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a combination of seasonal source water usage and subse-
quent environmental conditions.
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Introduction

For paleoclimatologists seeking to reconstruct ancient 
hydroclimates using sedimentary records, the stable iso-
topes of water are an important interpretative tool, since 
the isotopic composition of water informs us of past pre-
cipitation (Dansgaard 1964; Rozanski et al. 1993). Both 
hydrogen and oxygen isotopes from water are incorporated 
into organic matter and can thereby record climate patterns 
(Epstein and Yapp 1976; Roden et al. 2000; Bowen 2010; 
Sachse et al. 2012). Our understanding and ability to quan-
tify the varying processes and sources in sediment archives 
are far from complete (Sachse et al. 2012) and there is an 
opportunity to bridge ecological and geological fields by 
understanding the ecological drivers influencing biologic 
materials recovered from ancient sediments.

For ancient systems, hydrogen isotopes from com-
pounds in leaf waxes have been applied as a proxy for 
past hydrologic changes that alleviates many of the asso-
ciated difficulties with source characterization based on 
bulk sediment isotope analyses (Sauer et al. 2001; Huang 
et al. 2004; Schefuß et al. 2005; Smith and Freeman 2006). 
n-Alkanes are long lived and are particularly abundant 
in modern and ancient angiosperm species, providing a 
strong link between ecology, geology, and climate (Diefen-
dorf et al. 2011; Bush and McInerney 2013). In geologic 
environments that have not received excessive pressure or 
temperature with burial, epicuticular leaf wax compounds, 
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that the distributions and abundances of n-alkanes in peren-
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particularly n-alkanes, have been shown to exhibit little 
exchange of hydrogen on the C–H bonds (Schimmelmann 
et al. 1999).

Studies of modern leaf waxes and of wax distributions 
in plants that contribute to the sedimentary record enhance 
our understanding of ecosystem-level reconstruction 
through knowledge of the controls on the hydrogen isotope 
values and degree to which these control ancient leaf wax 
δ2H values. Recent field observation and controlled envi-
ronment studies have examined controls on isotope com-
position of modern plant leaf waxes (Smith and Freeman 
2006; Feakins and Sessions 2010; Kahmen et al. 2011; 
Tipple et al. 2013; Tipple and Pagani 2013). These studies 
point to environmental water, biosynthetic fractionation, 
and plant phenology as factors critical to understanding the 
nature of isotope composition of plant n-alkanes.

Transect studies have become an increasingly useful 
method to address the controls on the δ2H of lipids along 
climate gradients (Sachse et al. 2006; Feakins and Sessions 
2010; Guenther et al. 2013; Tipple and Pagani 2013). In 
addition to constraining vegetation type along a gradient, 
we must also consider the source of water used by plants 
along a given transect. Water is a major limitation to growth 
of arid land plants (Ehleringer and Mooney 1983), and can 
also be the primary determinant in the structure of a plant 
community (Fonteyn and Mahall 1978), most notably in 
semi-arid and arid environments. The North American 
Monsoon (NAM) region in the southwestern US is one cli-
mate gradient where understanding the interactions among 
plant water availability, seasonality of moisture source, and 
the resulting response in leaf wax δ2H could be critical to 
interpreting n-alkane isotope ratio data.

The ability to use δ2H values from plant leaf waxes to 
reconstruct hydrologic conditions is primarily governed 
by the sum of processes that occur before wax forma-
tion (Sachse et al. 2012, 2015; Tipple et al. 2013). These 
include climate-driven differences in source water iso-
topes, alteration of the plant water environment through 
leaf-level biophysical processes, and lastly, biosynthesis 
of plant lipids in the leaf water environment. Arguably, the 
most important control on the hydrogen composition of 
leaf waxes for the purposes of climatic reconstruction is 
the δ2H of local precipitation (Sauer et al. 2001; Sessions 
2006; Hou et al. 2007, 2008). The isotopic composition of 
this local environmental water varies based on regional fac-
tors such as altitude, temperature, dominant wind patterns 
influencing moisture sourcing, intensity of storms, distance 
from coastal regions, and humidity (Dansgaard 1964; Craig 
and Gordon 1965; Rozanski et al. 1993; Bowen 2010). The 
continental effect of Rayleigh distillation helps explain the 
observation of progressive 2H depletion with increasing 
latitude (Dansgaard 1964). The 2H depletion with latitude 
and with associated rain-out effects within a single storm 

in global monsoonal regions (so-called amount effect) have 
been documented in instrumental records and models as 
well as theorized for proxy records (Rozanski et al. 1982; 
Bowen and Revenaugh 2003; Hou et al. 2008; Schefuß 
et al. 2011). We suggest that precipitation will become 2H 
enriched with both progressive movement southward along 
the NAM transect from decreased rain-out distance and an 
increased supply of warm, summer (monsoonal) fraction of 
annual precipitation.

Evapotranspiration is also known to control 2H enrich-
ment of plant leaf waters following precipitation (Leaney 
et al. 1985; Flanagan and Ehleringer 1991; Ehleringer and 
Dawson 1992). For instance, though little to no fractiona-
tion is thought to occur in plants during initial uptake of 
water by plant roots and its transport to leaves (White 
et al. 1985; Ehleringer and Dawson 1992), evaporative 
enrichment occurs in leaves associated with transpiration, 
whereby water entering and leaving the leaves is isotopi-
cally the same, but the pool within the leaves becomes 2H 
enriched through evaporation and condensation fractiona-
tions (Flanagan and Ehleringer 1991; Roden and Ehler-
inger 1999). It is from this enriched leaf water environment 
that epicuticular waxes are synthesized (Sachse et al. 2012; 
Kahmen et al. 2013a, b; Tipple et al. 2013). The δ2H values 
of leaf water can be altered either via direct transpiration 
by the leaves or more indirectly from soil moisture evapo-
ration (Flanagan and Ehleringer 1991). The relative contri-
bution of this enrichment to leaf wax δ2H values is often 
debated, focusing on the importance of the drivers of rela-
tive humidity, temperature, and water vapor surrounding 
the leaf (Kahmen et al. 2008; Sachse et al. 2012). We sug-
gest that in the relatively arid environment along this NAM 
transect, evapotranspiration will play a significant role in 
shaping the δ2H values of leaf waxes observed.

The NAM is a large-scale atmospheric circulation sys-
tem characterized by a pronounced increase in moisture, 
primarily between July and early September in southwest-
ern North America (Barron et al. 2012). The NAM creates a 
seasonally, interannually, and geographically variable pre-
cipitation regime across this region. The winds shift from 
westerly in winter to southerly in summer, delivering mois-
ture for this summer rainfall primarily from the subtropi-
cal eastern Pacific, Gulf of California, and minimally from 
the Gulf of Mexico. The movement of this precipitation is 
primarily driven by a movement of the Intertropical Con-
vergence Zone northward (Adams and Comrie 1997; Hig-
gins and Shi 2001; Barron et al. 2012). This supplies the 
generally dry region from northern Mexico through parts 
of Utah with an average of 35 to 60 % of their annual mois-
ture (Mitchell 1976; Carleton et al. 1990; Mitchell et al. 
2002). Timing of the NAM is controlled by both sea sur-
face temperatures off the west coast of North America and 
thermal contrast between marine and continental regions, 
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as precipitation migrates from south to north (Higgins et al. 
1999). There has been much work characterizing the mod-
ern signature of the NAM with modeling efforts, climato-
logical measurements, and observations (Maddox et al. 
1995; Adams and Comrie 1997; Barron et al. 2012). Efforts 
to reconstruct the paleo-monsoon have also been extensive, 
particularly those studies using tree ring records (Griffin 
et al. 2013). The effort to reconstruct past precipitation in 
the desert southwest over a large range of timescales (~10 
to >100,000 years) has successfully used a wide variety of 
proxies (Wurster et al. 2008; English et al. 2010; Fawcett 
et al. 2011).

While seasonality governs delivery of precipitation to 
the NAM region, plant rooting distributions influence the 
availability of this moisture for plant growth. Moisture 
from intense summer monsoonal storms is found only in 
the upper soil profile and does not remain for long due to 
high amounts of evaporation (Schwinning et al. 2005a). 
Evaporation of this uppermost soil moisture occurs within 
5–10 days of rainfall and plant uptake of this water begins 
within 1–3 days (Lin et al. 1996; Schwinning et al. 2005b, 
a). Winter storms penetrate deeper into the soil than sum-
mer storm events and may contribute more to total annual 
precipitation than summer rainfall events (Ehleringer 
and Dawson 1992; Reynolds et al. 2004; Schwinning 
et al. 2005a, b). Winter or spring storms are gentler and 
occur during times of overall lower evaporation, allow-
ing a greater percentage of this moisture to recharge deep 
soil layers than in summer (Caldwell 1985). Additionally, 
cooler temperatures in winter limit plant growth, allowing 
this water to penetrate deeper into long-term soil storage 
(Caldwell 1985; Ehleringer et al. 1998). Winter recharge 
events or multi-year averages are more likely to be reflected 
in moisture at greater depth, whereas summer monsoonal 
events are more likely to be reflected in moisture in shal-
lower soil layers (Schwinning and Sala 2004).

Plants found in arid regions have rooting structures to 
access multiple levels of soil water, exploiting the vari-
able timing of precipitation delivery and storage in the 
desert (Ehleringer et al. 1991; Williams and Ehleringer 
2000; Chesson et al. 2004; Reynolds et al. 2004; Ryel et al. 
2004). Perennials have been noted to have dimorphic root-
ing structure, a rooting architecture that allows them to 
extract moisture from both shallow and deep positions in 
the soil (Forseth et al. 1984; Manning and Barbour 1988; 
Ehleringer et al. 1991; Schwinning and Sala 2004; Schwin-
ning et al. 2005a). Those perennials at the northern end of 
the NAM and with only deep roots are thought to be less 
likely to utilize monsoonal precipitation, suggesting sur-
face water in these arid regions may be of less importance 
to long-term water balance (Ehleringer and Dawson 1992; 
Williams and Ehleringer 2000). However, perennials with 
shallow roots (<1 m) may have a competitive advantage 

because of their ability to use the most abundant precipita-
tion source to the region, monsoonal rain (Lin et al. 1996), 
as well as winter precipitation. The relative usage of these 
sources by perennials with multiple rooting depths is likely 
to vary year to year depending on seasonal storms (Flana-
gan et al. 1992). Ehleringer et al. (1991) found that peren-
nial species utilize surface or deep soil moisture sources 
for growth, often switching sources depending on moisture 
availability during the growing season. Winter recharge 
events are more likely to be reflected in moisture at greater 
depth, whereas summer monsoonal events are more likely 
to be reflected in moisture in shallower soil layers (Schwin-
ning and Sala 2004).

Recent observations have found that the leaf wax δ2H 
of broadleaf angiosperms records only a narrow timeframe 
surrounding leaf flush and does not further integrate climate 
or water conditions in the remainder of the growing season 
(Kahmen et al. 2011; Tipple et al. 2013). We can exploit 
this limited timing of wax formation to look for signals of 
precipitation dynamics associated with the NAM, a season-
ally restricted precipitation regime, in leaf wax n-alkanes 
of angiosperms. In this study, we measured the δ2H values 
of n-alkanes and relative abundances of n-alkane chain 
lengths from four common plants found along the length 
of a south-to-north US monsoonal transect. This survey 
allowed us to assess the possibility that different phenolo-
gies and precipitation seasonality affect the δ2H values of 
leaf waxes.

While leaf wax δ2H values are a complex mixture 
of environmental, physiological, and biochemical vari-
ables, modern plant studies can provide a framework with 
which to interpret future sedimentary data sets, providing 
the ability to interpret δ2H in light of these complications. 
Thus, strengthening the utility of δ2H in leaf waxes for 
reconstructions of past hydrologic variability necessarily 
revolves around looking at both environmental and physi-
ological controls of modern leaf waxes.

Materials and methods

Sampling locations and climate

We sampled four species spanning a 960-km (direct dis-
tance) precipitation transect between Tucson, Arizona 
and Salt Lake City, Utah (USA) from 22 to 26 September 
2012 (Fig. 1; Table 1): sunflower (Helianthus annus), rab-
bit brush (Chrysothamnus nauseosus), sagebrush (Arte-
misia tridentata), and Gambel’s oak tree (Quercus gam-
belii). These species were selected because of their wide 
geographic distribution, contrasting phenology, differen-
tial rooting structure (Fig. 2), and generally ubiquitous 
co-occurrence. Figure 2 shows rooting structures and their 
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typical season of water uptake used in leaf wax develop-
ment. Namely, Q. gambelii are often deeply rooted per-
ennials, with winter deciduous leaves and active summer 
growth. Both perennials A. tridentata and C. nauseosus 
have dimorphic rooting structure, with drought decidu-
ous leaves and active spring/summer growth. Lastly, H. 
annus is a shallowly rooted annual, with active growth in 
the summer. The distribution of sampled species spanned 
the entire transect, though not every species was available 
for collection at each site. This allowed for comparison of 
leaf waxes within and between species found at the north-
ern and southern extent of the transect. We also compare 
deep- and shallow-rooted species in order to evaluate the 
relative importance of seasonal soil water on the δ2H signal 
of these semi-arid plants, particularly between short-term 

storm surface water and accumulated moisture deeper in 
the soil profile (Ehleringer et al. 1991, 1998; Williams and 
Ehleringer 2000).

The sampling strategy for this study was based on evenly 
spaced collections of leaves from plants along the transect 
length, resulting in 23 sample sites (Fig. 1) and 43 different 
plant acquisitions (Table 1). Sites were chosen to provide 
coverage along the transect and to maximize the number 
of sites with as complete a complement of plant types as 
possible. Precipitation at sites ranged from 130 to 550 mm 
annual precipitation. July–August–September (JAS) pre-
cipitation at these sites varied from 43 to 212 mm, which 
accounted for 10–70 % of the annual precipitation in 2012, 
generally from north to south, respectively (Fig. 3). We 
examine the relationship of leaf wax δ2H to the fraction of 

Fig. 1  Map of North American 
Monsoon transect showing loca-
tions of the 23 unique sample 
sites from Tucson, Arizona to 
Salt Lake City, Utah
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Table 1  Sampled sites in 
Arizona and Utah

Description of 23 sampled sites in Arizona and Utah, including latitude, longitude, elevation (m), and plant 
types sampled at each stop

Natl National, SLC Salt lake City, QG Quercus gambelii, H Helianthus annuus, S sagebrush (Artemisia 
tridentata), RB rabbit brush (Chrysothamnus nauseosus)

ID Location Latitude (°N) Longitude (°W) Elevation (m) Plant types

NAM Stop 1 Mt Lemmon, AZ 32.38 −110.68 1868 QG

NAM Stop 2 Mt Lemmon, AZ 32.34 −110.72 1481 QG

NAM Stop 3 Catalina, AZ 32.60 −110.87 1150 H

NAM Stop 4 Tonto Natl Forest, AZ 33.26 −110.78 1486 QG

NAM Stop 5 Globe, AZ 33.50 −110.71 1287 QG

NAM Stop 6 Show Low, AZ 33.79 −110.33 1630 H, QG

NAM Stop 7 Show Low, AZ 34.20 −110.08 1986 QG

NAM Stop 8 Snowflake, AZ 34.59 −110.09 1691 H

NAM Stop 9 Coconino, AZ 35.11 −111.03 1643 H, RB

NAM Stop 10 N Flagstaff, AZ 35.30 −111.52 1675 RB

NAM Stop 11 N of Tuba City, AZ 36.47 −111.57 1715 RB

NAM Stop 12 N Grand Canyon, AZ 36.69 −111.88 1493 S

NAM Stop 13 Kaibito, AZ 36.73 −111.09 1708 RB, S

NAM Stop 14 Jacob Lake, AZ 36.74 −112.12 2062 QG, RB, S, H

NAM Stop 15 Kanab, UT 37.08 −112.54 1518 QG, RB, S, H

NAM Stop 16 Zion Park, UT 37.25 −112.76 1784 QG, RB, S, H

NAM Stop 17 Panguitch, UT 37.98 −112.40 1965 S

NAM Stop 18 N Panguitch, UT 38.04 −112.36 1920 H

NAM Stop 19 Marysvale, UT 38.35 −112.24 2095 QG, S

NAM Stop 20 Sterling, UT 39.20 −111.66 1786 QG, S, RB, H

NAM Stop 21 Birdseye, UT 39.93 −111.54 1666 RB, S, QG

NAM Stop 22 Spanish Fork, UT 40.06 −111.56 1477 H

NAM Stop 23 SLC, UT 40.77 −111.82 1510 RB, H, QG, S

Fig. 2  Schematic showing 
general rooting structures and 
typical seasonal preference 
of water uptake for leaf wax 
development

Quercus
perennial
winter-deciduous leaves
summer active
deeply rooted

Artemisia, Chrysothamnus 
perennial
drought-deciduous leaves
spring/summer active
dimorphic rooting

Helianthus
annual
annual leaves
summer active
shallow rooted
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precipitation arriving in certain seasons as a proxy for the 
influence of the NAM by looking at the fraction of precipi-
tation to arrive in the summer or winter months relative to 
the total amount received in the year prior to this sampling.

All precipitation, temperature, and relative humidity 
data were determined using the parameter-elevation regres-
sions on independent slopes model (PRISM) (PRISM 
Climate Group, Oregon State University, http://prism.
oregonstate.edu), using discrete measurements of climate 
factors to interpolate continuous, digital grid estimations, 
providing high spatial resolution over the geographic area 
and time period of this study. PRISM uses point measure-
ments of temperature, precipitation, and dew point to cre-
ate a monthly 2.5 × 2.5-mile grid across the US with data 
originating from, but not limited to, the National Weather 
Service, Natural Resources Conservation Service, US For-
est Service and Bureau of Land Management stations, 
Bureau of Reclamation stations, other state and local sta-
tion networks and National Weather Service/Federal Avia-
tion Administration Automated surface observation sta-
tions. Relative humidity estimates were determined using 
monthly dewpoint (Td) and monthly air temperatures (T) 
from PRISM using the equation:

All δ2H values of precipitation were determined using 
long-term averages of monthly precipitation at specified 
location using the online isotopes in precipitation calcula-
tor (OIPC) (http://waterisotopes.org). The OIPC uses geo-
statistical modeling and spatial interpolation of isotope 
precipitation data from 1960 to 2004 from 348 global net-
work for isotopes in precipitation instrumental record loca-
tions to yield site-specific monthly δ2H values and amount-
weighted annual δ2H, based on δ2H values for each month 

RH=
e

(

17.269×Td
273.3+ Td

)

e

(

17.269× Tmean
273.3+ Tmean

) × 100%

weighted to the amount of precipitation that fell in each 
month (Bowen and Wilkinson 2002; Bowen and Reve-
naugh 2003). OIPC provides a quantitative and statisti-
cally robust estimation of average precipitation isotope val-
ues along a spatial gradient (Bowen and Wilkinson 2002; 
Bowen and Revenaugh 2003).

Sampling methods

Leaf collections for δ2H analysis of epicuticular wax 
n-alkanes began with collections of exposed sun leaves 
from the south side of the plants to minimize potential iso-
topic effects associated with shading. Collections focused 
on whole leaves of the newest, active growth in order to 
study the most recent growth. Leaves were stored in paper 
bags, allowed to air dry, and then moved to a 50 °C oven to 
finish drying upon return to the laboratory.

Analytical methods

Lipid extraction

Leaves were ground with a solvent-rinsed mortar and pestle. 
Ground samples (between 0.3 and 2 g) were then sonically 
extracted using ~10 mL of 2:1 dichloromethane:methanol 
(v:v) for 20 min, repeated three times in a manner similar 
to Feakins and Sessions (2010). This lipid extract was then 
dried under a stream of gaseous dinitrogen before being 
transferred to a silica-gel column (5¾-inch Pasteur pipette 
with solvent extracted and water–deactivated silica gel, 
70–230 mesh) for n-alkane fraction elution using hexane.

Leaf wax analyses

n-Alkanes were identified in select samples using a gas 
chromatograph–mass spectrometer (GC–MS) with a 
split-splitless injector at 300 °C with a fused silica, DB-5 
phase column and helium carrier gas at a flow of 1.5 mL/
min and comparison of elution times of n-alkane refer-
ence standards. The GC oven temperature program uti-
lized was 60–320 °C at 15 °C/min with an isothermal for 
30 min. n-Alkanes were quantified using a GC-flame ioni-
zation detector (FID) with comparison to a known amount 
of internal standard, C36 alkane, which was not naturally 
occurring in any of the samples analyzed. The GC-FID 
temperature program began at 80 °C and increased at a rate 
of 6 °C/min to 320 °C and held for 20 min.

Compound-specific isotope analyses were performed 
using a Thermo Trace 2000 GC coupled to a Finnigan 
Delta V isotope ratio mass spectrometer interfaced with a 
high-temperature conversion system. The H3

+ factor was 
determined daily prior to standard calibration and sample 
analysis. All compound-specific δ2H values are expressed 
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Fig. 3  Latitudinal distribution of the fraction of total, annual precipi-
tation that occurs in the summer months of July–August–September 
(JAS)
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relative to Vienna Standard Mean Ocean Water (VSMOW). 
Individual n-alkane isotope ratios were corrected to pri-
mary in-house n-alkane reference materials that are run 
daily, and previously calibrated to the VSMOW scale (Tip-
ple et al. 2013). The results are described using standard 
delta notation [δ2H values in per mil (‰)]. Accuracy of 
the measurement of compound-specific δ2H was ±3 ‰ 
as determined from a secondary quality control n-alkane 
standard reference material, C36 alkane. All samples were 
run in duplicate and the average value was used for this 
study, with a mean error of ±4 ‰ or better. The dominant 
chain lengths of n-alkanes in all species were determined 
by normalizing abundance of chain lengths in micrograms 
of n-alkane to dry weight of leaves extracted in grams.

Statistics

Statistical analysis was done using PRISM and InStat 
(Graphpad Software) and Microsoft Excel for Windows. 
The correlation coefficient (r) was calculated to determine 
the measure of linear dependence between variables, with 
the sign defining the direction of the relationship. The 
associated p-value is used to assess the significance of this 
correlation.

Leaf water model

Craig and Gordon (1965) originally created a model to 
describe the evaporative isotope fractionation from an 
open water source. Modifications to this model through 
the addition of relevant parameters for transpiration from 
a leaf (Flanagan and Ehleringer 1991) allow us to describe 
water fractionation associated with transpiration through 
stomata:

where Rlw (leaf water), Rxw (xylem water), and a (bulk 
air) are described. The partial pressures of water vapor of 
the leaf intercellular spaces (ei), the leaf surface (es), and 
the air (ea) are also present in this equation. Leaf surface 
pressures were determined from equations in Ball (1987), 
which needs stomatal conductance and leaf transpiration 
estimations (Roden and Ehleringer 1999). In the above 
equation, α* is the equilibrium fractionation factor with 
movement from the liquid to vapor state, dependent on 
temperature and determined by the equations of Majoube 
(1971). The term αk refers to the kinetic fractionation fac-
tor related to diffusion in air from the site of evaporation, 
1.0164 for δ2H (Cappa et al. 2003). Lastly, αkb describes 

Rlw = α∗

[

αkRxw

(

ei − ea

ei

)

+ αkbRxw

(

es − ei

ei

)

+Ra

(

ea

ei

)]

the kinetic fractionation factor associated with diffusion 
across the boundary layer, δ2H = 1.0110 (Flanagan 1993).

Measured leaf wax δ2H were compared to model leaf 
wax, determined using the modified Craig–Gordon model 
described above with a few assumptions. For the purposes 
of this model, the fractionation (hereafter referred to as ε, 
in keeping with more recent modeling efforts) between leaf 
wax compounds and plant source water was set at −123 ‰ 
(reported in ‰ notation), consistent with the offset found 
in previous studies (Chikaraishi et al. 2004; Tipple et al. 
2013). This fractionation is defined as

where R represents the δ2H abundance ratio, and Rlipid and 
Rwater are the ratios in the leaf wax n-alkanes and source 
growth water, respectively. The δ2H value of leaf water 
was modeled using average conditions along the transect, 
related to the source water, equilibrium isotope effect, and 
kinetic isotope effect. The equilibrium fractionation fac-
tor was modeled in isotopic equilibrium with source water 
(Craig and Gordon 1965), barometric pressure and leaf 
temperature offset (2 °C) held constant (Flanagan 1993) 
and with an offset of atmospheric water vapor depend-
ent on temperature related to modeled season of precipi-
tation temperature (10 °C = 1.09788, 20 °C = 1.0840, 
30 °C = 1.0740) (Majoube 1971). The modeled leaf water 
isotopic composition at the site of evaporation (Yakir 1998) 
also accounted for relative humidity estimates based on 
reasonable humidity estimates for JAS (35 %) and Decem-
ber (2011)–January–February (2012) (DJF) (50 %) using 
PRISM as described above.

Results and discussion

Environmental control on n‑alkane distribution

All samples yielded sufficient n-alkanes for δ2H analysis 
of at least the dominant chain length, although the dis-
tribution varied among species. The chain lengths C27, 
C29, and C31 were the three most abundant in all species 
(Fig. 4). C29 was the dominant n-alkane found in all spe-
cies sampled, with the exception of H. annuus, where C27 
was always the most abundant. There was a strong odd-
over-even predominance in n-alkane carbon chain lengths 
in all species, as has previously been described (Eglinton 
and Hamilton 1967).

Measurements of absolute n-alkane abundances, nor-
malized to dry leaf weight of extracted leaf material, show 
wide variability between species. Q. gambelii showed 
the lowest cumulative n-alkane abundance with 122 µg/g 
dry leaf weight. Conversely, A. tridentata had the most 
n-alkane-rich leaf waxes with 716 µg/g dry leaf weight. H. 

ε =
[

Rlipid/Rwater − 1
]
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annuus and C. nauseous contained 217 and 322 µg/g dry 
leaf weight, respectively.

Average chain lengths (ACL) were calculated for 
each individual of each species using the equation 
ACL = Σ(Cn · n/ΣCn), where n = 25, 27, 29, 31, and 33 
(Poynter and Eglinton 1990). The mean ACL of each spe-
cies were distributed between 27 and 30. H. annuus had the 
lowest ACL of these species (27.9) and C. nauseous had 
the highest (29.5). A. tridentata had an ACL of 29.3 and 
Q. gambelii is somewhat lower at 28.3. Mean ACL is rep-
resentative of all individuals, with no SD greater than 0.65 
(observed for A. tridentata).

While each species produced a different abundance 
of n-alkanes, there did not appear to be any consistent 
trend with any environmental variable in general with 
the sampled species or for a given species. Q. gambe-
lii and H. annuus were the only species with marginally 

significant correlations between n-alkane concentration 
and the environmental parameters tested (Table 2). Q. 
gambelii n-alkane concentration (n = 11) is marginally 
significant with mean annual precipitation (r = 0.72, 
p = 0.03). Though absolute abundances are often less 
cited in the literature, studies suggest that n-alkane con-
centration data may serve as estimates of past environ-
mental change with associated uncertainty (Bush and 
McInerney 2013; Hoffmann et al. 2013). The absence of 
a strong correlation for these four species and four envi-
ronmental variables suggested that while there may be 
a discernable relationship between amount of n-alkanes 
and local conditions, caution was necessary when using 
concentration data along a transect for environmental 
interpretation.

With one exception, we found no significant relation-
ship between ACL and environmental parameters mean 
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annual precipitation and mean annual temperature of 
the sampled sites (Table 2). While selected studies have 
observed significant changes of ACL along climate gra-
dients for a large variety of species and environmental 
conditions, in modern plants and fossil plant waxes in 
sediments and soils these results are not always consist-
ent (Dodd and Afzal-Rafii 2000; Dodd and Poveda 2003; 
Rommerskirchen et al. 2003; Sachse et al. 2006; Bush and 
McInerney 2013). n-Alkane chain length distribution is 
often linked to environmental changes such as temperature 
or aridity, thought to be due to a plant’s physiological and 
structural response of the crystalline component of epicu-
ticular leaf waxes to these conditions (Schönherr 1976; 
Riederer and Schneider 1990; Schreiber and Riederer 
1996). An increased growing season, preferential evapo-
rative loss of shorter chain lengths with increased evapo-
ration, selective increase in formation of longer chain 
lengths to prohibit evaporative water loss, or increased 
solar radiation have all been theorized as possible expla-
nations for the observations of more abundant long chain 
lengths at higher temperature, low latitudes, or more arid 
sites (Rommerskirchen et al. 2003; Sachse et al. 2006). 
Theorized relationships of chain lengths to environmental 
conditions are then applied to sediment and soil recon-
structions in order to describe shifts in dominant vegeta-
tion or other environmental parameters. As such, some 
sedimentary n-alkanes have shown similar relationships, 
with increased chain length corresponding to increased 
temperature (Hughen et al. 2004; Castañeda et al. 2009) 
while other sedimentary reconstructions of ACL have 
shown no shift along a significant climatic gradient (Ernst 
et al. 2013). We found no consistent trend in ACL data, 
which suggests that there is little environmental control on 
n-alkane chain length and that the use of ACL for paleoen-
vironmental reconstructions of environmental conditions 
in arid ecosystems may not be successful.

Leaf wax n‑alkane δ2H values along a transect

As predicted, the summer fraction of annual precipita-
tion correlated significantly with latitude (Fig. 3). The 
decreasing influence of the NAM on summer precipitation 
was clearly evident progressing from south to north, with 
only ~10 % of annual precipitation falling in the summer 
months in the northern end of this transect (Salt Lake City, 
UT). Notably, all but the four northernmost sites (north of 
~38–39°N) received more than 40 % of their annual pre-
cipitation in the summer (Fig. 3). This suggests a signifi-
cant summer monsoonal precipitation contribution for the 
sampled year (2012) for all sites south of 39°N.

We note large variations in δ2H values of leaf wax 
n-alkanes among individuals of each species, between 
species, as well as across the NAM transect (Fig. 5). For 
comparative purposes, the C29 n-alkane δ2H values were 
used for all species, including H. annuus, because chro-
matographic separation of C27 in some H. annuus indi-
viduals did not allow for isotopic determination. The aver-
age δ2H value of all individuals of the five species was 
−162 ± 31 ‰ (1σ), n = 43 individuals. n-Alkane δ2H val-
ues of C. nauseosus ranged from −146 to −239 ‰ (mean 
−195 ± 31 ‰, 1σ, n = 12), H. annuus ranged from −124 
to −190 ‰ (mean −151 ± 27 ‰, 1σ, n = 9), A. tridentata 
ranged from −122 to −195 ‰ (mean −159 ± 23 ‰, 1σ, 
n = 11), and Q. gambelii ranged from −110 to −195 ‰ 
(mean −171 ± 24 ‰, 1σ, n = 11). There is a progressive 
depletion in 2H wax values moving northward away from 
the regions most impacted by monsoonal moisture (Fig. 5).

At all sites with at least one representative of each spe-
cies sampled (Table 1), C. nauseosus always exhibited the 
most 2H-depleted leaf wax n-alkanes, while Q. gambelii 
was most often the most 2H enriched at these sites. The 
southernmost collocated site had the lowest range among 
species, ~18 ‰ between Q. gambelii and C. nauseosus at 

Table 2  Matrix of correlation coefficients for environmental variables and leaf wax δ2H values

Correlation coefficients of average chain length (ACL) with mean annual precipitation (pptn) amount (as determined by PRISM) and ACL with 
mean annual temperature (as determined by PRISM) to investigate possible environmental influences on ACL

* p < 0.05, ** p < 0.01, *** p < 0.001
a Correlation coefficients between the δ2H values of leaf wax n-alkanes and annual pptn, July–August–September (JAS) 2012, and December 
(2011)–January–February (2012) (DJF) pptn δ2H values (as determined by the online isotopes in precipitation calculator)
b Correlation coefficients of δ2H values of leaf wax n-alkanes and the fraction of annual pptn that falls in JAS and DJF

Correlation  
coefficients

ACL δ2H wax

Mean annual pptn Mean annual 
temperature

Annual δ2H 
pptna

JAS δ2H pptna DJF δ2H pptna Fraction pptn, 
JASb

Fraction pptn, 
DJFb

C. nauseosus 0.44 0.15 0.83*** 0.83*** 0.87*** 0.73** −0.78**

A. tridentata 0.00 −0.15 0.80** 0.76** 0.83*** 0.30 −0.39

Q. gambelii 0.34 0.05 0.90*** 0.91*** 0.88*** 0.73** 0.30

H. annuus 0.23 −0.13 0.21 0.22 −0.32 0.57 −0.66*
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36.74°N. The largest range in n-alkane δ2H values among 
species occurred at the most northerly site (40.77°N), with 
C. nauseosus ~55–85 ‰ 2H depleted relative to Q. gambe-
lii based on multiple co-located individuals from each spe-
cies. H. annuus is more 2H enriched at equivalent latitudes 
than C. nauseosus, but not than Q. gambelii or A. triden-
tata. Q. gambelii is often more 2H enriched at equivalent 
sites than the other species sampled.

Seasonal precipitation influence on leaf wax δ2H values

Prior research suggests that not all vegetation types on this 
transect would equally utilize summer moisture in a “pulse-
driven ecosystem,” where brief, intense rains are unpredict-
able with regards to timing, spatial coverage, and contri-
bution of moisture towards annual total moisture amount 
(Ehleringer et al. 1998; Chesson et al. 2004; Schwinning 
and Sala 2004). Significant correlations between δ2H and 
MAP in previous transect studies have been attributed 

to less seasonally biased precipitation input than in this 
monsoon-influenced region (Sachse et al. 2006; Tipple and 
Pagani 2013). There was no correlation to MAP for Q. gam-
belii, H. annuus, and C. nauseosus (r = −0.04, p = 0.9070; 
r = −0.67, p = 0.0483; r = −0.24, p = 0.4772, respec-
tively); however, A. tridentata showed weak but significant 
correlation with MAP (r = −0.68, p = 0.0213).

Thus, we compared measured leaf wax n-alkanes to 
PRISM-estimated precipitation amounts from different sea-
sons along this transect to look at possible seasonal bias in 
source water usage influencing δ2H values. These compari-
sons allow us to speculate on some of the potential drivers 
of observed δ2H value variation, but cannot eliminate the 
influence of multiple variables, as discussed below, particu-
larly since xylem water is not available for comparison to 
measured leaf wax n-alkanes in this study.

Leaf wax n-alkane δ2H values of C. nauseosus (r = 0.73, 
p = 0.0046) and Q. gambelii (r = 0.73, p = 0.0007) exhib-
ited positive significant correlations with the amount of 
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precipitation arriving in JAS at each site across the entire 
transect (Table 2). Leaf wax n-alkane δ2H values of A. tri-
dentata were almost statistically significant with JAS pre-
cipitation amount (r = 0.57, p = 0.053) (Table 2). Further, 
the only perennial to exhibit a statistically significant cor-
relation with winter DJF precipitation amount was C. nau-
seosus (r = −0.78, p = 0.0077). This negative correlation 
suggests that as the amount of precipitation arriving in DJF 
decreases, the δ2H values become more 2H enriched. Based 
on prior studies we might expect that the δ2H values of leaf 
waxes would correlate to seasonality of precipitation, and 
might expect to observe these relationships with amount of 
precipitation that arrives at each location. However, there is 
inconsistent sensitivity of leaf wax δ2H values to seasonal 
amount of precipitation in perennials, suggesting that sea-
sonal precipitation influence on 2H values of leaf waxes 
might not be best tracked by amount of precipitation along 
the transect.

Comparison of leaf wax n-alkane δ2H values and δ2H 
values of seasonal precipitation indicates significant 
correlations for all perennial plants (Table 2), C. nau-
seosus (r = 0.83, p = 0.0004), A. tridentata (r = 0.76, 
p = 0.0041), and Q. gambelii (r = 0.91, p = 0.0001), with 
wax δ2H values and δ2H values of JAS precipitation. How-
ever, we also found statistically significant correlations with 
δ2H values of DJF precipitation for C. nauseosus (r = 0.87, 
p = 0.0001), A. tridentata (r = 0.83, p = 0.0008), and Q. 
gambelii (r = 0.88, p = 0.0002). Perennials C. nauseosus, 
A. tridentata, and Q. gambelii showed a strong positive cor-
relation to the arrival of both summer and winter precipita-
tion, perhaps due to a tiered rooting structure and access to 
both long-term stored water, more similar in abundance and 
isotopic value to DJF precipitation, and soil water within 
the upper 1 m supplied by intense summer precipitation. Q. 
gambelii, often represented as predominantly deeply rooted 
(Fig. 2), appears along this transect to behave more like the 
other perennials that have tiered rooting, perhaps to take 
advantage of monsoon precipitation. Similarly, Feakins and 
Sessions (2010) observe that Q. agrifolia leaf waxes exhibit 
no seasonal variability in δ2H values, though the isotopic 
composition of precipitation at the site is dominated by 
clear seasonal precipitation amount and isotopic variabil-
ity. However, Hou et al. (2007) hypothesized that trees in 
their data set did not appear to reflect the δ2H values of 
deeper groundwater, since trees appeared to have more 
2H-enriched leaf wax n-alkanes (~60–70 ‰) than herbs and 
grasses, which are thought to rely on shallow, more evap-
orated, surface waters. H. annuus, the only annual plant 
sampled on this transect, germinates in late spring and 
grows throughout the summer (Everett et al. 1980; Cald-
well 1985). This window of leaf development and expan-
sion would likely encapsulate the source water isotopic sig-
nature as well as the leaf-water enrichment effects (Sachse 

et al. 2010; Kahmen et al. 2011; Tipple et al. 2013), ensur-
ing that the isotopic composition of n-alkanes reflects leaf 
water at the time of leaf expansion. However, the δ2H of 
H. annuus leaf waxes did not show significant correlations 
with either the amount or δ2H of summertime precipitation. 
This finding is inconsistent with past studies of plant water 
sources, where desert annuals exhibited the strongest utili-
zation of summer rain (Ehleringer et al. 1991).

Additional drivers of leaf wax n‑alkane δ2H values

Observations of precipitation and leaf wax δ2H values point 
towards added complexity in these relationships, likely in 
the fractionation of source water or leaf water, ultimately 
observed in leaf wax δ2H values (Sachse et al. 2012). There 
are several possible explanations for the observed relation-
ships between source water and leaf wax δ2H values. We 
note a particularly large range of δ2H values (~100 ‰) for 
all species, compared to a rather limited range of δ2H val-
ues of precipitation (~20–30 ‰), regardless of the season. 
Further fractionation of source water must have additional 
control on δ2H values of leaf wax lipids to account for this 
variability. Net fractionation, or the tracing of source water 
to lipid synthesis, is rarely straightforward, and more often 
involves a series of steps, driven by multiple physiological 
and environmental factors (Sachse et al. 2012). One such 
influence is varying rates of evapotranspiration, which has 
long been known to contribute to 2H enrichment in lipid 
isotope values (Sauer et al. 2001; Sachse et al. 2004). We 
observe similar trends of n-alkane δ2H values with latitude 
within plant life forms (i.e., shrubs) (Fig. 5). Interestingly, 
Sachse et al. (2012) noted pronounced scatter in the rela-
tionship of shrub C29 alkane δ2H values and precipitation 
(mean annual), with no significant, positive relationship, 
suggesting an often complicated fractionation between 
source water and shrub wax δ2H values. In most cases, the 
slopes of these data are less steep than those of global data 
in Sachse et al. (2012) and this may indicate a stronger 
evapotranspirative 2H enrichment of source waters.

It is likely that evapotranspiration acted on the plants in 
this study, though we do not distinguish between the more 
direct 2H enrichment of transpiration from the more indi-
rect evaporative processes involved in soil evaporation. Pre-
vious studies have hypothesized that soil evaporation may 
play a significant role in 2H enrichment of plant lipids (e.g., 
Smith and Freeman 2006; Sachse et al. 2009). A transect of 
Californian desert plants showed δ2H values of leaf lipids 
and plant waters with little influence from soil evaporative 
conditions (Feakins and Sessions 2010). The plants on this 
arid transect were likely deeply rooted and not utilizing the 
significantly 2H enriched surface soil waters (Ehleringer 
et al. 1991, 1998). Conversely, less arid locations with shal-
low rooted grasses indicate the importance of soil water 
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evaporation in 2H enrichment seen in grass wax lipids 
(Smith and Freeman 2006; Hou et al. 2007). Plant water 
isotopic values, sources of wax isotopic values, have also 
long been known to be affected by transpiration (Flanagan 
and Ehleringer 1991). With measured plant water, Feakins 
and Sessions (2010) distinguished between soil evaporation 
and leaf transpiration, a distinction made in another field 
study that was looking at changing seasonal δ2H values in 
barley (Sachse et al. 2010). The perennial plants on this 
transect are likely accessing 2H-enriched surface waters as 
well as deeper stored soil water that has little significant 2H 
enrichment from soil evaporation. These plants may poten-
tially switch water sources depending on seasonal availabil-
ity (Ehleringer et al. 1991, 1998; Williams and Ehleringer 
2000). Monsoonal precipitation delivery in the region adds 
to this complexity, because warmer monsoonal precipita-
tion is more 2H enriched than winter precipitation and more 
likely to reside in surface soils to be further 2H enriched.

In order to further explore what is driving the patterns of 
leaf wax δ2H values along this transect we use a mechanis-
tic model to look at plant source water and lipid δ2H val-
ues. We examined two possible scenarios using a modified 
Craig–Gordon model (1965), initially put forth by Flana-
gan and Ehleringer (1991), to evaluate controls on observed 
δ2H values. In the first model scenario, we assume a con-
stant biosynthetic fractionation (εbio) between leaf water 
and n-alkane δ2H values across the transect and for all spe-
cies in order to predict leaf water and leaf wax n-alkane 
hydrogen isotope ratios for a given set of environmental 
conditions. In the second model scenario, we determine the 
apparent fractionation (εapp) that provides the best agree-
ment between measured leaf wax and modeled δ2H lipid 
values using a given set of environmental conditions.

Determining the relative constancy of εbio, the fractiona-
tion between leaf water and lipid δ2H values, has proven 
elusive due to the difficulty in gathering this data (Sachse 
et al. 2009). Studies have tried to estimate εbio by control-
ling influences of environmental variables including source 
water isotopic values, temperature, and light intensity. The 
δ2H values of leaf waxes are most directly determined by 
δ2H values of leaf water (Sachse et al. 2012; Tipple et al. 
2014), which is made up of source (precipitation) water 
that can be significantly altered by subsequent evaporation, 
varying biosynthetic pathways among plant types (Sessions 
et al. 1999; Diefendorf et al. 2011), and metabolic path-
ways among plant types (Zhang et al. 2009; Kahmen et al. 
2013b). Biosynthetic pathways among plant groups are 
thought to be the same (Schmidt et al. 2003), though εbio 
specific to plant species has been suggested (Kahmen et al. 
2013b; Tipple et al. 2014). Previous field studies have sug-
gested εbio may be relatively stable, with approximations 
ranging between −123 and −170 ‰ (Sessions et al. 1999; 
Chikaraishi et al. 2004; Feakins and Sessions 2010; Tipple 

et al. 2013). However, others have shown that the εbio may 
not be constant in plants (Zhou et al. 2011; Sachse et al. 
2012; Kahmen et al. 2013a).

We look for the set of conditions that best explain the 
measured n-alkane δ2H values using OIPC interpolated 
seasonal precipitation (Fig. 6). For the purposes of the first 
modeling exercise described here, εbio was held at −123 ‰ 
across the transect for all species, an estimate chosen due 
to stable εbio determined and limited sampling location 
overlap with Tipple et al. (2013). Further, the δ2H value of 
atmospheric water vapor is modeled in equilibrium with 
source water for these plants (Craig and Gordon 1965) with 
barometric pressure and leaf temperature offset (2 °C) held 
constant (Flanagan 1993). The remaining input parameters 
of temperature and relative humidity are calculated aver-
ages across the transect for JAS (average conditions across 
the transect are 35 % relative humidity, 30 °C) and DJF 
(average conditions across the transect are 50 % relative 
humidity, 10 °C).

The model with constant εbio, relative humidity, and tem-
perature does not capture the overall variation of δ2H val-
ues along the transect (Fig. 6). However, the best approxi-
mation of measured leaf wax n-alkane δ2H values, where 
data align well along the 1:1 line, can be seen for different 
portions of the transect during different seasons (Fig. 6). In 
general, modeled δ2H values are most similar to measured 
δ2H values using DJF precipitation in the northern end of 
the transect and JAS precipitation in the southern portion of 
the transect. The intermediate δ2H values are best modeled 
using spring (March–April–May) precipitation. The model 
suggests that we can only capture measured δ2H values 
along the transect by starting with different seasonal source 
water (or incorporating humidity and temperature esti-
mates), and that not all plants along this transect are using 
the same source water. Southern sites receive the larg-
est fraction of their total precipitation in summer (Fig. 2), 
which tied to this modeling, suggests that these plants may 
be using shallow roots and short-lived monsoonal precipi-
tation at this end of the transect. Northern sampled sites, 
which often have the most 2H depleted n-alkane values in 
this study, which receive very little summer precipitation, 
seem to indicate a reliance on winter precipitation and thus 
perhaps deeper rooting structures.

However, the model does not fully capture measured leaf 
wax n-alkane δ2H values, which stresses the importance of 
complicating evaporative factors beyond source water in 
determining leaf wax n-alkane δ2H values. The modeling 
described is an oversimplification because it uses a fixed 
εbio and one set of average input temperature and humidity 
along the entire transect.

Apparent (net) fractionation (εapp) between measured 
leaf wax and source precipitation water has been docu-
mented in the range between −34 and −204 ‰, depending 
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on influencing environmental and climate conditions 
(Sachse et al. 2012). The second model approach described 
here looks at the εapp that matches measured and modeled 
leaf wax δ2H lipid values. εapp across all sites, species, and 
possible seasons of source water was −128 ‰ ± 32, which 
falls within the published range of Sachse et al. (2012). 
Calculating the εapp using JAS precipitation yields the most 
2H-depleted values (average of all sites—Q. gambelii, 
−137 ‰ ± 21; A. tridentata, −141 ‰ ± 20; C. nauseosus, 
178 ‰ ± 28; H. annuus, −144 ‰ ± 28), with DJF precipi-
tation showing the most 2H-enriched (average of all sites—
Q. gambelii, −95 ‰ ± 20; A. tridentata, −100 ‰ ± 19; 
C. nauseosus, 139 ‰ ± 27; H. annuus, −107 ‰ ± 28) 
εapp. The difference in εapp between JAS and DJF season 
precipitation and leaf wax δ2H values remains relatively 
constant across all individuals and species (40 ‰ ± 2). 
However, individuals of a species show a range >70 ‰ εapp, 

indicating a significant environmental influence on εapp 
across the transect. On average, Q. gambelii had the small-
est εapp and C. nauseosus often the largest. We noted that 
the calculated εapp appears to correlate to environmental 
variables (Fig. 7). This strong relationship between εapp and 
precipitation amount has been observed before (Smith and 
Freeman 2006). As predicted, the εapp appears to vary as a 
function of climate in addition to plant species described 
above.

Conclusion

We collected two perennial shrubs (rabbit brush, Chry-
sothamnus nauseosus; sagebrush, Artemisia tridentata), a 
tree (Gambel’s oak tree, Quercus gambelii), and an annual 
forb (sunflower, Helianthus annuus) along a transect from 
Tucson, Arizona to Salt Lake City, Utah to investigate the 
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tion between leaf water and n-alkane δ2H values, was held constant 
(−123 ‰). Relative humidity (35 %) and temperature (30 °C) were 

held constant, used as average of conditions along the transect [coin-
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potential use of NAM precipitation by plants for leaf wax 
lipid formation. We analyzed the distributions and abun-
dances of n-alkanes for all species and observed that there 
was a poor correlation to environmental variables such as 
precipitation amount and temperature. However, we ana-
lyzed the C29 n-alkane δ2H values and found significant 
correlations with estimated source water δ2H values. Using 
a modified Craig–Gordon model we see that a constant 
biosynthetic fractionation (εbio) and seasonal source water 
usage do not fully capture the variability of δ2H values 
along the transect. The relationships observed do suggest 
that the northern and southern end of the transect are rely-
ing on different source waters, perhaps due to different 
rooting strategies. These ends of the transect would also 
likely be experiencing different average relative humidity 
and temperatures, which are likely to account for the differ-
ences observed. Calculated εapp between measured leaf wax 
and source precipitation water falls within the range previ-
ously documented. The relationships observed, with large 
variability of apparent fractionation within a species across 
this transect, indicate that in order for modeled δ2H values 
to replicate measure leaf wax n-alkane δ2H values, there 
must be a significant environmental influence on apparent 
fractionation. These results all point towards strong climate 
controls on wax δ2H values and not just source water from 
a combination of seasonal source water usage. They also 
highlight the need for additional studies of coupled climate 
variables, leaf wax, and plant water δ2H values to better 
constrain this variability. Leaf water 2H enrichments, and 
ultimately leaf wax δ2H values, are likely being driven by 
changes in relative humidity, temperature, and source water 
δ2H values. Within the range of likely relative humidity and 

temperatures experienced along this transect, the modeled 
relationships show some sensitivity to these parameters, 
leading to leaf water 2H enrichment with increased temper-
atures and decreased humidity as expected.

The observed leaf wax n-alkane δ2H values suggest an 
influence of seasonally derived precipitation. The NAM 
supplies the southern end of the transect with the major-
ity of the total precipitation for the year. These plants are 
all significantly more 2H enriched than the northern end of 
the transect, where a much smaller fraction of precipitation 
arrives from the monsoon. Data suggest that perennial spe-
cies with dimorphic rooting structure are able to use both 
surface roots for monsoonal moisture, which does not pen-
etrate the deeper soil, and deeper roots, which are able to 
obtain groundwater from winter precipitation and longer-
term accumulation. Our observations suggest that these leaf 
wax isotope ratios show a combination of source moisture 
that reflects monsoonal delivery and subsequent environ-
mental 2H enrichment from climate conditions on this arid 
gradient.
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