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Abstract

The hydrogen isotopic composition of leaf waxes (dDwax) primarily reflects that of plant source water. Therefore, sedimen-
tary dDwax records are increasingly used to reconstruct the dD of past precipitation (dDp) and to investigate paleohydrologic
changes. Such reconstructions rely on estimates of apparent fractionation (eapp) between dDp and the resulting dDwax. However,
eapp values are modified by numerous environmental and biological factors during leaf wax production. As a result, eapp can
vary widely among plant species and growth forms. This complicates estimation of accurate eapp values and presents a central
challenge to quantitative leaf wax paleohydrology. During the 2014 growing season, we examined eapp in the five deciduous
angiosperm tree species (Prunus serotina, Acer saccharinum, Quercus rubra, Quercus alba, andUlmus americana) that dominate
the temperate forest at Brown’s Lake Bog, Ohio, USA. We sampled individuals of each species at weekly to monthly intervals
fromMarch to October and report dD values of n-C29 alkanes (dDn-C29 alkane) and n-C28 alkanoic acids (dDn-C28 acid), as well as
xylem (dDxw) and leaf water (dDlw). n-Alkane synthesis was most intense 2–3 weeks after leaf emergence and ceased thereafter,
whereas n-alkanoic acid synthesis continued throughout the entire growing season. During bud swell and leaf emergence, dDlw

was a primary control on dDn-C29 alkane and dDn-C28 acid values, which stabilized once leaves became fully expanded. Metabolic
shifts between young and mature leaves may be an important secondary driver of dDwax changes during leaf development. In
mature autumn leaves of all species, the mean eapp for n-C29 alkane (�107‰) was offset by approximately�19‰ from the mean
eapp for n-C28 alkanoic acid (�88‰). These results indicate that in temperate settings n-alkanes and n-alkanoic acids from
deciduous trees are distinct with respect to their abundance, timing of synthesis, and eapp values.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The hydrogen isotope composition (dD) of precipitation
is governed by isotope effects during hydrologic processes
(Craig, 1961). Plants synthesize leaf waxes using hydrogen
derived from plant source waters (including soil, stream
and lake water), which are fed by precipitation. Therefore,
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the hydrogen isotopic composition of leaf waxes (dDwax)
primarily reflects that of local precipitation (dDp) both in
modern plants (Sachse et al., 2006; Smith and Freeman,
2006; Tipple and Pagani, 2013; Feakins et al., 2016) and
in sediments (Sachse et al., 2004; Hou et al., 2008;
Polissar and Freeman, 2010; Sachse et al., 2012). Thus,
dDwax from lacustrine and marine sediments has been used
to investigate paleohydrology throughout the Cenozoic
(Pagani et al., 2006; Tierney et al., 2008; Rach et al.,
2014). The net offset between sedimentary dDwax

(measured) and past dDp (calculated) is known as apparent
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fractionation (eapp). Estimates of eapp are therefore critical
for accurate dDp reconstruction. However, eapp remains
the largest source of uncertainty in leaf wax paleohydrology
(Sachse et al., 2012; Polissar and D’Andrea, 2014).

eapp values are influenced by a suite of environmental
and biological factors. For example, deuterium
(D)-enrichment of the biosynthetic water pool from which
lipids are synthesized can be driven by soil evaporation
(McInerney et al., 2011) and leaf transpiration (Feakins
and Sessions, 2010; Sachse et al., 2010; Kahmen et al.,
2013b). In addition, leaf wax biosynthesis results in consid-
erable D-depletion of the wax product relative to the
biosynthetic water pool from which it is synthesized
(Sachse et al., 2012). This dD offset is known as biosynthetic
fractionation (ebio). Some evidence suggests that ebio is con-
stant within a species (Sessions et al., 1999; Tipple et al.,
2015) while other studies have found that ebio may vary
throughout the growing season (Newberry et al., 2015;
Sachse et al., 2015). Among species, ebio can vary by up
to 65‰ (Kahmen et al., 2013b). This may contribute to
considerable interspecies eapp differences of up to 65‰
among species in a temperate deciduous forest (Hou
et al., 2007), 99‰ in an arid shrub ecosystem (Feakins
and Sessions, 2010) and 109‰ in a temperate saltmarsh
(Eley et al., 2014). Wide variability in eapp among plants
presents a challenge to the accuracy of eapp estimates
applied to sedimentary dDwax.

The seasonal timing and duration of leaf wax synthesis
is also important for interpretation of dDwax values. If leaf
waxes are produced during discrete time intervals, dDwax

records in sediments may be biased toward those specific
portions of the growing season. Recent evidence indicates
that n-alkane production and dD values are an average of
the growing season for temperate deciduous forests
(Sachse et al., 2006, 2009; Newberry et al., 2015), but biased
toward early spring leaf emergence for field grown barley
(Sachse et al., 2010) and for higher elevation riparian trees
(Tipple et al., 2013).

Further, while both n-alkanes and n-alkanoic acids are
commonly used for leaf wax paleohydrology, relatively
few calibration studies of dDwax in modern vegetation have
included n-alkanoic acids (Chikaraishi and Naraoka, 2007;
Hou et al., 2007; Gao et al., 2014; Feakins et al., 2016).
Therefore, the implications of using either compound for
dDp reconstructions remain largely unknown. Several sur-
veys of vegetation and sediments suggest that leaf wax
inputs from trees, especially angiosperm trees, dominate
the sedimentary record over other growth forms (Sachse
et al., 2006; Seki et al., 2010; Sachse et al., 2012; Tipple
and Pagani, 2013; Schwab et al., 2015). Therefore this study
is focused on deciduous angiosperm trees as the primary
source of leaf wax to sediments. We investigated differences
in the timing and amount of n-alkane and n-alkanoic acid
production and seasonal changes in leaf wax and source
water dD composition among five deciduous angiosperm
tree species in a temperate forest. Our central objective
was to better understand the controls on the dDwax signal
produced in species within the tree growth form and
thereby improve the accuracy of eapp estimates from
temperate forests.
2. MATERIALS AND METHODS

2.1. Site description and environmental waters

All sample collection took place at Brown’s Lake Bog
State Nature Preserve (BLB; 40.6818�N, 82.0645�W; 291
masl; 0.4 km2) in northern Ohio, USA. The biome type
for BLB is a temperate deciduous broadleaf forest
(Kaplan et al., 2002), and the five tree species that grow
on the preserve (with mean diameter at breast height
(DBH) of sampled individuals) are Prunus serotina

(42 cm), Acer saccharinum (82 cm), Quercus rubra

(144 cm), Quercus alba (99 cm), and Ulmus americana

(34 cm). The site has a mean annual temperature of 10.1 �C
and mean annual precipitation of 998 mm (PRISM).
During the study period (March to October 2014) the mean
temperature, relative humidity and total precipitation
recorded at an Ohio Agricultural Research and Develop-
ment Center (OARDC) weather station 15 km from BLB
were 16.9 ± 6.4 �C, 78 ± 9%, and 583 mm, respectively.
Additionally, a weather station (Davis Instruments,
Hayward, CA, USA) was installed to log meteorological
data on-site. Precipitation was sampled during each site
visit from collection bottles fitted with a funnel and a layer
of mineral oil to minimize evaporation. Surface waters
including ephemeral pools in the forested lowlands as well
as bog and lake water were also sampled during each site
visit for isotope analysis.

2.2. Plant sampling

Plant material was collected over 12 visits to BLB at
1–5 week intervals from March to October 2014, with
higher frequency during spring leaf emergence and expan-
sion. Samples are referenced with the day of year (DOY)
of collection (corresponding dates in Table 1 and Electronic
Annex Table EA-1). When sampling took place over two
consecutive days (e.g., DOY 152-153), we reference all data
using the first day of collection (e.g., DOY 152). Each
round of sampling included the same 2–3 individuals from
each of the 5 species (11 individuals total). We analyzed a
subset of one particular individual from each species
(n = 5) over the entire time series, in addition to all individ-
uals (n = 11) sampled on DOY 110, 128, 152, 235, and 274.
Except where otherwise indicated, the data presented refer
to the subset of 5 individuals analyzed over the entire time
series.

Sampling occurred continuously over two consecutive
days from approximately 9:00 am to dusk. Due to the num-
ber of trees and time-intensive sample collection from the
uppermost canopy (>15 m), repeated sampling through
the diel cycle to capture dDlw variability was not feasible
(see Section 3.4). During each sampling round, one slender
branch was removed from the uppermost canopy of each
individual using an arborist’s slingshot. We collected sun-
exposed canopy material in order to minimize potential
canopy effects in leaf water or lipid isotope composition
(Graham et al., 2014). Collection of plant material for
molecular and isotope analysis followed the methods of
Feakins and Sessions (2010) and Kahmen et al. (2013a).



Table 1
Mean fractionation of all individuals analyzed for n-C29 alkane and n-C28 alkanoic acid by DOY (top, summer buds excluded) and phenologic stage (bottom).

en-C29/xw (‰)a en-C29/MAP (‰)b en-C29/lw (‰)c en-C28/xw (‰)a en-C28/MAP (‰)b en-C28/lw (‰)c

Date DOY Mean (1r) n Mean (1r) n Mean (1r) n Mean (1r) n Mean (1r) n Mean (1r) n

3/23/14 82 – �142.7 (6) 4 �136.5 (4) 2 – �142.9 (8) 3 �134.3 (4) 2
3/30/14 89 – �141.1 (6) 4 �137.3 (8) 4 – �138.8 (7) 4 �135.0 (8) 4
4/5/14 95 �128.7 (7) 4 �128.2 (3) 4 �133.7 (10) 4 �127.7 (2) 2 �131.3 (15) 2 �143.9 (17) 2
4/20/14 110 �131.7 (19) 9 �119.3 (16) 9 �162.5 (10) 9 �135.5 (27) 6 �123.6 (25) 6 �167.6 (20) 6
4/27/14 117 �102.1 (25) 5 �96.9 (16) 5 �129.7 (16) 5 �112.5 (32) 2 �120.5 (14) 2 �154.5 (9) 2
5/8/14 128 �94.5 (16) 10 �95.6 (10) 9 �145.7 (16) 10 �85.3 (18) 4 �79.2 (17) 4 �133.9 (18) 5
5/19/14 139 �100.3 (10) 4 �95.7 (12) 4 �134.4 (13) 4 �86.3 (20) 3 �83.5 (16) 3 �119.5 (22) 3
6/1/14 152 �104.0 (10) 10 �101.3 (9) 11 �140.6 (10) 11 �96.6 (9) 9 �93.0 (7) 10 �131.7 (7) 10
6/26/14 177 �108.4 (8) 4 �104.8 (8) 4 �125.6 (10)d 4 �92.1 (4) 3 �89.4 (1) 3 �109.2 (8) 3
7/25/14 206 �108.2 (5) 2 �109.6 (10) 2 �145.6 (��)d 1 �92.4 (5) 2 �93.8 (1) 2 �123.8 (��) 1
8/23/14 235 �107.9 (7) 11 �107.1 (6) 11 �125.2 (10) d 11 �87.8 (11) 10 �87.2 (9) 10 �105.8 (12) 10
10/1/14 274 �107.2 (9) 8 �109.6 (4) 9 �126.0 (17)d 9 �87.9 (12) 8 �88.4 (10) 9 �105.3 (17) 9

Late bud �132.3 (12) 14 �129.2 (15) 22 �145.9 (18) 20 �139.8 (12) 8 �136.0 (10) 15 �151.9 (21) 14
Young leaf �94.7 (14) 18 �94.5 (10) 17 �141.4 (16) 18 �86.1 (15) 9 �84.0 (17) 9 �131.2 (18) 10
Mature leaf �106.7 (8) 35 �105.9 (8) 37 �130.7 (14)d 36 �90.4 (11) 33 �89.8 (8) 34 �114.4 (16) 33
Summer bud �135.6 (11) 4 �144.1 (4) 4 �141.1 (19) 4 �133.7 (12) 4 �142.3 (5) 4 �139.3 (16) 4

a eapp based on measured dDxw.
b eapp based on modeled dDMAP.
c ebio estimated using measured dDlw.
d ebio estimates for the period when n-alkane synthesis ceased (DOY 177–274) are shown for completeness but note ebio values are only relevant for periods when wax synthesis is taking place.
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Between 5 and 12 randomly selected leaves were stripped
from the collected branch and merged into a single bulk
sample per individual. Leaves (with mid-vein and petiole
removed) and the branch (<1.0 cm diameter, with outer
bark removed) from which leaves were stripped were imme-
diately sealed in separate pre-ashed glass exetainer vials
with airtight septa screwcaps. All samples were kept in a
cooler in the field and frozen (�20 �C) in the lab until water
extraction. From leaf emergence until DOY 206, an addi-
tional set of leaf samples was collected to determine leaf
dry mass per area (LMA) following Cornelissen et al.
(2003). Within 48 h of collection, 10 intact leaves from each
individual were scanned to determine leaf area using Ima-
geJ software (http://imagej.nih.gov/ij). The same leaves
were then freeze-dried and the dry mass and area of each
leaf were pooled to determine the mean LMA for each indi-
vidual and sampling date.

2.3. Leaf and xylem water extraction and hydrogen isotope

analysis

Leaf and xylem waters were extracted using cryogenic
vacuum distillation following the methods of West et al.
(2006). Exetainer vials containing frozen leaves and stems
were evacuated to a pressure < 8 Pa (<60 mTorr), isolated
from the vacuum pump, and heated to 100 �C. Water vapor
was collected in borosilicate test tubes immersed in liquid
nitrogen for a minimum of 60 min, with mean extraction
times of 73 min for xylem and 63 min for leaves. To verify
extraction completion, samples were weighed following
cryogenic vacuum distillation and then again after freeze
drying. Based on the mass difference, the recovery of plant
water was >99%. Collected water was thawed and pipetted
into 2 ml crimp-top vials and refrigerated at 4 �C until
analysis.

Analysis of leaf and xylem water dD was made by head-
space equilibration using 200 ml of water transferred to exe-
tainer vials with a Pt catalyst added. Samples were purged
using 2% H2 in He for 10 min at 120 ml/min and equili-
brated at 25 �C for at least 1 h. The isotopic composition
of equilibrated headspace gas was analyzed on a Thermo
Delta V Advantage isotope ratio mass spectrometer
(IRMS) with a Thermo Gasbench II connected via a Conflo
IV interface. Data were normalized to the V-SMOW/SLAP
scale using three in-house reference standards. Precision
and accuracy based on an independent standard were
1.85‰ (1r, n = 43) and 0.39‰ (n = 43), respectively.

2.4. Lipid extraction

After extraction of bud/leaf waters, dry samples were
ground to a powder. Separate aliquots of the ground bud
or leaf material were used for lipid extraction and bulk
d13C analysis (see Section 2.7). For lipid extraction,
�200 mg of powdered leaves were extracted by sonicating
twice with 20 ml of DCM/MeOH (2:1, v/v), centrifuging
and pipetting the lipid extract into a separate vial after each
round of sonication. The total lipid extract was dried under
a gentle stream of nitrogen and base saponified to cleave
fatty esters with 3 ml of 0.5 N KOH in MeOH/H2O (3:1,
v/v) for 2 h at 75 �C. Once cool, 2.5 ml of NaCl in water
(5%, w/w) was added and acidified with 6 N HCl. The solu-
tion was extracted with hexanes/DCM (4:1, v/v), neutral-
ized with NaHCO3/H2O (5%, w/w), and water was
removed through addition of Na2SO4.

Compound classes were separated using 0.5 g of
aminopropyl-bonded silica gel in 6 ml solid phase extrac-
tion columns. Hydrocarbons were eluted with 4 ml of hex-
anes, ketones were eluted with 8 ml of hexanes/DCM (6:1,
v/v), alcohols were eluted with 8 ml of DCM/acetone (9:1,
v/v), and acids were eluted last with 8 ml of DCM/85% for-
mic acid (49:1, v/v). The acid fraction was evaporated
under a gentle stream of nitrogen and methylated by adding
�1.5 ml of 95:5 MeOH/12 N HCl (v/v) of known dD com-
position and heating at 70 �C for 12–18 h. HPLC grade
water was added and fatty acid methyl esters (FAMEs)
were extracted with hexanes and eluted through Na2SO4

to remove water.

2.5. Lipid identification and quantification

n-Alkanes and FAMEs were identified by GC–MS using
an Agilent 7890A GC and Agilent 5975C quadrupole mass
selective detector system and quantified using a flame ion-
ization detector (FID). Compounds were separated on a
fused silica column (Agilent J&W DB-5ms) and the oven
ramped from an initial temperature of 60 �C (held 1 min)
to 320 �C (held 15 min) at 6 �C/min. Compounds were iden-
tified using authentic standards, fragmentation patterns
and retention times. All samples were diluted in hexanes
spiked with the internal standard 1,10-binaphthyl. Com-
pound peak areas were normalized to those of 1,10-
binaphthyl and converted to concentration using response
curves for an in-house mix of n-alkanes and FAMEs at con-
centrations ranging from 0.5 to 100 lg/ml. Quantified con-
centrations were normalized to the mass of dry bud or leaf
material extracted. Leaf wax concentration is reported as
lg wax/g dry bud or dry leaf. Average chain length
(ACL) is the weighted average concentration of all the
long-chain waxes, defined as

ACLa�b ¼
Xb

i¼a

i½Ci�
½Ci� ð1Þ

where a�b is the range of chain lengths and Ci is the
concentration of each wax compound with i carbon atoms.
ACL25-35 is used to indicate ACL values for n-C25 to n-C35

alkanes. ACL24-30 is used to indicate ACL values for n-C24

to n-C30 alkanoic acids.

2.6. Lipid hydrogen isotope analysis

The dD composition of n-alkanes and n-alkanoic acids
was determined using GC-isotope ratio mass spectrometry
(GC-IRMS). A Thermo Trace GC Ultra was coupled to
an IRMS via GC Isolink with pyrolysis reactor at 1420 �
C and Conflo IV interface. The GC oven program ramped
from 80 �C (held 2 min) to 320 �C (held 15 min) at a rate of
8 �C/min. For FAME analysis, samples and standards were
run with the backflush valve open to exclude high-
abundance compounds eluting before n-C22 alkanoic acid.

http://imagej.nih.gov/ij
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The H3
+ factor was tested daily and averaged 3.8 ppm mV�1

during the period of analysis. Standards of known dD com-
position (Mix A5, F8-3; A. Schimmelmann, Indiana
University) were run every 6–8 samples. Data were normal-
ized to the V-SMOW/SLAP scale by calibrating the H2 ref-
erence gas hydrogen isotope composition using Mix A5 and
F8-3 standard analyses (see Polissar and D’Andrea, 2014).
The long term standard deviation of the isotope standards
was 2.3‰ (1r, n = 80). The analytical uncertainty
(1-standard error of the mean, SEM) is reported along with
the dDn-C29 alkane and dDn-C28 acid of each sample in
Table EA-1. The mean analytical uncertainty was 4.2‰
(1 s SEM, n = 83) for dDn-C29 alkane samples and 3.7‰
(1 s SEM, n = 64) for dDn-C28 acid samples. The dD value
of hydrogen added to n-acids during derivatization was
determined by mass balance of phthalic acid of known
dD composition (A. Schimmelmann, Indiana University)
and derivatized methyl phthalate. Hydrogen isotopic
fractionations are reported as enrichment factors (in units
of per mil, ‰), using the following equation:

ea�b ¼ ðdDa þ 1Þ
ðdDb þ 1Þ

� �
� 1 ð2Þ

where a is the product and b is the substrate.

2.7. Bulk carbon isotope analysis

A separate aliquot of the powdered leaves was used to
determine the d13C of bulk organic carbon. Bulk d13C anal-
ysis was performed via continuous flow (He; 120 ml/min)
on a Costech elemental analyzer (EA) interfaced with an
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IRMS via a Conflo IV. d13C values were corrected for sam-
ple size dependency and normalized to the VPDB scale
using a two-point calibration with IAEA calibrated (NBS-
19, L-SVEC) in-house standards (�38.26‰ and
�11.35‰) following Coplen et al. (2006). Error was deter-
mined by analyzing additional independent standards with
a precision of 0.02‰ (1r, n = 28) and accuracy of �0.01‰
(n = 28). All statistical analyses were performed using JMP
Pro 12.0 (SAS, Cary, NC, USA).

3. RESULTS

3.1. Hydrogen isotope composition of environmental waters

at Brown’s Lake Bog

Hydrogen isotope data for meteoric and environmental
waters at BLB are presented in Fig. 1 and Table EA-2.
The dD composition of precipitation (dDp) sampled weekly
to monthly at BLB from March to October 2014 ranged
from �51.5‰ (DOY 89) to �9.4‰ (DOY 152) and had a
mean of �31.9 ± 13.7‰ (1r; n = 16; Fig. 1). The mean
modeled dDp from the Online Isotopes in Precipitation Cal-
culator (OIPC; Bowen and Revenaugh, 2003; Bowen, 2015)
is �42.6‰ for the study period months (March to October)
and �53‰ for the entire year. Similarly, precipitation col-
lected monthly from 1966 to 1971 at a Global Network
of Isotopes in Precipitation (GNIP) station in Coshocton,
OH (�50 km southwest of BLB) had a mean dDp of
�37.2‰ for the study period months and �48.9‰ annu-
ally. For calculations including the dD composition of
mean annual precipitation we use the OIPC value
200 250 300 350
OY

on, OH
ater

ture leaves

losed symbols) throughout the study period (March to October).
in Coshocton, OH (measured, 1966–1971) are indicated with open
ine. Phenologic stages prior to and during leaf maturity for trees at
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(dDMAP = �53‰) because it includes the contribution of
winter precipitation, which we did not sample at BLB,
and because modeled dDMAP values are widely used in leaf
wax paleohydrology. Mean dD values for bog water and
ephemeral surface waters at BLB over the study period
were �43.3‰, and �47.1‰, respectively (Fig. 1).

3.2. Leaf mass per area during leaf development

Leaf area and LMA values were used to normalize wax
concentration to leaf area, track the stages of leaf develop-
ment, and estimate leaf photosynthetic capacity per unit
area (Ellsworth and Reich, 1993; Niinemets and
Tenhunen, 1997; Niinemets, 1999). All LMA data are
reported in Table EA-1. The timing of leaf emergence at
BLB was staggered among species by up to 18 days, which
is typical for temperate sites (Maycock, 1961; Lechowicz,
1984; Wesołowski and Rowiński, 2006). LMA values in
all species decreased as leaves emerged and expanded,
reflecting a greater rate of increase in leaf area than leaf
dry mass. Minimum LMA values, indicating full leaf
expansion, were observed on DOY 139 for early-leafing
species (P. serotina, A. saccharinum, and U. americana)
and DOY 152 for late-leafing species (Q. rubra andQ. alba).
The duration of leaf expansion (from leaf emergence to
minimum LMA) was approximately 11 days for U. ameri-

cana, 22–24 days for A. saccharinum, Q. rubra and Q. alba,
and 29 days for P. serotina. LMA minima were followed in
all species by rapid increases in LMA, reflecting mass accu-
mulation on leaves of constant area. Mean LMA values in
mature leaves were lower for U. americana (48.1 g/m2) than
for all other species, which ranged from 64.5 to 69.5 g/m2.
These are similar to reported values for other deciduous
angiosperms (e.g., Ellsworth and Reich, 1993; Niinemets
and Tenhunen, 1997; Poorter et al., 2009).

3.3. Seasonal changes in leaf wax concentration and

composition

3.3.1. n-alkane abundance and chain length distribution

Adopting terminology from Piasentier et al. (2000), we
identified three phenologic stages of leaf wax development
(indicated on Fig. 2):

(i) Late bud, from first collection of buds until leaf
emergence.

(ii) Young leaf, from leaf emergence until full leaf expan-
sion (indicated by minimum LMA).

(iii) Mature leaf, from full expansion until final sample
collection.

In addition, we refer to new buds produced during the
summer of 2014 as summer buds.

n-Alkane concentration and ACL data are reported in
Table EA-1 and Fig. 2a. Total n-alkane concentrations
(odd chain lengths from n-C25 to n-C35) varied widely
among species and phenologic stages. Total, n-C29 and
n-C31 alkane concentrations generally decreased during
the bud to leaf transition before increasing at the onset of
leaf maturation (DOY 152) and either stabilizing or
decreasing thereafter. During the late bud stage, mean total
n-alkane concentrations ranged among species from 35 and
57 lg/g dry bud (Q. rubra and Q. alba, respectively) to 1053
and 1822 lg/g dry bud (P. serotina and A. saccharinum,
respectively). U. americana buds sampled on DOY 110
had a total n-alkane concentration of 420 lg/g dry bud.
Combined, n-C29 and n-C31 alkane comprised between 42%
(A. saccharinum) and 90% (P. serotina and U. americana)
of total n-alkane concentrations in late buds (Fig. 2a).

During the young leaf stage, patterns of total, n-C29 and
n-C31 alkane concentration changes were unique in each
species. With the exception of the Quercus species,
n-alkane concentrations decreased rapidly at leaf emergence
(Fig. 2a). The lowest leaf n-alkane concentrations were
observed during the young leaf stage and were followed
by increases at the onset of the mature leaf stage (DOY
152-274) in all species except U. americana (Fig. 2a). The
largest increases in total n-alkane concentration from leaf
emergence to full expansion (DOY 152) were observed in
Q. rubra and P. serotina (15- and 7-fold increases, respec-
tively). Following full leaf expansion, n-alkane concentra-
tions stabilized in A. saccharinum and gradually decreased
by 26–63% through the summer and fall (DOY 152-274)
in all other species. Mean total n-alkane concentrations in
mature leaves ranged among species by an order of magni-
tude, from 132 lg/g in U. americana, 166 lg/g in Q. alba,
and 578 lg/g in A. saccharinum, to 1968 lg/g in Q. rubra

and 2586 lg/g in P. serotina. These are similar to previously
reported n-alkane concentrations in leaves of the same gen-
era and species (Diefendorf et al., 2011). Combined, n-C29

and n-C31 alkane comprised between 72% and 98% of total
n-alkane concentrations in mature leaves of each species
except Q. alba, in which they comprised 40%.

In all species, ACL25-35 values decreased during bud
swell and increased during leaf expansion (Fig. 2a).
ACL25-35 values were stable in mature leaves (1r < 0.3 in
all species), consistent with a prior study that observed no
significant change in ACL from summer to fall (Bush and
McInerney, 2013). Mean ACL25-35 values for mature
leaves (DOY 152-274) were 27.5 for Q. alba, 29.1 for
U. americana, 29.2 for A. saccharinum, 29.7 for Q. rubra,
and 31.0 for P. serotina.

3.3.2. n-alkanoic acid abundance and chain length

distribution

n-Alkanoic acid concentration and ACL data are
reported in Table EA-1 and Fig. 2b. Total n-alkanoic acid
concentrations (even chain lengths from n-C24 to n-C30)
were relatively high in late buds, decreased during leaf
emergence, and increased throughout the mature leaf stage
(Fig. 2b). Total n-alkanoic acid concentrations in the late
buds of each species ranged from 114 to 279 lg/g dry
bud. All species had sharp decreases in ACL24-30 during leaf
emergence and expansion, reflecting complete turnover of
n-C30 alkanoic acid in all species and n-C28 alkanoic acid
in most species (Fig. 2b). Total, n-C28 and n-C30 alkanoic
acid concentrations increased throughout the mature leaf
stage and reached their highest respective concentrations
in each species at the end of the growing season (DOY
274). Mean total n-alkanoic acid concentrations in mature



Fig. 2. Seasonal changes in lipid concentration (shaded layers), ACL (thin black line) and dD values (thick black lines and circles) for
n-alkanes (A) and n-alkanoic acids (B) from a single individual from each species. Black squares show dDwax values from biological replicates
of each species. The stages of leaf development are initialed LB (late bud), YL (young leaf, shaded area), and ML (mature leaf). Vertical lines
mark the DOY of minimum n-C29 alkane concentration (based on leaf dry mass and area, solid lines), minimum LMA (long dashes), or both
(short dashes). Open symbols indicate data for buds; closed symbols indicate leaves. Summer buds are indicated with open symbols on DOY
274. Right panels labeled ‘‘SB” for A. saccharinum and Q. rubra represent lipid concentration (stacked bars), ACL (triangles) and dD data
(open circles) from buds collected the following winter. Note different scales for leaf wax concentration and ACL. Analytical uncertainty for
dDwax measurements is 4‰.
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leaves ranged among species from 141 lg/g dry leaf in P.

serotina to 243 lg/g dry leaf in Q. rubra. Combined, n-C28

and n-C30 alkanoic acid comprised between 41% and 46%
of total n-alkanoic acid concentrations in mature leaves of
each species except A. saccharinum in which they comprised
63%. Minimum ACL24-30 values were observed in all spe-
cies during the young leaf stage due to turnover of longer
chain-lengths. Thereafter, ACL24-30 increased due to higher
n-C28 and n-C30 alkanoic acid production, and stabilized
between 25.9 and 27.4 in the mature leaves of all species
and individuals.

There were several key differences in the abundance and
distribution of n-alkanes and n-alkanoic acids. First, total
n-alkanoic acid concentrations and interspecies variability
in mature leaves (187 ± 123 lg/g dry leaf) were both lower
than observed for n-alkanes (1077 ± 1020 lg/g dry leaf;
Fig. 2). Second, while n-alkane concentrations in mature
leaves of all species were dominated by n-C29, and n-C31

(mean ACL25-35 = 29.3 ± 0.2), there was a less pronounced
preference for any particular n-alkanoic acid chain length
(mean ACL24-30 = 26.7 ± 0.6; Fig. 2). Third, loss of longer
chain lengths during leaf expansion was common to both
compound classes, but complete turnover during this stage
was unique to n-alkanoic acids (see Section 4.3). Lastly,
while n-alkane concentrations were either stable or
decreased through the mature leaf stage, n-alkanoic acid
concentrations increased in all species over the same
interval.

3.4. Plant source waters: xylem and leaf water dD

Plant water dD data are reported in Table EA-1 and
Fig. 3. Mean dDxw for all sampled species and individuals
was -50.0 ± 10‰ (1r; n = 70) over the study period and
�51.8 ± 6‰ (1r, n = 35) during the mature leaf stage. This
is similar to the OIPC modeled dDMAP (�53‰), and signif-
icantly D-depleted relative to modeled dDp (�42.6
± 10.6‰, 1r, t-test, p = 0.048) and measured dDp (�31.9
± 13.7‰, 1r, t-test, p < 0.0001) for the same period
(March-October). Mean dDxw values during each stage of
leaf development were not significantly different for P. ser-
otina, A. saccharinum, or U. americana (one-way ANOVA,
p = 0.2, 0.4, 0.8, respectively) but were for Q. alba and Q.

rubra (one-way ANOVA, p = 0.0004, 0.001, respectively).
Xylem water was significantly more D-enriched prior to leaf
maturity in Q. alba and Q. rubra (�35‰ and �42‰, respec-
tively) than during the mature leaf stage (�51‰ and �55‰,
respectively).

Mean dDlw (including both buds and leaves) for all spe-
cies and individuals over the study period was �21.5
± 21.7‰ (1r, n = 77), which was significantly more positive
and more variable than dDxw (�50.0 ± 10‰ (1r, n = 70);
t-test, p < 0.0001). The fractionation between dDlw and
dDxw (elw-xw) was significantly higher during the young leaf
stage (55.1‰) than either the late bud (20.8‰) or mature
leaf (28.2‰) stages (t-test, p < 0.0001), indicating
D-enrichment of leaf water during the transition from
bud to leaf, and D-depletion as leaves reached full expan-
sion and maturity (Fig. 3). The mean dDlw values for the
late bud, young leaf and mature leaf stages (�32.4‰,
F
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a
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1.5‰, and �24.2‰, respectively) were significantly different
(one-way ANOVA, p < 0.0001). The magnitude of leaf
water D-enrichment during bud swelling and leaf
emergence was 57‰ in A. saccharinum, 63‰ in P. serotina

and Q. rubra, and 73‰ in Q. alba (Fig. 3). Sampling only
permitted one bud water sample for U. americana.

Single pointmeasurements of dDlw are problematic due to
observed diurnal dDlw variability (Cernusak et al., 2002; Eley
et al., 2014; Cernusak et al., 2015). Therefore, we applied an
expanded Craig-Gordon model described by Roden et al.
(2000) to estimate the diurnal range (9:00–18:00 h) of dDlw

using the following inputs: measured dDxw for each individ-
ual and sampling date, measured atmospheric water vapor
dD sampled on DOY 116, 128, 138, 152, 205, and 275
(reported in Table EA-2) using the cryogenic sampling appa-
ratus described inHelliker et al. (2002); atmospheric pressure
from a weather station installed at BLB; hourly relative
humidity and temperature data from the OARDC weather
station; and the mean stomatal conductance of
69 mmol m�2 s�1 measured for broadleaf angiosperm trees
Quercus prinus and Acer rubrum at a temperate site in Penn-
sylvania in August (Song et al., 2013). Modeled dDlw values
were typically lowest in the morning and increased to peak
values between 14:00 and 18:00 h. The diurnal range in mod-
eled dDlw varied from 2‰ to 22‰ for each individual and
date. By comparison, measured dDlw ranged by 10–30‰
among individuals on a given date.

3.5. Seasonal development of n-alkane hydrogen isotopes

3.5.1. n-Alkane hydrogen isotope composition

Hydrogen isotope analysis was carried out on all
n-alkane chain lengths of adequate concentration. The fol-
lowing discussion focuses on the dD composition of n-C29

alkane, which is frequently used in leaf wax paleohydrology
and was generally the most abundant chain length in trees
sampled at BLB. The dD composition of additional chain
lengths is reported in Table EA-1. The dD values of major
long-chain n-alkane homologs (n-C27, n-C29, n-C31) of all
sampled individuals and species over the entire growing sea-
son were strongly correlated (n-C27 and n-C29, R

2 = 0.79,
p < 0.0001; n-C29 and n-C31, R

2 = 0.87, p < 0.0001).
In all species, dDn-C29 alkane fluctuated between DOY

89-152 and generally stabilized thereafter. The dD composi-
tion of n-C29 alkane was most negative in late buds and
most positive either at or immediately following leaf emer-
gence (Fig. 2a). Total D-enrichment during the transition
from late bud to young leaf was 66‰ for P. serotina,
56‰ for Q. alba, 55‰ for Q. rubra, 46‰ for A. sacchar-

inum, and 44‰ for U. americana, comparable to prior
observations of woody broadleaf angiosperms (Tipple
et al., 2013; Oakes and Hren, 2016). The timing of n-alkane
D-enrichment corresponded with the greatest bud and leaf
water D-enrichment (Fig. 3). As leaves reached full expan-
sion on DOY 152, dDn-C29 alkane values of all species became
more negative, dropping by �24–29‰ relative to peak
young leaf values. After DOY 152, dDn-C29 alkane values
were stable in P. serotina, A. saccharinum and Q. rubra

and decreased by 13‰ and 18‰ in U. americana and Q.

alba, respectively, before stabilizing in late summer
(Fig. 2a). As mature leaves approached senescence inter-
species dDn-C29 alkane variability decreased. The mean dDn-

C29 alkane for all species and individuals was �154.4
± 5.4‰ (1r, n = 11) on DOY 235 and �156.7 ± 3.8‰
(1r, n = 9) on DOY 274.

3.5.2. Hydrogen isotope fractionation in n-alkanes

All hydrogen isotope fractionation data are included in
Table EA-1 and summarized by DOY and phenologic stage
in Table 1. The net dD fractionation between the biosyn-
thetic water pool and resulting leaf wax (ebio) is not directly
measurable. However, the biosynthetic water pool is fed in
large part by leaf water. Therefore, prior studies have
approximated ebio values using dDwax and measured or
modeled dDlw (Kahmen et al., 2013a,b; Newberry et al.,
2015; Sachse et al., 2015). We approximate ebio for n-C29

alkane (en-C29/lw) based on measured dDn-C29 alkane and mea-
sured dDlw. Because ebio is a measure of dD fractionation
during wax synthesis, we restrict ebio estimates to portions
of the growing season when n-alkanes are being produced
(approximately from leaf emergence to full expansion).
Mean en-C29/lw estimates for this period were �147‰ for
Q. rubra and P. serotina (±11‰ and 14‰, 1r, respectively),
�138 ± 14‰ (1r) for A. saccharinum, �135 ± 11‰ (1r) for
Q. alba, and �129 ± 10‰ (1r) for U. americana.

Values of apparent fractionation based on dDn-C29 alkane

and either dDxw (en-C29/xw) or the dD of modeled mean
annual precipitation (en-C29/MAP) were in close agreement
throughout the growing season (Table 1). Mean en-C29/xw
values were significantly different during the late bud,
young leaf and mature leaf stages (one-way ANOVA,
p < 0.0001), and interspecies variability decreased through
the late summer and autumn. Mean en-C29/MAP values for
all species and individuals prior to senescence were similar
on DOY 235 (�107.1 ± 6‰, 1r, n = 11) and 274 (�109.6
± 4‰, 1r, n = 9). For comparison, the mean en-C29/MAP

for all previously published dicot trees sampled in temper-
ate sites from August to November (when we expect dDwax

values are stable and n-alkane synthesis has ceased), is
�121.2 ± 14.9‰ (1r, n = 67) (Sachse et al., 2006; Hou
et al., 2007; Sachse et al., 2009; Tipple and Pagani, 2013).

3.6. Seasonal development of n-alkanoic acid hydrogen

isotopes

3.6.1. n-Alkanoic acid hydrogen isotope composition

Hydrogen isotope analysis was carried out on all long-
chain n-alkanoic acid homologs (n-C26, n-C28, n-C30) where
concentration permitted. Our discussion is focused on n-C28

alkanoic acid and dD values for additional n-alkanoic acid
chain lengths are reported in Table EA-1. The dD values of
long-chain n-alkanoic acid homologs (n-C26, n-C28, n-C30)
of all sampled individuals and species over the entire grow-
ing season were strongly correlated (n-C26 and n-C28,
R2 = 0.73, p < 0.0001; n-C30 and n-C28, R2 = 0.88,
p < 0.0001).

Themagnitude of D-enrichment in dDn-C28 acid during the
transition from late buds to young leaves was 70‰ forA. sac-
charinum, 67‰ forQ. alba and 57‰ forU. americana. This is
11–24‰ greater than observed for dDn-C29 alkane in the same
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Fig. 4. Seasonal changes in dDn-C29 alkane (blue circles) and bulk
foliar d13C (black diamonds) observed in buds (open symbols) and
leaves (closed symbols) of one individual from each species. Summer
buds sampled the following winter from A. saccharinum and Q.

rubra are in panels labeled SB. The young leaf stage is indicated with
gray shading. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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individuals. Due to complete turnover of n-C28 alkanoic acid
during the young leaf stage, dDn-C28 acid data were sparse for
the young leaves of P. serotina and Q. rubra, in which the
D-enrichment was 18‰ and 19‰, respectively (48‰ and
36‰ less than observed for dDn-C29 alkane in the same individ-
uals).dDn-C28 acid values fluctuatedprior to full leaf expansion
andstabilized thereafter inall species exceptU.americana, for
which dDn-C28 acid increased by 12‰ throughout the mature
leaf stage (Fig. 2b). Overall, dDn-C28 acid values in mature
leaves (�138.0 ± 7.5‰, 1r, n = 34) were significantly more
positive than in late buds (�182 ± 9‰, 1r, n = 15; t-test,
p < 0.0001). Prior to leaf shed (DOY 274) mean dDn-C28 acid

among all species and individuals was �136.8 ± 9.1‰ (1r,
n = 9).

3.6.2. Hydrogen isotope fractionation in n-alkanoic acids

We approximate ebio for n-C28 alkanoic acid (en-C28/lw)
based on measured dDn-C28 acid and dDlw. The majority of
n-C28 alkanoic acid synthesis took place throughout the
mature leaf stage following full leaf expansion. Mean
en-C28/lw estimates during the mature leaf stage were
�119‰ for Q. rubra and P. serotina (±14‰ and 15‰,
1r, respectively), �114‰ for A. saccharinum and Q. alba

(± 16‰ and 13‰, 1r, respectively), and �106 ± 23‰
(1r) for U. americana. en-C28/lw estimates were 21–28‰
more positive than en-C29/lw in the same species (Table 1).

Values of apparent fractionation based on dDn-C28 acid

and either dDxw (en-C28/xw) or modeled dDMAP (en-C28/MAP)
were in close agreement throughout the growing season
(Table 1). Mean en-C28/xw values during the late bud stage
(�139.8 ± 12.2‰, 1r, n = 8) were significantly more nega-
tive than the mature leaf stage (�90.4 ± 10.5‰, 1r,
n = 33; t-test, p < 0.0001). Toward the end of the growing
season, mean en-C28/MAP was constant from DOY 235 to
274 (�88‰) although the interspecies variability (9.6‰,
1r) was more than twice that of en-C29/MAP (4.1‰, 1r).
Mean en-C28/MAP on DOY 274 was 21‰ more positive than
mean en-C29/MAP.

3.7. Bulk foliar d13C values

Bulk foliar d13C values generally decreased from young
leaves to mature leaves (Fig. 4), as observed in prior studies
(Cernusak et al., 2009; McKown et al., 2013; Newberry
et al., 2015). Mean bulk d13C was �27.1‰ for late buds,
�26.6‰ for young leaves, and �28.1‰ for mature leaves.
Bulk d13C increased during the transition from late buds
to young leaves, and became increasingly negative as leaves
matured through the summer and autumn. On DOY 274
the bulk d13C of summer buds was identical to that of
mature leaves from the same individual (Fig. 4). The total
growing season range in bulk d13C was lowest in P. serotina

(2.6‰) and highest in Q. alba (4.1‰).

4. DISCUSSION

4.1. Timing of n-alkane synthesis

Leaf wax concentration reflects net wax production and
removal through mechanical stresses including ablation via
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wind and rain (Shepherd and Griffiths, 2006). At times
when rates of removal exceed production, leaf wax concen-
tration will decrease despite continued synthesis. Therefore,
we use the additional indicators of ACL (indicating produc-
tion or loss of different chain lengths) and dDwax (reflecting
wax synthesis using H with different dD values) to constrain
the timing of de novo leaf wax synthesis.

In all tree species at BLB, n-alkane production occurred
at variable rates from the first collection of late buds
through the onset of leaf maturity (DOY 152), and ceased
thereafter, as indicated by stable or decreasing concentra-
tions through the summer. This seasonal pattern is common
in deciduous angiosperm trees and shrubs (Jetter and
Schaeffer, 2001; Sachse et al., 2009; Tipple et al., 2013;
Newberry et al., 2015; Oakes and Hren, 2016). By contrast,
n-alkane production may continue through the summer and
autumn in mature leaves of evergreen gymnosperms and
angiosperms (Sachse et al., 2015; Oakes and Hren, 2016).
At BLB, total n-alkane concentrations generally increased
in swelling buds (by 20–600%) while dDn-C29 alkane values
increased (Fig. 2a). Late bud dDn-C29 alkane increases began
18–39 days prior to leaf emergence, indicating de novo

n-alkane synthesis (using an increasingly D-enriched H
source) as buds swell. Simultaneous decreases in ACL25-35

indicate that synthesis in buds is dominated by n-C25

through n-C29 alkane, while longer chain lengths are lost.
Leaf area expansion (decreasing LMA) during the

young leaf stage coincided with decreasing n-alkane concen-
trations in most species (Fig. 2a). Leaf wax concentrations
are typically determined based on the mass of dry leaf
extracted. However, because waxes accumulate in layers
over leaf surfaces, either embedded within the cuticle or
as an epicuticular film (Eglinton and Hamilton, 1967;
Jetter et al., 2006), dispersal of a fixed amount of wax over
an increasing leaf surface could result in an apparent drop
in n-alkane concentrations during leaf expansion. Convert-
ing from mass-based to leaf area-based n-alkane concentra-
tion using LMA (e.g., Wright et al., 2004) revealed a
significant positive correlation between the two measures
of n-alkane abundance (lg n-C29/cm

2 and lg n-C29/g dry
leaf extracted, R2 = 0.90, p < 0.0001). Therefore, rapidly
decreasing n-alkane concentrations in the young leaf stage
following leaf emergence (e.g., P. serotina, A. saccharinum,
Q. alba) may be due to dilution of pre-existing bud
n-alkanes over an increasing leaf area. Baker and Hunt
(1981) suggested that apparent decreases in wax concentra-
tions in Prunus following bud break reflect rapid leaf expan-
sion. Despite apparent loss over this period, bud n-alkanes
can be retained and contribute to the wax composition of
the forming leaf. However in certain species (e.g., Q. rubra,
P. serotina) this contribution is likely swamped by relatively
large amounts of n-alkanes produced de novo during leaf
development.

We mark the beginning of de novo n-C29 alkane accumu-
lation in leaves at the date of minimum n-C29 alkane con-
centrations (determined by leaf mass and area), between 7
and 24 days after leaf emergence (indicated with dotted ver-
tical lines in Figs. 2–4). Rapid increases in n-alkane concen-
trations (total and n-C29) at the onset of the mature leaf
stage (Fig. 2a) suggest an increased rate of n-alkane produc-
tion as leaves reach full expansion. Similarly, Hauke and
Schreiber (1998) found that major n-alkane production
did not take place until 23–28 days after leaf emergence in
Hedera helix (ivy) leaves.

Changes in n-alkane production and composition over
the first 9 weeks of the BLB growing season may be linked
to shifting plant metabolism during the early stages of leaf
development. Young leaves are heterotrophic and depend
on stored carbohydrate reserves for synthesis of new com-
pounds. By contrast, mature leaves are autotrophic and
generally rely on photosynthesis (Turgeon, 1989;
Cernusak et al., 2009; Pantin et al., 2011). In dicotyle-
donous plants, the metabolic transition from heterotroph
to autotroph takes place when the leaf is 30–60% fully
expanded (Turgeon, 1989). As the lamina expands, rates
of photosynthesis increase while rates of respiration
decrease (Collier and Thibodeau, 1995; Pantin et al.,
2011). For all tree species at BLB, maximum leaf area
was observed 24–35 days after leaf emergence. Therefore,
we estimate that the metabolic transition occurs
�12–17 days after leaf emergence (equivalent to 30–60%
of full expansion). This timing corresponds both with peak
dDn-C29 alkane values and minimum n-C29 alkane concentra-
tions (Fig. 2a, dotted vertical lines). Therefore, we suggest
that leaves are net heterotrophs prior to the date of mini-
mum n-C29 alkane concentration, and have developed suffi-
cient photosynthetic capacity to operate as net autotrophs
after this point. This is supported by bulk leaf d13C data
(Fig. 4), with young leaves significantly 13C-enriched relative
to mature leaves (�26.6‰ and �28.1‰, respectively; t-test,
p < 0.0001). Prior studies have established that hetero-
trophic developing leaves are 13C-enriched relative to auto-
trophic mature leaves (Leavitt and Long, 1985; Damesin
et al., 1998; Damesin and Lelarge, 2003; Cernusak et al.,
2009). All tree species at BLB had peak d13C values just
prior to full leaf expansion (minimum LMA) and decreasing
d13C values thereafter (Fig. 4), indicating a metabolic shift
just prior to leaf maturity. Phenologic regulation of leaf
wax synthesis based on shifts from heterotrophic to auto-
trophic growth appears to be a critical control on the timing
of leaf wax synthesis as well as the partitioning of hydrogen
sources (see Section 4.2).

Results from BLB suggest that n-alkane production
ceases in mature leaves, indicated by relatively constant
ACL and dDn-C29 alkane and stable or decreasing n-alkane
concentrations during the mature leaf stage. Total n-alkane
concentrations in autumn were 26–63% lower than at full
leaf expansion (for all species except A. saccharinum), per-
haps due to ablation from the leaf surface (Jetter and
Schaeffer, 2001). If the observed loss of n-alkanes from
mature summer leaves is due to ablation, this could con-
tribute to a regionally integrated n-alkane component in
atmospheric dust or aerosols.

Summer buds sampled on DOY 274 and during the fol-
lowing winter from A. saccharinum and Q. rubra had total
n-alkane concentrations, ACL and dDn-C29 alkane values that
were distinct from those in co-occurring mature leaves and
instead were similar to those observed in the late buds of
the same individuals (Fig. 2a). This indicates that major
production of late bud n-alkanes takes place during sum-
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mer bud set and that these compounds are retained over the
winter, establishing set points for leaf wax abundance and
dD values in the late buds of the following growing season,
as suggested previously (Tipple et al., 2013).

4.2. Controls on dD of n-C29 alkane

One objective of this study was to determine when
dDn-C29 alkane values of leaves are established and the factors
controlling dDn-C29 alkane as leaves develop. At BLB,
dDn-C29 alkane values were lowest in late buds (�175 ±
14‰, 1r, n = 22), highest in young leaves (�140 ± 11‰,
1r, n = 18), and became relatively D-depleted in mature
leaves (�153 ± 7‰, 1r, n = 37). The possible drivers of dis-
tinct dDn-C29 alkane values among the phases of leaf develop-
ment are changes in source water dD, changes in leaf water
dD, and changes in leaf metabolism. Below we demonstrate
that data from BLB are consistent with the latter two
factors.

Vascular plants take up precipitation-fed soil water
through roots and into xylem, during which there is no iso-
topic fractionation (Dawson and Ehleringer, 1993; Dawson
et al., 2002). Therefore, dDxw values directly reflect plant
source water dD. At BLB mean dDxw across the stages of
leaf development was invariable for all species except Q.

alba and Q. rubra, which had 10–17‰ higher dDxw during
leaf emergence and expansion than during the mature leaf
stage. Similar patterns have been observed in both arid
and humid coastal sites in the western US (Phillips and
Ehleringer, 1995; Tipple et al., 2013; Sachse et al., 2015).
Higher dDxw values during leaf formation may be due to
retention of D-enriched winter sap (Phillips and
Ehleringer, 1995; Tipple et al., 2013), and may be specific
to late-leafing species (e.g., Q. rubra and Q. alba at BLB).
Staggered bud break among species is controlled by the
diameter and density of xylem vessels in earlywood
(Lechowicz, 1984). Late-leafing species undergo xylem
cavitation in winter and regeneration during leaf expansion
(Turgeon, 1989). This process may cause evaporative
D-enrichment of xylem water in late-leafing species and
thus may contribute to D-enrichment of leaf wax prior to
leaf maturity. While elevated dDxw was observed in late-
leafing Q. alba and Q. rubra, the magnitude (10–17‰)
was insufficient to account for dDn-C29 alkane increases of
44–66‰ over the same interval. Based on this evidence,
source water dD may have a small influence on dDn-C29

alkane values in late-leafing species, but has no direct influ-
ence on other species, consistent with prior observations
(Tipple et al., 2013; Newberry et al., 2015; Oakes and
Hren, 2016).

The magnitude of D-enrichment in dDn-C29 alkane during
the transition from late bud to young leaf (44–66‰ among
species) was consistent with that observed in bud and leaf
water over the same period (Fig. 3; 57–73‰). We suspect
this rapid increase in dDlw may reflect intensified transpira-
tional D-enrichment in swelling buds and expanding leaves
prior to development of the cuticle, which limits water loss
(Riederer and Schreiber, 2001). Leaf transpiration rates
typically increase during leaf emergence and peak as leaves
reach 25–100% of the final leaf area (Constable and
Rawson, 1980; Hauke and Schreiber, 1998; Pantin et al.,
2012). Indeed, dDlw values at BLB peaked prior to full leaf
expansion (DOY 152) (Fig. 3, dotted lines). As leaves
reached full expansion and n-alkane production intensified,
we observed simultaneous D-depletion in dDn-C29 alkane and
dDlw of 19–27‰ and 23–36‰, respectively, perhaps reflect-
ing sufficient cuticular development to prevent further tran-
spirational leaf water D-enrichment (Fig. 3). For the entire
growing season, all species except U. americana had a sig-
nificant positive correlation between dDlw and dDn-C29 alkane

(Fig. 3; P. serotina R2 = 0.53, p = 0.02; A. saccharinum

R2 = 0.52, p = 0.005; Q. rubra R2 = 0.70, p = 0.0006; Q.

alba R2 = 0.71, p = 0.002). When regressions are limited
to the main period of de novo n-alkane synthesis (DOY
82-152), R2 values increase slightly, ranging from 0.56 to
0.78. This suggests that dDlw is the primary control on
dDn-C29 alkane, as previously found for dicotyledonous
angiosperms in controlled growth experiments and in natu-
ral settings (Kahmen et al., 2013a,b; Tipple et al., 2015).

A secondary driver of dDn-C29 alkane variability may be
metabolic shifts as leaves develop, as suggested previously
(Schmidt et al., 2003; Sessions, 2006; Newberry et al.,
2015; Sachse et al., 2015). Heterotrophic plant tissues have
more positive dDwax values than autotrophic tissues
because the former source hydrogen from relatively
D-enriched NADPH derived from stored carbohydrates
rather than from cellular water as during photosynthesis
(Sessions, 2006; Gamarra and Kahmen, 2015). At BLB,
dDn-C29 alkane values increased throughout the late bud
stage, signaling that de novo n-alkane production prior to
the metabolic transition may rely in part on D-enriched
NADPH derived from stored reserves. The timing of peak
dDn-C29 alkane values coincides with the estimated metabolic
transition based on peak bulk leaf d13C values (Fig. 4). Sub-
sequently, dDn-C29 alkane values decreased by 19–27‰, per-
haps in part due to the transition toward net autotrophy
in mature leaves and reliance on relatively D-depleted
NADPH derived from cellular water. Therefore, while dDlw

controls up to 56–78% of changes in dDn-C29 alkane during
the period of de novo synthesis, the transition from hetero-
trophic to autotrophic growth may explain the remaining
variability.

4.3. Timing of n-alkanoic acid synthesis

Full loss of long-chain waxes during the young leaf stage
was unique to the n-alkanoic acids and serves as direct
evidence that de novo synthesis of these chain lengths is
initiated during leaf expansion. It is possible that complete
turnover of n-C28 and/or n-C30 alkanoic acids reflects conver-
sion of n-alkanoic acid precursors to n-alkanes in developing
leaves (Chikaraishi and Naraoka, 2007). Increasing concen-
trations through the summer and autumn indicate that n-C28

alkanoic acid is synthesized continuously throughout the
growing season, unlike n-C29 alkane. Therefore, continuous
n-alkanoic acid synthesis may result in a seasonally-
integrated record, while discrete timing of synthesis may bias
n-alkane records toward the early growing season.

n-Alkane concentrations decreased through the summer
and autumn (Fig. 2a). If loss of n-alkanes were driven by
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ablation of the epicuticular film from pervasive environ-
mental conditions such as wind or rain, we would also
expect loss of n-alkanoic acids, which we did not observe.
Therefore, either n-alkanoic acids are more resistant to
ablation than n-alkanes, perhaps due to their different mor-
phology or position within the cuticle (Kunst et al., 2008),
or decreasing n-alkane concentrations reflect conversion
in the cuticle to other wax constituents (Jetter and
Schaeffer, 2001) rather than physical removal. Regardless
of the specific mechanisms, this suggests that n-alkanes
and n-alkanoic acids are required at different stages of the
growing season and in different amounts.

4.4. Controls on dD of n-C28 alkanoic acid

For both n-alkanes and n-alkanoic acids, mean dDwax

values were more positive in mature leaves than in late buds
(Fig. 2). However, we note that given the same xylem and
leaf water and comparable late bud dDwax values, the net
D-enrichment of n-C28 alkanoic acids from buds to mature
leaves (44‰) was approximately twice that of n-C29 alkanes
(22‰). We found no relationship between dDxw and
dDn-C28 acid (R2 = 0.00, p = 0.77), indicating that changes
in source water were not influencing dDn-C28 acid. Based
on correlations, leaf water dD may be a strong driver of
n-C28 alkanoic acid dD in certain species (P. serotina,
R2 = 0.78, p = 0.02; Q. alba, R2 = 0.74, p = 0.01; Q. rubra,
Fig. 5. Fractionation between compound classes, en-C27 alkane/n-C28 acid (squ
buds (blue) and summer buds (red). Closed symbols represent youn
(lambda = 0.05) illustrate general seasonal trends for en-C27 alkane/n-C28 aci

lines mark the earliest and latest dates for minimum LMA across all specie
rubra buds collected the following winter. (For interpretation of the refere
version of this article.)
R2 = 0.66, p = 0.01) but not in others (A. saccharinum and
U. americana, no correlation).

In mature leaves we found a consistent ��19‰ offset in
the dD values of n-C29 and n-C27 alkanes relative to n-C30

and n-C28 alkanoic acid, respectively (Fig. 5). Prior calibra-
tion studies of mature leaves in temperate biomes found
similar ealkane/acid offsets of �25‰ in Japan and Thailand
(Chikaraishi and Naraoka, 2007) and �30‰ in Massachus-
settes, USA (Hou et al., 2007). This offset may reflect differ-
ent D-discrimination during elongation and
decarboxylation of the common precursor n-alkyl acyl-
ACP to produce n-alkanoic acids and n-alkanes, respec-
tively (Chikaraishi and Naraoka, 2007). Importantly, the
systematic negative ealkane/acid offset was only observed in
mature leaves at BLB. Prior to full leaf expansion we
observed positive ealkane/acid offsets in all species during
the late bud and young leaf stages (Fig. 5). We speculate
that the sign change of ealkane/acid during the metabolic shift
may reflect a change in ebio from developing leaves that rely
on carbohydrate metabolism to mature leaves that rely on
current photosynthate. While observations from BLB
strengthen the evidence for a systematic ealkane/acid offset
in temperate settings with relatively low species diversity
and a single leaf flush, evidence from locations with excep-
tionally high species diversity including a tropical forest
(Feakins et al., 2016) and botanical garden (Gao et al.,
2014) found large interspecies variability in the sign and
ares) and en-C29 alkane/n-C30 acid (circles). Open symbols represent late
g leaves (orange) and mature leaves (green). Smoothing splines

d (dotted line) and en-C29 alkane/n-C30 acid (solid line). Dotted vertical
s. Right panel labeled SB includes data from A. saccharinum and Q.

nces to colour in this figure legend, the reader is referred to the web
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magnitude of ealkane/acid. This suggests that fractionation
between compound classes may depend on species diversity
and associated heterogeneity in leaf lifespan and the timing
of leaf (and leaf wax) development.

4.5. Implications for interpreting dDwax from sediments

Sediments integrate leaf waxes at the regional scale via
particulate waxes in aerosols and at the ecosystem scale
via direct leaf fall and erosion of soils (Diefendorf and
Freimuth, 2017). Here we use observations from BLB to
assess the composition and variability of the dDwax signal
integrated via direct leaf fall from the tree growth form
only. Assuming direct transfer of wax from tree leaf to sed-
iment is a simplification. However, this allows us to esti-
mate the minimum sensitivity of the plant level dDwax

signal exclusive of the additional noise likely incorporated
at the sediment level by the comprehensive set of wax
sources and transport processes.

4.5.1. Interspecies dDwax variability within a growth form

When multiple plant growth forms are present, trees
may be a dominant source of long-chain leaf waxes to
sediments (Sachse et al., 2012). At BLB, trees have greater
spatial coverage and leaf biomass production than
other growth forms including grasses, herbs and shrubs.
Therefore, we use all tree species to approximate the
ecosystem-wide dDwax signal at BLB but acknowledge
major differences among species and growth forms with
Fig. 6. Comparison of en-C29/MAP observed in this study with comparable
sampled in temperate biomes during the mature leaf stage, August to No
and from transect studies (open symbols). Data are numbered by study as
et al. (2007); (3) Oakes and Hren (2016); (4) this study; (5) Sachse et al. (
the sites(s) of sample collection are listed below each study number. Mean
(in parentheses) appear below each boxplot.
respect to leaf wax ACL and abundance (Diefendorf
et al., 2011) and eapp (Sachse et al., 2012) that likely
influence wax signals integrated across diverse ecosystems.
Relatively low dDwax variability among species just prior
to leaf shed (DOY 274) for dDn-C29 alkane (�157 ± 3‰,
1r) and dDn-C28 acid (�137 ± 7‰, 1r) suggests that the
community-integrated dDwax signal will not be weighted
toward those species with the highest wax concentration,
leaf biomass production or abundance within the forest.
This may not be the case for sites with greater interspecies
dDwax variability. A comparison with dDn-C29 alkane

reported from other deciduous angiosperm tree species
sampled at temperate sites from August through November
indicates that the interspecies dDn-C29 alkane variability at
BLB from August-October (1r = 5‰, n = 5 species) is less
than half that observed at other sites (Fig. 6). For instance,
variability for 9 tree species at Blood Pond, Massachusetts
was 11‰ (Hou et al., 2007). When including all growth
forms at the same site, interspecies variability rose to
65‰. Even within a species, variability can be relatively
high, for example 15‰ among 3 biological replicates of
the woody shrub Corylus americana sampled in October
in Connecticut (Oakes and Hren, 2016). Biological dDwax

variability at a single site and even within a single growth
form (trees) potentially limits the sensitivity of ecosystem-
integrated dDwax records to changes in dDp that are greater
in magnitude than interspecies variability (i.e., 5‰ at BLB,
11‰ at Blood Pond, Massachusetts). However, we note
that the full range of dDwax variability among growth forms
published data from deciduous angiosperm trees and woody shrubs
vember. Panels include data from single locations (closed symbols);
follows: (1) Sachse et al. (2009) (Acer pseudoplatanus only); (2) Hou
2006); (6) Tipple and Pagani (2013). The OIPC modeled dDMAP for
en-C29/MAP values ± 1r, and the number of individuals and species
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and species within a site may increase these thresholds con-
siderably. This complicates selection of accurate eapp values
for interpretation of sedimentary dDwax and demonstrates
the need to understand how biological noise is integrated
at the sediment level.

4.5.2. n-Alkanes and n-alkanoic acids record different source

water information

We observed several key differences among compound
classes that may support the use of either n-alkanes or
n-alkanoic acids for paleohydrology applications. First, we
found that n-alkane concentrations in mature leaves were
1.5–20 times higher than n-alkanoic acid concentrations in
the same species, except for U. americana where n-alkane
concentrations were �20% lower than n-alkanoic acids.
Therefore, we anticipate that n-alkanes will be several times
more abundant in the ecosystem-integrated wax than
n-alkanoic acids, ignoring potential differences in preserva-
tion among compound classes. Based on higher interspecies
concentration differences for n-alkanes (1r = 1020 lg/g dry
leaf) than for n-alkanoic acids (1r = 123 lg/g dry leaf), there
is higher potential for weighting of the ecosystem-integrated
signal toward species with highest n-alkane concentrations.

Second, en-C29/xw and en-C28/xw values stabilized early in
the mature leaf stage (by DOY 177 and 152, respectively),
after which n-C29 alkane synthesis ceased and n-C28 synthe-
sis continued (Fig. 2, Table 1). Therefore, at BLB and other
sites where source water dD is stable through the growing
season (i.e., dDxw = dDMAP; Fig. 1), eapp is likely set for
both compound classes at the onset of leaf maturity,
regardless of wax production or loss in mature leaves. How-
ever, for conditions in which dDxw changes in response to
short term (monthly to seasonal) dDp variations, continued
synthesis of n-alkanoic acids through the growing season
could potentially bias dDn-C28 acid records toward summer
and autumn source water dD. These conditions could
include sites with abundant and reliable summer rainfall
(Ehleringer and Dawson, 1992), plants with shallow rooting
depths or with DBH < �12 cm (Dawson and Ehleringer,
1991; Phillips and Ehleringer, 1995), coastal plants influ-
enced by changing source water salinity, trees with limited
access to groundwater (White et al., 1985), riparian plants
using ephemeral stream water, or annuals and herbaceous
plants more likely to use summer precipitation than woody
plants (Ehleringer et al., 1991).

Third, we observed that toward the end of the mature
leaf stage (DOY 235–274) interspecies dDn-C28 acid variabil-
ity was �2–3 times that of dDn-C29 alkane (Table 1). Higher
interspecies dD variability in n-alkanoic acids relative to
n-alkanes has been observed previously (Chikaraishi and
Naraoka, 2007; Hou et al., 2007; Feakins et al., 2016). This
may result in reduced biological noise in dDn-C29 alkane rel-
ative to dDn-C28 acid sedimentary records, and thus greater
precision for reconstructing dDp dDn-C29 alkane. Finally, we
found that eapp values in mature leaves were consistently
�19‰ more positive for n-acids than for n-alkanes
(Fig. 5), similar to prior observations in temperate settings
(Chikaraishi and Naraoka, 2007; Hou et al., 2007). The
majority of calibrations of eapp in modern vegetation have
been developed for n-alkanes and therefore may not be
appropriate to apply to reconstructions of past dDp using
n-alkanoic acids in sediments. A more comprehensive cali-
bration dataset may be needed for robust estimates of eapp
values specific to n-alkanoic acids.

4.5.3. Estimating eapp values and uncertainty

eapp remains the largest source of uncertainty in leaf wax
paleohydrology (Sachse et al., 2012; Polissar and D’Andrea,
2014). Even within the same growth form and biome there
canbe considerable site-to-site variation in eapp (Fig. 6).Thus,
applying eapp values determined at other sites to interpret sed-
imentary dDwax may introduce additional uncertainty into
dDp reconstructions. Conversely, site-specific eapp calibra-
tions based onmodern vegetationmay have limited accuracy
for downcore dDwax interpretation, especially during past
ecologic transitions or periods when ancient plant communi-
ties were significantly different from the modern.

Hydrogen isotope data from BLB provide an opportu-
nity to quantify the propagated analytical uncertainty in
leaf wax and source water dD values and estimate the total
uncertainty in resulting eapp at the level of the growth form
(i.e., trees). We estimate that the error propagated
uncertainty in our measured eapp values is 6.7‰ (1r) for
en-C29/MAP and 6.9‰ (1r) for en-C28/MAP. This was calcu-
lated using a Monte Carlo simulation with 10,000 iterations
(e.g., Anderson, 1976) of the weighted mean 1r for the mea-
sured dDwax of all species and individuals during the mature
leaf stage, as well as the 95% confidence interval (4‰)
reported for the modeled dDMAP value at BLB (OIPC,
Bowen and Revenaugh, 2003; Bowen, 2015). The same sim-
ulation using the weighted mean 1r of measured dDxw as
the source water input estimates a slightly higher uncer-
tainty for en-C29/xw (8.7‰) and en-C28/xw (8.8‰). Therefore,
the total uncertainty in eapp estimates based on all species
within a single growth form (trees) at BLB is approximately
9‰. While this is considerably lower than other conserva-
tive estimates of eapp uncertainty (�25‰; Polissar and
D’Andrea, 2014), we note that eapp uncertainty would likely
increase with inclusion of multiple growth forms at the sed-
iment level. Therefore we consider 9‰ to be a minimum
expected uncertainty in ecosystem-integrated eapp values
at BLB, which may be similar for other temperate sites.
Additional factors including the transport and integration
of leaf waxes in sediments and ecological changes through
time likely further affect the uncertainty of eapp estimates
applied to sedimentary records.

5. CONCLUSIONS

We provide a record of seasonal changes in the dD com-
position of n-alkanes and n-alkanoic acids and plant source
waters for five tree species growing in a temperate decidu-
ous forest. This dataset allows us to approximate the dDwax

signal integrated across the tree growth form, which may
have a strong influence on sedimentary dDwax records.
Results indicate that long chain n-alkanes and n-alkanoic
acids produced in the same plant differ in key ways includ-
ing concentration, timing of synthesis and dD composition.
Specifically, in four out of five tree species, n-alkane
concentrations in mature leaves were 2–29 times higher
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than n-alkanoic acid concentrations in the same individuals.
Further, while the majority of de novo n-C29 alkane synthe-
sis occurs during a discrete interval as leaves reach full
expansion (24–35 days after leaf emergence), n-C28 alkanoic
acids are produced throughout the growing season. Bulk
leaf d13C suggests that phenologic development controls
the timing and amount of n-alkanes produced. During leaf
emergence and expansion, exposure of leaf tissues with
immature cuticle appears to drive a strong transpirational
D-enrichment of leaf water which, in turn, acts as a primary
control on dDwax values as leaves and the cuticle reach
maturity. Despite differences in the timing of n-alkane
and n-alkanoic acid synthesis, dDwax values for both com-
pound classes are primarily determined during the period
of leaf emergence and expansion. This suggests that the
dDwax signal from trees in temperate settings may be biased
toward the local timing of spring leaf emergence. A sec-
ondary control on dDwax may be a shift in plant metabolism
and the dD composition of H used for wax synthesis in
developing and mature leaves.

Prior to autumn leaf fall, interspecies dDn-C29 alkane vari-
ability (1r = 4‰) was lower than for dDn-C28 acid

(1r = 9‰), suggesting that n-alkanes may be more precise
tracers of changes in source water dD. During the mature
leaf stage we observed a consistent ��19‰ offset of
en-C29/xw values relative to en-C28/xw, underscoring that the
two compound classes fractionate shared source water to
different extents and should be interpreted from sedimen-
tary records accordingly. Overall, these data suggest that
the distinct abundance, timing of synthesis and eapp values
of n-alkanes and n-alkanoic acids merit consideration when
applying either as paleohydrology proxies.
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