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Sedimentary plant waxes and their hydrogen and carbon (d2H and d13C) isotopes are important proxies
for past hydrologic and vegetation change. However sedimentary waxes accumulate from diverse
sources, integrating uncertainties from: (i) variable isotope fractionation among plant species, and (ii)
unresolved processes controlling the transport of waxes from plants to sediments. We address these
uncertainties by comparing the molecular and isotopic composition of n-alkanes and n-alkanoic acids
in recent bog sediments with all major plant species growing in the catchment of Browns Lake Bog
(BLB) in Ohio, USA. There are two distinct plant assemblages at BLB, including a forest dominated by trees
and a bog shoreline composed of shrubs, woody groundcover, herbs and graminoids. n-Alkane concentra-
tions in trees were 10–300 times higher than in shoreline plants, while n-alkanoic acid concentrations
were generally lower and comparable across all species. The overall range of wax d2H values among indi-
vidual plants (77‰ for n-C29 alkane and 84‰ for n-C28 alkanoic acid) was likely driven by interspecies
differences in biosynthetic d2H fractionation as well as source water differences between forest and
shoreline plants. A considerably smaller range of d2Hwax values in the bog sediments (9‰ for n-C29 alkane
and 11‰ for n-C28 alkanoic acid) suggests that sediments are either biased toward specific plants, or that
signal averaging processes during or after deposition are constant. The combined d2H and d13C signatures
of plant sources and sediments indicate a sediment bias mainly toward trees, with contributions from
woody shrubs and groundcover growing in the bog shoreline. Within trees and woody shrubs, we
observed d2Hwax–d13Cwax relationships of opposite sign for n-C29 alkane and n-C28 alkanoic acid, which
we speculate may reflect contrasting seasonal timing of synthesis and plant metabolic status between
compound classes. The net apparent d2H fractionation between precipitation and wax (eapp) was approx-
imately 30‰ larger for n-alkanes (�133‰) than for n-alkanoic acids (�103‰), both at the plant level and
in sediments. These results demonstrate the sensitivity of sediments in a hydrologically closed basin to
woody plants growing in the associated catchment and can guide eapp estimates for sedimentary records
from similar depositional settings.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Plant waxes provide key records of past environmental condi-
tions because they can retain their original molecular and isotopic
composition when preserved in thermally immature sediments
(Yang and Huang, 2003; Sessions et al., 2004; Schimmelmann
et al., 2006; Diefendorf et al., 2015; Sessions, 2016). Different plant
groups produce waxes with characteristic molecular distributions
that can be used as indicators of plant growth environments
(e.g., terrestrial or aquatic) or growth forms (e.g., tree, shrub, gra-
minoid) that were dominant in the past (Eglinton and Hamilton,
1967; Ficken et al., 2000; Rommerskirchen et al., 2006; Aichner
et al., 2010; Bush and McInerney, 2013; Freeman and Pancost,
2014). Additional paleoenvironmental information is contained in
the stable carbon (d13C) and hydrogen (d2H) isotopic composition
of plant waxes. Plants using the C3 photosynthetic pathway gener-
ally have smaller carbon isotope fractionation during wax biosyn-
thesis than C4 plants (Collister et al., 1994; Chikaraishi et al., 2004;
Diefendorf and Freimuth, 2017). While there can be wide variabil-
ity in lipid carbon isotope fractionation within and among species
growing at the same location (e.g., Eley et al., 2016) or in the same
biome (e.g., Diefendorf et al., 2010; Wu et al., 2017), the broad
isotopic differences between photosynthetic pathways can be
exploited to reconstruct the relative abundance of C3 and C4
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vegetation in the past (Collins et al., 2013; Garcin et al., 2014;
Tierney et al., 2017).

The hydrogen isotopic composition of precipitation (d2Hp) is
the primary control on that of plant waxes (d2Hwax) both in mod-
ern plants (Sachse et al., 2006; Smith and Freeman, 2006; Feakins
and Sessions, 2010; Tipple and Pagani, 2013) and in lake sedi-
ments (Sachse et al., 2004; Hou et al., 2008; Polissar and
Freeman, 2010). Thus, d2Hwax in lacustrine (e.g., Tierney et al.,
2008; Feakins et al., 2014; Rach et al., 2014) and marine (e.g.,
Pagani et al., 2006; Collins et al., 2013) sediments is commonly
used to study past continental hydroclimate. Applications include
constraining the onset and duration of past drying events (e.g.,
Rach et al., 2014) and reconstructing changes in moisture balance
(e.g., Jacob et al., 2007) and the strength of monsoons (e.g., Bird
et al., 2014). However, quantitative reconstruction of d2Hp using
sedimentary d2Hwax is hindered by a limited understanding of:
(1) the biological drivers of variable plant wax hydrogen isotope
fractionation (eapp) in plants, and (2) the mechanisms of leaf
wax transport from plants to sediments and any associated biases
in the preserved signal (Sachse et al., 2012). Together, these pro-
cesses contribute a high degree of uncertainty in the application
of sedimentary plant waxes, and therefore are the focus of this
study.

1.1. Drivers of eapp variability in living biomass

The primary relationship between d2Hp and d2Hwax is modified
by secondary environmental and plant biological factors. These
secondary factors include soil evaporation (McInerney et al.,
2011) and leaf transpiration (Feakins and Sessions, 2010; Sachse
et al., 2010; Kahmen et al., 2013a, 2013b), which can drive
greater evaporative 2H-enrichment of plant source water in more
arid settings. Differences in plant physiology, leaf structure and
rooting depth among plant groups can also lead to differences
in the evaporative 2H-enrichment of stem and leaf water (Smith
and Freeman, 2006; Feakins and Sessions, 2010; Kahmen et al.,
2013a, 2013b). In addition, all plants undergo a large (>100‰)
negative biosynthetic fractionation (ebio) during lipid biosynthesis
from intracellular water (Sachse et al., 2006, 2012). The cumula-
tive result of these secondary factors is the net apparent fraction-
ation (eapp) between d2Hp and d2Hwax. Ultimately, estimates of
eapp are critical for plant wax paleohydrology because eapp links
measured d2Hwax to calculated d2Hp. However, because eapp
depends on the numerous contributing factors discussed above,
it is subject to large uncertainties that hinder quantitative recon-
structions of d2Hp. The total range in eapp among species growing
in the same location varies from 50‰ to 150‰ across temperate,
tropical, arid, coastal and botanical garden environments (Hou
et al., 2007b; Feakins and Sessions, 2010; Eley et al., 2014; Gao
et al., 2014a; Cooper et al., 2015; Feakins et al., 2016). Large
(>50‰) differences in eapp among plants occupying the same
growth environment complicates selection of accurate eapp values
for sedimentary leaf waxes, which accumulate from a mixture of
plant sources at a single site. The underlying biological mecha-
nisms for eapp differences among plants at a single site are com-
plex and include: phylogeny (due to contrasting leaf expansion
patterns, leaf water 2H-enrichment, and stored carbohydrate use
in monocots and eudicots; McInerney et al., 2011; Kahmen
et al., 2013b; Gao et al., 2014a); seasonality (with distinct periods
of n-alkane synthesis among growth forms and taxonomic
groups; Oakes and Hren, 2016); and possibly physiology (with
lower stomatal conductance leading to wax 2H-depeletion in con-
ifers relative to angiosperms; Pedentchouk et al., 2008). In addi-
tion, different classes of n-alkyl lipids have been observed to
have different eapp values reflecting differences in biosynthetic
fractionation (e.g., Chikaraishi and Naraoka, 2007; Hou et al.,
2007b; Freimuth et al., 2017). This study includes both n-
alkanes and n-alkanoic acids. While both compounds are com-
monly used in studies of past environments, n-alkanes are more
widely studied in modern systems.
1.2. Leaf wax transfer from plant to sediment

The transport of leaf waxes from plant source to sediment sink
is poorly understood and may bias the composition of sedimentary
wax records (Pancost and Boot, 2004; Sachse et al., 2012; Nelson
et al., 2018). There are three main mechanisms that deliver plant
waxes to sediments: direct leaf fall, dry and wet deposition of aero-
sol particulate waxes, and transport of soil-derived waxes by rivers
or overland flow (Diefendorf and Freimuth, 2017 and References
therein). Each of these transport mechanisms operates on different
temporal and spatial scales, potentially introducing bias toward
different wax sources. For instance, leaf litter in temperate decidu-
ous forests is highly localized and reflects the composition of adja-
cent trees (Burnham et al., 1992), while regional and long-range
transport of aerosol waxes can integrate source areas on the order
of hundreds to thousands of km (Conte et al., 2003; Nelson et al.,
2017). The mix of transport pathways that ultimately dominate
the wax flux in lake sediments can vary based on: vegetation
assemblage in the source region (Gao et al., 2014b); catchment
structure, including drainage area relief, the extent and composi-
tion of lowlands, and soil erosion by fluvial networks (Feakins
et al., 2018); and the variable influence of atmospheric deposition,
ranging from a minor (Meyers and Hites, 1982) to a major (>50%;
Doskey, 2000) component of the total flux of terrestrial waxes to
lake sediments in temperate North America. It is therefore critical
to constrain the influence that plant wax sourcing and transport
exert on the composition of plant wax records archived in
sediments.

Plant wax transport is difficult to measure directly. Previous
approaches have included the use of lake sediment traps (Daniels
et al., 2017), suspended particulate matter filtering from rivers
and lakes (Giri et al., 2015; van Bree et al., 2018) and high-
volume air filters (Simoneit et al., 1977; Conte and Weber, 2002;
Nelson et al., 2017) or rain collectors (Meyers and Hites, 1982).
This study uses a dual-isotope approach to fingerprint the molecu-
lar and isotopic (d2H and d13C) composition of n-alkanes and n-
alkanoic acids in major wax sources (plants and particulate waxes)
and associated sediments within a single catchment at Brown’s
Lake Bog (BLB), Ohio, USA.

This study site offers two main advantages. First, wax sourcing
is simplified because the BLB catchment is relatively flat with no
river or stream inputs, therefore the main wax sourcing mecha-
nisms are simplified to direct leaf fall and atmospheric deposition,
with no fluvial erosion of soils. Second, as a state nature preserve
within an agricultural region, the BLB catchment has a unique dis-
tribution of plants. Within the property line, the site is dominated
by deciduous forest, but with a distinct shoreline plant community
surrounding the bog; outside the property line the region is dom-
inated by C4 corn (Zea mays). We use BLB to address the following
questions: (1) How do leaf wax abundance and isotopic composi-
tion vary among species and growth forms at a single site?; (2)
Are sedimentary plant waxes biased toward specific sources?;
and (3) Do the molecular and isotopic compositions of two lipid
classes (n-alkanes and n-alkanoic acids) differ at the plant and sed-
iment level? Our approach extends beyond individual plants to
examine the catchment-wide integration of plant waxes in sedi-
ments. Characterizing these integration mechanisms and associ-
ated sediment bias is a critical step in reducing the uncertainties
in precipitation d2H reconstructions based on sedimentary plant
waxes.
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2. Materials and methods

2.1. Site description and sediment collection

BLB (40.6818�N, 82.0645�W; 291 m above sea level) is an
ombrotrophic peatland on formerly glaciated terrain (Sanger and
Crowl, 1979; Lutz et al., 2007; Glover et al., 2011). The bog includes
a small open water area (288 m2) surrounded by a shrub-
dominated shoreline vegetation zone underlain by a Sphagnum
moss mat (4329 m2; Fig. 1). The bog and shoreline vegetation is
set within a larger forest (370,496 m2) which grades from a low-
land deciduous fen into relatively well-drained oak-dominated
kames (Fig. 1). The bog is hydrologically closed and is recharged
by precipitation and groundwater. Bog water was collected
approximately monthly during the 2014 and 2016 growing sea-
sons using 30 ml Nalgene bottles. Precipitation was collected
approximately monthly during the 2014 and 2015 growing sea-
sons using 500 ml Nalgene bottles fitted with a funnel. A layer of
mineral oil was used to prevent evaporation of collected precipita-
tion. Approximately monthly, 12 ml of collected precipitation was
transferred to an airtight exetainer vial and stored at 4 �C until iso-
tope analysis.

The upper 1 m of sediment, including the sediment-water inter-
face, was collected from the depositional center (2.5 m water
depth) of BLB on January 25, 2015 using a Bolivian piston corer.
The core was extruded in the field, transferred to Whirl-Pak bags
at 1.0 cm increments, and kept frozen until lipid analysis. An addi-
tional 2 m Bolivian piston core was collected on January 30, 2016
and was used to constrain the age of the uppermost sediments
using 210Pb gamma counting on 22 samples from the upper
Fig. 1. Maps of Brown’s Lake Bog (BLB) State Nature Preserve. Panel A shows the
northwestern preserve boundary (dashed line), the bog and adjacent lake (blue
lines), and sites of tree sampling (squares), Z. mays sampling (diamond) and
precipitation collection (triangle). Note that the two southernmost squares (farthest
from the bog) indicate the location of oak-dominated kames where Q. alba and Q.
rubra trees were sampled. Panel B shows detail of the area inside the white box in
panel A, including the bog shoreline vegetation zone (dotted line) with the locations
of shoreline vegetation sampling (circles) and bog sediment collection (star). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
163 cm at the St. Croix Watershed Research Station, MN, USA (Sup-
plementary Table S1). The same core was also used to determine
magnetic susceptibility using a Barington MS2 meter in units of
10�7 m3/kg, as well as percent total organic matter and total car-
bonate based on the mass loss on ignition after dried sediment
(60 �C overnight) was baked at 550 �C (4 h) and 1000 �C (2 h),
respectively (Heiri et al., 2001).

2.2. Plant sampling for lipid and stem water analysis

Leaves were collected from 20 species at BLB on September 20,
2015, including five deciduous angiosperm tree species (Acer sac-
charinum, Prunus serotina, Quercus alba, Quercus rubra, and Ulmus
americana) that were previously sampled during the 2014 growing
season (Freimuth et al., 2017). All trees were sampled in the
forested area of BLB; the remaining 15 species were sampled in
the bog shoreline zone (Fig. 1), and included woody shrubs (n = 2
species; Toxicodendron vernix, Vaccinium corymbosum), woody
groundcover (n = 2 species; Salix petiolaris, Vaccinium macrocar-
pon), herbaceous plants (n = 7 species), C3 graminoids (n = 3 spe-
cies), and one moss (Sphagnum sp.). In addition, leaves from one
C4 graminoid (Zea mays, corn) were sampled from a farm bordering
the BLB nature preserve to the west (Fig. 1). All leaves were col-
lected in paper bags, frozen within 12 h of collection and freeze
dried prior to lipid analysis (see Section 2.5).

An additional round of plant sampling was carried out on
September 22, 2016 to assess variations in plant source water
d2H. The same individual trees were resampled using an arborist’s
sling shot to remove one branch (<1.0 cm) from the uppermost
canopy of each tree. The outer bark was immediately removed
and each xylem sample was transferred to a pre-ashed glass exe-
tainer vial, sealed with an airtight septa screwcap and kept in a
dry cooler in the field. Xylem samples from woody bog plants were
prepared the same way. Herbaceous bog plants were also stored in
airtight exetainer vials, but the entire green stems were collected.
All xylem samples were kept frozen (�20 �C) until water
extraction.

2.3. Monitoring wet deposition of n-alkanes

Rain water was collected at BLB from July to December 2016 in
order to quantify the flux of n-alkanes from aerosols via precipita-
tion scavenging (e.g., Meyers and Hites, 1982; Gagosian and
Peltzer, 1986). Two identical collectors were placed 5 m apart in
a forest clearing with no overhead foliage within 200 m of the
bog shoreline (Fig. 1). Each collector consisted of a solvent-rinsed
12 L glass carboy stabilized and shaded within a bucket buried
approximately 30 cm into the ground. A 25.4 cm diameter funnel
with internal and external mesh debris guards was fitted into the
opening of each carboy to direct rainwater into the collector. The
collectors were decanted monthly into solvent-rinsed glass bottles.
Collected water was then filtered through ashed and pre-weighed
glass fiber filters in the lab to collect particles >0.7 mm (Whatman
GE, Little Chalfont, UK). Filters from each collector and sampling
month were individually wrapped in combusted foil and stored
at �20 �C until freeze drying prior to lipid extraction (see Sec-
tion 2.5). After the final rainwater collection, each collector was
solvent-rinsed with dichloromethane (DCM) and methanol
(MeOH) to collect any residual lipids adsorbed to the carboy. These
two samples were treated identically to the total lipid extract (TLE)
from the filtered rainwater (see Section 2.5).

2.4. Xylem water extraction and d2H analysis

Xylem water was extracted using cryogenic vacuum distillation
following the methods of West et al. (2006). Exetainer vials
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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. 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 >95%. Col-
lected water was thawed and pipetted into 2 ml crimp-top vials
and refrigerated at 4 �C until analysis.

Analysis of xylem water d2H (d2Hxw) was made by headspace
equilibration using 200 ml of water transferred to exetainer vials
with a Pt catalyst added. Samples were purged using 2% H2 in He
for 10 min at 120 ml/min and equilibrated at 25 �C for 1 h. The iso-
topic 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 VSMOW/SLAP scale using three in-
house reference standards. Precision and accuracy based on inde-
pendent standards were 3.4‰ (1r, n = 13) and �0.48‰ (n = 5),
respectively.

2.5. Lipid extraction, quantification and stable isotope analysis

Dry sediment and leaf samples were ground to a powder. Sepa-
rate aliquots of the dry material were used for lipid extraction and
bulk d13C analysis (see Section 2.6). Dried sediments and filtered
rainwater samples (see Section 2.3) were solvent-extracted using
an accelerated solvent extractor (ASE; Dionex 350) with 9:1 (v/v)
DCM/MeOH with three extraction cycles at 100 �C and 10.3 MPa.
For leaf lipid extraction, �200 mg of powdered leaves was
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.

For all samples, the TLE 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 solution was extracted with hexanes/DCM (4:1, v/v),
neutralized with NaHCO3/H2O (5%, w/w), and water was removed
through addition of Na2SO4. Neutral and acid fractions were sepa-
rated using DCM/isopropylalcohol (2:1, v/v) and 4% formic acid in
diethyl ether, respectively, over aminopropyl-bonded silica gel.
The neutral fraction was then separated into aliphatic and polar
fractions using alumina gel column chromatography. The aliphatic
fraction was separated over 5% silver impregnated silica gel with
hexanes to collect saturated compounds. The acid fraction of sedi-
ment and leaf samples 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 d2H composition 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 before separation over 5% deactivated silica gel
with DCM to collect FAMEs.

n-Alkanes and FAMEs were identified by GC–MS using an Agi-
lent 7890A GC and Agilent 5975C quadrupole mass selective detec-
tor system and quantified using a flame ionization detector (FID).
Compounds were separated on a fused silica column (Agilent
J&W DB-5 ms) as 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 identified using authentic standards, fragmentation patterns
and retention times. All samples were diluted in hexanes spiked
with the internal standard 1,10-binaphthyl at known concentration.
Compound 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 a range of concentrations.
Quantified concentrations were normalized to the dry mass of
material extracted and are reported as lg wax/g dry leaf or dry
sediment in Table 1. FAME concentrations were converted to
equivalent n-alkanoic acid concentrations using respective molar
masses. Average chain length (ACL) is the weighted average con-
centration of all the long-chain waxes, defined as:

ACLa�b ¼
Xb

i¼a

i Ci½ �
Ci½ � ð1Þ

where a–b is the range of chain lengths and Ci is the concentration
of each wax compound with i carbon atoms. ACL27-35 is used to indi-
cate ACL values for n-C27 to n-C35 alkanes. ACL26-30 is used to indi-
cate ACL values for n-C26 to n-C30 alkanoic acids.

The isotopic compositions of n-alkanes and n-alkanoic acids
were determined using a Thermo Trace GC Ultra coupled to an
IRMS via a Conflo IV interface. The GC was connected to an Isolink
pyrolysis reactor at 1420 �C for d2H analysis and an Isolink com-
bustion reactor at 1000 �C for d13C analysis. 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. A standard n-alkane mix of
known d2H and d13C composition (Mix A5; A. Schimmelmann, Indi-
ana University) was run every 6–8 samples and used to normalize
the isotopic composition of samples to the VSMOW/SLAP scale for
d2H and the Vienna Peedee Belemnite (VPDB) scale for d13C follow-
ing Coplen et al. (2006). The d2H value of hydrogen added to n-
alkanoic acids during derivatization was determined by mass bal-
ance of phthalic acid of known d2H composition (A. Schimmel-
mann, Indiana University) and derivatized methyl phthalate. The
analytical uncertainty based on the pooled standard deviation from
all replicate sample measurements was 3.0‰ and 4.4‰ for n-
alkane and FAME d2H, respectively, and 0.3‰ for both n-alkane
and FAME d13C. The H3

+ factor was tested daily during d2H analysis
and averaged 6.2 ± 0.1 ppmmV�1. Hydrogen isotopic fractiona-
tions (eapp, ebio, etc.) 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.

2.6. Bulk foliar carbon isotope analysis

A separate aliquot of the powdered leaves was used to deter-
mine the d13C of bulk organic carbon. Bulk d13C analysis was per-
formed via continuous flow (He; 120 ml/min) on a Costech
elemental analyzer (EA) interfaced with a Thermo Delta V Advan-
tage isotope ratio mass spectrometer (IRMS) via a Conflo IV. All
d13C values were corrected for sample size dependency and nor-
malized to the VPDB scale using a two-point calibration with in-
house standards which were calibrated with IAEA standards
(NBS-19, L-SVEC) to �38.26‰ and �11.35‰ VPDB following
Coplen et al. (2006). Based on additional independent standards,
sample precision was 0.03‰ (1r, n = 11) and accuracy was
0.03‰ (1r, n = 11). All data analyses were performed using JMP
Pro 12.0 (SAS, Cary, NC, USA) and significance was attributed to
alpha levels at or below 0.05.

3. Results

3.1. Environmental waters at BLB

Environmental and plant waters are reported in Fig. 2. Bog
water d2H values increased steadily from March (�73‰) to May
(�26‰), and remained relatively constant through autumn (May



Table 1
Mean n-alkane and n-alkanoic acid ACL and concentrations for plant species and forest litter (in mg/g dry leaf) as well as for the upper 40 cm of bog sediment (in mg/g dry sediment).
Unidentified C3 graminoid and herbaceous plant species are numbered with laboratory identifiers. Compounds that were not detected by GC–MS are indicated with n.d.

n-Alkane (lg/g) n-Alkanoic acid (lg/g)

Species Sample type ACL27-35 ACL26-30 n-C27 n-C29 n-C31 n-C33 n-C35 n-C26 n-C28 n-C30

Bog sp. 3 C3 Graminoid 30.0 28.5 2.3 11.0 12.3 2.1 n.d. 1.0 15.5 7.6
Rhynochospora capitellata C3 Graminoid 27.9 28.8 33.9 16.4 3.6 n.d. n.d. n.d. 10.0 6.6
Scirpus cyperinus C3 Graminoid 29.3 28.9 2.1 3.5 2.8 n.d. n.d. n.d. 7.3 6.5

Zea mays C4 Graminoid 31.4 29.0 2.6 14.3 26.6 23.8 6.0 n.d. 5.6 6.0

Bog sp. 5 Herb 28.8 29.3 0.3 2.4 n.d. n.d. n.d. 0.3 7.8 14.1
Bog sp. 6 Herb 28.9 29.0 4.1 23.1 4.6 n.d. n.d. 9.7 35.2 63.9
Bog sp. 9 Herb 29.5 29.4 2.5 40.9 19.8 n.d. n.d. n.d. 3.7 8.9
Bog Ssp. 13 Herb 29.9 28.7 11.0 25.1 43.6 5.0 n.d. 1.1 32.0 18.5
Asclepias syriaca Herb 28.5 28.9 5.2 7.4 1.4 n.d. n.d. n.d. 10.0 7.5
Peltandra virginica Herb 27.8 28.6 6.4 4.1 n.d. n.d. n.d. 8.3 42.6 32.0
Sphagnum sp. Herb 28.5 28.2 5.7 3.2 2.8 n.d. n.d. 2.5 3.8 3.3

Toxicodendron vernix Shrub 29.8 28.9 7.5 19.5 17.4 4.7 n.d. 2.4 14.7 17.9
Vaccinium corymbosum Shrub 30.2 29.4 2.5 52.5 66.9 5.0 n.d. 0.2 8.9 23.3

Acer saccharinum Tree 29.2 27.6 106.6 289.0 117.4 17.5 n.d. 33.5 34.4 17.2
Prunus serotina Tree 31.0 27.3 16.9 731.0 1867.7 692.6 15.3 154.5 28.5 65.1
Quercus alba Tree 28.7 27.6 28.7 34.1 13.7 1.6 n.d. 33.1 30.1 18.0
Quercus rubra Tree 30.0 28.0 112.2 676.5 807.1 89.3 n.d. 71.3 36.3 30.5
Ulmus americana Tree 29.3 27.2 6.3 64.3 15.0 1.4 n.d. 180.5 31.3 64.5

Salix petiolaris Woody g.cover 28.6 28.9 6.4 11.9 2.3 n.d. n.d. 1.0 12.7 12.6
Vaccinium macrocarpon Woody g.cover 30.4 29.4 6.1 59.5 123.1 8.5 n.d. n.d. 3.3 7.3

Forest Litter 30.2 27.0 24.4 325.6 733.6 257.2 6.2 87.9 22.5 22.3

Sediment 29.3 27.4 11.9 16.7 9.4 4.1 0.4 11.6 5.4 3.8

Fig. 2. The d2H values of plant xylem waters (A) and environmental waters (B) at
BLB. Plant xylem waters were sampled in September 2016 from C3 graminoids,
herbs, shrubs and woody groundcover in the bog shoreline zone, as well as from
trees in the forest. Bog water (squares) and precipitation (diamonds) are plotted by
day of year (DOY) of collection in 2014 (white fill), 2015 (red fill) and 2016 (blue
fill). The OIPC-modeled monthly and mean annual precipitation d2H values are
indicated with black circles and the horizontal dashed line, respectively. The
duration of the growing season (from bud break to leaf fall) is indicated by the
shaded area. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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to October mean = �30 ± 4‰, n = 6). Precipitation collected
approximately monthly during the 2105 growing season (March
to November) ranged from �79‰ in March to �13‰ in September,
with a mean of �44‰. The modeled annual mean d2H value for
precipitation at BLB is �50 ± 2‰ from the Online Isotopes in Pre-
cipitation Calculator (OIPC; Welker, 2000; Bowen and Revenaugh,
2003; IAEA/WMO, 2015; Bowen, 2017). Plants growing in the
bog shoreline zone had significantly higher d2Hxw values
(�27 ± 8‰, n = 25) than trees occupying the forested zones of the
catchment (�44 ± 10‰, n = 5; t-statistic = 0.0007, p � 0.024). There
were no significant differences in d2Hxw values among shoreline
plant growth forms (t-test, p > 0.26).

3.2. Leaf wax molecular and isotopic composition in plants

Leaf wax abundance varied widely among plant growth forms
at BLB (Fig. 3; Table 1). We focus on n-C29 alkane and n-C28 alka-
noic acid as chain-lengths generally indicative of terrestrial plants
and commonly used in paleohydrology; additional chain-lengths
are reported in Table 1 and Supplementary Table S2. Mean n-C29

alkane concentrations were an order of magnitude higher in trees
(520 lg/g dry weight) than in the second most waxy growth form
(shrubs, 31 mg/g). The lowest concentrations of n-C29 alkane were
observed in herbs, C3 graminoids and Sphagnum sp. growing in
the bog shoreline (ranging from 1.8 to 8.6 mg/g). Within the tree
growth form, n-C29 alkane concentrations were lowest in Q. alba
and U. americana (34 and 64 mg/g), intermediate in A. saccharinum
(289 mg/g) and highest in Q. rubra and P. serotina (676 and 731 mg/
g). The ACL27-35 in all plants ranged from 28.8 in herbs to 31.4 in Z.
mays (Fig. 4b), with comparable values in trees (29.6) and shrubs
(29.9). Particulate waxes had similar ACL27–35 (29.5). By contrast,
n-C28 acid concentrations and interspecies variability were consid-
erably smaller, ranging from 4.0 mg/g in Sphagnum sp. to 33.8 mg/g
in trees (Fig. 3a; Table 1). The ACL26-30 was consistently lower for
trees (27.5) than for all other growth forms, which ranged from
28.7 in C3 graminoid to 29.2 in shrubs and woody groundcover
(Fig. 4).

Plant d2Hwax and d13Cwax values and sample n are reported in
Table 3. The overall range in d2Hwax values among individual plants
was 77‰ for n-C29 alkane and 84‰ for n-C28 alkanoic acid (Supple-
mentary Table S2). Woody groundcover and C3 graminoids had the
lowest mean n-C29 alkane d2H values (�216‰ and �196‰, respec-
tively). Mean n-C29 alkane d2H values were intermediate in shrubs,
herbs and trees (�176‰, �167‰ and �163‰, respectively) and
highest in the C4 graminoid (Z. mays, �158‰; Table 3). C3 grami-
noids had the lowest mean n-C28 acid d2H values (�182‰). Herbs



Fig. 3. Mean lipid abundance for each plant growth form, forest litter, and bog
sediments at BLB, for: (A) n-C26 to n-C30 alkanoic acids, and (B) n-C27 to n-C35

alkanes, which are plotted on a log scale.

Fig. 4. Average chain length distributions for different plant growth forms, forest
litter, rain-scavenged particulate aerosol waxes, and bog sediments at BLB, for: (A)
n-alkanoic acids (ACL26-30) and B) n-alkanes (ACL27-35).
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and shrubs had similar mean n-C28 acid d2H values (�153‰ and
�152‰, respectively); trees were higher (�139‰); and Z. mays
had the highest observed value (�101‰; Table 3). Prior studies
have observed similar distributions, with d2H values for long-
chain n-alkanes lowest in C3 graminoids, highest in trees, and
intermediate in herbaceous plants (Liu et al., 2006; Hou et al.,
2007b; Eley et al., 2014; Cooper et al., 2015). Interspecies d2Hwax

variability was 2–4 times greater for shoreline plants (n-C29 alkane
and n-C28 alkanoic acid 1r = 23‰ and 17‰, respectively) than for
trees in the forested areas of the catchment (1r = 6‰ and 9‰,
respectively).
Apparent d2H fractionation for n-C29 alkanes relative to mean
annual precipitation d2H (e29/MAP) ranged among growth forms,
from �175‰ in woody groundcover and �154‰ in C3 graminoids
to �133‰ in shrubs, �123‰ in herbs, and �119‰ in trees; e29/MAP

was smallest in Z. mays (�114‰; Table 3). The corresponding
apparent fractionation for n-C28 alkanoic acid relative to mean
annual precipitation d2H (e28/MAP) was approximately 15–55‰
smaller than e29/MAP in each growth form, ranging from �139‰
in C3 graminoids to �115‰ in woody groundcover, �108‰ in
shrubs and herbs, �93‰ in trees and �54‰ in Z. mays (Table 3).

The overall range in leaf wax d13C values among individual
plants was 21‰ for n-C29 alkane and 16‰ for n-C28 alkanoic acid
(Supplementary Table S1). Interspecies n-C29 alkane d13C variabil-
ity was higher for shoreline plants (2.5‰) than for trees (1.4‰).
Isotopic variability in n-C28 alkanoic acid among species was com-
parable for shoreline plants and trees (1r = 2.4‰ and 2.2‰,
respectively). Mean n-C29 alkane d13C values were lowest in shore-
line vegetation, ranging from herbs (�39.3‰) to C3 graminoids
(�36.3‰), woody groundcover (�35.7‰) and shrubs (�34.7‰).
Trees had a higher mean n-C29 alkane d13C value (�33.8‰), and
Z. mays was highest (�19.8‰), consistent with prior studies
(Collister et al., 1994; Pancost and Boot, 2004; Chikaraishi and
Naraoka, 2007). The distribution of d13C values by growth form
was similar for n-C28 alkanoic acid, with the lowest mean values
in herbs (�39.0‰), shrubs (�36.1‰) and C3 graminoids
(�35.5‰). Trees had a higher mean n-C28 alkanoic acid d13C value
(�34.5‰), and Z. mays was highest (�24.5‰).

3.3. Particulate wax flux and composition

Due to relatively low lipid abundance, the particulate wax sam-
ples were only analyzed for n-alkanes and not for n-alkanoic acids.
The apolar lipid fractions were dominated by n-C29 and n-C31 alka-
nes, with smaller amounts of n-C25, n-C27 and n-C33 alkanes
(Fig. 3b; Table 2). These molecular distributions are similar to those
found previously in aerosols and precipitation and indicate that the
long-chain (�n-C27) alkanes are sourced primarily from terrestrial
plants (Simoneit et al., 1977; Broddin et al., 1980; Meyers and
Hites, 1982). The concentration of total n-alkanes (odd-carbon
numbers from n-C23 to n-C31) in precipitation at BLB ranged from
0.2 to 1.2 mg/L; n-C29 alkane ranged from 0.1 to 0.5 mg/L and n-
C31 alkane ranged from 0 to 0.3 mg/L. These concentrations are
comparable to, or smaller than, those found in rain and snow col-
lected in the Midwestern USA, in which total n-alkane concentra-
tions ranged from 0.4 to 8 mg/L (Meyers and Hites, 1982). Due to
low abundance of monthly particulate wax samples collected at
BLB, all monthly samples were combined to a single pooled sample
prior to compound-specific isotope analysis. Pooled d13C values for
particulate wax n-C29 and n-C31 alkanes were �30.7‰ and
�31.1‰, more 13C-enriched compared to most forest and bog
shoreline plants (Fig. 5a). It is possible that the particulate wax
was slightly 13C-enriched relative to trees due to ablated waxes
from the regionally dominant Z. mays, but such a contribution is
likely small because particulate wax d13C values were �10‰ lower
than in Z. mays leaves. Further, the particulate wax ACL27-35 closely
matched forest and shoreline plants, significantly lower than in Z.
mays. It was not possible to assess potential petrogenic contribu-
tions using the carbon preference index (CPI) because the abun-
dance of even chain-length n-alkanes was below detection/
quantitation limits in particulate wax samples. However, qualita-
tively, even chain-lengths were far less abundant than odd chain-
lengths and therefore indicates a strong odd-over-even preference
consistent with modern plant rather than petrogenic sources.
Pooled d2H values for particulate wax n-C29 and n-C31 alkanes were
�167‰ and �156‰, closely matching the n-C29 alkane values
measured in trees and forest litter (Fig. 5a).



Table 2
Rain-scavenged particulate wax sampling dates with filtered rainwater volume, ACL, n-alkane concentration (in mg/liter of rainwater) and the d13C and d2H values for each sample.
Residual samples were from solvent-rinsed carboys and the pooled data are for a single sample combined from all others (see Section 2.3). Compounds that were not detected by
GC–MS are indicated with n.d.

n-alkane concentration (lg/liter) d13C n-alkane (‰) d2H n-alkane (‰)

Date
Start

Date
Stop

Collector Filtered volume
(liters)

ACL27-31 n-C21 n-C23 n-C25 n-C27 n-C29 n-C31 n-C29 n-C31 n-C33 n-C29 n-C31 n-C33

7/22/16 8/20/16 A 1.6 29.7 0.24 0.24 n.d. n.d. 0.33 0.18 –33.9 –33.9
7/22/16 8/20/16 B 2.3 29.0 n.d. n.d. n.d. n.d. 0.35 n.d. –31.5
8/20/16 9/22/16 A 4.3 29.5 n.d. n.d. n.d. 0.03 0.08 0.07
8/20/16 9/22/16 B 3.4 30.1 n.d. n.d. n.d. n.d. 0.08 0.09
9/22/16 11/1/16 A 5.5 29.6 n.d. n.d. 0.02 0.06 0.21 0.21 –32.0 –32.3
9/22/16 11/1/16 B 10.8 29.5 n.d. n.d. n.d. 0.05 0.18 0.13 –31.7 –32.0
11/1/16 12/31/16 A 4.0 29.4 n.d. n.d. 0.06 0.15 0.42 0.31 –31.3 –30.7
11/1/16 12/31/16 B 4.2 29.3 n.d. 0.11 0.09 0.19 0.50 0.32 –31.4 –31.4

Residual A NA 29.5 n.d. n.d. 0.36 0.91 2.75 2.27 –31.5 –31.4
Residual B NA 29.6 n.d. n.d. n.d. 0.50 2.22 1.80 –31.9 –32.6

Pooled –30.8 –31.1 –30.0 –167 –156 –159.2

Fig. 5. The d2H and d13C composition of: (A) n-alkanes, and (B) n-alkanoic acids extracted from each plant growth form (C4 grass is Z. mays), forest litter, rain-scavenged
aerosols, and bog sediments at BLB.
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3.4. Bog sediment chronology and bulk properties

Bog sediment chronology was established using 210Pb on the
core collected in 2016 with an oldest reliable date of 1848 ± 10
CE at 92.5 cm (Supplementary Table S2) and a mean sediment
accumulation rate of 0.81 cm/yr since �1900 CE. The sediment
was uniformly fine-grained and dark brown over the entire col-
lected interval. The magnetic susceptibility was <6 � 10�7 m3/kg
for most of the 0–40 cm interval, with the exception of an abrupt
increase at 26 cm to 36 � 10�7 m3/kg. From loss on ignition, the
mean total organic content was 66% in the upper 24 cm, 87% from
26 to 32 cm, and 69% from 34 to 80 cm. Based on sediment
chronology and bulk characteristics we limited our plant wax sam-
pling strategy (Section 2.5) to the upper 40 cm of sediment, which
corresponds to the years 1998–2015 CE. During this time, the veg-
etation assemblage and distribution within the BLB catchment
would have been comparable to today because the site has
remained a state nature preserve since 1967 CE.

3.5. Plant wax molecular and isotopic composition in bog sediments

The upper 40 cm of bog sediments contained plant waxes with a
mean ACL27-35 of 29.3 and ACL26-30 of 27.4. Themost abundant com-
pound was generally the n-C29 alkane (17 mg/g dry sediment), fol-
lowed by n-C27 and n-C31 alkanes (12 and 9 mg/g, respectively;
Table 1). The mean CPI for n-alkanes and n-alkanoic acids in sedi-
ments (14.6 and 3.7, respectively; SupplementaryTable S2) were
consistent with mean CPI for terrestrial plant sources (13.0 and
5.0, respectively; Supplementary Table S2; Freeman and Pancost,
2014). Long-chain n-alkanoic acids were dominated by the n-C26

alkanoic acid (12 mg/g). Average concentrations for n-C28 and
n-C30 alkanoic acidswere lower (5 and 4 mg/g, respectively; Table 1).
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The total range in d2Hwax values for the upper 40 cm of sedi-
ments was 9‰ for n-C29 alkane and 11‰ for n-C28 alkanoic acid,
with mean values of �176 ± 3‰ (n = 11) and �148 ± 5‰ (n = 6),
respectively (Table 3). Corresponding e29/MAP and e28/MAP values
in sediments were �133 ± 3‰ and �103 ± 5‰ (n = 6). The range
in d13Cwax values in sediments was <1‰, with a mean of
�32.9 ± 0.2‰ (n = 11) for n-C29 alkane and �33.9 ± 0.36‰
(n = 10) for n-C28 alkanoic acid. We cannot rule out lipid alteration
or ongoing diagenesis in the relatively immature BLB sediments
(Meyers et al., 1980). Over the 40 cm sediment profile, we observed
a strong decrease in n-alkane CPI (from 24 to 7; n = 11, R2 = 0.77,
p = 0.0004), and a moderate increase in n-alkanoic acid CPI (from
3.5 to 4.9; n = 11, R2 = 0.37, p = 0.05) with depth. Shifts in CPI with
depth in soils and recent lake sediments have been attributed to
degradation or microbial inputs (e.g., Cranwell, 1981; Meyers and
Ishiwatari, 1993; Nguyen Tu et al., 2017). Importantly, there was
no significant change in the d13C or d2H values for the n-C29 alkane
(p = 0.12 and 0.16, respectively) or n-C28 alkanoic acid (p = 0.07 and
0.62, respectively) with depth in BLB sediments (Supplementary
Table S2), consistent with a prior study that found stable n-
alkane d13C values in plant litter over a comparable (23 yr) times-
pan (Huang et al., 1997). Therefore, while ongoing diagenesis may
impact molecular distributions of sediments, these processes
should not affect lipid isotopic comparisons with modern plants
at BLB in the following discussion.
4. Discussion

4.1. Drivers of d2Hwax differences among plants

One major challenge for interpreting d2Hp from sedimentary
d2Hwax is the wide range in eapp values among plant species and
growth forms, even those growing at the same site with the same
hydroclimate conditions. The range in d2H values observed for n-
C29 alkane (77‰) and n-C28 alkanoic acid (84‰) among all major
plant species at BLB is comparable with that observed among
diverse growth forms in other temperate ecosystems (75–98‰
and 100–194‰, respectively; Chikaraishi and Naraoka, 2007; Hou
et al., 2007b; Eley et al., 2014; Cooper et al., 2015). One possible
driver of the range in d2Hwax values observed at BLB is differences
in source water used by plants growing in different zones of the
catchment. Plants in the bog shoreline zone had d2Hxw values that
reflected May to October bog water d2H values (�27‰ to �30‰;
Fig. 2). The xylem water of shoreline plants was 2H-enriched by
17‰ on average compared to trees, in which d2Hxw (�44‰) was
closer to mean annual precipitation d2H (�50‰). In an earlier
study, d2Hxw values in trees at BLB were relatively stable through-
out the entire growing season (�50 ± 10‰ 1r; n = 70; Freimuth
et al., 2017). Therefore, September d2Hxw values reported here for
trees should be comparable to source water used by trees during
spring lipid synthesis.

We did not explore seasonal changes in d2Hwax of shoreline
plants, and it is possible that the diverse species present in the
shoreline zone synthesize wax at different (or multiple) points
throughout the growing season (Pedentchouk et al., 2008; Sachse
et al., 2009; Newberry et al., 2015). For instance, a shoreline plant
producing leaf wax in March or April could be accessing bog water
that is 2H-depleted by �20–30‰ compared to the relatively stable
bog water values for the rest of the growing season (Fig. 2). There-
fore, interspecies differences in the timing of leaf maturation and
lipid synthesis may be factors contributing to the pronounced vari-
ability in d2Hwax values among shoreline species. However, sea-
sonal changes in early spring bog water (�20–30‰) cannot
account for the total range of d2Hwax values observed in shoreline
plants.
The isotopic differences between the primary source water for
shoreline plants (bog water) and trees (precipitation-fed soil
water) may be amplified by physiological factors particular to the
plants growing in different areas within the catchment. For
instance, shoreline graminoids, herbs and shrubs generally have
shallower rooting depths than the trees and may therefore access
source water that is more evaporatively 2H-enriched. Further,
many shoreline plants at BLB grow on Sphagnum hummocks that
are subaerially exposed and therefore more vulnerable to evapora-
tive 2H-enrichment than forest soils (Nichols et al., 2010), which
are shielded from evaporation by canopy and groundcover. These
factors, along with a greater diversity of growth forms, physiology
and leaf morphologies in the shoreline zone, may contribute to the
2–4 times larger variability in n-C29 alkane among shoreline plants
than among the tree species (Levene test, p = 0.04).

Nevertheless, differences in source water d2H cannot account
for the overall range in d2Hwax values among plants. Species-level
d2Hxw had no significant relationship with n-C29 alkane d2H
(R2 = 0.17, p = 0.08, n = 19), but could explain approximately one
third of the variation in n-C28 alkanoic acid d2H (R2 = 0.36,
p = 0.002, n = 24). Therefore, differences in biosynthetic fractiona-
tion among species must account for the majority of the observed
range in d2Hwax values among species sharing common growth
conditions and similar source water. We did not analyze leaf water
d2H values and therefore cannot approximate ebio for each species.
However, in prior studies, ewax/leaf water (an estimate of ebio) ranged
by up to �200‰ among species in a tropical forest (Feakins et al.,
2016), and by up to �150‰ among species in a temperate salt
marsh (Eley et al., 2014), where the total range in plant xylem
water (38‰) was comparable to that at BLB for multiple growth
forms. Therefore, a wide range (>70‰) of biologically driven d2Hwax

variability among species at a single site can be expected (e.g., Hou
et al., 2007b; Eley et al., 2014), owing mainly to differences in ebio.
While it is important to understand the specific drivers of eapp vari-
ability in plants, the ultimate representation of this variability in
sediments is most relevant to the application of the d2Hwax paleo-
hydrology proxy. Identifying which plant sources, if any, are pref-
erentially represented in sediments will help to inform eapp
estimations for interpretation sedimentary d2Hwax records.

4.2. Sediment bias toward n-alkane sources

Comparing the molecular and isotopic composition of plant
waxes in vegetation with the associated sediments can help iden-
tify bias in the wax signal preserved in sediments. The total range
in n-C29 alkane and n-C28 alkanoic acid d2Hwax values at BLB was far
greater among plant species (77‰ and 84‰, respectively for each
compound) than in bog surface sediments (9 and 11‰, respec-
tively; Table 3; Fig. 5). Reduced variability in d2Hwax values at the
sediment level indicates that the integration of plant waxes in sed-
iments involves either consistent proportional mixing of major
sources over the �20 years of sediment accumulation represented,
or biased incorporation of lipids from a subset of sources.

Terrestrial plant lipids are delivered to lacustrine sediments
through three primary transport mechanisms: direct leaf fall, dry
or wet deposition of particulate wax in aerosols or dust, and ero-
sion of soil-derived waxes (Diefendorf and Freimuth, 2017). The
latter process is likely minimal at BLB, as there are no surface water
inputs to the hydrologically closed bog. Additionally, total relief at
the site is low (12 m) and focused around several kames in the
interior of the forest with extensive groundcover that acts to stabi-
lize their soils. Therefore, the main modes of plant lipid transport
to sediments at BLB are likely to be direct leaf fall and dry or wet
deposition of particulate aerosol waxes.

In a simplified case, if sedimentary plant waxes at BLB were a
mixture derived from leaves of all plant sources (ignoring



Table 3
Summary isotope data (mean, 1r, n) for plant xylem water and wax d2H (‰ VSMOW) and d13C (‰ VPDB), with corresponding fractionation relative to xylem water (ewax/xw) and mean annual precipitation (ewax/MAP), by species. Mean
data for each growth form, rain-scavenged particulate wax and bog sediments are in bold text.

d2H n-alkane (‰) d2H n-acid (‰) d13C n-alkane (‰) d13C n-acid (‰) ewax/xw (‰) ewax/MAP (‰)

Species Sample Type d2Hxw (‰) 1r n n-C29 1r n n-C31 1r n n-C28 1r n n-C29 1r n n-C31 1r n n-C28 1r n n-C29 n-C31 n-C28 n-C29 n-C31 n-C28

Bog Sp. 3 C3 Graminoid �18 1 �186 �37.3 �37.7 �37.2 �171 �143
R. capitellata C3 Graminoid �9 1 �196 �181 �35.4 �36.0 �36.2 �189 �173 �154 �138
S. cyperinus C3 Graminoid �35 3 2 �180 �33.2 �150 �137

C3 Graminoid �21 13 3 �196 �182 3 3 �36.3 1 2 �37 1 2 �35.5 2 3 �189 �165 �154 �139

Z. mays C4 Graminoid �158 �165 �101 �19.8 �20.0 �24.5 �158 �165 �101 �114 �121 �54

Bog Sp. 5 Herb �34 1 �162 14 2 �132 �118
Bog Sp. 6 Herb �18 1 �160 11 2 �152 1 2 �38.2 �37.4 �39.0 0.01 2 �144 �137 �115 �107
Bog Sp. 9 Herb �160 �151 �41.4 �42.2 �160 �151 �116 �107
Bog Sp. 13 Herb �178 7 2 �162 7 2 �141 14 2 �38.3 0.4 2 �39.3 0.4 2 �37.5 0.5 2 �178 �162 �141 �135 �118 �96
A. syriaca Herb �163 �39.4 �163 �119
P. virginica Herb �37 1 �170 �146 6 2 �40.2 0.9 2 �138 �113 �127 �101
Sphagnum sp. Herb �22 4 3

Herb �28 9 4 �167 9 4 �157 7 2 �153 10 5 �39.3 2 3 �39.6 2 3 �39.0 1 4 �155 �157 �137 �123 �112 �108

T. vernix Shrub �27 6 6 �167 2 4 �171 8 4 �169 11 4 �33.2 1.8 4 �34.1 1.8 4 �33.8 0.5 4 �143 �147 �146 �123 �127 �125
V. corymbosum Shrub �32 5 5 �185 6 3 �161 3 3 �136 2 3 �36.2 1.3 3 �38.1 0.9 3 �37.7 1.3 3 �158 �133 �107 �142 �117 �90

Shrub �30 4 2 �176 13 2 �166 7 2 �152 24 2 �34.7 2 2 �36.1 3 2 �35.8 3 2 �151 �140 �126 �133 �122 �108

A. saccharinum Tree �40 �168 �137 �34.7 �33.2 �33.7 �133 �101 �124 �92
P. serotina Tree �42 �160 �164 �150 �33.0 �32.6 �31.9 �123 �128 �113 �115 �120 �105
Q. alba Tree �41 �165 �137 �34.7 �35.3 �34.3 �130 �100 �121 �92
Q. rubra Tree �37 �155 2 2 �154 3 2 �144 4 2 �32.1 0.5 2 �33.8 �34.8 0.6 2 �123 �122 �111 �111 �110 �99
U. americana Tree �62 �168 �147 �126 5 2 �34.4 2.0 2 �33.6 1.5 2 �38.0 0.7 2 �113 �147 �98 �125 �102 �80

Tree �44 10 5 �163 6 5 �155 9 3 �139 9 5 �33.8 1 5 �33.7 1 5 �34.5 2 5 �124 �132 �104 �119 �111 �93

S. petiolaris Woody g.cover �22 1 �203 �160 12 2 �37.4 0.4 2 �39.6 0.5 2 �38.0 0.3 2 �185 �140 �161 �115
V. macrocarpon Woody g.cover �17 �229 �219 �34.0 �35.0 �216 �205 �188 �178

Woody g.cover �20 4 2 �216 18 2 �219 �160 �35.7 2 2 �37.3 3 2 �38.0 �200 �205 �140 �175 �178 �115

Particulate Wax �167 �156 �30.8 �31.1 �123

Bog Sediment �176 3 10 �169 3 10 �148 5 6 �32.9 0.2 11 �32.8 0.2 11 �33.9 0.4 10 �133 �125 �103
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interspecies differences in leaf biomass production, relative abun-
dance and spatial distribution on the landscape), then the expected
d2Hwax and d13Cwax in sediments could be estimated using the
concentration-weighted mean isotopic composition of all plant
species. The concentration-weighted mean n-C29 alkane d2H and
d13C from plants at BLB (�161‰ and �33.1‰, respectively;
Fig. 6) is indistinguishable from sediment d13C (�32.9‰; t-test,
p = 0.88), but significantly 2H-enriched relative to sediment d2H
(�176 ± 2.5‰; t-test, p = 0.05; Fig. 6). The concentration-
weighted d2Hwax is likely 2H-enriched compared to sediments
because it is heavily weighted toward P. serotina and Q. rubra
(�160‰ and �155‰, respectively), which had n-C29 alkane con-
centrations 2–50 times higher than all other trees, and 10–300
times higher than shoreline species. This indicates that sediments
do not simply reflect the plants that produce the most wax, but
instead are a complex mixture of sources, possibly modified by
the relative abundance and leaf biomass production (which would
favor trees; Fig. 1a) or spatial distribution (which would favor
shoreline plants growing in close proximity to the bog; Fig. 1b)
of species and growth forms. For n-C31 alkane, the discrepancy
between the concentration-weighted mean d2H value for plants
(�155‰) and that measured in sediments (�176‰) was even
more pronounced, indicating that there must be significant sedi-
mentary contributions from sources that are more 2H-depleted
than trees, but with a similar d13C value. This rules out significant
contributions from the particulate waxes we measured, which had
n-C29 to n-C33 alkanes that were consistently 2H-enriched (by
9–13‰) and 13C-enriched (by 1.7–3.3‰) relative to sediments
(Fig. 6; Table 3 and Supplementary Table S2).

Likewise, significant contributions from Z. mays can be ruled out
because its n-C29 alkane values were consistently enriched in both
13C (by >10‰) and 2H relative to sediments (Figs. 5 and 6; Table 3)
and its ACL was also distinct from sediments (Fig. 4). We also con-
sider that if waxes from Z. mays were transferred to sediments,
direct leaf fall is not likely to be a dominant transport mechanism
because of the plant’s annual lifespan, the intervention of seasonal
harvesting, and the wide forest buffer (150 m to 1 km) between the
bog and adjacent agricultural fields (Fig. 1). Given the plant distri-
bution and the lack of surface water as a mechanism for soil trans-
port, the most likely mechanism to deliver wax from Z. mays to bog
sediments is the deposition of particulate aerosols. Therefore,
Fig. 6. Plots of the d2H and d13C values of: (A) n-C29 alkane and (B) n-C28 alkanoic acid in s
for a different species, based on data from replicate individuals sampled from each spec
sediment, with different point size scales inset in panels A and B. Points are color coded by
isotope values for all source vegetation are plotted as open squares. The isotopic composi
distinctly 13C-enriched wax values in sediments may serve as an
additional tracer for the contribution of particulate aerosol waxes.
Z. mays had high n-C33 alkane concentrations relative to other plant
sources so we compared the d13C values of n-C33 alkanes in sedi-
ments (�33.3 ± 0.5‰, 1r) with rain-scavenged aerosol wax
(�30‰) and Z. mays (�19.7‰). Both sources were 13C-enriched
by more than 2r of the mean d13Cwax in sediments, indicating that
despite the prevalence of agricultural Z. mays at the regional scale,
its distinct d13Cwax composition is not reflected in BLB sediments,
which likely reflect a more localized signal from the leaves of sur-
rounding vegetation. A minor contribution of particulate waxes to
sediments at BLB is consistent with recent evidence from a temper-
ate forested region in Europe where the dry deposition of particu-
late waxes was estimated to contribute �20% of the total wax flux
to sediments (Nelson et al., 2017, 2018).

Based on the limited contribution of particulate sources, we
excluded the particulate wax and Z. mays data when comparing
all of the sediment and species-level n-alkane isotope data using
the Stable Isotope Mixing Models in R (simmr) package (Parnell
et al., 2010, 2013; Parnell, 2016; R Core Team, 2017; Supplemen-
tary Table S3). This dual-isotope mixing model uses summary
(mean ± 1r) d2Hwax and d13Cwax values for each species and applies
a Bayesian framework to estimate the fractional contribution of
each source (i.e., BLB plants) to a mixture (i.e., BLB sediments).

This model does not take into account interspecies differences
in wax concentrations or molecular distributions, and therefore
offers a simplified analysis of this system. Nevertheless, we used
this model as a tool to explore the d2Hwax and d13Cwax data from
BLB and found that, for n-C29 alkane, the species with the greatest
fractional contribution to bog sediments were Q. rubra (0.59) and V.
macrocarpon (0.24), with smaller contributions from P. serotina
(0.028) and T. vernix (0.026; Supplementary Table S3; Supplemen-
tary Fig. S1). This includes the tree species that produce the highest
abundance of long-chain n-alkanes (Q. rubra and P. serotina) and
one of the two dominant shrubs in the bog shoreline zone (T. ver-
nix). The woody groundcover species V. macrocarpon had a rela-
tively large modeled contribution, perhaps because its
exceptionally 2H-depleted n-C29 alkane value (�229‰; Tables 1
and 3) was necessary to bring a mainly tree-derived d2Hwax signal
in line with values in sediments (Fig. 6, Supplementary Table S1).
This is an interesting result in that, even though the simmr model
ediments and plant growth forms at BLB. Each point represents mean isotope values
ies. The size of each point is scaled to the lipid concentration in mg/g dry leaf or dry
growth form. Points representing bog sediments are black. Concentration-weighted
tion of pooled rain-scavenged aerosol n-alkanes is indicated with a cross in panel A.
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does not include concentration data, the strong influence of trees
that produce the most wax was apparent in the model results on
the basis of d2H and d13C values alone.

It is notable in that all of the species with a high modeled con-
tribution to sediments were woody, but include three different
growth forms (trees, shrubs and woody groundcover). This sug-
gests the dominance of trees, modified by woody plant sources
in close proximity to the basin regardless of growth form or
species-dependent plant wax concentration. This is consistent with
molecular and isotopic evidence from prior source apportionment
studies that trees were a dominant source of sedimentary lipids
(Sachse et al., 2004; Seki et al., 2010; Tipple and Pagani, 2013;
Cooper et al., 2015).

Weighting the en-C29/MAP values of each species by the simmr
model estimates of the fractional contribution of each species gives
an overall en-C29/MAP of �132‰ and yields a d2HMAP of �50‰ for
BLB when applied to sedimentary n-C29 alkane d2H values (Supple-
mentary Table S3). This is identical to both the OIPC-modeled d2-
HMAP (Welker, 2000; Bowen and Revenaugh, 2003; IAEA/WMO,
2015; Bowen, 2017) and mean d2Hxw across the 2014 growing sea-
son (Freimuth et al., 2017). This confirms that, while the modeled
proportional contributions are just one possible scenario based
only on d2H and d13C values, the resulting estimates are reasonable
and reflect the fidelity of n-alkanes from woody plants as recorders
of precipitation.
4.3. Sediment bias toward n-alkanoic acid sources

In contrast to n-alkanes, the concentration-weighted mean n-
C28 alkanoic acid d2H and d13C values for all species (�142‰ and
�34‰; Fig. 6) are within approximately one standard deviation
of the measured mean d2H and d13C in sediments (�148 ± 5‰
and �33.9 ± 0.4‰, respectively). This likely reflects the more uni-
form distribution of n-C28 alkanoic acid concentrations across
growth forms. As with n-C29 alkane, the simmr model predicts that
trees have the greatest contribution to sedimentary n-C28 alkanoic
acid (Supplementary Fig. S2; Supplementary Table S3). The four
species with the greatest fractional contribution to n-C28 alkanoic
acid d2H values in sediment were all trees: P. serotina (0.42), A. sac-
charinum (0.10), Q. alba (0.07), and Q. rubra (0.06). The modeled
fractional contributions from all remaining species showed little
variation, ranging from 0.03 to 0.04. If these modeled contributions
are accurate, then sedimentary n-C28 alkanoic acids may be more
strongly biased toward trees than n-C29 alkanes, which may be
more generally derived fromwoody trees, shrubs and groundcover.
The tree-dominated model results for n-C28 alkanoic acid isotopes
are consistent with molecular signatures, which suggest that sedi-
ment ACL26-30 reflects that of trees more than any other plant
source (Figs. 3 and 5).

To assess model estimates, we weighted the measured en-C28/
MAP of each plant species by its modeled contribution to sediments,
which yields an overall en-C28/MAP of �58‰ and a reconstructed d2-
HMAP of �95‰, which differs considerably from the expected d2-
HMAP of –50‰ (Supplementary Table S3). This suggests that the
model may in fact overestimate the combined n-C28 alkanoic acid
contributions from sources other than trees. Using the en-C28/MAP

for trees only (�92‰) yields a d2HMAP estimate of �61‰ based
on sediment d2Hwax. When using the en-C28/xw value for trees,
reconstructed d2HMAP (�48‰) is much closer to the expected
value. Together, these results support that sedimentary n-C28 alka-
noic acids are weighted toward contributions from trees, but small
contributions from other plant sources are possible given the sim-
ilar n-alkanoic acid concentrations among species and the close
agreement between sediment and concentration-weighted plant
wax isotope values (Fig. 6).
In summary, at BLB and perhaps other similar closed basins in
forested catchments, long-chain n-alkanoic acids and n-alkanes
in sediments are mainly a locally derived signal. If the signal were
regionally integrated, we would expect to see a more prominent C4

influence in the sedimentary d13Cwax values, but this is not the
case. Therefore, our data suggest direct leaf fall as a main transport
mechanism. This is supported by field observations of intact Q.
rubra and P. serotina leaves among the litter in the shoreline vege-
tation zone surrounding the bog (see photographs in Supplemen-
tary Fig. S3). This is notable because Q. rubra growth is restricted
to the relatively well-drained kames in the interior of the forest
(sampling sites indicated in Fig. 1), located further from the bog
than any other sampled plants. This visual evidence indicates
wind-blown leaves transported several hundred m as a significant
transport mechanism, which is supported by wax isotopic compo-
sition in BLB sediments and is consistent with leaf taphonomy lit-
erature (see Diefendorf and Freimuth, 2017 for a review on leaf
taphonomy).

4.4. Molecular and isotopic differences between n-alkanes and n-
alkanoic acids

There were several molecular and isotopic differences between
n-alkanes and n-alkanoic acids at BLB that may influence their
application as proxies for past d2Hp. First, leaf wax concentrations
among species varied by two orders of magnitude for n-alkanes but
not for n-alkanoic acids (Fig. 3). This is consistent with prior stud-
ies that found relatively consistent n-alkanoic acid concentrations
among species compared to greater variability in n-alkanes
(Diefendorf et al., 2011; Bush and McInerney, 2013; Polissar
et al., 2014). The evidence that sedimentary n-alkanoic acids may
be more strongly biased toward trees than n-alkanes (which may
reflect woody plants more generally) suggests that leaf wax abun-
dance among species or compound classes is not necessarily a
direct indicator of the dominant sources to sediments. Given the
differences in source water for trees (precipitation-fed soil water)
and shoreline plants (2H-enriched bog water) at BLB, a stronger
bias toward trees may make sedimentary n-C28 alkanoic acid a
higher-fidelity proxy for precipitation d2H. By contrast, if sedimen-
tary n-C29 alkanes are derived from more varied woody plant
sources (trees as well as shoreline shrubs and groundcover), their
d2H values may reflect more mixed source waters including the
bog itself.

Second, we observed a consistent negative offset in n-C29 alkane
d2H values relative to n-C28 alkanoic acid, both in plants and in sed-
iments. The offset in plants was variable, ranging from �19‰ (C3

graminoids) to �61‰ (woody groundcover); however, mean off-
sets ranged from �26‰ to �23‰ in herbs, trees and shrubs, closely
reflecting that in sediments (�27‰). An offset of comparable mag-
nitude and sign has previously been observed in temperate set-
tings and attributed to fractionation associated with biosynthesis
of the two compounds (Chikaraishi and Naraoka, 2007; Hou
et al., 2007b; Freimuth et al., 2017). Persistence of this offset in
sediments may warrant application of different eapp values to each
compound in sediment records, especially considering that exist-
ing calibrations of eapp in plants have mainly been developed for
n-alkanes (e.g., Sachse et al., 2012). For example, applying eapp val-
ues based on calibration data from n-alkanes to sedimentary n-
alkanoic acids at BLB would overestimate d2HMAP by approximately
30‰. However, we note that while systematic d2H offsets between
compound classes is a common feature in temperate settings dom-
inated by plants with a single annual leaf flush, this may not be a
relevant consideration in settings with a higher diversity of plant
species and leaf lifespans (Gao et al., 2014a; Feakins et al., 2016).

Lastly, we compared the d13C and d2H values of n-alkanes and n-
alkanoic acids from trees and shrubs at BLB and found a significant



Fig. 7. Regressions of the d13C and d2H values of n-C29 alkanes (squares, left panel) and n-C28 alkanoic acids (circles, right panel) from trees and woody shrubs this study (black
symbols) and comparable prior studies (colored symbols). Significant regressions (p < 0.05) are indicated with filled symbols and solid regression lines. Regressions with
p > 0.05 are indicated with open symbols and dashed regression lines.
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positive correlation for n-C29 alkane (R2 = 0.61, p = 0.0015) and a
significant negative correlation for n-C28 alkanoic acid (R2 = 0.38,
p = 0.0182; Fig. 7). Comparable trends have been reported sepa-
rately for n-C29 alkanes (Bi et al., 2005) and n-C28 alkanoic acids
(Hou et al., 2007a) from C3 trees sampled in temperate settings,
but it is difficult to assess whether these relationships are robust
because relatively few studies have reported both d13Cwax and d2-
Hwax from multiple coexisting tree species, and several of these
have not observed a significant relationship (e.g., Chikaraishi and
Naraoka, 2007; Cooper et al., 2015; Wu et al., 2017). The negative
relationship observed here for n-C28 alkanoic acid (Fig. 7) may
reflect that plants with higher water use efficiency (WUE), indi-
cated by more positive d13Cwax values, undergo less transpirational
2H-enrichment of intracellular water and therefore have more neg-
ative d2Hwax values (Hou et al., 2007a). It remains unclear why the
sign of this relationship would differ between compound classes,
but we speculate that if n-alkanes are produced during the brief
period of leaf expansion (Kahmen et al., 2011; Tipple et al., 2013;
Oakes and Hren, 2016; Freimuth et al., 2017; Suh and Diefendorf,
2018; Tipple and Ehleringer, 2018) and n-alkanoic acids through-
out the entire growing season (Freimuth et al., 2017), then this
may reflect contrasting metabolic status, photosynthetic rates,
stomatal conductance and WUE during the production of n-
alkanes in young, rapidly expanding leaves and n-alkanoic acids
in mature, opportunistic leaves. Future studies including the d13C
and d2H composition of multiple wax compound classes could fur-
ther test these putative relationships and their potential depen-
dence on plant type or growth environment.
5. Conclusions

We surveyed leaf waxes (n-alkanes and n-alkanoic acids) in all
major plant species growing in the BLB catchment and compared
their concentration, molecular distribution and isotopic composi-
tion (d2H and d13C) with that in bog sediments. Sampled species
included a range of growth forms occupying the bog shoreline
and primarily accessing bog water, as well as trees that dominate
forested areas and primarily access precipitation-fed soil water.
n-Alkane concentrations were variable among species and were
highest in trees, while long-chain n-alkanoic acid concentrations
were generally lower and more evenly distributed among growth
forms. The total range in sedimentary d2Hwax (9–11‰) was consid-
erably smaller than in plants at BLB (77–84‰), indicating some
integration processes in sediments.
Molecular and isotopic evidence suggests that the wax signal
recorded in bog sediments is mainly locally derived (e.g., reflecting
direct leaf fall from woody catchment vegetation) rather than
regionally integrated (e.g., reflecting rain-scavenged aerosol waxes
or regionally dominant Z. mays). Based on d2Hwax and d13Cwax, sed-
imentary n-C28 alkanoic acids are primarily tree-derived and may
therefore be more reflective of soil water (i.e., precipitation),
whereas sedimentary n-C29 alkanes are integrated from a mix of
trees and woody shoreline plants and may therefore reflect more
mixed water sources including bog water. Additionally, in trees
and woody shrubs, we observed a negative (positive) correlation
between d2Hwax and d13Cwax for n-C28 alkanoic acids (n-C29 alka-
nes), consistent with limited comparable data. We speculate that
d2Hwax–d13Cwax relationships of opposite sign may reflect contrast-
ing plant metabolic status and WUE during biosynthesis of n-
alkanes (during spring leaf expansion) and n-alkanoic acids
(throughout the growing season), however this hypothesis is pre-
sently supported only for deciduous woody plants in temperate
settings and requires further testing.

In sediments, we observed a �30‰ offset in eapp values for n-
C29 alkanes (�133‰) and n-C28 alkanoic acids (�103‰), a feature
previously observed in temperate settings. These findings demon-
strate that, while eapp variability is often large (>70‰) at the plant
level, sedimentary wax records are strongly biased toward trees
and other woody vegetation growing in close proximity to the
basin. This can help guide eapp estimates for similar depositional
settings (i.e., hydrologically closed basins in forested catchments),
especially when the presence and composition of forests can be
independently constrained.
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