limit water 
loss, given the relationship between a wax carbon length 
and boiling point (Gagosian and Peltzer, 1986 ). While the 
true biosynthetic mechanism is not known, the relative vari- 
ations in chain-length distributions can be used in paleo- 
applications when plant community composition or tem- 
perature is isolated. n-Alkanes extracted from dust and 
marine sediments show similar relationships of increased 
average chain length with decreasing latitude and/or 
increasing temperature (Schefuss et al., 2003; Hughen 
et al., 2004 ). As an example, Smith and colleagues used 
variations in ACL coupled with macrofossil evidence to 
model and test d13C anomalies during the Paleocene–Eo-
cene Thermal Maximum (Smith et al., 2007 ). Furthermore,
chain length variations have been interpreted during the C4

expansion during the Late Miocene–Pliocene as plant com- 
munity change (Tipple and Pagani, 2010 ).

Soils and soil organic material evolve across hundreds to 
thousands of years (Van Breeman and Buurman, 2002 ),
and thus represent a spatially and temporally integrated sig- 
nal of the surrounding ecosystem. Importantly, soil n-al-
kane ACL values are within the range of the plant n-
alkane ACL range, suggesting soil n-alkanes represent a
mix of plant n-alkane sources (Fig. 5 and S3). However,
even though leaf-litter production is similar for angiosperm 
and gymnosperm species in temperate forests (Vogt et al.,
1986), these chain-length- and concentration data suggest 
n-alkanes from soils from temperate forests of the Eastern 
United States are weighted toward angiosperm sources. Re- 
cently, large and systematic variations in the concentration 
of n-alkanes between North American angiosperm and 
gymnosperm species were reported, with angiosperms pro- 
ducing n-alkane concentrations higher by several orders of 
magnitude (Diefendorf et al., 2011 ). Our soil chain-length 
distributions appear to reflect a similar relationship with 
angiosperm plants contributing a higher proportion of n-al-
kanes to soil records. These data suggest that soil-extracted 
n-alkanes from these types of ecosystems are likely weighted 
toward angiosperms relative to gymnosperms. Future work 
should investigate the relative proportions of species in a gi- 



Table 3
Hydrogen isotope and apparen t fractionat ion variation account ed from climate parameter s and principal components/ factor analysis.

Soil dDn�alkane J. virginian a dDn-alkane A. rubrum dDn-alkane

r p r p r p

dDMAP 0.82 <0.0001 0.42 0.0427 0.92 <0.0001

RH �0.30 0.2337 �0.20 0.3491 �0.74 0.0001 

MAT 0.82 <0.0001 0.46 0.0246 0.94 <0.0001

PPT �0.38 0.1153 0.22 0.3044 �0.15 0.5064 
VPD 0.63 0.0047 0.33 0.1101 0.90 <0.0001

PC1 0.69 0.0015 0.30 0.1572 0.89 <0.0001

PC2 0.09 0.7309 0.44 0.0303 0.32 0.1552 
PC3 0.37 0.1333 0.04 0.8552 �0.33 0.1410 

Soil en-alkane J. virginian a en-alkane A. rubrum en-alkane

r p r p r p

dDMAP 0.08 0.7379 �0.57 0.0038 0.56 0.0088 

RH 0.24 0.3392 0.47 0.0191 �0.59 0.0050 

MAT 0.07 0.7858 �0.57 0.0033 0.56 0.0080 

PPT �0.14 0.5665 0.45 0.0259 �0.32 0.1584 
VPD �0.11 0.6785 �0.56 0.0047 0.63 0.0020 

PC1 �0.03 0.9068 �0.61 0.0015 0.64 0.0019 

PC2 �0.12 0.6432 0.16 0.4640 �0.01 0.9615 
PC3 0.39 0.1128 �0.06 0.7966 �0.36 0.1069 

Bold and italic denotes values that are statistically significant.

Fig. 7. Individual species and soil n-alkane apparen t hydroge n
fractionat ion values. Plot shows median value for each species with 
the upper (UQ) and lower quartiles (LQ). Outliers are shown with 
an asterisk and defined as greater than UQ + 1.5 � interquartile 
distance or less than LQ � 1.5 � interquartile distance.
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ven ecosystem and compare n-alkanes in sedimentary re- 
cords to the ecosystem as a whole.

While significant differences in chain length patterns 
between species are observed, chain length patterns also 
correspond to climate. Nonetheless, in sedimentary archives 
separating plant community change from climate variations 
based on chain length alone could be problematic with- 
out information of ancient plant communities or 
temperatures.

4.2. Spatial variations in dDXW and dDn-alkane values

The dD value of precipitation along the East Coast of 
the United States is more D-enriched in the South, and 
gradually becomes more D-depleted northward. We find a
similar pattern in river and stream water (dDSW) along 
the East Coast transect (Fig. 2a). Groundwater isotope sig- 
nals are generally similar to long-term average local precip- 
itation isotope composition in these environments 
(Ofterdinger et al., 2004; Aquilina et al., 2006 ). However,
groundwater isotope ratios can differ significantly from 
the mean annual isotopic composition of precipitation un- 
der specific conditions (Palmer et al., 2007 ). Our results 
indicate that dDSW values are most closely related to mod- 
eled mean annual dD values of precipitation rather than 
growing season values (Fig. 3a). While modeled mean an- 
nual precipitation cannot specifically identify plant source 
water, it likely represents the isotopic composition of the 
long-term average soil moisture available to plants evalu- 
ated in this study.

Stem water derives directly from a plant’s source 
water (e.g. soil water, ground water) with no isotopic 
fractionations (Dawson and Ehleringer, 1993; Dawson 
et al., 2002 ). While soil waters were not sampled in this 
study, stem waters were collected at most locations. We 
found a one-to-one relationship between dDXW and
dDMAP (Fig. 3b), suggesting dDMA P reflect the source 
water dD value available to the tree in these environ- 
ments. We restrict our evaluation to dDMAP value be- 
cause mean annual precipitation data was available at 
all sites.
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dDn-a lkane values show a general trend toward more neg- 
ative values from South to North (Fig. 6a), similar to dDXW,
dDSW, and dDMAP, and demonstrate that the D/H ratio of 
precipitation is the primary control on n-alkane D/H com- 
position (Fig. 6b). However, dDXW, dDSW, and dDMAP val-
ues from South to North vary between 40 & and 50 &,
whereas the overall magnitude of change observed in dDn-

alkane values is �110& (Fig. 6b). Previous work has also 
shown large variations in dDn-alkane values between decidu- 
ous tree species across environmental transects (Sachse
et al., 2006 ), but not between the same angiosperm and gym- 
nosperm species across an environmental transect. As an 
example, A. rubrum and J. virginiana were sampled at most 
sites, but A. rubrum shows a �60& variation with strong 
relationships to latitude-controlled climate variables, while 
J. virginiana shows a �50& variation with no significant
relationship to any climate variable tested here (Table 3).
Several studies have linked variation in dDn-alkane values to 
life form (Chikaraishi and Naraoka, 2003; Liu et al., 2006;
Hou et al., 2007b; McInerney et al., 2011 ). However, as all 
individual sampled here were C3 tree species, life form differ-
ences should not apply. There are several potential explana- 
tions for observed differences between the angiosperm, A.

rubrum and the gymnosperm, J. virginiana .
Epicuticular leaf waxes form during the brief period of 

leaf expansion in the beginning of the growing season (Kol-
attukudy, 1970; Riederer and Markstadter, 1996; Jetter and 
Schaeffer, 2001; Jetter et al., 2006 ) and their initial leaf wax 
dD values record a finite period of time (Kahmen et al.,
2011). Nonetheless, damage to epicuticular waxes can be re- 
paired or reworked throughout the life of a leave in many 
species in natural environments (Jetter and Schaeffer,
2001; Nienhuis et al., 2001 ). J. virginiana keep their leaves 
for multiple years and the lack of correlation between J. vir- 

giniana dDn-alkane values with latitude may be a conse- 
quence of a multi-year integration of wax formation and 
temporal integration. Still, wax synthesis should occur dur- 
ing the same time each season, experience similar tempera- 
tures during formation, and record similar dDn-alkane values
each year. Alternatively, A. rubrum could be subject to 
greater leaf-surface abrasion and wax repair during the 
warmest interval of the growing season relative to J. virgin- 

iana. However, this mechanism is unlikely since these two 
species were collected from the same environments and 
localities.

J. virginiana living within mixed hardwood forests have 
been shown to photosynthesize predominately in the early 
spring, late fall, and even on warm winter days (Lassoie
et al., 1983 ), due to the heavy canopy cover that develops 
from the broad-leafed angiosperms during the summer. It 
is possible that J. virginiana biosynthesize leaf waxes during 
seasons other than the early growing season using different
water sources, under different environmental conditions.
Furthermore, different climate zones have unique growth 
seasons and J. virginiana living within these different zones 
likely photosynthesize at distinct times during the year.
Further support for differences in the timing of wax synthe- 
sis is shown by these species’ dDXW values correspondence 
with dDMAP values. A. rubrum dDXW and dDn-alkane values
correspond to dDMAP, while J. virginiana dDXW values cor- 
respond to dDMAP, but not dDn-alkane values. Together,
these results suggest that secondary processes (such as 
evapotranspiration, soil evaporations or timing of wax syn- 
thesis) modify individual species leaf waters and complicate 
the resulting dD signal recorded in individual species leaf 
waxes.

Soil-extracted n-alkane dD records show a 50–60& var-
iation along the transect, similar to water dD values. Simi- 
lar environmental transect studies using lacustrine 
sediments demonstrate strong correlations between sedi- 
ment-extracted n-alkane and precipitation dD values 
(Huang et al., 2004; Sachse et al., 2004; Hou et al., 2008 ).
This suggests that while secondary processes complicate 
dDn-alkane values of individual species on a seasonal time- 
scale, soil dDn-alkane records preserve a more integrated,
time-average signal – most similar to precipitation dD
values.

4.3. Climate controls on n-alkane apparent hydrogen isotope 

fractionation

The apparent hydrogen isotope fractionation between 
dDn-alkanes and source water dD values is controlled by soil 
evaporation, evapotranspiration, and biosynthesis (Sachse
et al., 2006 ). Since evaporation from soils and leaves lead 
to D-enrichment, en-alkane values should reflect local evapo- 
rative conditions.

In this survey, apparent hydrogen isotope fractionations 
between dDn-al kanes and dDMAP range from �61& to
�148& with an average fractionation of �108 ± 19 &
(1r) for all species. While large en-alkane differences are ob- 
served between the different species, we find individual spe- 
cies have relatively stable en-alkane values (Fig. 7). These 
values are similar to fractionations reported from other 
plant and sedimentary studies using tree leaf wax lipids 
(Chikaraishi and Naraoka, 2003; Huang et al., 2004; Sachse 
et al., 2004; Hou et al., 2008; Liu and Yang, 2008; Pedentc- 
houk et al., 2008; Zhang and Liu, 2011 ). While we observe 
inter-species differences across the transect (Fig. 7), we also 
discern significant relationships between mean annual tem- 
perature, vapor pressure deficit, and dDMAP and J. virgini- 

ana and A. rubrum en-alkane (Table 3). Relationships between 
these environmental parameters and en-alkane values have 
been observed in other natural studies (Smith and Freeman,
2006; McInerney et al., 2011 ). However in all cases, J. vir- 

giniana and A. rubrum en-alkane values show significant cor- 
relations to these climate variables in opposing directions 
(Table 3). Similarly, PCA indicates a significant relation- 
ship between J. virginiana and A. rubrum en-alkane and PC 
1 but with opposing slopes (Table 3).

There are several possible explanations for the observed 
differences between the A. rubrum and J. virginiana en-alkane

values. Rooting depth differences between these species 
potentially influence the character of soil water D-enrich- 
ment. For example, Feakins and Sessions (2010) show that 
chaparral plants with deeper rooting depths in very arid 
environments (southern California) have relatively constant 
en-alkane values, but express large differences compared to 
humid localities, and suggest that moisture availability is 
a likely reason (Feakins and Sessions, 2010 ). Direct com- 
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parisons between A. rubrum and J. virginiana rooting depth 
is difficult as A. rubrum are more shallowly rooted within 
the upper 25 cm of the soil, while J. virginiana are more 
adaptable in their rooting habit, with fine fibrous roots on 
shallow, rocky soils or a deep tap root if soil conditions per- 
mit. Thus, J. virginiana could be sampling deeper ground 
waters that are less subject to soil evaporation in some 
cases, however, the strong correspondence between both 
species’ dDXW and dDMAP values, indicate that at the time 
of sampling, both species were sampling similar water 
sources at any given location. However, if A. rubrum and
J. virginiana biosynthesize leaf wax compounds at different
times of the year, then it we would not expect consistent re- 
sults between environment conditions and en-alkane values
across species. These data further suggests that these en-

alkane values from individual species likely reflect differences
in the timing of n-alkane synthesis.

Soil en-alkane values are statistically indistinguishable 
from that of angiosperm en-al kane values (Table S4 ) mea- 
sured along the East Coast transect. Absolute values of soil 
en-al kane are consistent with soil en-alkane values across an ele- 
vation transect that covered a similar isotopic range 
(�40&) as our study (Zhang and Liu, 2011 ). However, in 
contrast to the individual plants used in that study, we find
no relationship between soil en-alkane and any climate 
parameters tested here (Table 3). In sum, our results suggest 
that in specific environments plant species have a wide 
range of en-alkane values, but at the ecosystem level, soil en-

alkane values are practically constant across large isotopic 
and climate gradients. Together, these data suggest that 
dDn-alkane and en-alkane from sedimentary archives can be 
used as a proxy for past precipitation D/H, particularly 
when independent information of climate and plant com- 
munity is known.

5. CONCLUSION 

In this study, stems and leaves of five co-occurring tree 
species, including angiosperm species A. rubrum and P.

occidentalis and gymnosperm species J. virginiana, P. taeda ,
and P. strobus, were sampled along North–South transect 
along the East Coast of North America. To determine local 
climate parameters, we used highly resolved temperature,
precipitation, and relative humidity data coupled with geo- 
graphical information software.

We found each species produced a unique distribution of 
n-alkanes with distinct chain length patterns. In addition,
we found significant correlations between A. rubrum , J. vir- 

giniana and soil-extracted n-alkane average chain lengths 
and mean annual temperature, suggesting temperature at 
the time of wax synthesis plays an important role in leaf 
wax distributions. While statistically significant relation- 
ships between n-alkane chain length and climate were ob- 
served, detecting and interpreting these differences in 
paleorecords require independent knowledge of tempera- 
ture or plant community.

Stem water dD values are nearly identical to modeled 
mean annual precipitation dD values, and suggest mean an- 
nual precipitation dD values are equivalent to ground 
waters in mixed hardwood East Coast forests. Furthermore,
these data suggest that the dD values of stem water can be 
used along isotope gradients in place of modeled precipita- 
tion data when resolution is lacking. When compared to cli- 
mate data, we found the dDn-alkane value of A. rubrum n-
alkanes strongly correlate to dD values of modeled mean an- 
nual precipitation and other climate parameters related to 
latitude, while the dDn-alkane value of J. virginiana n-alkanes
are not significantly related to modeled mean annual precip- 
itation and any other climate parameter considered in this 
study. Also, the apparent hydrogen isotopic fractionation 
between n-alkane and mean annual precipitation for both 
A. rubrum and J. virginiana correlate to several climate 
parameters tested. However, in all cases the correlations 
had opposing relationships. Together, we interpret these 
findings as evidence that A. rubrum and J. virginiana pro-
duce leaf waxes at different times during the growing season.

We found that soil dDn-alkane values strongly correlate to 
dD values of modeled mean annual precipitation and other 
climate parameters related to latitude, while en-alkane values
did not correlate to any climate parameter. These findings
indicate that sedimentary dDn-alkane records likely represent 
an average ecosystem value of mean annual precipitation 
and can be used as a proxy for the dD values past precipi- 
tation, particularly when conditions are similar to Eastern 
forests of the United States.
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