Highlights (for review)

Highlights

1. Plant waxes of the drought-tolerant conifer Juniperus monosperma were studied
2. Temperature (T) and precipitation (P) were manipulated for mature trees

3. Higher T resulted in greater n-alkane concentrations, but not for other waxes

4. Decreased P did not affect plant wax concentrations

5. Average chain length (ACL) was not affected by T or P
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Abstract

Plant waxes, including n-alkanes, are commonly used for a wide range of paleo applications.
Several common traits of n-alkanes that are used as paleo proxies include chain length
distribution and average chain length (ACL), as well as plant wax carbon and hydrogen isotopic
compositions. The effect of climate on plant wax traits has been the subject of many studies, but
a common challenge with modern calibrations is disentangling species (genetic), temperature,
and precipitation from one another. Here, we explore the effect of temperature and drought,
independently and combined, on plant wax composition of the species Juniper monosperma in a
large ecosystem-scale field manipulation experiment. We find that n-alkane concentrations
significantly increase with temperature, but other parameters (including ACL) are not affected.
These results support physiological studies that identify n-alkanes as an important barrier to
water loss within the plant cuticle. Combined with prior studies, it appears that changes in ACL
within sediments are likely controlled by changes in species composition rather than directly by
changes in climate. We find little variation in the carbon isotopic composition (8'*C) of n-
alkanes across the treatments whereas bulk leaf 3'*C values are higher in the heat and drought
treatment. Because leaf 8'3C values represent a weighted C assimilation signal, these values
reflect differences in leaf gas exchange among treatments, whereas the n-alkanes are synthesized
when water availability is higher and differences among treatments are not significant enough to
influence their values. These results have important implications for using n-alkane traits,

including ACL and §'3C values, for paleoenvironmental reconstructions.
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1. Introduction

Plant waxes contain a mix of aliphatic long-chain n-alkyl compounds including »n-
alkanes, n-alkanols, and n-alkanoic acids (Eglinton et al., 1962; Eglinton and Hamilton, 1963,
1967; Kunst and Samuels, 2003; Jetter et al., 2006). n-Alkanes, a common constituent of plant
wax, is the focus of most studies as they are well preserved in the geologic record, are useful for
paleoclimate applications, and are relatively easy to analyze (Castafieda and Schouten, 2011;
Freeman and Pancost, 2014; Diefendorf and Freimuth, 2017; Berke, 2018). Typically, terrestrial
plant-derived n-alkanes have chain lengths that range from n-Czs to n-Css with a strong odd over
even preference. The most abundant chain lengths depend strongly on plant growth form, major
taxonomic group, and species (e.g., Diefendorf and Freimuth, 2017). The function of plant wax
is primarily to limit plant water loss through the cuticle, but it also has important functions in
limiting UV exposure and for pathogen defense (Riederer and Schneider, 1990; Riederer and
Markstadter, 1996; Jetter et al., 2000; Riederer and Schreiber, 2001; Muller and Riederer, 2005;
Koch and Ensikat, 2008; Jetter and Riederer, 2016; Schuster et al., 2016; Zeisler-Diehl et al.,
2018). In desert plants, waxes limit water loss by forming a highly ordered wax barrier in concert
with triterpenoids to limit water loss, even for high ambient temperatures (Jetter and Riederer,
2016; Schuster et al., 2016). Because plant waxes are involved in limiting water loss, studies
have postulated that climate will influence the chemical composition of plant waxes, especially
the amount and chain length of n-alkyl compounds, as these modify cuticle function and
therefore can be used for paleo applications (e.g., Riederer and Schneider, 1990; Koch and
Ensikat, 2008; Bush and Mclnerney, 2013; Hoffmann et al., 2013; Bush and Mclnerney, 2015;

Feakins et al., 2016; Diefendorf and Freimuth, 2017; Andrae et al., 2019).
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Studies that have investigated the role of climate on plant wax composition and function
have found competing observations. In modern field-based studies of plants and soils, n-alkane
composition sometimes tracks aridity and/or temperature. In many transect or altitudinal studies,
species composition is mixed, unknown, or changes along with climate (e.g., Korner, 2007). For
example, in a large study of 158 species along a topical elevation transect, increasing altitude
correlated with an increase in n-alkane concentration and a decrease in ACL values (Feakins et
al., 2016). These studies are informative as they are likely more relevant for paleo applications
that focus on sediments that integrate waxes from many species. In a few species-specific
studies, climate is shown to influence the n-alkane composition. For example, Tipple and Pagani
(2013) found a small, but significant increase in the most abundant n-alkane chain length with
increasing temperature along with a large latitudinal study of Acer rubra and Juniperus
virginiana. In contrast, Andrae et al. (2019) found that the most abundant chain length and
overall concentration of n-alkanes in Melaleuca quinquenervia are similar along continuous
climate gradients. Instead, Andrae et al. (2019) observed that isolated populations of the same
species were unique, suggesting that species adapt when geographically isolated and this may or
may not be associated with climate. Plant waxes also vary through the growing season,
suggesting some influence of climate on wax composition (Sachse et al., 2009; Tipple et al.,
2013; Freimuth et al., 2017; Suh and Diefendorf, 2018). Combined, n-alkane behavior may
suggest a species-dependent phenotypic response to climate and could explain why n-alkanes
respond to temperature in some species, but not in others. A significant challenge with these
field-based studies is rigorously evaluating the independent effects of temperature and

precipitation, especially when other factors, such as altitude or species, are also varied.
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The effects of temperature and precipitation, or drought, on the carbon isotopic
composition (8'°C) of bulk leaves (8'*Cieat) is the focus of numerous studies with wide ranging
applications for modern and past changes in biology, ecology, and geology (e.g., Tipple and
Pagani, 2007; Diefendorf et al., 2010; Kohn, 2010). For plants that utilize the C3 photosynthetic
pathway (e.g., angiosperm trees, many grasses, and conifers), the effects of temperature on
8'3Clear is challenging to tease apart from other environmental controls, or species turnover, that
covary with temperature, especially in studies that utilize altitudinal gradients (Korner, 2007).
The effects of precipitation on §'*Ciear highlight that increasing precipitation causes a nonlinear
increase in carbon isotope fractionation during photosynthesis, and thus a lowering of 8'*Cieat
values (e.g., Diefendorf et al., 2010; Kohn, 2010). Variations in 8'*Ciear values are of particular
interest for geologic studies because they are useful for constraining past changes in climate,
vegetation, and the carbon cycle (Freeman and Pancost, 2014; Diefendorf and Freimuth, 2017;
Schlanser et al., 2020a). However, unaltered leaf material is rarely preserved in both recent and
geologic age sediments. Materials related to the leaf are often analyzed instead, such as leaf
macrofossils, cuticles, or plant-derived biomarkers, including long-chain n-alkanes. The §'°C
values of n-alkanes are related to 8'*Ciear values because both materials are synthesized primarily
from C fixed during photosynthesis (Hayes, 2001; Chikaraishi et al., 2004; Diefendorf et al.,
2011; 2015b). To relate the 5'°C values of these two materials, especially for geologic
applications, the carbon isotope fractionation between leaf and n-alkane is often measured in
modern studies and applied in geologic studies using epsilon notation, where:

6‘3Cn-alkane +1 _ ) Eq 1

813Cleaf+ 1

13 _
€ Cn—alkane_ (

This is not a true reactant/product relationship as the route from photosynthetic C in glucose to

leaf or n-alkane is complicated by many biosynthetic pathways and their unique isotope effects
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(Deines, 1980). In modern Cj trees, 8'3Cy-aikane values vary by chain length and are also
controlled by species, growth form, photosynthetic pathway, and possibly climate, or at least
factors that covary with climate (Diefendorf and Freimuth, 2017). Within a species, n-alkane
8'3C values generally track 8'°Ciear. However, this relationship is not perfect. n-Alkanes are
synthesized early in the growing season, or when water is available (Sachse et al., 2009; Tipple
et al., 2013; Freimuth et al., 2017; Suh and Diefendorf, 2018). This contrasts with 8'*Ciear, which
is weighted by C assimilation (e.g., Ehleringer et al., 1992; Seibt et al., 2008). Few studies have
investigated the role of climate on n-alkane §'>C values or £'°Cj-aikane, €specially where climate
and/or species are controlled for (Pedentchouk et al., 2008; Wu et al., 2017). This is critical for
geologic studies as the controls on and variability in £'*Cy-aikane need to be constrained for
utilizing n-alkane §'3C values as recorders of plant carbon isotope fractionation during
photosynthesis.

To explore the effects of temperature and drought on plant biomarkers from a single
species independent of spatial variability, we use an ecosystem-scale manipulation experiment in
a pinon-juniper woodland in northern New Mexico (Adams et al., 2015; Garcia-Forner et al.,
2016; Grossiord et al., 2017a; 2017b; 2017¢; McBranch et al., 2018; McDowell et al., 2019).
Native mature Juniperus monosperma, a genera of conifers that make substantial concentrations
of n-alkanes (Diefendorf et al., 2015b), were subjected to increased temperature (+4.8 °C) and/or
drought (~45% precipitation reduction) for four years. We evaluated these climate effects on
plant wax concentration and chain lengths for n-alkanes, n-alkanols, and n-alkanoic acids. We
also analyzed these climate effects on 8'*Ciear and n-alkane 8'°C values. We also imaged the
needle surfaces to explore any morphological changes among the treatments using a scanning

electron microscope (SEM). This approach provides a way to determine if the short-term (years)
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changes in temperature and drought influence plant wax composition, and §'*C values, and
avoids the influence of genetic changes (e.g., Tipple and Pagani, 2013; Andrae et al., 2019)

within a species along climatic gradients.

2. Materials and methods

2.1. Location, growth treatment, and sample preparation

Samples were collected from Juniperus monosperma (Engelm.) Sarg. (juniper) growing
at the Los Alamos Survival-Mortality (SUMO) field study located in Los Alamos County, New
Mexico (35.49° N, 106.18° W, 2175 m a.s.l.). At this site, the woodland is dominated by pifion
pine (Pinus edulis) and juniper. Additional minor species include grasses, cacti, the shrubby
Gambel oak (Quercus gambelii), and ponderosa pine (Pinus ponderosa). The soils at this site are
derived from volcanic tuffs forming Hackroy clay loam soils that are 40 to 80 cm thick
(http://websoilsurvey.nrcs.usda.gov). The mean annual temperature (MAT) is 9.2 °C (years 1987
to 2011) and the mean annual precipitation is 415 mm (years 1987 to 2012). Due to the North
American Monsoon, half of this precipitation falls during thunderstorms from July through
September (climate data from http://environweb.lanl.gov/weathermachine). Additional
information about the site, plant physiology, and experimental design is reported elsewhere
(Adams et al., 2015; Garcia-Forner et al., 2016; Grossiord et al., 2017a; 2017b; 2017c;
McBranch et al., 2018; McDowell et al., 2019).

At this site, trees were selected for a manipulative study using open-top chambers and a
rain shelter to examine the effects of drought and heat on P. edulis and J. monosperma. For leaf

wax analysis, we selected only J. monosperma as the P. edulis has very low n-alkane
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concentrations (Diefendorf et al., 2015b). Selected J. monosperma trees were between 1.5 and
4.5 m tall and the mean tree age was 79 + 7 years. In this study, a minimum of six tree replicates
were assigned to each of the five treatments: (1) ambient control with trees growing in the open
(no manipulation; ‘ambient control’), (2) chambers with no manipulation, to test for ambient
chamber effects (‘chamber control’), (3) chambers with heat applied (‘heat’), (3) trees growing
in the open, but under a rain shelter to simulate drought conditions (‘drought’), and (5) chambers
with heat and where trees are located under a rain shelter to simulate drought (‘heat+drought’).
Manipulations started in June 2012 and continued for five years.

Chambers were open at the top and ranged in footprint area from 6 to 20 m?. Each
chamber contained up to five trees located at a minimum distance of 1.5 m from the chamber
wall. Examples of these chambers are shown in Grossiord et al. (2017a). Climate conditions
including temperature and relative humidity were continuously monitored for ambient conditions
and inside the chambers. Plant leaf gas exchange, vapor pressure deficit, soil water
characteristics, along with many other plant, environmental, and edaphic variables were also
measured (Adams et al., 2015; Garcia-Forner et al., 2016; Grossiord et al., 2017a; 2017b).
Chamber air temperatures were controlled with industrial-scale heat ventilation and air
conditioning systems (HVAC). Chamber temperatures were maintained at ambient for the
chamber control and at 4.8 °C above ambient for the heat and heat+drought treatments.

Trees in the drought manipulations, located in the open or in chambers, were situated
under a precipitation exclusion structure that consisted of clear polymer troughs that reduced
precipitation by covering 45% of the overhead surface area. Troughs extended a minimum of 10
m outward from the trees. This distance is two times the height of the tallest tree in the drought

treatment to ensure that the majority of tree roots were contained within the drought
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manipulation zone (Grossiord et al., 2017a). Temperature and precipitation manipulation
amounts were selected to match projected values from climate change models for the year 2100
using a business-as-usual scenario (Pachauri et al., 2014).

The effects of heating and drought on J. monosperma, along with other species at this
site, were summarized extensively elsewhere (Adams et al., 2015; Garcia-Forner et al., 2016;
Grossiord et al., 2017a; 2017b; 2017¢c; McBranch et al., 2018; McDowell et al., 2019). In brief,
under a five-year reduction in precipitation and increased heat, the plants experienced severe
conditions associated with increased temperature and vapor pressure deficits altering carbon and
water metabolism (Adams et al., 2015; 2017). Despite this, carbon starvation and hydraulic
failure was minor and no trees in the experiment died. This was primarily attributed to the
increased uptake of groundwater (McDowell et al., 2019).

For this study, branch samples (~15 cm long) were collected from the distal foliar clump
on the south-facing side of the trees at chest height in July and August of 2016 (Year 4 of the
study). This sampling strategy is informed from needle emergence studies at this site (Adams et
al., 2015). The total number of individuals varied by treatment from 4 to 8 (Table 1). Branch
samples (~10 g) were frozen, subsequently dried at 40 to 45 °C and stored in paper bags. Needles
were subsampled (~1 g) from branches and powdered with a ball mill. Replicate sampling was
completed on most samples by additional subsampling of needles from the branch samples.
Powdered samples were split for '*Ciear analysis and leaf wax extraction. Additional samples

were collected from the dried branch samples for SEM imagining.

2.2. Extraction and fractionation
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Powdered leaves were extracted using an accelerated solvent extractor (Dionex ASE 350)
with 2:1 (v/v) DCM/MeOH. For a subset of samples, 5 pg of Sa-androstane was added as a
recovery standard. Samples were then evaporated with N». The total lipid extract (TLE) was base
saponified with 2.5 mL 0.5 N KOH in 3:1 (v/v) MeOH/water for 2 h at 75 °C. After cooling, 2
mL of NaCl in water (5%, w/w) was added and then the solution was acidified with 6 N HCl to a
pH of 1. The acidic solution was extracted with hexanes/DCM (4:1, v/v), neutralized with
NaHCO3/H20 (5%, w/w), and dried with Na;SO4. The saponified lipid extract was subsequently
separated into four polarity fractions (Sessions, 2006; Diefendorf et al., 2015b) with 0.5 g of
aminopropyl-bonded silica gel. Hydrocarbons were eluted with 4 mL of hexanes, ketones eluted
with 8 mL of hexanes/DCM (6:1, v/v), alcohols eluted with 8 mL of DCM/acetone (9:1, v/v),
and acids eluted with 8 mL of DCM/formic acid (49:1, v/v). The hydrocarbon fraction was

further purified with 1 g of Al2O; and eluted with 4 mL of 9:1 hexanes/DCM (v/v).

2.3. Lipid assignment and quantification

Lipids were identified and quantified on an Agilent 7890A gas chromatograph (GC)
interfaced to an Agilent 5975C quadrupole mass selective detector (MSD) and flame ionization
detector (FID). Compounds were separated on a fused silica capillary column (Agilent J&W DB-
5ms; 30 m length, 0.25 mm i.d., 0.25 pm film thickness) with a guard column (Restek Rxi, 5 m,
0.32 mm). Column effluent was split (1:1) between the FID and MSD with a 2-way splitter with
He makeup to keep the pressure constant. For hydrocarbons, the oven program was as follows:
60 °C for 1 min, followed by a ramp (6 °C min™) to 320 °C and held for 15 minutes. For ketone,

alcohol, and acid fractionations, the oven program was as follows: 60 °C for 1 min, followed by

a ramp (20 °C min™!) to 130 °C, then a ramp (4 °C) to 320 °C and held for 10 min. Compounds

10
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were identified with authentic standards, library databases (NIST 2008 and Wiley 2009), spectral
interpretation, and by retention time.

For quantification by FID, the hydrocarbon fraction was dissolved quantitatively in
hexanes spiked with 25 ug mL™! 1-1°-binapthyl as the internal standard. Aliquots of the ketone,
alcohol, and acid fractions were dissolved in pyridine spiked with 25 pg mL™! of 2-dodecanol as
the internal standard. Samples were derivatized with N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA; Sigma Aldrich) at 70 °C for 15 min. Compound peak areas were normalized to the
response of the internal standard and converted to mass with external standard response curves.
External standards for the hydrocarbons were a mix of n-alkanes from C7 to Cao (Sigma Aldrich).
External standards for the alcohol and acid fractions were a mix of n-alkanols (Ci¢, Cis, C22, Cas,
C2g) and n-alkanoic acids (Cio, Ci4, Ci6, Cis, C24, C26, Cas, C30), respectively.

For the n-alkanes, precision and accuracy were determined on an in-house n-alkane
standard (Cy9 and C31) prepared from oak leaves (Oak-1a) which had a weighted mean precision
of 4.4 ug mL! (1o; 3.4% relative standard deviation, RSD) and an accuracy of —2.3 ug mL™! (-
1.8% relative error, RE). For the n-alkanols, the weighted (n = 7) mean precision was 2.7 pg mL"
! (1o, 5.3% RSD) and a mean accuracy of —0.3 ug mL™!' (-0.5% RE). For the n-alkanoic acids,
the weighted (n = 7) mean precision was 4.1 ug mL™! (15, 8.2% RSD) and a mean accuracy of
0.5 ng mL! (0.9% RE). Recovery of Sa-androstane was on average 90% (1o = 5.6% RSD, n =
13). Compound concentrations were normalized to the dry leaf mass (ug g™).

To compare n-alkane chain lengths, we calculated the average chain length (ACL)

metric:

ACL,,_, =y o Eq.2

11
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where m and n represent the shortest and longest chain length, respectively, i represents the

number of carbon atoms for each homologue, and C is the concentration of the i n-alkane. Here
we use odd n-alkane chain lengths from C»s and Cs7. To characterize differences in odd relative
to even chain lengths, we calculated the carbon preference index (CPI) using a modified version

of Marzi et al. (1993):

(Zodd Cas-35) + (Zodd Ca7-37)

PI=
¢ 2x (Zeven C26—36)

Eq. 3

where larger CPI values indicate a greater preference for odd chain lengths.

2.4. Carbon isotope analysis

Compound-specific carbon isotope analyses of the n-alkanes was determined by GC-
combustion (C)-isotope ratio mass spectrometry (IRMS) at the University of Cincinnati. GC-C-
IRMS was performed with a Thermo Trace GC Ultra coupled to an Isolink combustion reactor
(N1, Cu, and Pt wires) and Thermo Electron Delta V Advantage IRMS. Isotopic abundances
were determined by normalization with Mix A6 (Arndt Schimmelmann, Indiana University)
following Coplen et al. (2006). Carbon isotope accuracy across all standard and sample runs was
monitored with co-injected n-Cs; alkane with a precision and accuracy of 0.36%o (1o; n = 92)
and —0.20%o (n = 92), respectively. Additionally, an in-house n-alkane standard (Cag, C31)
prepared from oak leaves (Oak-1a) was analyzed with a precision and accuracy of 0.24%o (16; n
=24) and 0.04%o (n = 24), respectively.

The 8'3C of powdered leaves (8'*Ciear) and their weight percent total organic carbon (wt.
% TOC) were determined via continuous flow (He; 120 mL min™') on a Costech elemental

analyzer (EA) interfaced with a Thermo Electron Delta V Advantage isotope ratio mass

12
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spectrometer (IRMS) with a Conflo IV. 8!°C values were corrected for sample size dependency
and then normalized to the VPDB scale using a calibration with in-house standards (from —
38.26%0 to —11.35%o0) following Coplen et al. (2006). Error was determined by analyzing two
additional independent standards with a mean weighted precision of 0.03%o (n = 12; 15) and
accuracy of —0.05%o (n = 12).

Fractionation that occurs during n-alkane biosynthesis was calculated relative to 8'*Cleaf,

using Eq. 1, for n-Cs3 and n-Css alkanes, the most abundant n-alkanes in this species.

2.5. Analysis and statistics

All individual sample replicates were averaged prior to data analysis and number of
replicates per individual are listed in Supplementary Table S1 by analysis type. For statistical
analyses, we compared the treatments to their respective control groups. The drought treatment
was compared to the ambient control group and the heat and heat+drought treatments were
compared to the chamber control group. All analyses in this study were performed using JMP
Pro 15.0 (SAS, Cary, USA). Unless otherwise noted, two-tailed t-tests were performed using

unequal variances.

2.6. SEM analysis of needle surfaces

Ten samples were selected for SEM analysis with duplicates for each treatment type to
determine if there were any needle surface morphological differences among the treatments.
From each sample, two needles representing older and younger growth were carefully separated
from the distal foliar clump using solvent rinsed forceps. Individual needles were mounted on

aluminum stubs with carbon tape and sputter-coated with Au-Pd alloy. Samples were then

13
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imaged using a SCIOS Dual-Beam Scanning Electron Microscope at 5.00 kV. For each sample,
the abaxial side of the needles was imaged at 800x and 1.5kx. The adaxial side of the needles
was imaged at 65x and 1.2kx. For consistency, all SEM images were taken from the same region

of each needle. Some additional images of leaf wax were taken at higher magnification (5kx).

3. Results and Discussion

3.1. Effect of heat and drought on leaf waxes

J. monosperma produces n-alkan-1-ols with chain lengths ranging from 7n-C» to n-Cs»
with the most abundant chain lengths at n-Cz2 and n-Cas (Fig. 1; Supplementary Table S1). n-
Alkanol concentrations were similar among treatments (t-test) with an average of 106 pg g™
These concentrations are very similar to other Cupressoideae (Diefendorf et al., 2015b). The
mid-positional alkanol n-Octacosan-10-ol was the most abundant plant wax alcohol with
concentrations averaging 1653 ug ¢! and was similar among treatments (t-test). n-Octacosan-10-
ol is commonly found in conifers and is known to form plant wax tubules on the surface of the
cuticle (Jetter and Riederer, 1994; Koch and Ensikat, 2008). The concentrations in this species
are >10 times higher than those observed in other conifers making this species wax composition
unique (Diefendorf et al., 2015b).

For the n-alkanoic acids, chain lengths ranged from #n-Cio (the lowest chain length
quantified) to n-Cs with total concentrations averaging 95 pg g™ (Fig. 1; Table 1 and
Supplementary Table S1). Total concentrations were not significantly different between the
treatments (t-test). The most abundant chain lengths were n-Cis, n-Cis, n-Cs2, and n-Cas, and

these chain lengths were not significantly different among treatments. The chain-length

14
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distributions are similar to other conifers; however, concentrations were ~3 times higher than
other Cupressoideae (Diefendorf et al., 2015b).

For the n-alkanes, J. monosperma produces chain lengths ranging from n-Cas to n-Cs7,
with a strong odd over even preference, but with concentrations far higher for n-Cs3 and n-Css
(Fig. 2; Table 1 and Supplementary Table S1). These chain lengths are longer than most plants
but are similar to other species in Cupressoideae and Callitroideae (Diefendorf et al., 2015b).
Concentrations of total n-alkanes are similar between the control and drought experiments (t-
test). However, total n-alkane concentrations are ~70% higher for the heat (1458 pg g’'; t-test, p
=0.003) and the heat+drought (1441 ug g'!; t-test, p = 0.007) experiments compared to their
control group (853 pg g!). The concentrations of these n-alkanes are far higher than other
conifer species, with the exception of the Widdringtonia schwarzii, another drought-tolerant
conifer (Diefendorf et al., 2015b).

ACL values were similar among the treatments with an average value of 33.4 + 0.1 (n=
30; Fig. 2; Table 1 and Supplementary Table S1). There were no differences between the
treatments and their control groups (t-test). Overall, these ACL values are similar to other
Cupressoideae, which along with the Callitroideae, are much higher than those in other conifer
groups and taxa. The high ACL values in these two groups are thought to be inherited from a
common ancestor and would be consistent with ACL values not having any strong functional or
adaptive significance (Diefendorf et al., 2015b; Andrae et al., 2019).

Overall, the mean CPI is 10.3 (Fig. 2; Table 1 and Supplementary Table S1) which is
lower than other Cupressoideae, but similar to or higher than other conifer groups (Diefendorf et
al., 2015b). CPI is slightly lower for the drought (mean = 10.0; t-test p < 0.021) and the

heat+drought (mean = 9.3; t-test p < 0.0001) treatments compared to their respective control
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groups (means of 10.6 and 11.1, respectively). This difference in CPI is small compared to the
variation observed in other conifer taxa and therefore is not useful in geologic applications.

As noted previously, several studies have found ACL relationships with climate, although
not always the same relationship, when species are controlled for (Hoffmann et al., 2013; Tipple
and Pagani, 2013; Andrae et al., 2019). We may not observe any changes in ACL with
temperature or drought because these species are already drought-tolerant and this high ACL
reflects an adaptive maximum or possibly because the changes in temperature (4.8 °C) were not
large enough or not for a long enough period of time. However, it is more likely that, at least for
this species, ACL is tightly controlled by genetics, possibly because higher ACL values are not
feasible to synthesize (>n-Cs7 alkanes are rarely reported in the literature; e.g., Diefendorf et al.,
2015b) or longer n-alkanes and higher ACL values do not result in greater plant fitness.

Overall, the main difference in wax chemistry among the treatments is the increased n-
alkane concentrations in the heat and heat+drought experiments, but not in the drought
experiments. This suggests that increased temperature alone results in increased n-alkane
concentrations. Increased n-alkane concentrations are usually associated with changes in
precipitation, elevation, aridity, and not temperature alone (e.g., Hoffmann et al., 2013; Bush and
Mclnerney, 2015; Feakins et al., 2016; Andrae et al., 2019). Based on cuticle membrane
physiological studies, increased n-alkane concentrations cause a decrease in cuticle transpiration
by enhancing the resistance of the cuticle to water diffusion (Riederer and Schneider, 1990,
Riederer and Schreiber, 2001; Jetter and Riederer, 2016; Schuster et al., 2016; Zeisler-Diehl et
al., 2018). This is also supported by observations of gmin, the residual leaf cuticular conductance

to water vapor when stomata are closed, which are highly temperature sensitive and non-linear
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(Cochard, 2019; Duursma et al., 2019). By adding n-alkanes, cuticular conductance and thus,
Zmin, can be reduced with heating.

In this study, ACL is maintained between the treatments, despite large increases in total
n-alkane concentrations with heating, and therefore ACL does not appear to be important for this
species to modify cuticle function under higher temperatures. J. monosperma is a drought-
tolerant species and the reduction in precipitation in this study either was not significant enough
to trigger an n-alkane response or n-alkanes are already at concentrations that are maximized for

mitigating water loss under these arid conditions.

3.2. Spatial differences in plant wax morphology

To investigate the role of treatment on the plant wax composition and morphology, we
imaged J. monosperma needles with SEM to determine if there were any qualitative changes in
the spatial patterns of the plant wax morphology (Fig. 3). Directly linking morphology with wax
chemistry was outside the scope of this study and instead, we draw from prior studies that have
done this in detail (e.g., Giilz, 1994; Jetter and Riederer, 1994; Barthlott et al., 1998; Koch and
Ensikat, 2008).

The morphology of J. monosperma wax contrasts between the abaxial (facing away from
the stem) and adaxial (facing towards the stem) surfaces (Fig. 3). Additionally, any abaxial
surfaces covered by needles have a similar morphology to the adaxial surface. The abaxial
surface of J. monosperma needles are primarily coated with a smooth wax surface with a crust
morphology (Fig. 4). Occasionally, small plates, crust granules, and short tubules are present.
Based on other studies, the wax chemistry of these surfaces are most consistent with mixtures of

n-alkyl lipids and other plant compounds, such as terpenoids (Jetter and Riederer, 1994; Barthlott
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et al., 1998; Koch and Ensikat, 2008; Schuster et al., 2016; Zeisler-Diehl et al., 2018). Conifers
are associated with significant concentrations of terpenoids in their needles (e.g., Diefendorf et
al., 2019) and this species also contains significant concentrations of terpenoids, but are not
reported here.

The adaxial and covered abaxial surfaces, in contrast, are coated heavily with tubules,
some smooth ‘amorphous’ surfaces, and occasionally crusts (Fig. 4). The presence of tubules
coincides with the locations of stomata. In some cases, these tubules thickly cover the stomata
guard cells. The chemistry most commonly associated with tubules are mid-positional alcohols
(e.g., n-nonacosan-10-ol) or diketones (Jetter and Riederer, 1994; Koch and Ensikat, 2008).
Given that we did not detect any diketones, we suspect n-nonacosan-10-ol as the primary
compound forming the tubules. Tubules made of n-noncoasn-10-ol are known to create
superhydrophobic coatings (Barthlott et al., 2017).

We did not detect any discernible qualitative differences in the surface wax morphology
among treatments. The increased n-alkane concentrations with heating are therefore likely
associated with an increase in n-alkanes in the intracuticular wax. If the n-alkanes are important
for limiting water loss, possibly due to increased vapor pressure deficit (VPD) with increasing
heat, then the n-alkanes are likely involved in enhancing the transpirational barrier of the cuticle
more so than other n-alkyl lipids (e.g., Riederer and Schneider, 1990; Jetter et al., 2006; Schuster
et al., 2016). The association of the tubules with the stomata, we speculate, provides
superhydrophobic surfaces that prevent occlusion of stomatal pores, possibly in a manner that
enhances foliar water uptake (Breshears et al., 2008). Tubules, acting as functional
microtrichomes, could also provide other adaptations such as modifying boundary layer

dynamics above the stomata and enhancing leaf gas exchange (Bickford, 2016).
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3.3. Effect of heat and drought on leaf wax biosynthetic fractionation

For J. monosperma, 8'*Ciear values vary from —26.3 to —23.8%o (Fig. 5; Table 2 and
Supplementary Table S1). The §'3Ciear values between the drought treatment and ambient control
and the heat and chamber control were not different (t-test). However, the heat+drought (-24.6 +
0.5%o0, 15) and chamber control (—25.4 + 0.6%o, 1) were different (t-test, p = 0.008). The §'*C
values of the n-Cs3 alkanes were similar among all treatments, although the #-Css alkanes were
marginally higher for the heat (—30.0 = 0.5%o, 15; p = 0.045) and heat+drought (—29.9 £ 0.7%.o,
lo; p = 0.078) treatments compared to the control (—30.9 = 0.6%o, 15).

Carbon isotope fractionation is often measured between the §'°C values of n-alkanes and
the bulk leaf tissue. This relationship is not a direct reactant-product relationship but is useful for
relating plant-derived n-alkane §'3C values back to §'3Ciear values for paleo applications
(Diefendorf and Freimuth, 2017; Schlanser et al., 2020a; 2020b). J. monosperma has £'3C,.c33
alkane Values that range from —6.9 to —4.7%o with a mean value across all treatments of —5.9 (+0.6,
15). The £'3Cy-c35 alkane Values are slightly higher than £'3C,,-c33 alkane values (Table 2). The €!°C,.
€33 alkane Values are similar among treatments except for the heat+drought treatment (—6.6 + 0.20),
which is lower than the control (5.6 £ 0.6 15; p <0.007). Overall, these £'°C,-c33 alkane values are
much lower (greater fractionation) than other Cupressaceae species located in California under
higher precipitation (3.6 + 1.1, 16, n=19). When the 8'*Ciear values are compared between these
two sites, J. monosperma values are much higher in New Mexico than California (3.6%o, t-test, p
< 0.0001), which is consistent with water availability influencing §'*Cieat values (e.g., Diefendorf
et al., 2010). This is also consistent with Pedentchouk et al. (2008) that observed other drought-

tolerant species have consistent §'*Cy-aiane values. Given that £'*Cy-aikane values are conservative
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429  among taxa in Cupressaceae (Diefendorf et al., 2015b), it is likely that these much lower £*C,.
430  aikane values for J. monosperma might be the result of decoupling between the timing of when n-
431  alkanes are synthesized and when bulk leaf tissue is synthesized. n-Alkanes are synthesized

432  when water availability is high, such as during the monsoon season or early in the morning,

433 similar to ontogenetic studies that find leaf waxes being made early in the growing season when
434  water is available (Sachse et al., 2009; Tipple et al., 2013; Freimuth et al., 2017; Suh and

435  Diefendorf, 2018). §'Clear values are assimilation weighted, and are also biased to wet periods,
436  but not to the same extent as the n-alkanes (e.g., Ehleringer et al., 1992; Seibt et al., 2008). The
437  heat+drought treatment is the only treatment with higher 8'*Ciear values than the control,

438  suggesting some effect of heating and drought, but the §'3Ciear values are similar across all

439  studies. The much lower £€'*Cy.aikane values in the heat+drought treatment thus reflect the higher
440  8"3Ciear values, possibly due to a mismatch in the timing of synthesis of n-alkanes compared to
441  the bulk leaf tissue. Alternatively, the heat+drought treatment reflects a change in metabolism,
442 possibly due to increased storage of starch with higher §'°C values (Cernusak et al., 2009).

443 If the above conjecturing is correct, then this suggests that conifer leaf waxes are

444  synthesized under favorable (wet) conditions, similar to observations in angiosperms (Sachse et
445  al., 2009; Tipple et al., 2013; Freimuth et al., 2017; Suh and Diefendorf, 2018). However, despite
446  the similarities in n-alkane 8'°C values across treatments, n-alkane concentrations are higher with
447  increased heating (Fig. 5). This indicates that n-alkanes in J. monosperma are responding to the
448  environment, by increasing concentrations of n-alkanes, with increased heating. However, the
449  synthesis of these compounds is occurring when water is available, thus resulting in similar 7-
450  alkane 8'3C values. This suggests that some n-alkane traits (i.e., concentration) respond to

451  temperature, but chain length (ACL) is strongly controlled by genetics (e.g., Diefendorf et al.,
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2015b; Andrae et al., 2019). Additionally, §'3C values of n-alkanes and bulk leaf tissue are not
recording the same growing season conditions. This mismatch in the timing between n-alkane
biosynthesis and bulk leaf tissue may be contributing to the large observed variation in £'3C,.
alkane Values (e.g., Diefendorf and Freimuth, 2017). This implies that the §'3C of n-alkanes are
recording a specific time of year and this should be incorporated into their interpretations for

paleo applications (e.g., Tipple et al., 2013; Freimuth et al., 2017).

3.4. Implications for the paleoenvironmental studies
Despite large changes in temperature and drought, the plant waxes of J. monosperma

were unaltered with the exception of a large increase in total n-alkane concentrations with

heating. Other studies have also observed increases in n-alkane concentrations with other factors

including altitude and canopy height (Feakins et al., 2016; Suh and Diefendorf, 2018). However,

total concentrations are unlikely to be useful for paleoenvironmental applications. In studies
where species could be controlled, such as analyses of macrofossils or cuticle, the challenge
would be controlling for preservation and the loss of compounds. Preservation can be highly
variable within and between depositional environments. When comparing n-alkane
concentrations of taxa between different sites, it would be nearly impossible to remove
preservation effects and therefore differences in concentration could not be attributed to heat.
Additionally, the further back in time samples are compared, the challenge would be
differentiating genetic differences from climate controls (Andrae et al., 2019). Using this
approach on closely related taxa would not be possible either given the large differences in n-

alkane concentrations among closely related species (Diefendorf et al., 2015b).
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n-Alkane ACL values are sometimes used as a proxy for temperature (see Freeman and
Pancost, 2014). Here, we observed no change in ACL after 4 years of heating. This contrasts
with other studies where samples are collected over long sampling gradients or from
geographically isolated populations where genetic variation within a species is likely (Hoffmann
et al., 2013; Tipple and Pagani, 2013; Feakins et al., 2016; Andrae et al., 2019). Combined, this
suggests that ACL should not be used in species-specific studies (e.g., cuticle, macrofossils) as
indicators of temperature. For analyses made on sediments or rocks that incorporate waxes from
the flora living in the depositional basin, using ACL as a proxy for temperature is not possible.
ACL is highly variable among species, sometimes even very closely related species, and
therefore any changes in ACL in sediments (spatially or temporally) are most likely caused by
changes in species composition (Diefendorf et al., 2015b). Not all changes in the plant
community will however translate into an ACL change. For example, teasing apart changes in
the relative abundance of conifers and angiosperms on the landscape can be complicated by
differences in ACL and the abundance of n-alkanes between these plant groups and, despite large
changes in the plant community, ACL is maintained (e.g., Schlanser et al., 2020b). Therefore, a
lack of change in ACL is not evidence of no change in the plant community. Even if temperature
does influence ACL, those changes tend to be small (e.g., Tipple and Pagani, 2013). Therefore,
we argue that ACL is not directly sensitive to paleoclimate, but instead is related to changes in
species composition. Changes in species composition is controlled by many factors, which
include climate, but this relationship between ACL and climate is not direct. Therefore, we
contend that when changes in ACL are observed, it can be informative of floral changes over

time, or across a landscape, but using ACL as a temperature proxy is fraught with uncertainty.
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The Paleocene-Eocene Thermal Maximum (PETM) provides a good example of these
challenges. The PETM is associated with a large carbon cycle perturbation around 55.5 Ma and
resulted in global warming on the order of 5 to 8 °C (MclInerney and Wing, 2011). Records of the
PETM are known from around the world and many of these sites report n-alkanes because their
isotopes are useful for understanding the carbon cycle perturbation and changes in hydrology.
ACL values across the warming at the onset of the PETM are variable with values increasing
(Schouten et al., 2007; Smith et al., 2007; Handley et al., 2008; Baczynski et al., 2016) or
decreasing (Tipple et al., 2011; Krishnan et al., 2015). For the sites where floral data is available,
it is clear that major floral turnover occurred very quickly at the onset of warming (McInerney
and Wing, 2011). Therefore, changes in ACL values can be used as an indicator of floral change.
Although this is qualitative, it can be helpful when interpreting other changes. For example, if n-
alkane 8'3C or 8°H values are changing along with ACL, then the effects of species change on
these isotope signals needs to be accounted for, or ruled out, to maximize signal to (biological)
noise in the interpretations made (e.g, Schartman et al., 2020).

As mentioned above, J. monosperma had much lower £'3Cy.-aikane values than observed in
other closely related Cupressaceae taxa (Diefendorf et al., 2015b). Because n-alkane 8'3C values
are very similar among treatments despite the drought modification and because these values
were lower than might be expected based on the arid climate, it is likely that the n-alkanes were
synthesized under wetter conditions. This possible decoupling between n-alkane and bulk leaf
tissue synthesis emphasizes that n-alkanes are reflecting the wet growing season and bulk leaf
8'3C values are assimilation weighted and are possibly affected by changes in C storage
(Cernusak et al., 2009). This difference in timing is important because it might explain why

£13Chr-alkane values are so highly variable (e.g., Diefendorf and Freimuth, 2017). Additionally, if
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timing of synthesis or C storage is genetically controlled, it might also explain why in addition to
this variability, £'3Cy-aikane values can have strong taxonomic overprinting, at least in conifers
(e.g., Cupressaceae versus Podocarpaceae). If this is the case, then using £'>C-alane values to
correct from n-alkane to leaf values may be adding additional uncertainty and suggests that we
may need to calibrate n-alkane 8'*C values directly to atmospheric 8'3C values to reduce

uncertainty for paleoenvironmental applications (Diefendorf et al., 2015a; Schlanser et al.,

2020a).

4. Conclusions

We investigated the effects of heat and drought on the plant wax compositions of the
conifer J. monosperma in an ecosystem-scale manipulation experiment. We found that plant wax
concentrations are similar among treatments for all n-alkyl lipids except for the n-alkanes which
have much higher concentrations in the heat and heat+drought treatments, but not in the drought
treatment. This suggests that heating is responsible for the increase in n-alkane production.
Given that we observed no qualitative differences in the epicuticular leaf wax morphology, or
other n-alkyl lipids, n-alkanes are being preferentially added to the intracuticular wax to enhance
the cuticular transpiration barrier (e.g., Riederer and Schneider, 1990; Jetter et al., 2006; Schuster
et al., 2016), possibly in response to high vapor pressure deficit.

Despite having higher n-alkane concentrations with increased temperatures, n-alkane
ACL does not vary between treatments and therefore ACL is tightly controlled, at least for this
species over four years, and is, therefore, not related to temperature. Other studies have identified
unique leaf wax and ACL strategies to climate. Combined, it seems that species have ACL

values that are largely set by their genetics and phylogenetic relationships, and over time, small
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variations in ACL occur when species are isolated or spread apart over long distances (Tipple
and Pagani, 2013; Andrae et al., 2019).

Similar to other species, n-alkanes are likely synthesized during the growing season when
water availability is higher. In J. monosperma, this results in much lower £'3Cy-aikane values than
other taxa in Cupressaceae. Because n-alkane 8'>C values are very similar among treatments, the
variability observed in the €'*C-aiane values was likely caused by environmental controls on
813Cleat, and not n-alkane §'>C values. Given that n-alkane §'3C values are usually set early in the
growing season, or when water availability is high, the n-alkane §'°C values are biased to those
times, whereas leaf 3'3C values are assimilation weighted and therefore do not represent the
same time period. This is an important distinction and needs to be taken into account when

comparing or interpreting n-alkane and leaf §'3C values as climate recorders.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at insert DOI link.

Table S1. All sample information including plant wax concentrations and carbon isotope data.
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Figures Captions

Figure 1. n-Alkanol (even chains from Cao to C32, n-nonacosan-10-ol, and n-alkanoic acid (even
chains from C22 to Cs0) concentrations (ug g'') by growth treatment. Samples are represented
using box and whisker plots with the median, upper and lower quartiles, and maximum and

minimum values indicated. Median values are indicated next to box plots.

Figure 2. n-Alkane concentrations (Czs to Cs7; pg g™'), CPI, and ACL values by growth
treatment. Samples are represented using box and whisker plots with the median, upper and
lower quartiles, and maximum and minimum values indicated. Median values are indicated next

to box plots.

Figure 3. SEM images of J. monosperma leaves from the ambient control treatment. Image A
(J123, 65x) captures multiple needles showing general needle morphology. Image B (J124;
350x) captures the exposed adaxial surface when the leaf is separated from the stem thereby

revealing the adaxial leaf waxes.

Figure 4. SEM images of J. monosperma leaf surface features. Image A (J128; 65x; chamber
control) captures wax crusts on the abaxial surface. These crusts may be noticeably apparent due
to the drying of the leaves, but capture the thickness of these smooth wax layers. Image B (J117;
120x; heat) highlights the difference in leaf wax morphology when a needle is moved (left
needle was slid to the left) to expose the normally covered abaxial surfaces. Note the change in
morphology of the wax (see E) and the presence of stomata. Image C (J123, 1.2kx; ambient

control) provides a view of the smooth wax of the abaxial surfaces see in A and B. Image D
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(J123, 1.5kx) captures the smooth and rod wax morphologies of the adaxial surfaces. Image E
(J117, 1.5kx) is of a stoma and surrounding abaxial needle coated with the tubular wax
morphology and was taken of the exposed stomata in image B. These tubular waxes are most
consistent with an n-nonacosan-10-ol composition. Image F (J123, 5kx) captures these tubular

waxes at a higher magnification that cover the adaxial and covered abaxial surfaces.

Figure 5. £'°Cy.c33 alkane, 0'°Ci-33 alkane, and 8'*Ciear values by growth treatment. Samples are
represented using box and whisker plots with the median, upper and lower quartiles, and

maximum and minimum values indicated. Median values are indicated next to box plots.
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Table 1
Plant wax concentrations and n-alkane characteristics (ACL, CPI) for the different treatments.
Treatment >n-Alkanes ACL CPI n-Alkanols ~ Nonacosan-10-ol  Zn-Alkanoic acids
peg! negg! negg! peg!
Mean 1o n* Mean 1o n* Mean loc n® Mean Ic n* Mean loc n* Mean lc n?
Ambient Control 955 121 7 333 0.1 7 106 0.6 7 110 46 6 1340 802 6 114 45 6
Drought 883 165 8 333 0.2 8 10004 8 101 29 8 1578 541 8 109 67 8
Chamber Control 853 144 6 334 0.1 6 11.1 05 6 83 40 6 1793 465 6 68 24 6
Heat 1458 250 5 33400 5 10.6 0.5 5 124 44 5 2004 781 5 98 69 5
Heat+Drought 1441 223 4 33400 4 9302 4 121 27 4 1627 724 4 73 40 4

2 n is the number of individual trees per treatment. Many of the individual trees had multiple samples and
these were averaged prior to statistical analysis. The total number of these replicates varied by individual
and by compound analyzed (See Supplementary Table S1).
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Table 2
Leaf and n-alkane 3'3C and £"3C values for the different treatments.
Treatment %0 VPDB
3BClLeaf S13C 1-33 Alkane S13C 135 Alkane £13C 1-C33 Alkane £13C 1-c35 Alkane

Mean 1lc n* Mean 1o n* Mean 1o n* Mean lo n* Mean lo n?

Ambient Control -25.0 0.7 7 -306 09 7 -29.7 08 7 =56 07 7 47 06 7
Drought -249 07 8 307 12 8 -299 12 8 -60 06 8 =51 07 8
Chamber Control -259 02 6 -313 06 6 -309 06 6 56 06 6 =51 05 6
Heat -254 06 5 312 05 5 300 05 5 59 04 5 47 05 5
Heat+Drought 246 05 4 310 06 4 -299 07 4 66 02 4 54 03 4

% n is the number of individual trees per treatment. Many of the individual trees had multiple samples and
these were averaged prior to statistical analysis. The total number of these replicates varied by individual
and by compound analyzed (See Supplementary Table S1).
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