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Abstract The hydrogen (δDwax) and carbon (δ13Cwax) isotope compositions of long‐chain alkanes
derived from plant waxes record hydrological and environmental conditions. However, the integration of
plant n‐alkanes into the sedimentary cycle, the variability of δDwax and δ13Cwax in soils, and the
paleoclimate applicability in paleosols and archaeological sediments are poorly constrained. We sampled
plants and soils across a steep climate transect in Israel to understand how plant type and environmental
parameters shape δ13Cwax and δDwax. This transect has three advantages: existence of long‐term
precipitation isotopic composition (δDr) records, a single wet season potentially reduces variability due to
seasonality, and abandoned Byzantine period (~300–600 AD) agricultural terraces that reduce modern
and ancient soil mixing and provide age constraints. We find that soil δ13Cwax is constant (0.4‰, 1σ) across a
500‐ to 1,300‐mm/year rainfall gradient and appears insensitive to rainfall amount, unlike bulk plant
δ13C. The absence of a rainfall effect suggests that δ13Cwax may be better suited to reconstructing C3/C4 plant
ratios than bulk δ13C. Homologue average soil δDwax significantly correlate with δDr, and the offset
between δDr and soil δDwax (εapp) correlates with growing season relative humidity. The seasonality of leaf
production accounted for at most ~10% of total plant δDwax variability. Lastly, soil δDwax and δ13Cwax

variability is reduced by ~80% relative to plant δDwax and δ13Cwax variability. Our results show that soil
δDwax and δ

13Cwax faithfully record δDr and landscape C3‐C4 plant contributions and thus support the utility
of these proxy data in paleosols and archaeological sites.

Plain Language Summary The influence of climate on biological and social human evolution
has been an important research topic in recent decades. Isotopic analysis of leaf wax molecules from soil
horizons and sediments from paleontological and archaeological sites can potentially offer climatic and
environmental context directly associated with the sites. We conducted a calibration test across a climate
transect in Israel to understand how plant type and environmental parameters impact the isotopic
composition of leaf wax molecules in soils. Our results show that leaf wax carbon isotopes in soils are
constant in the range of 500 to 1,300 mm/year and thus are suitable for reconstructing the contribution of C3

and C4 plants to the soils. The leaf wax hydrogen isotopes in soils are correlated with the isotopic
composition of rainfall and the relative humidity of the growing season. Our results support the utility of
these proxy data in paleosols and archaeological sites.

1. Introduction

The influence of climate on biological and social human evolution has been an important research topic in
recent decades. Efforts have often focused on reconstructing the local climatic and environmental contexts
of central locations of human evolution (d'Alpoim Guedes et al., 2016; deMenocal, 2011; National Research
Council, 2010; e.g., Potts, 1996; Quade, 2014). Isotopic analysis of leaf wax molecules from soil horizons
(paleosols) and sediments from paleontological, paleoanthropological, and archaeological sites can
potentially offer climatic and landscape context directly associated with the archaeological record
(e.g., Magill et al., 2013; Uno et al., 2016). Leaf wax analysis can add to the existing environmental proxies
(e.g., δ13C and clumped isotopes in soil carbonates; Levin, 2015; e.g., Quade, 2014), pollen and
phytoliths (for recent compilation see Bonnefille, 2010) and lignin (Magill et al., 2016), and assist in
understanding the possible links between the environment and biological and cultural evolution.
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Carbon (δ13Cwax) and hydrogen (δDwax) isotopic compositions of long‐chain normal alkane (henceforth n‐
alkane) compounds in leaf waxes of terrestrial plants reflect the growth environment and phylogeny of
the plants (e.g., Diefendorf et al., 2011; Sachse et al., 2012). However, individual plants show considerable
δ13Cwax and δDwax variability even within species or plant functional type, and thus, plant δ13Cwax and
δDwax distributions contain significant variability uncorrelated with environmental parameters (e.g.,
Sachse et al., 2012). The n‐alkanes are durablemolecules; they withstand weathering and to some extent bac-
terial degradation (e.g., Chikaraishi & Naraoka, 2006; Nguyen Tu et al., 2011; Pond et al., 2002; Tuthorn
et al., 2015; Zech et al., 2011), and are incorporated into the sedimentary cycle and accumulate in soils
and lakes (e.g., Lichtfouse et al., 1998; Pedentchouk et al., 2006). Throughout this process, leaf waxes are
integrated over space and time, and soil δ13Cwax and δDwax variability is reduced. By the time leaf wax n‐
alkanes are deposited in lakes, the δDwax and δ13Cwax variability is reduced at least threefold in respect to
that of plant tissues, to an extent that δDwax shows a significant correlation with rainfall δD and can be
applied to study past climate (Garcin et al., 2012; Guenther et al., 2013; Hou et al., 2008; Polissar &
Freeman, 2010; Sachse et al., 2004). However, it is less clear where in the sedimentary cycle the homogeni-
zation process and variability reduction occurs, what processes are involved (Feakins et al., 2018; Huang
et al., 1997; Mazeas et al., 2002; Mendez‐Millan et al., 2014; Nguyen Tu et al., 2011; Zech et al., 2011) and
how well soil δ13Cwax and δDwax reflect the parent plant material (Chikaraishi & Naraoka, 2006; Garcin
et al., 2014). Specifically, we are interested in understanding where the homogenization process occurs
and to what extent the variability at the leaf and plant level is reduced in soils. Does it occur in the initial
phase of soil formation or does the integration require a larger spatial averaging that can only occur at lake
basin scales? This distinction is important: If a significant portion of the δDwax and δ13Cwax homogenization
occurs in the early phases of soil formation, then it would be possible to use soil δDwax and δ13Cwax to recon-
struct environmental and climatic signals from paleosols and archaeological sites.

Here we analyze leaf wax δ13Cwax and δDwax and chain length distributions across a strong climate and vege-
tation gradient to understand how environmental factors shape the leaf wax signal at the plant level, how
this signal is recorded in soils, and the uncertainty of this signal when applied to reconstruct environmental
conditions from paleosols. We conducted a field‐based test along a climate transect in Israel where rainfall
ranges from 70 to 1,300 mm/year and growing season relative humidity from 60% to 80%. The large climate
gradient, a single well‐defined rainy season, long‐term monitoring of water isotopes in rainfall, and ancient
agricultural terraces with defined ages make this region highly suitable to assess the controls and variability
of leaf wax δDwax and δ13Cwax in soils. This study contributes to the understanding of how the integration of
leaf wax molecules into soils shapes their relationship to environmental variables and the robustness of
using δDwax and δ

13Cwax in soils as climatic and environmental proxies. Quantifying the uncertainty of these
proxies will also improve the use of paleosols and sediments from archaeological sites to reconstruct
environmental conditions.

2. Background
2.1. Factors Affecting δ13Cwax

In plants using the C3 photosynthetic pathway, bulk leaf carbon isotopes (δ13Cbulk) vary as a function of CO2

concentration (e.g., Farquhar et al., 1982; Schubert & Jahren, 2012), annual rainfall (e.g., Diefendorf et al.,
2010; Kohn, 2010), and light levels (e.g., Graham et al., 2014). Plants using the C4 pathway have more posi-
tive carbon isotope values and are largely insensitive to the environmental parameters driving variability in
C3 plants (e.g., Farquhar et al., 1982; O'Leary, 1981). Leaf wax δ13Cwax is offset from bulk plant tissues
(δ13Cbulk) by about −8‰ (C4) to −3‰ (C3; Collister et al., 1994; Diefendorf & Freimuth, 2017; Tipple &
Pagani, 2010). This offset, εlipid, differs as a function of plant type (Chikaraishi & Naraoka, 2006), and varia-
tions of up to 10‰ have been shown (Diefendorf et al., 2011). Previous research indicates that δ13Cwax of C3

plants is moderately correlated with annual rainfall and relative humidity (Garcin et al., 2014) and altitude
(Feakins et al., 2018; Wu et al., 2017). δ13Cwax of C4 plants in a transect in Cameroon show no correlation
with rainfall or humidity (Garcin et al., 2014). Soil δ13Cwax from the Cameroon transect shows a weak sig-
nificant correlation with relative humidity (Schwab et al., 2015), and those from a transect in China show
an altitude effect similar to that in bulk δ13C (Wei & Jia, 2009). Whether these finding are applicable to
regions beyond those studied is something we investigate here.
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2.2. Factors Affecting δDwax

Across global data sets, rainfall δD (δDr) is the strongest predictor of δDwax (Aichner et al., 2010; Polissar &
Freeman, 2010; Sachse et al., 2004, 2006, 2012; Smith & Freeman, 2006). However, at the local scale, plant
type, leaf transpiration, and soil evaporation can modify the δDwax signal (Kahmen et al., 2013; Sachse
et al., 2012; Tipple et al., 2014). Different plant types exhibit distinct offsets from rainfall δD and are an
important factor to consider when interpreting fossil δD values. Evaporation of source water prior to uptake
by plants can result in more positive δDwax values, and leaf‐level transpiration driven by water vapor pres-
sure deficit enriches leaf water δD and δDwax. The observed natural variability of the offset between δDwax

and δDr in plants is >50‰ (Sachse et al., 2012). At the plant‐functional‐type level, variability decreases to
~30‰ and drops further to 10–30‰ in lake sediments (Garcin et al., 2012; Hou et al., 2007; Polissar &
Freeman, 2010). Here we evaluate how plant‐level variability is related to the integrated signal in soils across
a large gradient in rainfall amount and vegetation type.

2.3. Chain Length Distribution Variability

The distribution of plant‐wax n‐alkanes have been proposed to respond to environmental parameters (Bush
&McInerney, 2015; Howard et al., 2018; Sachse et al., 2006; Schefuß et al., 2003; Vogts et al., 2012) and plant
type (e.g., Bush & McInerney, 2013; Garcin et al., 2014; Rommerskirchen et al., 2006; Vogts et al., 2012).
Though a large compilation of observations has not found such relations at a global scale (Bush &
McInerney, 2013), at the continental scale, meaningful relationships may still be significant (e.g., Bush &
McInerney, 2013; Vogts et al., 2012). Here we examine the utility of leaf wax distributions in paleoclimate
reconstructions by measuring leaf wax distributions in plants and soils across a large climate gradient.

2.4. Possible Sources of Uncertainty in Plant Wax Calibration Data Sets

Three important factors likely affect leaf wax signals and may not be resolved in many existing calibration
data sets: the seasonality of leaf wax production and rainfall, measurements of rainfall δD, and the time inte-
grated in modern sediments.
2.4.1. Seasonality
The amplitude of the seasonal rainfall cycle and δDr and timing of leaf production within the growing cycle
of the plant have been proposed as important contributors to δDwax, δ

13Cwax, and chain length distribution
variability (Berke et al., 2015; Collins et al., 2013; Freimuth et al., 2017; Schwab et al., 2015; Tipple et al.,
2013). To address this issue, we chose a sampling location that has only one rainy season and a largemajority
of the plants produce their leaves during or directly after the rainy season.
2.4.2. Rainfall δD Values
The δD of rainfall is one of the essential parameters in calibration data sets. Previous research has used
model data (Berke et al., 2015; Kahmen et al., 2013; Peterse et al., 2009; Sachse et al., 2006), limited rainfall
sampling (e.g., Garcin et al., 2012; Schwab et al., 2015), river, soil, and groundwater observations (e.g., Jia
et al., 2008; Sachse et al., 2006; Schwab et al., 2015), xylem water (e.g., Feakins & Sessions, 2010), and leaf
water (Freimuth et al., 2017) as the source water for calculating δDwax fractionation. Using model extrapola-
tions as the basis for δDr can be a source of error (e.g., Feakins & Sessions, 2010) that may increase the appar-
ent variability of δDwax fractionation. Limited temporal observations can result an inaccurate assessment of
the δDr mean value. To reduce these possible sources of uncertainties, here, sampling was conducted
adjacent to rainfall monitoring stations that have been measuring the isotopic composition of rainfall for
~20 years and thus provide a well‐constrained δDr mean value (Figure 1).
2.4.3. Age of Modern Samples
Leaf wax calibration studies of sediments (soils, lake, and ocean sediments) assume a modern age for the
calibration samples. However, it can often be difficult to quantify the time integrated in a modern sediment
sample because vertical mixing and accumulation rates are not always known. In soils, sampling of unstable
landforms or soils of unknown age may be a source of uncertainty due to mixing of soils of different ages. To
reduce this possible source of variability, we sampled abandoned agricultural terraces built during the
Byzantine period (~300–600 AD). These terraces are wide and flat step‐like structures that reduce soil move-
ment and mixing and enable attribution of the upper 2‐cm soil horizon as modern or submodern (<1.7 ka).
We cannot rule out the possibility that old soils and/or windblown material have been mixed into the soils;
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however, we argue that sampling abandoned terraces substantially reduces this mixing and thus is the clo-
sest natural test representing the local in situ leaf production and soil formation.

3. Study Area
3.1. Climate and Geography

The eastern Mediterranean has warm‐dry summers and cold‐wet winters. Rainfall occurs almost exclusively
during October to April, with most rainfall falling between December and February (Ziv et al., 2006). The
topography of Israel can be divided into three areas fromwest to east: the coastal plain, a north‐south moun-
tains region, and the Dead Sea Valley (Figure 1). Precipitation generally correlates with temperature and
altitude, where higher precipitation falls at higher and colder elevations (Figure 1). In addition, temperature
decreases and rainfall increases from south to north (Figure 1), where the southern part of Israel lies in the
global desert belt and the northern part has a Mediterranean climate. The Dead Sea Valley is a local rain‐
shadow desert.

3.2. Vegetation

From a photosynthetic pathways perspective, ecosystems in Israel are divided into two main regions, a pure
C3 ecosystem in theMediterranean region and amixed C3/C4 (~75% C3) ecosystem in the desert areas (Vogel
et al., 1986; Winter & Troughton, 1978). The common C4 plants in Israel are dicots and not monocot grasses
as is common in other places in the world and thus pose an interesting question regarding their δDwax and
δ13Cwax signals. Hartman and Danin (2010) measured bulk plant δ13C along a similar transect to that pre-
sented in this paper, albeit at different sites. They conclude that bulk δ13C of C3 plants is significantly corre-
lated with rainfall amount (though, r2 = 0.14) and bulk δ13C of C4 plants are not correlated with rainfall
amount. Similar findings have been reported elsewhere for C3 (e.g., Diefendorf et al., 2010; Kohn, 2010,)
and C4 plants (e.g., Peisker & Henderson, 1992).

Figure 1. Annual rainfall map of the study area, with sampling sites (triangles) and rainfall stations (plus sign). Eastern Mediterranean and study sites (bottom
right). Correlation between annual rainfall and the δDr, black line and r2 are only Mediterranean sites (from Goldsmith et al., 2017), and gray dashed line and
r2 are all sites (top right).
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3.3. Isotopic Composition of Precipitation

The isotopic composition of rainwater in Israel has been monitored at 12 stations by A. Ayalon and M.
Bar‐Matthews from the Geological Survey of Israel over the past ~20 years (Ayalon et al., 2004;
Goldsmith et al., 2017) and at two stations (Beit Dagan and Har Canaan) by J. Gat in the 1970s to
1980s. These monitoring stations span almost the entire length of Israel; they have a precipitation range
of 40 to 1,300 mm/year (Figure 1) and an elevation range 0 to 1,400 m above sea level. The resolution
(daily/monthly) and amount of years measured vary between sites (full details in Goldsmith et al., 2017).
The long‐term isotopic composition of precipitation in Israel is governed primarily by the isotopic composi-
tion of the Mediterranean sea surface, normalized humidity over the Mediterranean (i.e., relative humidity
normalized to sea surface temperature), and sea surface to land temperature gradient that drives the distilla-
tion effect. The average isotopic composition of rainfall in Israel shows high correlationswith rainfall amount
(r2 = 0.9 for δD; Figure 1), altitude (r2 = 0.85), and distance from the ocean (r2 = 0.58; Goldsmith et al., 2017).
The distances from the sea, elevation, temperature, and latitude are all correlated, all driving the isotopic
composition in the same direction. In addition, the short transport distance (<100 km) prevents significant
moisture recycling. δDr in sites located in the desert region is affected by evaporation during the rain event,
which does not affect sites located in the Mediterranean region. This high temporal and spatial resolution of
δDr together with a large rainfall gradient make it ideal for constraining the interpretation of δDwax of
different environments.

4. Methods
4.1. Sampling Methods

Using the archaeological literature, we located Roman‐Byzantine sites within a radius of ~5 km from each
modern rainfall monitoring station (see Appendix A in the supporting information for full site descriptions).
Throughout the paper, we divide the sites into Mediterranean sites (n = 8) where rainfall is >400 mm/year
and δr falls on the East Mediterranean meteoric water line (Goldsmith et al., 2017) and desert sites (n = 4)
where rainfall is <400 mm/year and δr shows evaporative enrichment during rainfall events. Using air
photos, we located agricultural terraces in an area of a few hundred meters around the archeological sites
and assumed the terraces date to the time of the archaeological sites. At each site, we chose the least dis-
turbed terrace (e.g., flat, not cut by gullies and supporting walls intact) and dug a soil pit into the sediments
confined by the terrace wall (assuming that this is themost protected area). The pit was dug to the bedrock or
to the top of the archaeological horizon. The soil section was logged and described according to standard U.S.
soil description terminology and methods (Soil Survey Staff, 1999). Most of the profiles showed no real soil
horizons, indicating that these are very young and immature soils. Therefore, rather than using the standard
term horizon, the profiles were divided into units based on color or structure changes. The top 2–3 cm of each
soil profile were sampled. Plant material was sampled from the most abundant plants within a radius of
<10 m from the soil section. One to four leaf samples of different plants were collected at each site. For each
tree or shrub sample, ~20 leaves from various parts of the same plant were collected. Grasses were collected
whole from a few (n= 5 to 10) adjacent individual plants. Each sample was placed in aluminum foil, labeled,
sealed, and placed in a marked zip‐lock bag. In the lab, the plants were identified using the Flora of Israel
Online (http://flora.org.il/en/avinoam‐danin‐2/, accessed October 2015) and flowering season was noted.
Sampling was conducted in summer of 2013; during this season the annual plants were dry, and therefore,
not all plants could be identified to the species level (Table S2‐4).

4.2. Laboratory Procedures

The soils were lyophilized overnight (−70 °C at 50 × 10−3 mb). All roots and visible plant material were
removed. Organic molecules were extracted from ~30 g of soils using a Dionex Accelerated Solvent
Extractor 350 with 60‐ml extraction cells. We used 9:1 dichloromethane:methanol (DCM:MeOH v/v) for
the extraction and four 10‐min static cycles at 100 °C with a flush volume of 150%. The number of cycles
and hold time were needed to completely extract n‐alkanes from the soils.

The plants were lyophilized overnight (−70 °C at 50 × 10−3 mb). The plants were dry, and the leaves
appeared unblemished, so no additional cleaning was done. The organic molecules were extracted from
~0.5 g of dried leaves using hexane by ultrasonic agitation. Samples were sonicated three times for

10.1029/2019JG005149Journal of Geophysical Research: Biogeosciences

GOLDSMITH ET AL.

http://flora.org.il/en/avinoam-danin-2/


20 min. After each round of sonication, the extract was removed and replaced with fresh hexane. The three
extracts were combined to form the total lipid extract (TLE).

To trace possible sample loss throughout the procedure and to quantify n‐alkane concentration, 2,000 ng of a
laboratory standard (5α‐androstane) was added to each soil and plant TLE.

Solvent from the TLE extraction (Accelerated Solvent Extractor and sonication) was evaporated under a
stream of N2, and the TLE was separated by solid‐phase extraction into hydrocarbon, ketone, and polar frac-
tions using silica gel columns. The column was prepared in a Pasteur pipette with a DCM‐treated glass wool
plug and 0.5 g of silica gel (60 Å pore size, 70–230 mesh). Hydrocarbons were eluted from the column with 4
ml of hexane; ketone, ester, and aromatic compounds were eluted with 4 ml of dichloromethane; and polar
compounds were eluted with 4ml of methanol. The hydrocarbon fraction containing the n‐alkanes was used
for further analysis.
4.2.1. n‐Alkane Quantification
n‐Alkanes were analyzed on an Agilent 7890A GC equipped with both a mass selective detector (5975C
MSD) and flame ionization detector at the Lamont‐Doherty Earth Observatory Organic Geochemistry
Laboratory. The oven temperature was set at 60 °C (1.5‐min hold) ramped to 150 °C at 15 °C/min, then
ramped to 320 °C at 4 °C/min and held for the duration of the analysis. n‐Alkane abundances were quanti-
fied using the MSD peak area normalized to the 5‐α‐androstane internal standard. We corrected for
molecular‐dependent changes in ionization efficiency using a standard mixture of nC8‐nC40 n‐alkanes
and 5a‐androstane that was analyzed repeatedly during the sample analyses.
4.2.2. Hydrogen and Carbon Isotope Measurements
Hydrogen and carbon isotope measurements were conducted in the Organic Geochemistry Laboratory at
Lamont Doherty Earth Observatory on a Thermo DeltaV coupled to a Thermo Trace GC through a
Thermo IsoLink and ConFlo IV. Eluting compounds were pyrolized to hydrogen gas at 1420 °C in an empty
alumina tube conditioned with two 0.5‐μl aliquots of hexane (Burgoyne & Hayes, 1998). Evolved gases were
introduced to the IRMS (isotope ratio mass spectrometer) through an open split in the ConFlo IV. A cali-
brated laboratory reference gas was injected at the beginning and end of each GC run and used to assess iso-
tope drifts throughout the run. A molecular mixture with known isotopic values (Mix A5 supplied by Arndt
Schimmelmann, University of Indiana) was injected between groups of 5–10 samples and used to correct the
isotope values to the VSMOW (Vienna Standard Mean Ocean Water) scale.

To assess hydrogen isotope drift throughout the life of the reactor, a drift sample was run a few times at the
beginning of a reactor and then between every five samples. We found that the isotopic values of a new reac-
tor stabilize after ~5–10 injections. Throughout the sequence of analyses, the isotopic value of nC29 and nC31

in the drift sample was monitored and compared to their isotopic values at the beginning of the reactors life
after the isotopic values had stabilized. Samples were corrected based on the trend of nC29 and nC31 δDvalues
in the drift sample from their stabilized isotopic value. An H3

+ factor determination was run between every
5–10 samples, and samples were corrected for H3

+ using the Isodat software (Sessions et al., 2001). Hydrogen
sampleswere converted to theVSMOWscale using the average isotope values of all compounds in theMixA5
standard (supplied by Arndt Schimmelmann, Indiana University, Bloomington, IN). The standard deviation
of the mean of the reference gas molecules was larger than the analytical uncertainty (case 2 in Polissar &
D'Andrea, 2014); therefore, laboratory reference gas uncertainty is quantified using the standard deviation
of the means of the reference gas uncertainty (Table S1). For hydrogen, we used GC peak areas greater than
20 V/s (which corresponds to greater than ~200 ng per peak on our system). This minimum peak area cutoff
was chosen because below this peak size there was an increasingly large size effect on peak δD values.

For the plants, carbon isotopes were converted to VPDB scale using the average isotope values of all com-
pounds in the Mix A4 standard (supplied by Arndt Schimmelmann, Indiana University, Bloomington, IN).
Uncertainty was calculated the same way as hydrogen and GC peak sizes ranging 3–300 V/s were used, cor-
responding to 6 to 600 ng per peak (Table S1). For the soils, Mix A4 andMix F8 were used to convert to VPDB
scale. Only one GC analysis wasmade for each sample. Analytical uncertainty for these samples (0.35‰) was
determined based on average results from a larger sample set analyzed at the same time as the soil samples.

Isotope ratios and analytical uncertainty were calculated using the method of Polissar and D'Andrea (2014).
In short, the method calculates the measurements for isotope drifts throughout the life of the reactor,
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converts the values to VSMOW or VPDB scales, and calculates the total uncertainty of the measurements
including both analytical uncertainty and the uncertainty associated with realizing the VSMOW and
VPDB scales.

4.3. Climate Data
4.3.1. Isotopic Composition of Rainfall
We used the weighted average isotopic composition of rainfall from Goldsmith et al. (2017; see paragraph
3.3) and added an additional site (Har Canaan) from the WISER database (http://www‐naweb.iaea.org/
napc/ih/IHS_resources_isohis.html, accessed September 2015).
4.3.2. Rainfall Amount
Average annual rainfall data (1981–2010) were acquired from the Israel Meteorological Service (http://www.
ims.gov.il/IMS/CLIMATE/ClimaticAtlas/RainNormals.htm, accessed September 2015). Ten of the sites
have rainfall stations within 5 km of the sampling locations. Data for Alon and Hermon were acquired from
the Israel Rainfall Atlas (http://www.ims.gov.il/IMS/CLIMATE/ClimaticAtlas/RainMaps.htm accessed
March 2016).
4.3.3. Temperature
The temperature data are from Goldsmith et al. (2017). We added one additional site (Har Canaan)
from the Israel Meteorological Service database (http://www.ims.gov.il/IMS/CLIMATE/ClimaticAtlas/
TempNormals.htm, accessed September 2015).
4.3.4. Relative Humidity
Monthly averages of hourly relative humidity (RH) from 1995 to 2009 were used for the analysis.
The data were acquired from the Israel Meteorological Service (http://www.ims.gov.il/IMS/CLIMATE/
ClimaticAtlas/Relative+humidity+1995‐2009.htm, accessed March 2016). Seven of 12 sampling sites
have a RH monitoring station in close proximity (<5 km). Four additional sites have RH monitoring
station in a 20‐km radius from them, located at similar elevation and longitude. One site (Alon) does
not have RH data (see Table 1).
4.3.5. Potential Evapotranspiration and Aridity Index
Monthly and annual potential evapotranspiration (PET) data were extracted from Zomer et al. (2008) for
each site. The aridity index (AI) was calculated as precipitation/PET.

Temperature, RH, PET, and AI data were averaged for each plant sample location based upon the flowering
months (in the absence of data regarding leaf production months we assume that the flowering months are
similar to leaf production months). Plants that were not identified were assigned December‐January‐
February (DJF) data based upon the overall most common growing season in this region. The Hermon site
is an exception because it is covered by snow most of the winter; we used FMA data for the growing season
at this site.

5. Results
5.1. n‐Alkane Concentration

n‐Alkane distributions in soils and plants are characterized by an odd‐over‐even pattern with higher abun-
dances of longer chain lengths, where nC31 and nC29 are the most abundant homologues. Total plant
n‐alkane concentrations (nC21–nC37) vary over 3 orders of magnitude (25,000–1,200,000‐ng/g dry weight;
Table S2‐1). In general, C3 plants have higher concentrations than C4 plants. Total n‐alkane concentrations
(nC21–nC37) in the soils range from 3,500–23,000 ng/g and 450–2,200 ng/g inMediterranean and desert soils,
respectively. The differences between these soil groups is likely explained by both lower concentrations of C3

versus C4 and fewer plants on the landscape at the desert sites compared to the Mediterranean region.

5.2. n‐Alkane Chain Length Distributions
5.2.1. Distributions of C3 and C4 Plants and Soils
We conducted a cluster analysis to understand the relationships between n‐alkane distributions. We normal-
ized the compound concentrations to a unit sum, performed hierarchal clustering using Euclidean distance,
and present the results as a dendrogram for C3 plants, C4 plants, and soils (Figure 2 and Appendix C in the
supporting information for plots of all samples). For each group in each dendrogram we created a boxplot
showing the average chain length distributions (Figure 2).
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The C3 plant dendrograms shows that they can be divided into three distinct groups based on their chain
length distributions (Figure 2). The most abundant C3 group, Type #1, is dominated equally by nC29 and
nC31, similar to distributions in woody angiosperms (Bush & McInerney, 2013). Group #2 is dominated by
nC29 and group #3 by nC31. The dendrogram groupings do not correlate with plant type, group, family, or
growth habit. In some cases, plants of the same species sampled at different locations fall into different
dendrogram groups.

The C4 plant dendrogram shows that four of the five C4 are plants characterized by high abundances of nC27

and nC29 (Group 2). This C4 distribution differs from the higher abundances of nC31–nC35 in African C4

plants (e.g., Bush & McInerney, 2013; Garcin et al., 2014; Rommerskirchen et al., 2006; Vogts et al., 2012)
and could reflect that these Israeli plants are C4 dicots rather than the dominantly C4 monocots in the
African data set. Group 1 is only composed of the cactus Opuntia ficus‐indica, which is a Crassulacean
Acid Metabolism (CAM) plant that shows high abundance of nC33 and nC35, similar to succulents described
in Bush andMcInerney (2013). While there is a need to investigate the CAM plants separately, as the δ13Cwax

and δDwax of the single CAM plant that we analyzed fall within the range of the C4 plants, we feel that for the
purpose of this work it is reasonable to group the CAM with the C4 plants.

Table 1
Sampling Site Data

Site Coordinate Elevation Rainfall DJF temperature DJF PET DJF RH δDr

Number Name N E (m asl) (mm/year) (K) (mm per 3 moths) (%) (‰)

1 Hermon 33.27398 35.75821 1,337 1,300 278.1 102 72 −34.8
2 Har Canaan 33.02356 35.49748 858 671 281.9 115 77 −29.3
3 Peki'in 32.98272 35.3158 650 585 283.7 129 68 −29.3
4 Michmanim 32.88376 35.38066 157 590 284.3 159 68 −29.2
5 Haifa 32.79204 34. 97167 102 539 287.1 158 66 −25.6
6 Beit Dagan 31.96735 34.90578 50 520 287.1 183 72 −18.6
7 Soreq 31. 75327 35.02987 400 509 285.0 162 66 −22.4
8 Jerusalem 31.7857 35.17076 815 691 282.8 145 63 −28.1
9 Alon 31.80058 35.33009 290 400 285.9 172 NaN −19.3
10 Arad 31.23727 35.21481 558 129 284.1 163 64 −14.4
11 Beer Sheva 31.24406 34.89974 353 195 285.7 174 68 −13.5
12 Mitzpe ramon 30.6199 34.7867 828 69 282.5 152 59 −13.6

Note. Abbreviations: DJF—December, January, and February growing months; PET—potential evapotranspiration; RH—relative humidity.

Figure 2. Top: dendrograms of C3 and C4/CAMplants and soils. The notation below each branch represent site # (number) + plant # (letter), + Dicont/Monocot, +
growth form (Forb, Shrub, Tree, and Graminoid), + group number (number; e.g., “1c, D, F, 2” is site number 1 (Hermon), c is the third plant in site 1; it is a Dicot
Forb and is in group number 2). Bottom: chain length distribution of each of C3 and C4/CAM plants and soils groups.
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The soils dendrogram shows that all soil distributions are highly similar
compared to the plants (maximum distance ~20 compared to >60), and
the twomajor groups (which would be grouped together in the plants ana-
lysis) are both dominated equally by nC29 and nC31. The boxplot shows
that variability in the normalized chain length distribution of soils is
small, as expected from the clustering dendrogram. The soil chain length
distribution is similar to the chain length distribution of Group #1 in the
C3 plants.
5.2.2. Chain Length Distribution Indexes
Indices that describe the distribution of n‐alkane homologues provide a
simplified means to summarize such distributions. Here we examine the
commonly used average chain length (ACL) and carbon preference index
(CPI; using equations from Tipple & Pagani, 2013). In addition, we also
evaluated the nC29/nC31 ratio, which are the key homologues driving
the changes in the dendrograms in Figure 2. The distribution of these

three chain length distribution indexes was evaluated for C3 plants, C4 plants, Mediterranean soils, and
desert soils. The CPI is overall high and not systematically different between any of these groups; however,
within group variability it is greatly reduced in the soils compared to the plants (Figure 3). The results that
describe chain lengths (ACL and nC29/nC31) reinforce the groupings exhibited in the dendrogram analysis
(Figure 3): C4 plants have lower ACL and higher nC29/nC31 compared to C3 plants, while the soils are more
similar to the C3 rather than the C4 plants. Within group variability of the soils is also greatly reduced for
ACL and nC29/nC31 (Table 2).

5.3. Plant and Soil δ13Cwax

5.3.1. δ13Cwax Results
Plant nC29 δ

13Cwax show values typical for C3 (−34.0 ± 2.2‰, range: 8.6‰, n = 26) or C4 (−22.6 ± 1.3‰,
range: 3.5‰, n = 5) values (Figure 4, Tables 2 and S2‐3, Figure S13, and Appendix C in the supporting infor-
mation for plots of all samples). These values are essentially identical to the Tipple and Pagani (2010) mean
values of C3‐33.1‰ and C4‐21.7‰, once δ13Cwax is corrected for a−0.7‰ change in atmospheric δ13C of CO2

(−7.8‰ in Tipple & Pagani, 2010, versus−8.5‰ in 2014—from Scripts CO2 program: http://scrippsco2.ucsd.
edu/, accessed February 2018). The δ13Cwax values of C3 plants are similar across different growth forms
(Figure S13). The Mediterranean soils have an average of −35.6 ± 0.4‰ and a range of 1.1‰ (Figure 4 and
Table 2). The desert soils have an average of −33.4 ± 0.5‰ and a range of 1.1‰ (Figure 4 and Table 2).

Plant δ13Cwax homologues are highly correlated with each other (r2 values from 0.5 to 0.9 Table S2‐2) , while
soil δ13Cwax homologues are only weakly correlated (Table S2‐2). Soil δ13Cwax variability of all homologues is
greatly diminished with respect to plant δ13Cwax. In theMediterranean area that only contains C3 plants, the
range of soil δ13Cwax is tenfold smaller than that of the plants, indicating that homogenization during the
integration process of plant alkanes into soil is an extremely efficient process and possibly the sourcing
and mixing of plants into soil mixtures is similar between sites. We do not find an enrichment of soil
δ13Cwax when compared to plant δ13Cwax as has been suggested previously (Chikaraishi & Naraoka, 2006;
Nguyen Tu et al., 2004).

The δ13C of the nC27 homologue is more positive than other homologues in both desert and Mediterranean
soils. In our data set, C4 plants have more abundant nC27 than C3 plants; therefore, more enriched nC27

values could reflect increased contributions from C4 plants to the nC27 homologue. While this explanation
may be correct for desert soils where C4 vegetation is present, many of the Mediterranean sites do not have
any C4 plants present. Additional sources of n‐alkanes not measured here, such as soil microbes, could con-
tribute to shorter homologues, and it remains uncertain why the Mediterranean soils have more enriched
nC27 homologues.

5.4. Plant and Soil δDwax

5.4.1. δDwax Results
Plant δDwax shows a range of ~100‰ along a 20‰ δDr rainfall gradient (Figure 5a). Such a large range agrees
with previous published data (Berke et al., 2015; Sachse et al., 2012), underscoring the complex processes

Figure 3. Boxplot of CPI, ACL, and nC29/nC31 (note log scale for y axis
in nC29/nC31 plot) showing median (bold line), middle quartiles (box),
range (vertical dashed lines), and outliers (open circles) of C3 and C4 plants
and Mediterranean and desert soils.
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involved in the fractionation process (Sachse et al., 2012). Partitioning the data based upon growth habit
shows that trees group in a relatively narrow range (~30‰), while shrubs, forbs, and graminoids show a
much larger range (Figure 5a).

Soil δDwax shows a range of 40‰ although excluding the driest site decreases the range to 15‰ and 20‰ for
nC29 and nC31, respectively. This range is almost an order of magnitude smaller than the range of plant
δDwax and is similar to the range of δDr. Soil δDwax values fall within the range of plant δDwax

(Figure 5b). These results differ from previous studies that find that soil δDwax is depleted from that of plants
(Chikaraishi & Naraoka, 2006).

There is a high correlation between plant δDwax nC27, nC29, and nC31 homologues (r2 > 0.8; Table S2‐3).
Plant δDwax nC33 is correlated with the other three homologues albeit to a lesser degree (r2 > 0.45; Table
S2‐3). The correlation between soil δDwax homologues is lower than that of the plants (r2 from 0.5 to 0.75;
Table S2‐3). This suggests that the isotopic composition of the different homologues in individual plants is
derived from the same isotopic hydrogen pool, whereas soil δDwax is an integration of many plants with dif-
ferent chain length distributions, decreasing the correlation between homologues.

6. Discussion
6.1. Environmental Controls on δ13Cwax

To test the possible environmental control on δ13Cwax of C3 and C4 plants and soils, homologues nC27

through nC33 were regressed against annual rainfall, DJF temperature, DJF relative humidity, and relative
humidity of floweringmonths. No significant correlation was found between plant or soil δ13Cwax and any of
these parameters (Table S2‐2). These results indicate that in areas that contain only one growing season, the
major process affecting δ13Cwax is the photosynthetic pathway and that even in these areas plant δ13Cwax

variability is still large. The large plant δ13Cwax variability indicates that there are probably additional minor
microenvironmental processes (e.g., slope, shade cover, size, and depth of roots) or differences in the fractio-
nation between leaf δ13C and δ13Cwax affecting the isotopic value. Soil δ

13Cwax shows a near‐constant value
of−35.6‰± 0.4‰ in theMediterranean region that spans an 800‐mm/yr rainfall gradient and shows no cor-
relation with environmental parameters.

In the desert region that contains both C3 and C4 plants, soil δ13Cwax is enriched compared to the
Mediterranean soils. Surprisingly, soil δ13Cwax in the desert region is more depleted (~2‰) than any of
the C3 plants sampled there. The reason for this is unclear. One possibility is that there have been changes
in vegetation at the sites and the vegetation we sampled does not reflect the time‐integrated contributions to
the soils. Another option is that the agricultural terraces were used to growC3 plants (e.g., wheat and barley);
and therefore, the soil δ13Cwax is a mixture of modern and ancient vegetation. Radiocarbon dating of the soil
organic matter and n‐alkanes could potentially address this question but is beyond the scope of this study.

It has been suggested (Diefendorf et al., 2010; Kohn, 2010; Kohn, 2016) and debated (Schubert & Jahren,
2012) that bulk δ13C (δ13Cp) in C3 plants and organic matter in soils responds to mean annual precipitation.
Thus, it is of interest to evaluate whether soil δ13Cwax responds in a similar manner. Diefendorf et al. (2010)
showed a logarithmic relation between carbon isotope discrimination (leaf, the difference between plant δ13C
and δ13C in atmospheric CO2; Farquhar et al., 1989) in C3 plants and mean annual precipitation:

leaf ¼ 5:54 ±0:22ð Þ×log10 MAPð Þ þ 4:07 ±0:7ð Þ (1)

where MAP is mean annual precipitation, the standard error is in parentheses, and leaf is (after Farquhar
et al., 1989):

leaf ¼ δ13CCO2−δ13Cp
! "

= 1þ δ13Cp=1; 000
! "

(2)

where δ13CCO2 is δ
13C in atmospheric CO2. We used the 2014 δ13CCO2 value of −8.4‰ (Keeling et al., 2010,

http://scrippsco2.ucsd.edu/, accessed, 5, 2019).

To compare our results of soil δ13Cwax versus mean annual rainfall with the Diefendorf et al. (2010) relation-
ship, we converted δ13Cp in their model to nC29 δ

13Cwax using (after Chikaraishi et al., 2004)
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εp−wax ¼ δ13Cwax þ 1; 000
! "

= δ13Cp þ 1; 000
! "

−1
# $

×1; 000: (3)

As the majority of our plants are shrubs and forbs, we used a fractionation factor (εp‐wax) of −7.4‰
(Diefendorf & Freimuth, 2017).

We also evaluated the relationship in Israel between δ13Cp and mean annual precipitation using the δ13Cp

data measured along a similar transect in Israel (Hartman & Danin, 2010). We replotted the original data
and converted it to leaf (Farquhar et al., 1989) using the 2007 (original year of sampling) δ13CCO2 value of
−8.1‰ (Keeling et al., 2010) and calculated the trend line of the data (R2 = 0.36, p < 0.005):

leaf Israelð Þ ¼ −0:86*ln MAPð Þ þ 14:37 (4)

where MAP is mean annual precipitation. To compare Hartman and Danin (2010) data to ours, we con-
verted leaf (Israel) to δ13Cp using the 2014 δ13CCO2 value and converted it to angiosperms δ13Cwax using
equation (3).

Figure 4 shows the Diefendorf et al. (2010) and Hartman and Danin (2010) trend lines converted to δ13Cwax.
Over the rainfall range of theMediterranean sites (1,300–500mm/year) the Diefendorf et al. (2010) data span
~2‰, whereas the Hartman and Danin (2010) data span ~0.8‰.

Comparing themeasuredMediterranean soil δ13Cwax and δ
13Cwax predicted from the Diefendorf et al. (2010)

andHartman and Danin (2010) δ13Cp relationships shows that soil δ
13Cwax along the presented transect does

not respond to changes in mean annual rainfall as does δ13Cp.

Plant and soil δ13Cwax of both C3 and C4 plants are also not correlated with rainfall, growing season tempera-
ture, or elevation. There are two options to explain this observation. The first and more plausible is that a
significant portion of the growth phase occurs during the rainy season, and therefore, there is no water
stress/aridity effect (see Tipple et al., 2013, for similar results for δDwax). The second is that plant δ13Cwax

Figure 4. Top: Boxplot of nC27‐nC33 δ
13Cwax for C3 plants, Mediterranean soils, C4 plants, and desert soils. Bottom, left: correlation between nC29 δ

13Cwax and
mean annual rainfall, linear trend line for Mediterranean soil nC29 δ

13Cwax (black line), and predicted angiosperm and standard error (dashed line) for nC29
δ13Cwax using the relation between bulk δ13C and mean annual rainfall (Diefendorf et al., 2010) converted to nC29 δ

13Cwax assuming a constant offset with
bulk tissue values (Diefendorf & Freimuth, 2017; gray lines). The blue line is the predicted nC29 δ

13Cwax using the Hartman and Danin (2010) bulk plant δ13C trend
line extrapolated over the full range. Bottom, right: correlation between nC29 δ

13Cwax and relative humidity.

10.1029/2019JG005149Journal of Geophysical Research: Biogeosciences

GOLDSMITH ET AL.



is not affected by water stress. We favor the first option based on prior research showing that regions with
more than one rainy season show a small water stress effect (Garcin et al., 2014; Schwab et al., 2015).

It has been suggested that soil δ13Cwax reflects the relative proportions of C3 versus C4 plants on the land-
scape (e.g., Lichtfouse et al., 1994; Lichtfouse et al., 1997) and is thus a proxy for these proportions on ancient
landscapes (e.g., Ficken et al., 1998; Magill et al., 2013; Uno et al., 2016). Our results show that soil δ13Cwax in
exclusively C3 plant habitats is insensitive to rainfall amount, unlike bulk leaf tissue. Therefore, soil δ13Cwax

should be unaffected by the uncertainty due to possible changes in rainfall amount that affects bulk δ13C.
This suggests that soil δ13Cwax is possibly a better recorder of C3/C4 plants on the landscape than bulk
δ13C. However, as our soil δ13Cwax data from the desert soils show a pure C3 signal (see discussion above),
we cannot use these data to validate this suggestion. The soil leaf wax pool reflects the flux‐weighted com-
position of different sources that could also affect how C3/C4 contributions are recorded (see section 6.4).
Further calibration work will be needed to substantiate this observation.

6.2. Environmental Controls on δDwax

Prior studies have shown that δDwax is primarily governed by the isotopic composition of rainfall (δDr), eva-
poration and evapotranspiration, and vegetation type (Sachse et al., 2012). To test the possible environmen-
tal control on plant and soil δDwax, the δD of nC27–nC33 were regressed against δDr, annual rainfall amount,
DJF temperature, DJF relative humidity, relative humidity of flowering months, and potential evapotran-
spiration during the growing months. δDwax values of C3 plants do not show significant correlation to any
of these parameters. Some of the δDwax homologues of C4 plants show a correlation (albeit p < 0.1) with
some of these parameters (Table S2‐3), most noteworthy is nC31 that shows a significant correlation with
δDr, annual rainfall, and DJF RH. However, these results should be considered tentative as only five C4

plants were sampled.

Figure 5. (a) Compilation of plant nC29 δDwax versus δDr; larger symbols indicate plants measured in this research,
and smaller borderless symbols are from Sachse et al. (2012). Apparent fractionation factors of −80‰ and −160‰ are
added for context (black lines; see paragraph 6.2.1 for details). (b) Plant (diamond) and soil (square) average δDwax versus
δDr from the Israel transect. Apparent fractionation of −120‰ is provided for context (gray dashed line).
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Soil δDwax shows significant correlation (p < 0.1) with δDr for nC27, nC29, and nC31 (r
2 = 0.64, 0.3, and 0.31,

respectively), with relative humidity for nC27, nC29, and nC31 (r
2 = 0.69, 0.43, and 0.43, respectively), while

annual rainfall amount shows significant correlation with nC27 and nC31 (r
2 = 0.53 and 0.3, respectively;

Table S3). The slope of the correlation between soil δDwax and δDr is 1.25, which is larger than expected
(e.g., for εapp = −120‰ and −140‰, the expected slope would be 0.88 and 0.86, respectively; Polissar &
Freeman, 2010) and will be discussed in paragraph 6.2.1. Winter temperatures do not show any correlation
with any of the homologues. The soil samples were further divided into Mediterranean and desert sites, and
soil δDwax from each region was evaluated against the above parameters. For the individual groups, none of
the homologues show a significant correlation with any of the environmental parameters.

It has been proposed that averaging the isotopic composition of the various homologues results in better
correlation with environmental parameters (e.g., Feakins & Sessions, 2010; Kahmen et al., 2013). We
examined three δDwax averaging methods: (a) average δDwax of odd nC25–nC35, (b) amount‐weighted
average δDwax of odd nC25–nC35, and (c) amount‐weighted average δDwax of odd C27–C31 (after
Feakins & Sessions, 2010). Average soil δDwax using the three averaging methods are significantly corre-
lated (p < 0.03) with δDr (r

2 = 0.64, 0.40, and 0.34, respectively), annual rainfall (r2 = 0.61, 0.38, and 0.44,
respectively), and DJF RH (r2 = 0.55, 0.49, and 0.44; Table S2‐3). Of the three averaging methods, the
unweighted average shows the highest correlations. Average plant δDwax using the three averaging meth-
ods is not significantly correlated with any of the environmental parameters. When separating the soils
into Mediterranean and desert soils, the correlation with environmental parameters becomes nonsignifi-
cant, regardless of the averaging method.

We further tested the unweighted average method on soil δDwax from Schwab et al. (2015) and found that
average δDwax over a series of homologues results in a better correlation than each individual homologues
(raising the r2 from 0.68 to 0.77). These results indicate that for soil δDwax, the unweighted averagingmethod
produces the best correlation with δDr.
6.2.1. Apparent Fractionation
To further the understanding of the processes affecting δDwax, we assessed the apparent fractionation factor
(εapp = (δDwax + 1)/(δDr + 1) − 1), which is the depletion of δDwax with respect to δDr (Sachse et al., 2012)
against environmental parameters. In general, plant εapp is more negative in areas with higher RH and lower
evapotranspiration rates and varies as a function of plant type (Sachse et al., 2012). In this compilation of
plant εapp, the range in values is ~100‰ (Sachse et al., 2012). In lake sediments, the range is on the order
of 35‰ (e.g., Garcin et al., 2012; Hou et al., 2008; Polissar & Freeman, 2010). Though, ecosystem‐specific
εapp can have smaller ranges of 5–20‰ (Polissar & Freeman, 2010).

The average εapp of C3 plants in the Israel transect is −138 ± 20‰ (1σ and throughout) and −140 ± 28‰ for
nC29 and nC31, respectively (Figure 6). Partitioning the data based on growth form (Figure S13) shows that
C3 trees have the smallest εapp and C3 graminoids the largest (similar to results in Sachse et al., 2012), where
forbs span the full range and shrubs cannot be evaluated due to small sample size (n = 2). For C4 plant, the
average εapp is −117 ± 36‰ and −115 ± 24‰ for nC29 and nC31, respectively (Figures 6 and S13).

Soil average εapp is −124 ± 8‰ and −127 ± 7 for nC29 and nC31, respectively (Figure 6). The Mediterranean
soils and the desert soils show similar εapp values, with an average of both Mediterranean and desert soils of
avgεapp =−126 ± 7‰ (based on the average and 1σ of the εapp, Table S2‐3). The range of soil εapp is ~20‰ and
~25‰ for theMediterranean and desert soils, respectively, which is an 80% reduction compared to plant εapp.

Average soil εapp shows a significant correlation with RH (r2 = 0.55, p = 0.009; Figure 6), where smaller soil
εapp occur in areas with lower RH. These results agree with previous work (e.g., Sachse et al., 2012). Soil εapp
does not show a significant correlation with annual rainfall (Figure 6), PET (annual or winter), and P‐PET
(not shown).

Soil average δDwax is significantly correlated with both δDr and RH, and soil εapp is correlated with RH. The
correlation between δDwax and both δDr and RH can explain the higher than expected slope of soil δDwax

versus δDr (Figure 5b). In Israel, RH, δDr, and rainfall amount are all correlated (Table S2‐3); therefore,
the effect of RH on εapp amplifies the δDwax slope with respect to δDr (i.e., in dry areas, δDr starts off more
enriched and because RH is lower, evaporative enrichment is higher, thus resulting in a larger slope and
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an enrichment of δDwax versus δDr). To evaluate the combined dependence of δDr and RH on δDwax, a
multiple linear regression was computed. The resultant empirical multiple linear regression equation is

avgδDwax ¼ −66:4þ 0:8×δDr−0:9×RH (5)

where δDr is in permil and RH is in percent. An alternate equation that uses the definition of εapp and its
relationship to RH (Figure 6) is

avgδDwax ¼ δDr þ 1ð Þ 1:044–0:00123×RHð Þ−1 (6)

where δD values are expressed without the 103 factor and RH is in percent units.

The multiple regression shows a better correlation (r2 = 0.73, p = 0.05) than for each individual parameter
and has a standard mean error of 6.9‰, indicating that both δDr and RH effect avgδDwax. The knowledge of
the local RH can potentially improve the ability to determine εapp and could reduce the uncertainty of recon-
structing δDr from

avgδDwax.
6.2.2. Seasonality of Leaf Production
Differences in seasonality of rainfall and leaf production have been proposed as one of the main reasons for
δDwax variability (e.g., Berke et al., 2015; Freimuth et al., 2017; Schwab et al., 2015). To assess the possible
role of seasonality of leaf production, we divided the plants into two groups: C3 plants that grow during
the rainy season (JFMA ‐ January, February, March, April, n = 15) and C3 plants that grow after the rainy
season (not JFMA, n = 10; Figure 7; see paragraph 4.1 for details). The contribution of seasonality to C4

plants could not be assessed due to the small sample size of C4 plants. We used the Mann Whitney U test
to assess whether the εapp of n‐C27, n‐C29, n‐C31, n‐C33, and average εapp of plants that grew during the rainy
season and those that grew after the rainy season are significantly different from one another.

The data suggest that plants that grow during the rainy season (−159‰, −134‰, −143‰, −138‰, −135‰
for of n‐C27, n‐C29, n‐C31, n‐C33, and average εapp) have larger εapp than plants that grow after the rainy sea-
son (−133‰,−133‰,−134‰,−137‰,−135‰ for of n‐C27, n‐C29, n‐C31, n‐C33, and average εapp; Figure 7).
However, a Mann Whitney U test on these groups indicates that εapp of C3 rainy season and C3 after rainy

Figure 6. Top: Boxplot of C25‐C33 and homologues average εapp for C3 and C4 plants and Mediterranean and desert soils (y axes are same for all plots). Bottom,
left: Plant and soil homologues average εapp versus rainfall and bottom, right: versus relative humidity. Linear trend lines were fit to the soil data (black lines;
y axes are same for both plots).
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season are not significantly different at the 0.95 level (p value of 0.1, 0.3,
0.4, 0.4, and 0.2 for n‐C27, n‐C29, n‐C31, n‐C33, and average εapp, respec-
tively). Therefore, although the measured difference between average
εapp of C3 plants growing during the rainy season and after the rainy sea-
son is slightly negative, the contribution of seasonality to the total varia-
bility is not statistically significant.

6.3. Environmental Control on Chain Length Distributions

To test the possible environmental control on chain length distributions,
CPI, ACL, and nC29/nC31 were regressed against annual rainfall, DJF
temperature, and DJF relative humidity. The results show that CPI,
ACL, and nC29/nC31 are not significantly correlated with any of these
environmental parameters at a 95% confidence level. At a 90% confidence
level, CPI values of Mediterranean, desert, and all soils are correlated with

annual rainfall (r2 = 0.39, 0.82, and 0.3, respectively). nC29/nC31 of Mediterranean and desert soils are cor-
related with annual rainfall (r2 = 0.39 and 0.94, respectively), though the combined soils show no relation.

In summary, we found that chain length distributions differ between C3 and C4 plants and that soil distribu-
tions were more similar to those of C3 plants. No strong correlation was found between indices of chain
length distribution (ACL and CPI) and environmental variables. These findings suggest that chain length
distributions cannot easily be used to infer past environmental conditions but may have some taxonomic uti-
lity in understanding past vegetation types. As discussed below, the differences between plant types are also
important for interpreting compound‐specific isotope signatures of plant‐wax mixtures such as occur
in soils.

6.4. Incorporation of Plant δDwax and δ13Cwax Into Soils

Incorporation of unaltered plant wax n‐alkanes into soils would produce a biomass weighted averaging of
their isotopic and chain length distributions (i.e., the sum of the isotopic composition or chain length of each
leaf producedmultiplied by its weight divided by the weight of the total leaf biomass). However, the extent of
preservation of the plant values throughout the incorporation into soils is unclear (Howard et al., 2018;
Huang et al., 1997; Lichtfouse et al., 1994; Lichtfouse et al., 1997; Mazeas et al., 2002; Nguyen Tu et al.,
2004; Nguyen Tu et al., 2011; Pond et al., 2002; Wiesenberg et al., 2004).

A comparison of long‐chain n‐alkanes from plants and soils shows a large decrease in concentration during
the plant incorporation into soil (Chikaraishi & Naraoka, 2006; Mazeas et al., 2002; Nguyen Tu et al., 2004;
Nguyen Tu et al., 2011; Zech et al., 2011); however, it is unclear whether this is a result of biodegradation or
dilution of the n‐alkanes in the soils (Chikaraishi & Naraoka, 2006). Likewise, the effect of degradation on
plant δDwax and δ13Cwax is unclear. Some studies find little or no indication of isotopic modification during
incorporation into soils (Huang et al., 1997; Mazeas et al., 2002; Pond et al., 2002; Zech et al., 2011), while
others found that soil δ13Cwax is enriched (Chikaraishi & Naraoka, 2006; Feakins et al., 2018; Nguyen Tu
et al., 2004) or depleted (Wiesenberg et al., 2004) with respect to plant isotopic values.

We find that both soil δDwax and δ
13Cwax fall within the range of plant δDwax and δ

13Cwax (excluding δ
13Cwax

from the desert soils), albeit with a much smaller range of values (Figure 8). In addition, we find that soil
δDwax significantly correlates with rainfall δDr and that soil δ

13Cwax (in theMediterranean sites) show values
that are reasonable for a landscape containing only C3 plants. Our results are thus consistent with a scenario
in which soil δDwax and δ13Cwax form as a result of a biomass weighted averaging of plant‐wax n‐alkanes.
However, as we did not conduct a long term, comprehensive study on the plant communities, we cannot
quantitatively assess whether true biomass averaging is solely responsible for the soil δDwax and δ13Cwax.
Additionally, while our results cannot exclude the possible addition of long‐chain n‐alkanes from a micro-
bial source, if present, this source must have δD and δ13C values that reflect rainfall δDr and characteristic
C3 plants and therefore have minimal impacts on the soil values.

6.5. Application of Soil δDwax and δ13Cwax for Paleoclimate Studies

Soil δDwax and δ13Cwax from paleosols (e.g., Magill et al., 2013; Uno et al., 2016) and sediments in archaeo-
logical sites (Patalano et al., 2015; Shelach‐Lavi et al., 2019) are potential archives of local terrestrial

Figure 7. Boxplot of εapp of nC27‐nC33 and homologues average εapp
showing C3 plants that grow during the rainy season and C3 plants that
grow after the rainy season.
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paleoclimate, which can substantially increase the spatial resolution of
paleoclimate reconstructions. A fundamental question is whether plant
δDwax and δ13Cwax are averaged in soils to an extent that reduces the
variability exhibited by individual plants and therefore allows a meaning-
ful reconstruction of past climate (Chikaraishi & Naraoka, 2006; Graham
et al., 2014; Nguyen Tu et al., 2011; Zech et al., 2011). Quantifying the
uncertainty of these archives will enable researchers to reconstruct δDr

(and possibly rainfall amount) and the landscape C3/C4 ratio. Here we
quantify the variability of soil δDwax and δ13Cwax and assess the magni-
tude of homogenization in the plant‐to‐soil integration process.

Variability in soil δ13Cwax (0.4‰ 1σ) across the Mediterranean sites is
reduced by ~80% compared to variability in plant δ13Cwax (2.2‰ 1σ;
Figure 8 and Table 2). The soil δ13Cwax is constant (0.4‰ 1σ;) across a
800‐mm/year rainfall gradient and thus appears insensitive to rainfall
amount, in contrast to bulk plant leaf δ13C. If supported by other studies,
this invariance holds promise for more accurate reconstructions of land-
scape C3/C4 from δ13Cwax.

For δDwax, variability in soil avgεapp (7‰ 1σ) across all sites is reduced by ~70% compared to plant avgεapp
variability (24‰; Figure 6). However, there still remains substantial variability at the level of individual
homologues that appears to mask any relationship to environmental parameters. Further averaging the
δDwax values of homologues reveals significant correlations with environmental parameters, albeit, to a les-
ser degree than that found in lake sediments.

These results indicate that it is possible to reconstruct δDr based on soil δDwax. Using the average soil δDwax

can enable reconstructing δDr to within ±7‰ (the standard deviation of the residuals of the correlation in
Figure 5b) or an avgεapp =−126 ± 7‰ (based on the average and 1σ of the εapp, Table S2‐3). As εapp is affected
by RH, independent knowledge of RH can help reduce the uncertainty in δDr reconstructions. Alternatively,
if δDr is known independently, it could be possible (within the uncertainty) to reconstruct RH.

Leaf wax n‐alkanes, which form in plants, get integrated into soils and are transported into lakes and oceans.
By the time they are deposited in lakes, their δDwax (i.e.,

avgεapp) and δ13Cwax variability is reduced substan-
tially. Our results show that a significant portion of the homogenization process and variability reduction
occurs during the initial incorporation of n‐alkanes into soils and that even in young soils, the variability
is reduced to an extent that significant correlations with environmental parameters can be observed.

7. Conclusion

The results of our field‐based test of δDwax, δ
13Cwax, and chain length distributions of plants and soils along

an ~1,200‐mm/year rainfall and ~20% relative humidity gradients in Israel provide empirical and quantita-
tive information about the environmental and ecological parameters that control these parameters. In addi-
tion, we were able to quantifying the uncertainty of δDwax and δ13Cwax in soils and their applicability to
paleoclimate research. Our results show the following:

1. Soil δ13Cwax in C3 ecosystems is constant (0.4‰ 1σ) along an 800‐mm/year rainfall gradient and is thus
insensitive to rainfall amount, in contrast to published studies of plant leaf δ13C values. Our data suggest
δ13Cwax may provide better quantification of landscape C3/C4 plant ratios than bulk δ13C.

2. Soil δDwax shows significant correlations with the isotopic composition of precipitation (δDr), annual
rainfall amount, and relative humidity of the growing season. The offset between δDr and soil δDwax

(εapp) is significantly correlated with relative humidity. Thus, knowledge of past RH can reduce the
uncertainty in δDr reconstructions.

3. Plants that grow during the rainy season have εapp that are <10‰ more depleted than plants that grow
after the rainy season; however, this difference is not statistically significant, and therefore, in our data,
seasonality does not contribute meaningfully to the total variability.

4. Soil δDwax and δ13Cwax variability is reduced by ~80% compared to plant δDwax and δ13Cwax variability.

Figure 8. Average δ13Cwax versus average εapp, showing plant variability
and the substantial reduction of variability from plants to soils in both
parameters.
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