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Abstract

Plant waxes are of special interest in plant protection as they form a continuous protective layer

between a plant and its environment. Particularly, waxes located at the outermost surface, known

as epicuticular waxes, play a crucial role in plant protection against moisture loss, UV-radiation as

well as fungal and bacterial attacks. However, little is known about how fast epicuticular waxes

are renewed, especially in mature plants. Moreover, to what extend epicuticular waxes are renewed

through sunlight exposure is not yet fully understood. Hence, to investigate the influence of sun

exposure on epicuticular wax composition and renewal, a 13CO2 pulse-chase labelling experiment

was conducted in the late growing season (August 2018) on a 200-year-old beech tree (Fagus sylvat-

ica) which is located on the Irchel Campus, Zurich, Switzerland. To investigate the epicuticular wax

composition and modification throughout the late growing season, sun-exposed and shaded leaves

were collected weekly until October 2018 and analysed for n-alkane composition whereby the total

lipid extract (TLE) as well as n-alkane molecular ratios such as average chain length (ACL) and car-

bon preference index (CPI) were identified. In addition, the compound specific isotope composition

(δ13C) of n-alkanes was used to identify the time needed for the formation of new waxes.

Sun-exposed leaves showed a larger epicuticular wax content per leaf unit area (+45%) with a larger

proportion of n-alkanes (+60%) than shaded leaves. n-Alkanes of all investigated leaf samples

showed a strong odd-over-even predominance with C27 as the dominant chain length. The overall
13C-enrichment indicates a significant assimilation of 13C after the labelling experiment with 20-30%

in bulk tissue and 1% in n-alkanes. Furthermore, the quantity of renewed waxes is equivalent to 0.03

µg cm−2 per day in shaded and 0.8 µg cm−2 per day in sun-exposed leaves, indicating a significant

faster wax renewal rate in sun-exposed leaves compared to shaded leaves. This faster wax renewal

rate is mainly regulated by the external environment, particularly light exposure. This study sheds

light on the relationship between leaf wax formation in relation to environmental stress, including

sun exposure. This contributes to a better understanding of a plant’s metabolism and growth in re-

sponse to high sunlight and temperature environments, which will become increasingly important

in the upcoming century.
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Master Thesis 1 Introduction

1 Introduction

Plant waxes are a natural key innovation which play an important role in the survival and de-

velopment of terrestrial plants (Koch et al., 2009). Through evolution, terrestrial plants developed a

protective outermost wax layer, known as plant cuticle. The plant cuticle is composed of cutin and

hydrophobic components (Reina-Pinto and Yephremov, 2009) and mainly protects the plant against

deleterious water loss (Buschhaus et al., 2007). Other functions, like the protection against damage

from UV-radiation, droughts as well as against fungal and insect attacks have also been investi-

gated (Eglinton and Hamilton, 1967; Hauke and Schreiber, 1998; Dodd and Poveda, 2003; Kunst and

Samuels, 2003; Feakins et al., 2016; Ardenghi et al., 2017; Laila et al., 2017; Nelson et al., 2017). Par-

ticularly, epicuticular wax that is located at the outermost plant surface is of special interest in plant

protection as one of the most protective barriers against harmful environmental impacts (Nguyen-

Tu et al., 2001; Samuels et al., 2008; Bernhard and Joubès, 2013). Typical epicuticular wax components

are n-alkyl lipids including n-alcohols, n-alkanes, n-alkanoic acids and n-esters (Eglinton and Eglin-

ton, 2008; Jetter and Kunst, 2008; van Maarseveen and Jetter, 2009) whereby n-alkanes are among

the most abundant occurring component of leaf waxes (Ardenghi et al., 2017). Various authors e.g.

Kolattukudy and Walton (1973), Jetter et al.(2000), Kunst and Samuels (2003), Müller and Riederer

(2005), Bargel et al. (2006), Jetter and Kunst (2008), Koch et al. (2009), give a wide array of overviews

on biosynthesis, function and chemical composition of epicuticular waxes.

An increased epicuticular wax content can be found in plants exposed to intense solar radiation

which is associated with low water availability (Shepherd and Griffiths, 2006) as observed in nu-

merous plants like beech trees (Fagus sylvatica; Prasad and Gülz, 1990), walnut trees (Juglans regia

L.; Lacointe et al., 2004) as well as in wheat grass (Jefferson et al., 1989). Moreover, epicuticular wax

content is highly dynamic throughout one growing season (Chikaraishi et al., 2004) as it is regu-

larly removed by wind or dust abrasion (Conte et al., 2003), insects (Feakins et al., 2016) and leaf

to leaf contact (Knight et al., 2004). Hence, changes in epicuticular wax content and composition

are considered as an adaptation to local environments (Klich, 2000; Bernhard and Joubès, 2013). In

addition, variability in epicuticular wax content and its composition are also caused by ontogeny

(Diefendorf et al. 2011), plant species and plant growth (Bush and McInerney, 2013). For instance,

Bush and McInerney (2013) observed variations in the epicuticular wax composition, specifically in

the n-alkane content, between leaves of shaded and sun-exposed canopy positions within the same

tree. These differences are mainly due to micro-climatic factors like sun exposure (van Wittenberghe

et al., 2012), wind ablation as well as washing off by intense rainfall (Gao et al., 2012). Therefore, it

is also suggested that the renewal rate of epicuticular waxes might depend on environmental con-

ditions (e.g. sunlight exposure) and thus varies at different canopy positions within the same tree

(Bush and McInerney, 2013). Leaf properties like the leaf area and leaf lifespan are also considered

to influence epicuticular wax content and its renewal (Mueller et al., 2012). However, the rate of wax

renewal due to environmental stress is unknown, particularly in relation to sun exposure. Moreover,

University of Zurich, Department of Geography Page 1
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many studies focus on summer leaves of rather young trees (Jetter and Schäffer, 2001; Dyckmans et

al., 2002; Nogués et al., 2006). As a consequence, there is a lack of knowledge about how fast the

epicuticular wax is renewed in leaves of mature plants in the late growing season, specially in high

sunlight conditions.

Long chain n-alkanes (C27 to C33) with a typically strong odd-over-even predominance are valu-

able molecular proxies as plant derived lipids are released into the environment as leaf fragments

or as aerosols (Eglinton and Eglinton, 2008) and transported over substantial distances until they

are deposited in soils or lake sediments (Jansen and Wiesenberg, 2017). They have further been

used to reconstruct continental vegetation patterns, including climate induced changes (Eglinton

and Eglinton, 2008; Vogts et al., 2009), as well as to identify present-day carbon allocation in plant-

soil systems (Li et al., 2018). The utility of long chain n-alkanes as a reliable molecular proxy is fur-

ther strengthened by their chemical inertness and environmental persistence (Eglinton and Eglin-

ton, 2008; Wiesenberg et al., 2009) as well as by an easy extraction and analysis (Diefendorf and

Freimuth, 2017). Moreover, by using long-chain n-alkanes as molecular proxies the distribution is

typically related to the average chain length (ACL), carbon preference index (CPI) and stable isotope

concentration (Eglinton and Eglinton, 2008) since n-alkane distribution is sensitive to environmen-

tal changes (Hoffmann et al., 2013). Nevertheless, it still remains unclear which factors control the

renewal rate of epicuticular wax and whether these can be traced by such molecular ratios. Thus,

studies examining the renewal rate of epicuticular wax are missing.

Aside from the variability in n-alkane content, compound specific δ13C analysis has also been

used to investigate the effects of environmental factors such as sun exposure, increased tempera-

tures and droughts (Lockheart et al., 1997; Nguyen-Tu et al., 2001; Blessing et al., 2015) on changes

in plant populations (Wiesenberg et al., 2004). Since plants discriminate δ13C during photosynthe-

sis, the magnitude of this effect reflects a plant’s growth and metabolism in relation to its external

environment (Pancost and Boot, 2004). Moreover, fractionation against 13C varies depending on en-

vironmental factors like solar radiation (Zimmerman and Ehleringer, 1990), increased temperatures

as well as the availability of nitrogen (Dawson et al., 2002). Additionally, leaf properties such as leaf

thickness (Vitousek, 1990), leaf ageing (Li et al., 2016) leaf size, stomatal density or canopy position

are also suggested to influence fractionation against 13C (Dawson et al., 2002; Bender et al., 2017).

To investigate the magnitude of 13C fractionation in lipid biosynthesis, the use of pulse-labelling

experiments (δ13CO2, δ14CO2) is a common practise (Dawson et al., 2002). It is used to trace carbon

allocation and its partitioning among different plant organs (Wiesenberg et al., 2009; Epron et al.,

2012). Especially, short pulse-labelling experiments with 13CO2 have been implemented for years

whereby whole plants or plant parts are exposed to a 13CO2-enriched atmosphere in a time frame

from several minutes up to several hours (Epron et al., 2012).

Since droughts lead to a 13C-enrichment in plant tissue (Zhang et al., 2019), it is suggested that the

exposure to direct sunlight has the same effect and thus tends to increase δ13C values in sun-exposed

leaves. Moreover, it is known that plant lipids of leaf waxes (e.g. n-alkanes) in sun-exposed leaves
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show a 13C-enrichment due to the coupling of photosynthesis and isotope fractionation in lipid

biosynthesis (Collister et al., 1994; Zhang et al., 2019). Nevertheless, there are only a few studies that

examine the difference in δ13C values between bulk tissue and n-alkanes in relation to sun exposure,

especially with regards to the modification and renewal of epicuticular waxes.

The goals within this study were to identify the variability in the epicuticular wax content, its

modification as well as to identify the rate of epicuticular wax renewal in leaves of a mature beech

tree (Fagus sylvatica), especially in relation to sun exposure throughout the late growing season.

Specifically, it was investigated whether an epicuticular wax renewal takes place at all in a mature

tree and if so, how fast this wax renewal occurs depending on sun exposure. The questions ad-

dressed where:

(1) How does epicuticular wax content differ between sun-exposed and shaded leaves

throughout the late growing season?

(2) How fast are epicuticular waxes renewed as a response to sun exposure?

To address these questions, a δ13CO2 pulse-chase labelling experiment was conducted on a approx-

imately 200-year-old beech tree (Fagus sylvatica) in early August 2018 followed by weekly leaf sam-

pling until early October 2018 to examine the composition and rate of renewal of epicuticular waxes

in relation to sun exposure. The study followed the hypotheses:

(1) The epicuticular wax content, including n-alkane content per leaf unit area, is larger in

sun-exposed leaves than in shaded leaves.

(2) The rate of epicuticular wax renewal is faster in sun-exposed than in shaded leaves.

University of Zurich, Department of Geography Page 3
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2 Materials and methods

2.1 Study area

Leaves of a mature (200-year-old) beech tree (Fagus sylvatica) located on the Irchel Campus, Uni-

versity Zurich, Switzerland [47◦23’44” N, 8◦32’57” E, 540 masl] (Figure 1), were collected from Au-

gust to October 2018. The mean annual air temperature is 9.3◦C and the mean annual precipitation is

1134mm (MeteoSwiss, http://www.meteoschweiz.admin.ch). The physiography of the study area

is characterized as slightly undulating with a plant community consisting of European beech (Fa-

gus sylvatica), littleleaf linden (Tilia cordata), silver birch (Betula pendula), hornbeam (carpinus betulus),

harewood (Acer pseudoplantanus) and understory shrubs.

Figure 1: Study area on the Irchel Campus, University Zurich, Switzerland (Swisstopo, http://
map.geo.admin.ch).
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2.2 13CO2 pulse-chase labelling

The 13CO2 pulse-chase labelling experiment was conducted in the late end of the growing season

on the 9th of August 2018. Six branches containing approximately 60 leaves each were selected, of

which three branches were sun-exposed and three branches were shaded. One additional branch

each was used as a control at each site (Supplementary Figures I a and b). For the labelling process,

six rectangular shaped labelling chambers (total volume of 0.06m3 each) of wire scaffolding were

placed underneath the tree and wrapped around the selected branches. Each labelling chamber con-

tained a small glass dish with 1g of sodium hydrogen carbonate (Na2
13CO3) which was completely

dissolved in deionized water (Milli-Q quality) (Heinrich et al., 2015). The 13CO2 gas was released

by injecting 10ml of sulfuric acid (H2SO4, 10 atom-%) via syringe directly into the labelling solution.

In addition, a small battery driven fan was used to homogeneously distribute the produced 13CO2

gas (Srivastava et al., 2017; Kagawa et al., 2005). The air chamber temperature was maintained by ice

packs placed between battery driven fan and glass dish (Figures 2a and b). Overall, each branch was

exposed to a 13CO2-enriched atmosphere for approximately 5 hours at an average air temperature

of 38.0◦C in the sun and 27.0◦C in the shade (Figure 2c).

Potential sources of error during the experiment, which could have negatively affected the 13CO2

labelling, were the increased wind velocity that led to a tilted position of the labelling chambers. In

addition, the attachment between the plastic covering and the branch had loosened in two chambers

due to the increased wind velocity, which resulted in a no longer airtight closure of these chambers

and therefore the 13CO2 labelling was no longer guaranteed. An additional uncertainty during

the experiment was the short running time of the fans as after approximately two hours, the fan

stopped running in four of the six chambers, no longer ensuring the homogeneous distribution of

the generated 13CO2. Furthermore, without the fans the temperature inside the chambers increased

(> 30◦C) which affects photosynthetic activity as well as the 13C assimilation. As a consequence, only

two (n = 1 in sun-exposed and n = 1 in shaded canopy position) of the total six branches, including

control, were used to for the lipid analysis and for the identification of the wax renewal rate.
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(a) Schematic overview of the labelling chamber. The 13CO2 was released by adding 10ml of
H2SO4 via syringe directly into the labelling solution. The produced 13CO2 gas was homo-
geneously distributed within the labelling chamber by a small battery driven fan (modified
after Kawaga et al., 2005).

(b) Labelling chambers were placed on tripods underneath the selected branches.

Figure 2 continues on the next page.
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(c) Closed labelling chamber with a selected branch inside.

Figure 2: 13CO2 pulse-chase labelling experiment. (Fotos by: Fanny Petibon and Tatjana Speckert,
2018).

2.3 Leaf sampling

The first sampling took place immediately after the labelling chambers were disassembled on the

9th of August, followed by sampling 1, 4 and 7 days later. Afterwards, leaves were sampled weekly

until the 11th of October 2018 resulting in a total of 480 leaf samples. Sun-exposed and shaded nodes

containing at least three leaves were collected at the topmost and the terminal part of each branch.

The three leaves of each node were separated whereby two leaves were used for the analysis of

physical leaf properties and one leaf was used for the lipid analysis. After separation, leaves were

immediately frozen on dry ice and stored in the laboratory (-80◦C) until further analysis.

2.4 Analysis of physical leaf properties

Chlorophyll content was directly measured in the field with a Soil Plant Analysis Development

(SPAD) chlorophyll meter. The SPAD meter evaluates the chlorophyll content of the leaf due to the

difference in the light attenuation at 650nm (red) and 940nm (infrared), and displays this in SPAD

values. Each leaf was placed individually with the adaxial side facing the emitting window of the

SPAD chlorophyll meter making sure not to place the emitting window on major veins (Uddling et

al., 2007). Five points per leaf were measured of which the average was calculated.

Leaf thickness was measured on fresh leaves left and right of the midrib using a vernier caliper

whereby measurements on the lateral and major veins were avoided (White and Montes-R, 2005;
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England and Attiwill, 2006). The leaf thickness was only determined for control samples in order to

avoid contamination of the vernier caliper and additional leaf samples.

The leaf area was determined for each leaf by a digital image processed in imageJ software (O’Neal

et al., 2002; Abràmoff et al., 2004; Easlon and Bloom, 2014).

The water content of each leaf was calculated as a percentage of fresh leaf weight according to the

formula of Lichtenthaler et al. (2007):

water content[%] = [(FW − DW)/FW] ∗ 100, (1)

whereby the fresh leaves were weighed for fresh weight (FW), freeze-dried overnight (-80◦C, 0.7-0.8

mbar) and weighted for dry weight (DW).

2.5 Analysis of C, N and stable carbon isotope (δ13C)

Dried leaves were manually crushed using a mortar and pestle. An aliquot of 0.9-1.1 mg of

crushed leaf material was analysed for total carbon, total nitrogen and δ13C values with a Thermo

Fisher Scientific Elemental Analyser coupled to a Delta V isotope mass spectrometer. Isotope values

(δ13C) are presented in per mil (h) relative to the Vienna Pee Dee Belemnite (VPDB) standard.

The amount of assimilated 13C during the 13CO2 pulse-chase labelling experiment is noted as
13C-excess (Srivastava et al., 2017) and expressed as 13C atom% (Epron et al., 2012). The added 13C

(δ13CA) was calculated as a percentage of the total 13C (δ13CT) using the following equation of Bahn

et al. (2013):

δ13C − excess[%] = [(100/δ13CT) ∗ δ13CA]− 100 (2)

2.6 Lipid extraction and analysis

Leaf waxes were extracted and separated into epicuticular and intracuticular lipids (Step 1). Sep-

aration into their constituent lipid classes was based on the polar properties of the individual lipid

components (Step 2, Step 3) followed by preparation for GC analysis (Step 4). The method was

performed as described in Wiesenberg and Gocke (2017), who provide a detailed guideline for lipid

analysis. A schematic overview of the lipid extraction and separation steps are summarized in Fig-

ure 3.
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Leaf samples

Epicuticular leaf lipids Intracuticular leaf lipids

Aromatic
HC fraction
(Fraction B)

Aliphatic
HC fraction
(Fraction A)

Low polar
heterocompunds

(Fraction C)

n-Alkanes
Polycyclic,

aromatic HC
Aldehydes,

ketones

Fatty acid
fraction

(Fraction H)

Neutral
lipid

fraction
(Fraction N)

High polar &
high molecu-

lar weight com-
pounds (Fraction P)

Mixture of
Fraction A, B, C

Free fatty acids Ester, polymers

GC-FID, GC-MS, GC-13C-irMS

Step 1

Step 2 Step 3

Step 4

Figure 3: Schematic overview of lipid extraction and separation whereby bold arrows correspond
to the extraction and analysis steps within this study (modified after Desalme et al., 2017;
Wiesenberg and Gocke, 2017). HC = hydrocarbon

Step 1

Epicuticular lipids were extracted by dipping entire and intact leaf samples into a solvent mixture

of DCM: MeOH (99:1, v/v) which was then evaporated using a rotary evaporator and filtrated over

sodium sulphate (Na2SO4). Afterwards, total lipid extracts (TLE) were evaporated until dryness and

weighed. Intracuticular lipids were extracted using an aliquot of ~150mg of crushed leaf material

with 1-2ml solvent mixture of DCM:MeOH (93:7, v/v), followed by centrifugation at 800g for 2

minutes. The supernatant was collected and evaporated until dryness.

Step 2

The epicuticular lipids of the TLE of Step 1 were separated into three fractions using 1.5-2.0 g

activated silica gel (SiO2, 100Å) in a 6ml glass column. The aliphatic hydrocarbons (HC; Fraction

A) were eluted with 4-5ml n-hexane (GC grade), aromatic HC (Fraction B) were eluted with 5ml of

solvent mixture n-hexane(GC grade):DCM (GC grade) (1:1, v/v) and low polar heterocompounds

(Fraction C) were eluted with 4ml of solvent mixture DCM(GC grade):MeOH(GC grade) (93:7, v/v).

Fraction A and B were combined to the n-alkane fraction due to an incomplete separation.

Step 3

The intracuticular lipids of the TLE of Step 1 were separated into three fractions using 1.5-2.0 g

KOH-coated silica gel in a 6ml glass column. Neutral lipids (Fraction N) were eluted with 30ml DCM

(GC grade), fatty acids (Fraction H) were eluted with 20ml of solvent mixture DCM (GC grade):formic

acid (high purity) (99:1, v/v) and high polar and high molecular weight compounds (Fraction P) were

eluted with 4ml of solvent mixture DCM (GCgrade):MeOH (GC grade) (1:1, v/v).
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Step 4

Free fatty acids were further dissolved in 300µl DCM (GC grade) and methylated with 500µl of

boron trifluorid/methanol (BF3-CH3OH).

2.7 n-Alkane identification and quantification

n-Alkanes were determined using a gas chromatography-mass spectrometer (GC-MS) and a gas

chromatography-flame ionization detector (GC-FID). Measurements were performed at 70◦C split-

less mode at a concentration of 10-20µg/µl with injection of 1µl. Oven and injector temperatures

were increased to 320◦C at a rate of 10◦C/ min until 120◦C and 5◦C/min until 320◦C. Helium gas

(He) was used as carrier gas (Wiesenberg and Gocke, 2017).

For the quantification of n-alkanes, 50µl of D50C24 (0.1mg/ml) were added to 100µl of each sample

as internal standard. The concentration of n-alkanes was normalized by the standard and mass of

dry leaf.

The average chain length (ACL; Eq. 3) as well as the carbon preference index (CPI; Eq.4) were

calculated according to the equations defined by Wiesenberg and Gocke (2017):

ACL = ∑ (zn ∗ n)/ ∑ zn (3)

Whereby zn is the concentration of the respective compound and n is the number of carbon atoms.

CPI = [(∑ C25 − C33odd/ ∑ C24 − C30even) + (∑ C25 − C33odd/ ∑ C26 − C32even)]/2 (4)

2.8 n-Alkane δ13C analysis

The n-alkane stable carbon isotope composition was assigned using gas chromatography carbon

isotope mass spectrometry (GC-C-irMS). GC conditions were identical as above. The δ13C values

were presented in per mil (h) according to the VPDB standard. Each sample (900µl) was measured

three times with an alkane mix (C20, C24, C30) as external standard. The 13C-excess was calculated

using Eq.2.

Fatty acids (100µl) were measured three times with D39C20 acid (0.1mg/ml; 50µl) as internal and

with alkane mix (C20, C24, C30) as external standard.
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2.9 Statistical analysis

Leaf samples of all spots (n=8) were used to analyse physical leaf properties, total carbon and total

nitrogen concentrations, δ13C values of bulk tissues and epicuticular wax content. Thereby signif-

icant differences between sun-exposed and shaded leaves were tested using a Student’s t-test (p <

0.05). The δ13C values were additionally tested using a Student’s t-test (p < 0.05) for the difference

between leaves collected from the topmost and the terminal part of the same branch. Measurements

of physical leaf properties and carbon and nitrogen concentrations were normalized by dry leaf

weight (dry wt). In all figures and tables, average values ± sd are presented where average values

± sd consist of 8 samples of the same sampling date.

For the n-alkane composition and stable carbon (δ13C) isotope composition of two spots at each

site including control (n=4) were used. n-Alkane composition were only tested for significant differ-

ences between sun-exposed and shaded canopy positions using a Student‘s t-test (p < 0.05) due to

no significant differences between control and labelled leaf samples (p > 0.05). Data for compound

specific δ13C values were tested using a Student‘s t-test and one-way ANOVA (p < 0.05). Values of

n-alkane composition as well as compound specific δ13C values were normalized by dry leaf weight

(dry wt) and leaf unit area. All lipid fractions were measured three times to ensure reproducibil-

ity. Hence, in all figures and tables average values ± sd equals to 3 analytical measurement runs;

difference between analytical measurements did not exceed 1h; outliers were not considered (n=9).

All statistical analyses and visualizations were performed with R studio software 1.1.383 (RStudio

Team, 2016).
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3 Results

3.1 Physical leaf properties

3.1.1 SPAD values

A higher chlorophyll concentration (+4%, p > 0.05) was observed in early August (Day of the year

(DOY) 221) in sun-exposed leaves (35.43 ± 0.9) than in shaded leaves (33.98 ± 0.5). However, seen

over the entire sampling period, chlorophyll content did not differ significantly (p > 0.05). Both

sun-exposed and shaded leaves exhibited greatest chlorophyll concentrations in early August (DOY

221) and lowest in the late end of the growing season in early October (DOY 284). Subsequently,

chlorophyll concentration of sun-exposed leaves decreased continuously until early October with

a SPAD value of 26.0 ± 2.4. Controversially, chlorophyll concentration in shaded leaves increased

(3%) between mid and late August (DOY 235-242) with a SPAD value of 32.5 ± 0.3, followed by

continuously decreasing values to 28.9 ± 0.2 as the growing season proceeded. Overall, SPAD values

of shaded leaves ranged between 28.9 and 33.9 with an average value of 31.8 ± 1.8. Similar SPAD

values were measured for sun-exposed leaves with values between 26.0 and 35.4 and an average

value of 31.7 ± 4.2 (Figure 4).

Figure 4: SPAD values (n=8 ± sd) of sun-exposed and shaded leaves throughout the late growing
season (Aug - Oct, 2018).
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3.1.2 Leaf thickness and leaf area

Sun-exposed leaves are characterized by a larger leaf thickness (+30%; p < 0.05) in comparison to

shaded leaves. Sun-exposed leaves exhibited a leaf thickness between 32.50 and 55.00 µm and an av-

erage leaf thickness of 44.16 ± 8.12 µm whereby the leaf thickness of shaded leaves ranged between

16.75 and 50.00 µm with an average leaf thickness of 33.02 ± 12.54 µm. While shaded leaves reached

their maximum leaf thickness of 50.00 µm in early August (DOY 221), sun-exposed leaves reached

their maximum leaf thickness of 55.00 µm in late August (DOY 235). Moreover, while shaded leaves

became thicker again in early October (DOY 284; 22.50 µm), sun-exposed leaves showed a steady

decline in leaf thickness over the late growing season. Nevertheless, when compared to the leaf

thickness in early August, both showed a decline (sun-exposed leaves: -20%; shaded leaves: -55%)

in leaf thickness as the growing season proceeded (Figure 5).

Figure 5: Leaf thickness of sun-exposed and shaded leaves throughout the late growing season (Aug
- Oct, 2018). Each data point represents the leaf thickness of a single leaf of sun-exposed
and shaded leaves. The leaf thickness of the sun-exposed leaf in early October (DOY 284)
could not be measured due to a damaged leaf sample.

A clearly larger leaf area (+20%; p < 0.05) was observed in shaded leaves over sun-exposed leaves.

Leaf area of shaded leaves ranged between 33.98 and 78.63 cm2 with an average leaf area of 53.11 ±
20.4 cm2 while leaf area of sun-exposed leaves varied between 33.62 and 54.02 cm2 with an average

leaf area of 41.56 ± 15.6 cm2. Maximum leaf size of shaded leaves was measured in early August

(DOY 221) with a leaf area of 78.63 ± 6.5 cm2 followed by a second maximum (+20%) in mid-

September (DOY 256) with a leaf area of 44.47 ± 7.4 cm2. Subsequently, leaf area of shaded leaves
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was smaller (-55%; 33.9 ± 9.1 cm2) as growing season proceeded relative to the initial leaf size in

early August. The opposite was observed in sun-exposed leaves with smallest leaves in early August

(DOY 222) with a leaf area of 33.62 ± 4.6 cm2 and largest leaves in late September (DOY 270) with a

leaf area 54.02 ± 9.5 cm2 (Figure 6).

Figure 6: Variability in leaf area of sun-exposed and shaded leaves (n=8 ± sd) throughout the late
growing season (Aug - Oct, 2018).

3.1.3 Water content

A significantly greater water content (+10%; p < 0.0001) was observed in shaded leaves than in

sun-exposed leaves with an average water content of 57.67 ± 1.3 mg g−1 and 51.71 ± 4.75 mg g−1

in shaded and sun-exposed leaves, respectively. The highest water content was observed in shaded

leaves in early August (DOY 222) with 59.56 ± 0.7 mg g−1, followed by a slight decrease (DOY

225; -5%) to a water content of 56.67 ± 0.8 mg g−1. Afterwards, during the remaining growing

season, the water content remained relatively constant in shaded leaves (DOY 284; 57.30 ± 0.9 mg

g−1). In contrast, a rather wide fluctuation in water content throughout the late growing season

was observed in sun-exposed leaves with a maximum water content of 54.57 ± 2.1 mg g−1 in mid-

September (DOY 256) and a decrease in water content as the growing season proceeded (DOY 284;

51.04 ± 1.6 mg g−1; Figure 7).
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Figure 7: Variability in water content of sun-exposed and shaded leaves (n=8 ± sd) during the late
growing season (Aug - Oct, 2018).

3.2 C and N concentrations

Total carbon (TC) concentration in sun-exposed leaves was clearly higher (+4%; p < 0.0001) than

in shaded leaves with an average total carbon concentration of 46.24 ± 1.3 mg g−1 and 44.42 ±
1.7 mg g−1 in sun-exposed and shaded leaves, respectively. A rapid increase in TC concentration

was observed in both sun-exposed (+3%) and shaded leaves (+4%) in early August (DOY 221-228)

with a TC concentration of 46.06 ± 0.5 mg g−1 in sun-exposed and 44.51 ± 0.3 mg g−1 in shaded

leaves. Moreover, TC concentration steadily increased as the growing season proceeded to a TC

concentration of 47.36 ± 0.5 mg g−1 in sun-exposed leaves and to 45.09 ± 0.3 mg g−1 in shaded

leaves. Consequently, a larger TC concentration was observed in early October (DOY 284) in sun-

exposed (+3%) and shaded leaves (+5%) when compared to the initial TC concentration measured

in early August (Figure 8).
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Figure 8: Variability in the total carbon (TC) concentration of sun-exposed and shaded leaves (n=8
± sd) throughout the late growing season (Aug - Oct, 2018).

A significantly greater total nitrogen (TN) concentration (+15%; p < 0.0001) was observed in

shaded over sun-exposed leaves with an average total nitrogen concentration of 2.02 ± 0.1 mg g−1 in

shaded and 1.73 ± 0.3 mg g−1 in sun-exposed leaves, respectively. Moreover, shaded leaves reached

a maximum TN concentration of 2.17 ± 0.04 mg g−1 in early August (DOY 222) followed by a second

increase in mid-September (DOY 256) with a TN of 2.11 ± 0.05 mg g−1. Subsequently, TN concen-

tration continuously decreased (-4%) as growing season proceeded to a TN concentration of 1.97 ±
0.03 mg g−1. On the other hand, sun-exposed leaves reached a maximum TN concentration of 1.97

± 0.07 mg g−1 in late August (DOY 235), followed by a second increase in mid-September (DOY 256;

1.76 ± 0.13 mg g−1). Overall, TN concentration decreased in both sun-exposed and shaded leaves

as the growing season proceeded (Figure 9).
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Figure 9: Variability in the total nitrogen (TN) concentration of sun-exposed and shaded leaves (n=8
± sd) throughout the late growing season (Aug - Oct, 2018).

The C:N ratio reflects the TC and TN concentrations that resulted in an increased (+25%; p <

0.0001) C:N ratio from shaded to sun-exposed leaves with average values of 22.04 ± 1.3 and 27.66

± 6.09. Lowest C:N ratios were observed in early August (DOY 221 and 222) with 25.09 ± 0.88 and

20.53 ± 0.34 and greatest C:N ratios were observed in early October (DOY 284) with 32.14 ± 4.6 and

23.45 ± 0.3 within sun-exposed and shaded leaves (Figure 10). Table 1 provides an overview of leaf

properties (For more detailed data, see Supplementary Tables I and II)
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Figure 10: Variability in the C:N ratio of sun-exposed and shaded leaves (n=8 ± sd) throughout the
late growing season (Aug - Oct, 2018).

Table 1: Summary of physical leaf properties. The average values ± sd represent 80 samples
for sun-exposed and shaded leaves. With the exception of the leaf thickness, which
was only measured for control leaf samples and thus represents the average
value ± sd of 20 samples for sun-exposed and shaded leaves.
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant

Physical leaf properties Shaded leaves Sun-exposed leaves

SPAD value [-] 31.80 ± 1.8ns 31.70 ± 4.2ns

Leaf thicknesss [µm] 33.03 ± 12.5∗ 44.17 ± 8.1∗

Leaf area [cm2] 53.11 ± 20.4∗ 41.56 ± 15.6∗

Dry leaf weight [mg] 137.64 ± 56.7∗∗∗∗ 214.23 ± 67.6∗∗∗∗

Water content [mg g−1] 57.67 ± 1.3∗∗∗∗ 51.71 ± 4.7∗∗∗∗

TC concentration [mg g−1] 44.42 ± 1.7∗∗∗∗ 46.24 ± 1.3∗∗∗∗

TN concentration [mg g−1] 2.02 ± 0.1∗∗∗∗ 1.73 ± 0.3∗∗∗∗

C:N ratio 22.04 ± 1.3∗∗∗∗ 27.66 ± 6.1∗∗∗∗
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3.3 Epicuticular wax content

Epicuticular wax content per dry leaf weight was significantly larger (+15%; p < 0.001) in shaded

than in sun-exposed leaves with an average epicuticular wax content of 6.9 ± 1.5 mg g−1 and 5.8

± 0.8 mg g−1. Epicuticular wax content per dry leaf weight in shaded leaves ranged between 6.19

and 8.11 mg g−1 while epicuticular wax content per dry leaf weight in sun-exposed leaves ranged

between 5.18 and 6.81 mg g−1. An increased epicuticular wax content was observed in both sun-

exposed and shaded leaves in early August (DOY 221-228) with values up to 6.81 ± 0.1 mg g−1

and 7.98 ± 1.1 mg g−1. Subsequently, epicuticular wax content per dry leaf weight continuously

decreased in sun-exposed leaves until early October (DOY 284) with a 10% lower epicuticular wax

content (5.18 ± 0.4 mg g−1) when compared to the initial amount in early August. Inversely, an

increased epicuticular wax content per dry leaf weight was observed in shaded leaves between late

September (7.04 ± 0.7 mg g−1) and early October (8.11 ± 1.3 mg g−1). This results in a 20% larger

epicuticular wax content per dry leaf weight towards the late end of growing season as compared

to the initial epicuticular wax content in early August (Figure 11).

Figure 11: Variability in the epicuticular wax content normalized by dry leaf weight of sun-exposed
and shaded leaves (n=8 ± sd) throughout the late growing season (Aug - Oct, 2018).

On the other hand, epicuticular wax content per leaf unit area was significantly larger (+45% p <

0.0001) in sun-exposed than in shaded leaves. Average epicuticular wax content per leaf unit area in

sun-exposed leaves was 36.74 ± 8.4 µg cm−2 whereas the average epicuticular wax content per leaf

unit area in shaded leaves was 19.77 ± 3.8 µg cm−2. An increased epicuticular wax content per leaf
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unit area was observed in both sun-exposed and shaded leaves in early August (DOY 221-228) with

23.85 ± 1.1 µg cm−2 in shaded and 43.88 ± 6.5 µg cm−2 in sun-exposed leaves. A second increase

was observed in shaded leaves between early September (DOY 256; 18.06 ± 1.3 µg cm−2) and Oc-

tober (DOY 284; 21.84 ± 3.1 µg cm−2). In contrast, a second increase was observed in sun-exposed

leaves in late September (DOY 270) with an average of 41.01 ± 2.7 µg cm−2 followed by a sharp

decline to 30.05 ± 4.3 µg cm−2 in early October. Overall, sun-exposed leaves showed a decline in

epicuticular wax content per leaf unit area (-10%) as the growing season proceeded whereas shaded

leaves showed an increased (+30%) epicuticular wax content per leaf unit area towards the end of

the growing season in comparison to their initial wax content in early August (Figure 12).

Figure 12: Variability in the epicuticular wax content normalized by leaf unit area of sun-exposed
and shaded leaves (n=4 ± sd) throughout the late growing season (Aug - Oct, 2018). The
large deviations in sun-exposed leaves are due to the large variability in the epicuticular
wax content within the leaf samples.

3.4 n-Alkane composition

n-Alkane content

There was no significant difference in the n-alkane content per dry leaf weight (p > 0.05) in sun-

exposed and shaded leaves. n-Alkane content in shaded leaves ranged between 1.62 and 2.87 mg

g−1 with an average content of 2.01 ± 0.2 mg g−1 while n-alkane content in sun-exposed leaves

ranged between 1.66 and 2.52 mg g−1 with an average content of 2.1 ± 0.3 mg g−1. Shaded leaves
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showed an increased n-alkane content (2.07 ± 0.3 mg g−1) in the late end of the growing season

(DOY 256-284) in comparison to shaded leaves (Figure 13).

Figure 13: Variability in the n-alkane content normalized by dry leaf weight of sun-exposed and
shaded leaves (n = 2 ± sd) throughout the late growing season (Aug - Oct, 2018). The
large deviations are due to the large variability in dry leaf weight within the leaf samples.

In contrast, the n-alkane content per leaf unit area was significantly higher in sun-exposed (p

< 0.0001) than in shaded leaves with an average n-alkane content of 13.38 ± 3.0 µg cm−2 in sun-

exposed and 5.24 ± 0.8 µg cm−2 in shaded leaves. Furthermore, while the n-alkane content in

shaded leaves remained relatively constant throughout the late growing season, n-alkane content

in sun-exposed leaves was highly dynamic throughout the late growing season. An increased n-

alkane content was observed in sun-exposed leaves in early August (DOY 221-228) with an n-alkane

content of 15.14 ± 1.5 µg cm−2. Afterwards, the n-alkane content remained relatively constant until

the late end of the growing season (DOY 284) with a decreasing n-alkane content, especially in sun-

exposed leaves (9.78 ± 1.6 µg cm−2; Figure 14; Supplementary Tables III and IV provide a summary

of the epicuticular wax and n-alkane content of sun-exposed and shaded leaves).
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Figure 14: Variability in the n-alkane content normalized by leaf unit area of sun-exposed and
shaded leaves (n = 2± sd) throughout the late growing season (Aug - Oct, 2018).

In all investigated leaf samples, n-alkanes showed a strong odd-over-even predominance with

numbers of extractable n-alkanes between C22 to C32, whereby C25, C27 and C29 were the most

abundant. Particularly an exclusive production (90%) of C27 was observed in both sun-exposed

and shaded leaves with a slightly higher concentration in sun-exposed (+2%) than in shaded leaves

(Supplementary Figure II). A higher concentration of n-C25 and C29 has been measured in shaded

leaves (2.5 % and 5.5%) than in sun-exposed leaves (3.1% and 3.5%). Hence, shaded leaves showed

a significantly higher higher C29/C25 ratio (2.2) as opposed to sun-exposed leaves (1.1; Figure 15).
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Figure 15: Relative abundance of C25 and C29 n-alkane of sun-exposed and shaded leaves (n = 20).

Although sun-exposed leaves had a higher concentration of n-alkanes (+60%; p < 0.0001) com-

pared to shaded leaves, n-alkanes of shaded leaves had a clearly (p < 0.0001) longer chain length in

contrast to sun-exposed n-alkanes. Thus, the average chain length (ACL) of shaded leaves ranged

between 27.03 and 27.11 with an average of 27.06 ± 0.02, whereas ACL values of sun-exposed leaves

ranged between 26.96 and 27.01 with an average of 26.99 ± 0.01. Likewise, the carbon preference

index (CPI) of shaded leaves was significantly larger (p < 0.01) with an average value of 70.72 ± 5.3

as opposed to sun-exposed leaves with an average CPI value of 63.65 ± 15.3 (Figures 16 a and b).
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(a) Average chain length (ACL) of sun-exposed and shaded leaves.

(b) Carbon preference index (CPI) of sun-exposed and shaded leaves.

Figure 16: Average chain length (ACL) and carbon preference index (CPI) of sun-exposed and
shaded leaves. Each box represents the values of 20 samples for sun-exposed and shaded
leaves. **, p < 0.01; ****, p < 0.0001.

Slight fluctuations in ACL and CPI values of sun-exposed and shaded leaves were observed

throughout the late growing season with a minor fluctuation in sun-exposed leaves. Additionally,

while ACL values of shaded leaves decreased (-2%; 27.05 ± 0.01) in early October (DOY 284), ACL

values of sun-exposed leaves remained relatively constant with an ACL of 26.99 ± 0.001 throughout

the late growing season (Figure 17 a). In contrast, while CPI values of shaded leaves remained rel-
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atively constant throughout the late growing season, sun-exposed leaves showed a wide variability

in CPI values during the late growing season (Figure 17 b).

(a) Variability in the ACL values of sun-exposed and shaded n-alkanes throughout the late growing season.

(b) Variability in the CPI values of sun-exposed and shaded n-alkanes throughout the late growing season.

Figure 17: Variability in the ACL and CPI values of n-alkanes of sun-exposed and shaded leaves
(n=2 ± sd) throughout the late growing season (Aug - Oct, 2018).
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3.5 Stable carbon isotope (δ13C) values

Control samples of sun-exposed leaves exhibited an enrichment in δ13C of 5% (+1.5 h; p < 0.0001)

in contrast to the control samples of shaded leaves. An average δ13C value of -30.18 ± 0.18 h was

observed in sun-exposed leaves with values between -30.42 and -29.73 h. In contrast, the average

δ13C of -31.64 ± 0.22 h in shaded leaves was slightly lighter with δ13C values between -32.15 and

-31.29 h (Figure 18).

Figure 18: Variability in δ13C values of bulk tissue of control samples of sun-exposed and shaded
leaves (n=2) throughout the late growing season (Aug - Oct, 2018). The average value ±
sd represents three measurement runs.

No significant difference in δ13C values (p > 0.05) was observed between leaves from the topmost

and the terminal part of the same branch, neither in sun-exposed nor shaded leaves. Shaded leaves

from the topmost parts had an average δ13C value of -31.67 ± 0.2h, while leaves collected from the

terminal parts had an average δ13C value of -31.62 ± 0.2h. Similar observations were made for sun-

exposed leaves collected from the topmost and the terminal part of the same branch with average

δ13C values of 30.08 ± 0.2h and -30.13 ± 0.2h (Supplementary Figures III a and b).

The δ13C values of shaded n-alkanes ranged between -34.76 and -33.28 h with an average δ13C

value of -34.28 ± 0.20 h, whereas 13C values of sun-exposed n-alkanes varied between -32.06 and

-30.80 h with an average δ13C value of -31.31 ± 0.28 h. Overall, n-alkanes of both sun-exposed and

shaded leaves, were significantly depleted in δ13C (1-3h) when compared to bulk tissue (Figure 19;

Supplementary Table V).
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Figure 19: Variability in δ13C values of n-alkanes of control samples of sun-exposed and shaded
leaves (n=2) throughout the late growing season (Aug - Oct, 2018). The average value ±
sd represents three measurement runs.

The largest enrichment in 13C was observed one day after the labelling on the 10th of August (DOY

222) with a 13C-excess of 30.90 ± 1.77 mg g−1 in shaded and 19.57 ± 2.36 mg g−1 in sun-exposed

leaves, indicating a significant assimilation of 13C (+20-30%; p < 0.0001) as opposed to control leaves.

Moreover, sun-exposed and shaded leaves displayed the same trend in 13C assimilation. A first

increase in 13C assimilation was observed one day after the labelling and a second increase in late

August (DOY 242) with a 13C-excess of 3.95 ± 0.26 mg g−1 in sun-exposed and 9.59 ± 0.38 mg

g−1 in shaded leaves. Although shaded leaves typically show a greater depletion in δ13C than sun-

exposed leaves, a greater 13C assimilation (+10%;p < 0.05) was observed in shaded leaves compared

to sun-exposed leaves (Figure 20).

The greatest 13C enrichment in n-alkanes was observed in sun-exposed leaves with a 13C-excess

of 0.12 ± 0.02 mg g−1 four days (DOY 225) after labelling. On the other hand, n-alkanes of shaded

leaves showed an enrichment in 13C 35 days after labelling (DOY 256) with a 13C-excess of 0.08 ±
0.04 mg g−1 (Figure 21). Therefore, a certain time lag in 13C assimilation between bulk tissue and

n-alkanes was identified with a time lag up to eight times longer in shaded leaves relative to sun-

exposed leaves. Overall, a 13C assimilation of approximately 20-30% was observed in bulk tissue

whereof roughly 1% was assimilated in n-alkanes.
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Figure 20: 13C-excess of bulk tissue in sun-exposed and shaded leaves (n=8) throughout the late
growing season (Aug - Oct, 2018). The average value ± sd represents three measurement
runs.

Figure 21: 13C-excess of n-alkanes in sun-exposed and shaded leaves (n=2) throughout the late
growing season (Aug - Oct, 2018). The average value ± sd represents three measure-
ment runs. The large deviations are due to the large variability in dry leaf weight within
the leaf samples.
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3.6 Identification of the wax renewal rate

The time period in which the wax renewal takes place was calculated on the basis of the 13C-

excess of n-alkanes. Specifically, the time between the greatest 13C-enrichment and the decline to

the original δ13C value was determined. While the δ13C values returned to initial values within

three days (DOY 225-228) in sun-exposed leaves, the δ13C value of shaded leaves returned to initial

values within two weeks (DOY 256-270; Figure 21; Table 2). The quantity of renewed waxes (per

day) was calculated on the basis of the n-alkane content normalized by leaf unit area. The amount of

renewed waxes was 0.8µg cm−2 per day in sun-exposed and 0.03 µg cm−2 per day in shaded leaves.

This indicates a ~27 times faster wax renewal rate in sun-exposed leaves. Moreover, the quantity

of renewed waxes corresponds to approximately 5% in sun-exposed and 0.5% in shaded leaves of

the total epicuticular wax content. Consequently, sun-exposed leaves have not only a significantly

faster wax renewal rate, but also a higher quantity (by a factor of 10) of renewed waxes in a much

shorter time period as compared to shaded leaves.

Table 2: 13C-excess and n-alkane content of sun-exposed and shaded leaves throughout the late
growing season (Aug - Oct, 2018). The highlighted values indicate the n-alkane content
normalized by leaf unit area and the 13C-excess equal the initial one, which allows to de-
termine the wax renewal rate. The values of the n-alkane equals one sample per date for
sun-exposed and shaded leaves. Average ± sd of the 13C excess equals three measurement
runs.

DOY Shaded leaves Shaded leaves Sun-exposed leaves Sun-exposed leaves

n-Alkane content 13C-excess [mg g−1] n-Alkane content 13C-excess [mg g−1]

[µg cm −2] [mg g−1] [µg cm −2] [mg g−1]

221 7.26 0.02 ± 0.006 15.55 0.03 ± 0.000

222 6.26 0.03 ± 0.006 17.13 0.01 ± 0.046

225 5.85 0.03 ± 0.032 16.64 0.05 ± 0.023

228 6.63 0.02 ± 0.038 19.24 0.02 ± 0.038

235 5.83 0.03 ± 0.030 16.61 0.03 ± 0.011

242 6.50 0.02 ± 0.006 16.32 0.01 ± 0.005

249 5.56 0.04 ± 0.004 13.86 0.01 ± 0.008

256 5.35 0.04 ± 0.014 14.43 0.03 ± 0.004

270 4.91 0.01 ± 0.006 15.81 0.01 ± 0.009

284 5.07 0.04 ± 0.012 8.14 0.04 ± 0.019
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4 Discussion

4.1 Epicuticular wax content

For the discussion of the epicuticular wax content, including n-alkane content, only the results

normalized by leaf unit area are discussed. On the one hand due to the inverse proportionality

of dry leaf weight and leaf unit area between sun-exposed and shaded leaves (Huang et al., 2019),

which generally results in a significantly lower dry weight of shaded over sun-exposed leaves. This

manifests itself especially towards the late end of the growing season, when compounds containing

sugars and nitrogen are transported from leaves into stems and roots (Dickson, 1989; Koike, 1990;

Prasad and Gülz, 1990). On the other hand, sun-exposed leaves contain a larger amount of soluble

sugars which additionally contribute to a larger dry leaf weight compared to shaded leaves (Castrillo

et al., 2005).

All investigated samples of sun-exposed leaves showed a significantly larger epicuticular wax

content per leaf unit area in comparison to shaded leaves, reflecting structural differences between

sun-exposed and shaded leaves in leaf thickness, leaf area (Mueller et al., 2012) and carbon and ni-

trogen concentration (Sariyildiz and Anderson, 2003; White and Montes-R., 2005; Lichtenthaler et

al.,2007). The observed difference in leaf properties with typically smaller and thicker sun-exposed

leaves and larger but thinner shaded leaves (Figures 5 and 6) is in line with previous studies report-

ing structural differences in leaves of sun-exposed and shaded canopy positions within the same tree

(Weraduwage et al., 2015; Bender et al., 2017). These differences reflect acclimation strategies that en-

sure the survival of the plant in high sunlight environments where transpiration and overheating

often have damaging effects (Smith et al., 1997; Kidner et al., 2010).

The larger leaf thickness of sun-exposed leaves is related to an increased mesophyll thickness

(McMillen and McClendon, 1983) that ensures a higher rate of photosynthesis per leaf unit area

(Terashima et al., 2001). In addition, sun-exposed leaves develop an additional layer of palisade

cells as well as longer palisade cells relative to shaded leaves (Klich, 2000; Evans and Poorter, 2001;

Sariyildiz and Anderson, 2003 ; Lichtenthaler et al., 2007). Aside from the higher photosynthetic

rate per leaf unit area in sun-exposed leaves (Terashima et al., 2001), shaded leaves had a larger

chlorophyll content which results in a more efficient sunlight interception (White and Montes-R.,

2005). This in turn explains the slightly higher SPAD values of shaded leaves as opposed to sun-

exposed leaves (Figure 4). Nevertheless, other factors like the different leaf development stage as

well as the non-uniform distribution of chlorophyll over the leaf surface (Uddling et al., 2007) should

also be considered when interpreting SPAD values.

The generally higher photosynthetic activity in sun-exposed leaves likely results in a greater rate

of carbon assimilation and thus in a greater total carbon concentration than in shaded leaves (Figure

8; Herrick and Thomas, 1999). Additionally, an increased carbon assimilation often involves an

increased nitrogen assimilation (Figure 9; Nijs et al., 1995). This corresponds with the results in
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this study of a higher carbon and nitrogen concentration per leaf unit area in sun-exposed leaves

compared to shaded leaves. This further supports the findings of Evans and Poorter (2001), who

found a nitrogen concentration per leaf unit area half as high in shaded than in sun-exposed leaves.

This further indicates an active modulation of leaf area as a function of sun-exposure. Consequently,

under shaded conditions leaves produce a larger leaf area including a larger chlorophyll content

as opposed to leaves from sun-exposed canopy positions (Perrin et al., 2013). Furthermore, the

increased C:N ratio from shaded to sun-exposed leaves (Figure 10) has also been observed in a study

by Sariyildiz and Anderson (2003), where structural differences in sun-exposed and shaded leaves

of three deciduous tree species (10 - 15 years old); sweet chestnut (Castanea sativa Mill), oak (Quercus

robur L) and beech (Fagus sylvatica L.) were analysed. They reported a clearly increasing C:N ratio

from shaded to sun-exposed leaves in all three tree species which could probably be explained by

the higher concentration of sugar constituents and compounds containing nitrogen (Le Roux et al.,

2001; Sariyildiz and Anderson 2003). The lower water content in sun-exposed leaves (Figure 7) is in

accordance with other studies, reporting a significantly lower water content in sun-exposed leaves

(42%) than in shaded leaves (53%) of mature beech trees (Pilegaard et al., 2003). Moreover, water

content positively correlates with leaf surface area and thus results in smaller sun-exposed leaves

with a lower water content (Šesták et al., 1978; Lichtenthaler et al., 2007).

To avoid uncontrolled water loss through evaporation, sun-exposed leaves evolved different strate-

gies like a reduced leaf size (Kidner et al., 2010) or the formation of an epicuticular wax layer (Jeffer-

son et al., 1989; Cameron et al., 2006; Shepherd and Griffiths, 2006). As a result, sun-exposed leaves

are characterized by a smaller leaf area with a larger epicuticular wax content than shaded leaves

(Figure 12). Therefore, the ability of plants to survive in high sunlight environments depends on

their capacity to reduce water loss and irradiation that enters the leaf (Huggins et al., 2018). Epicu-

ticular wax offers a protective barrier against environmental stress, including high irradiation and

temperature (Shepherd and Griffiths, 2006; Huggins et al., 2018), since epicuticular wax can mini-

mize moisture loss through evapotranspiration (Holmes and Keiller, 2002; Wang et al., 2019). Previ-

ous studies highlighted an increased epicuticular wax content in response to increased temperatures

(Giese, 1975; Skoss, 1955; Shepherd and Griffiths, 2006; Huggins et al., 2018) and increased irradia-

tion (Steinmüller and Tevini, 1985; Kosma et al., 2009). This is in line with a study by Giese (1975),

who reported a 2.5 to 7.5 times thicker leaf cuticle in barley leaves grown under light exposure than

in leaves grown under low light conditions. Consequently, a larger epicuticular wax amount con-

stitutes selective advantage in high sunlight habitats (Gordon et al., 1998). Furthermore, Huggins et

al. (2018) observed an increased wax content in wheat cultures under high temperature conditions

than under controlled conditions. In contrast, Baker (1974) observed a decreased epicuticular wax

content with increasing temperatures (> 35 ◦C) and an increased epicuticular wax content at tem-

perature of about 20 ◦C. Similar results were reported by Skoss (1955), who observed an increased

epicuticular wax deposition at a temperature of about 17◦C. Hence, the quantity of epicuticular wax

formed is not only genetically but also environmentally regulated (Huggins et al., 2018), particularly
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by increased temperatures, irradiation (Holmes and Keiller, 2002) and water deficiency (Shepherd

and Griffiths, 2006). Whether increased temperatures or increased irradiation has a greater effect on

epicuticular wax formation is a question yet to be addressed, although Steinmüller and Tevini (1985)

found an increased epicuticular wax formation with increasing alpine altitude caused by enhanced

UV radiation.

Consequently, the rapid increase in epicuticular wax content in early August (DOY 222-228) par-

ticularly in sun-exposed leaves, could be explained by the increased solar radiation (299 W m−2)

and temperature (Figure 22).

Figure 22: Epicuticular wax content of sun-exposed and shaded leaves in relation to solar radiation
and sun exposure throughout the late growing season (Aug - Oct, 2018; MeteoSwiss;
https://gate.meteoswiss.ch/obs, measuring station: Fluntern).

Moreover, the second increase in epicuticular wax content in late September (DOY 270) positively

correlates with an increase in temperature and irradiation. The reduction of epicuticular wax con-

tent in sun-exposed leaves towards end of growing season (DOY 284) can be explained either by a
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progressive wax degradation due to leaf senescence (Nguyen-Tu et al., 2001) or by an overall reduc-

tion in wax synthesis (Sachse et al., 2015). In contrast, shaded leaves showed an increasing trend in

the epicuticular wax content as the growing season proceeded. This can be due to leaf fall starting

from the outermost parts of the crown, resulting in the exposure of shaded leaves to sunlight con-

ditions. As reported by Giese (1975), leaves grown previously under light deficiency exhibited the

same amount of epictuicular wax after being exposed to light conditions for 24 hours.

4.1.1 n-Alkane composition

The greater n-alkane quantity per leaf unit area in sun-exposed than in shaded leaves, partic-

ularly in early August (Figure 14) is in line with the findings by Shepherd and Griffiths (2006),

who reported an increased n-alkane quantity in response to increased temperatures and irradiation.

Moreover, the larger n-alkane content in sun-exposed leaves correlates positively with water defi-

ciency (Figure 7). Similar results were reported by Kosma et al. (2009), who reported a significant

increase in the n-alkane content in Arabidopsis leaves caused by water stress. Variability in tem-

peratures are responsible for 27% to 29% of the alteration in the average chain length of n-alkanes

with a positive correlation between n-alkane chain length and increased temperature (Tipple and

Pagani, 2013). Similar results were reported in other studies, where longer n-alkane chain lengths

positively correlate with increased temperatures, due to the well-known relationship between the

boiling point and number of carbon atoms (Gagosian and Peltzer, 1986; Feakins et al., 2016). This,

however, contradicts the findings within this study of longer n-alkane chain lengths in shaded than

in sun-exposed leaves (Figures 16a and 17a) but supports the findings of Srivastava and Wiesenberg

(2018), who found an increased and faster n-alkane synthesis caused by environmental stress that

results in a reduced chain-elongation.

In contrast to the study of Tipple and Pagani (2013), where variability in wax composition seems

to be mainly temperature regulated, Osborn and Taylor (1990) found that variability in the wax com-

position is dependant on light quantity. Differences in the n-alkane content between sun-exposed

and shaded canopy position within the same tree are thus regulated by micro-climatic factors, e.g.

temperature, sunlight exposition and water availability (Prasad and Gülz, 1990; Chikaraishi et al.,

2004; Shepherd and Griffiths, 2006; van Wittenberghe et al., 2012; Bernhard and Joubès, 2013; Bush

and McInerney, 2013; Tipple and Pagani, 2013). Hence, the absence of environmental stress in

shaded leaves supports the results in this study of shorter n-alkane chain lengths in sun-exposed

over shaded leaves (Figures 16a and 17b). Nevertheless, all investigated leaf samples showed a

clear odd-over-even predominance with C27 (90%) as the dominant alkane in both sun-exposed and

shaded leaves (Supplementary Figure II). This corresponds with results in the literature with C27 as

the dominant chain length followed by followed by C25 (6%) and C29 (4%) (Gülz et al., 1989; Lock-

heart et al., 1997; Marseille et al., 1999; Nguyen-Tu et al., 2007; Sachse et al., 2009; Piasentier et al.,

2000; Bush and McInerney, 2013).
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4.1.2 δ13C values

The range of the δ13C values of bulk tissue (-29 to -30 h; Figure 18) and n-alkanes (-30 to -34

h; Figure 19) are in range with those for beech leaves reported by Lockheart et al. (1997). The

observed 13C depletion in shaded leaves compared to sun-exposed leaves could be explained by a

higher stomatal conductance, which in turn results in a higher photosynthetic rate and more 13C-

depleted photosynthetic products (Waring and Silvester, 1994). This higher photosynthetic capacity

is achieved because the stomata of shaded leaves mostly remain open during the day due to the ab-

sence of direct sunlight exposure and lower temperatures (Giese 1975; Stuiver and Braziunas, 1987;

Damesin et al., 1998) which does not affect the sun-exposed leaves. Therefore, direct sunlight expo-

sure and increased temperatures result in stomata closure and in more 13C-enriched photosynthetic

products (Waring and Silvester, 1994; Feller and Vaseva, 2014). Consequently, the 13C-enrichment

in sun-exposed leaves can be explained by increased temperatures inside the labelling chambers of

more than 30 ◦C and thus a higher evapotranspiration, which result in partial stomata closure and

consequently a reduced photosynthetic capacity (Feller and Vaseva, 2014).

Leaves within the same tree and even on the same branch have a different stomatal conductance

due to differences in sun exposure and water availability, which results in a high variability in δ13C

values (Waring and Silvester, 1994). However, the identical δ13C values of leaves from the topmost

and the terminal part of the same branch in this study (Supplementary Figures III a and b) contradict

the findings of Waring and Silvester (1994), who reported a larger depletion in δ13C values in leaves

of the topmost part compared to leaves of the terminal part of the same branch. These differences

are mainly caused by differences in sun exposure, as leaves of the terminal part of the branch are

more exposed to direct sunlight than leaves from the topmost part of the branch. Thus, the equal

δ13C values of leaves from the topmost and the terminal parts of the same branch reported in this

study could be explained by the fact that the selected branches were much shorter (0.5-0.7m) com-

pared to the branches (0.5-10m) analysed by Waring and Silvester (1994). The leaves analysed in this

study were on branches that were either completely shaded or completely sun-exposed (Supple-

mentary Figures I a and b), which minimizes the difference in photosynthetic capacity and stomatal

conductance between leaves of the same branch.

The observed 13C depletion of 3h in n-alkanes compared to bulk tissue (Figures 20 and 21) is in

good agreement with results of other studies, that reported a 13C depletion in lipids of 2 and 9h of

epicuticular waxes of numerous plant species relative to bulk tissue (Collister et al., 1994; Ballentine

et al., 1998; Schleser, 1990; Conte et al., 2003). This depletion can be explained by the fact that a

larger amount of the assimilated 13C is required for leaf sugars (Gessler et al., 2001), whereof only

a minor amount of assimilated 13C is used for lipid synthesis (Desalme et al., 2017) and by isotope

fractionation during the oxidation of pyruvate to coenzyme-A in lipid biosynthesis (De Niro and

Epstein, 1977; Collister et al., 1994). However, the numerous funghi and bacteria that colonize leaf

surfaces should not be neglected and may contribute to higher 13C values in bulk tissue compared to

n-alkanes (Collister et al., 1994). In addition, the observed time lag in 13C assimilation between lipids
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and bulk tissue reflects both the time required to fill the precursor pool and the increased distance

of required products from the labelling source (Allen et al., 2015).

4.2 Renewal rate of epicuticular waxes

The overall faster wax renewal rate in sun-exposed compared to shaded leaves further supports

the theory that wax biosynthesis is regulated by environmental stress such as sun exposure (Barnes

et al., 1996), increased temperatures (Tipple and Pagani, 2013) and water availability (Shepherd and

Griffiths, 2006; Kosma et al., 2009). Similar results were observed by Rentschler (1971) and by Mor-

tazavi et al. (2009), who observed remarkably fast wax renewal between a few hours and days in

young and mature leaves of pine trees driven by exposition to environmental stress. A faster wax

renewal rate is thus of great importance to ensure a plant’s growth and survival as removal of epi-

cuticular waxes results in reduced reflectance (Holmes and Keiller, 2002) and transpiration rates

(Huggins et al., 2018).

The overall enrichment in 13C in n-alkanes of both sun-exposed and shaded leaves indicates an

active replacement of epicuticular waxes (Figures 19 and 21; Gao et al., 2012). Other indicators

such as the variability in the n-alkane quantity and average chain length, also support the notion

of an ongoing wax formation (Neinhuis et al., 2001; Tipple et al., 2013). The results found within

this study of a relatively stable average chain length, particularly in sun-exposed leaves, contradict

with these results suggesting the absence of an active epicuticular wax formation. Nevertheless,

according to Huang et al. (2018), a relatively constant average chain length is not an indicator of a

missing epicuticular wax formation. It is rather an indicator of an active epicuticular wax formation

that represents the balance between wax removal and renewal without modifying its molecular

structure.
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5 Conclusion

Cuticular waxes form a natural barrier between the plant’s surface and its external environment,

with protection against solar radiation and uncontrolled water loss as its main function. Through

exposure to sunlight or increased temperatures leaves form an outermost wax layer, know as epicu-

ticular wax, to protect the leaf against UV damage. Moreover, the quantity and composition of the

epicuticular wax is genetically and environmentally regulated. This results in different epicuticular

wax quantities and compositions in leaves within the same plant. Particularly leaves in sun-exposed

canopy positions have a larger epicuticular wax quantity compared to shaded leaves. Consequently,

solar irradiation causes an increase in the total epicuticular wax content, including n-alkanes. On

the other hand, the variability in the wax composition, particularly in the average chain length is

mainly regulated by both sun-exposure and temperature.

In this study, the quantity, composition and renewal rate of epicuticular wax was investigated in

a mature beech tree throughout the late growing season (Aug - Oct, 2018). A larger epicuticular wax

content and n-alkane content per leaf unit area was found in sun-exposed than in shaded leaves.

Moreover, the wax renewal rate in sun-exposed leaves was 27 times faster than in shaded leaves.

Consequently, quantity and renewal rate of epicuticuar wax depends on environmental variables

such as sun exposure, temperatures and water availability.
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6 Implications and Limitations

δ13C isotope composition

The use of δ13C values as a molecular proxy provides insights into the carbon-plant allocation

and thus contributes to an improved understanding of a plant’s response to environmental induced

stress (Conte et al., 2003). However, this environmental dependance can lead to difficulties in the

interpretation of δ13C values since the variability in water availability and temperature over the du-

ration of a growing season results in different 13C values within a plant (Zimmerman and Ehleringer,

1990; Dawson et al., 2002). Moreover, there is a difference in the 13C values between spring and au-

tumn leaves, since autumn leaves are more depleted in 13C than spring leaves (Lockheart et al, 1997).

Therefore, additional experiments in different stage of the growing season would contribute to a bet-

ter understanding of isotopic composition as well as leaf water and carbon fluxes.

n-Alkane composition

n-Alkanes are often used as a molecular proxy in soils to reconstruct climate induced changes in

the geological past (Bender et al., 2017). Understanding the n-alkane content in leaves of trees thus

contributes to a better understanding about how biomarkers extracted from soils where built and

the climate conditions at that time. Nevertheless, the quantity and composition of n-alkanes varies

with the exposure to environmental stress (Shepherd and Griffiths, 2006; Bush and McInerney, 2013).

This results in a large variability in the quantity and composition of n-alkanes in leaves within the

same tree. Specifically, the average chain length reacts sensitively to environmental stress, e.g. sun

exposure, increased temperature and water deficiency (Osborn and Taylor, 1990; Tipple and Pagani,

2013). In this study, n-alkane modification was analysed in the late end of one growing season. In

order to understand the effect of environmental stress on n-alkane quantity and composition, the

effects should be analysed over several growing seasons. Moreover, as the respective proportion of

n-alkanes varies from leaf to leaf and leaf age, additional wax constituents should be analysed to

ensure a clear identification of the quantity of newly formed waxes. Therefore, additional studies

on different plant types, on identical plant types of a different age as well as in different ecosystems

can improve the knowledge about leaf wax formation.
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7 Outlook

Further research is needed in the identification of the wax renewal rate, specifically between

young and mature trees. This contributes to an improved knowledge of a plant’s metabolism and

growth, which further improves the knowledge about wax formation in dependance of its abiotic

and biotic environment. Furthermore, detailed information on interactions and individual effects

of these factors contribute to an improved understanding of a plant’s response to high sunlight and

temperature environments. This will become increasingly important in the upcoming century, espe-

cially for European forest (e.g beech trees), with regard to the development of strategies that enable

forest stands to withstand increased temperatures, low precipitation regimes and high irradiation

levels.
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Appendix

(a) Shaded canopy position

(b) Sun-exposed canopy position

Figure I: Three selected branches, including control at shaded and sun-exposed canopy positions.
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Figure II: Relative abundance of n-alkanes (C23−29) of sun-exposed and shaded leaves. Each bar
represents the average value ± sd of 20 samples of sun-exposed and shaded leaves.
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(a) Differences between δ13C values of shaded leaves located on the topmost or terminal part of the branch.

(b) Differences between δ13C values of sun-exposed leaves located on the topmost or terminal part of the
branch.

Figure III: Variability in the δ13C values of sun-exposed and shaded leaves (n=2) located on the
topmost or terminal part of the branch throughout the late growing season (Aug - Oct,
2018).The average value ± sd represents three measurement runs.
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Table I: Physical leaf properties of shaded leaves throughout the late growing season (Aug - Oct,
2018). C = carbon, N = nitrogen.

DOY Treatment SPAD [-] C [mg g−1] N [mg g−1] C:N Leaf surface Dry weight

[cm2] [mg]

221 control 34.93 43.74 1.94 22.56 120.38 227.07

221 control 36.48 43.65 2.09 20.84 77.35 165.63

221 labelling 32.65 40.42 2.03 19.92 77.87 204.25

221 labelling 34.55 43.29 2.12 20.43 66.09 130.87

221 labelling 32.35 43.18 1.90 22.67 76.72 189.93

221 labelling 32.35 42.19 1.74 24.28 82.56 216.40

221 labelling 34.50 41.81 2.00 20.92 65.37 154.29

221 labelling 34.00 44.76 2.07 21.65 62.71 151.47

222 control 32.10 44.59 2.26 19.75 87.66 160.82

222 control 30.55 43.41 2.10 20.67 60.83 139.05

222 labelling 31.55 44.28 2.09 21.18 53.68 137.31

222 labelling 35.00 45.30 2.12 21.33 85.84 307.36

222 labelling 31.90 45.39 2.32 19.53 40.70 106.21

222 labelling 33.70 42.80 2.20 19.44 51.61 162.84

222 labelling 30.70 45.52 2.06 22.14 36.48 86.28

222 labelling 33.40 44.82 2.22 20.22 53.28 152.48

225 control 30.73 42.85 1.94 22.08 35.22 75.73

225 control 32.05 43.60 2.09 20.91 47.80 98.55

225 labelling 32.70 43.11 1.97 21.87 42.92 135.56

225 labelling 34.95 45.19 2.02 22.33 59.61 226.87

225 labelling 31.80 43.57 1.98 21.99 45.80 130.13

225 labelling 33.33 44.33 2.12 20.92 55.36 162.40

225 labelling 31.35 44.03 2.03 21.67 38.38 97.96

225 labelling 33.65 42.61 2.02 21.12 65.39 174.65

228 control 29.75 44.45 1.81 24.57 52.94 119.29

228 control 31.24 44.97 2.06 21.82 40.41 120.28

228 labelling 34.40 41.42 1.87 22.13 58.79 186.87

228 labelling 34.95 44.43 2.06 21.51 54.87 181.52

228 labelling 31.30 43.80 1.99 21.97 20.08 58.15

228 labelling 33.09 44.11 2.06 21.40 49.34 155.52

228 labelling 31.50 44.40 1.97 22.56 35.37 92.52

228 labelling 31.20 43.65 1.97 22.21 36.55 87.57

235 control 30.11 45.13 2.20 20.53 23.73 58.64
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DOY Treatment SPAD [-] C [mg g−1] N [mg g−1] C:N Leaf surface Dry weight

[cm2] [mg]

235 control 32.36 45.31 2.06 21.96 74.38 118.29

235 labelling 32.69 44.70 1.97 22.73 41.11 107.28

235 labelling 30.42 44.35 1.80 24.65 28.95 142.69

235 labelling 32.88 43.46 2.02 21.49 60.24 77.96

235 labelling 30.68 43.62 2.02 21.64 34.44 181.92

235 labelling 31.71 44.05 1.91 23.02 48.43 136.38

242 control 31.50 44.95 2.13 21.06 52.65 104.82

242 control 32.39 44.23 2.05 21.62 45.63 87.96

242 labelling 33.40 43.81 1.85 23.67 59.14 248.00

242 labelling 33.93 46.30 1.88 24.61 59.29 195.97

242 labelling 32.85 43.88 2.04 21.47 39.84 117.95

242 labelling 32.08 45.20 1.90 23.77 23.71 74.02

242 labelling 31.25 44.93 1.99 22.61 38.61 97.49

242 labelling 32.67 42.68 1.95 21.88 53.77 132.90

249 control 30.70 44.40 1.98 22.40 0.00 91.17

249 control 30.52 44.53 2.06 21.57 36.45 78.03

249 labelling 32.38 46.44 2.17 21.40 51.40 135.45

249 labelling 34.05 46.08 2.03 22.68 86.52 277.03

249 labelling 32.04 45.35 2.14 21.23 35.46 109.47

249 labelling 32.42 44.83 2.12 21.12 90.78 139.63

249 labelling 31.38 44.33 1.77 25.05 46.19 84.24

249 labelling 32.48 46.01 2.13 21.61 60.58 193.19

256 control 31.29 45.37 2.10 21.62 79.41 162.78

256 control 30.36 44.40 1.84 24.10 31.46 58.25

256 labelling 32.39 45.66 1.97 23.20 99.21 267.93

256 labelling 32.22 45.72 2.19 20.87 76.83 178.12

256 labelling 30.20 46.06 2.20 20.92 57.96 112.05

256 labelling 30.20 45.32 2.27 19.92 57.01 125.46

256 labelling 30.39 45.49 2.21 20.54 49.62 82.70

256 labelling 31.93 44.36 2.08 21.34 56.14 179.68

270 control 30.08 41.03 1.76 23.37 39.27 198.81

270 control 29.93 44.55 2.04 21.88 40.51 184.66

270 labelling 30.76 45.07 1.80 24.97 47.34 148.20

270 labelling 32.76 46.26 2.07 22.36 62.35 184.14

270 labelling 32.20 44.96 2.04 22.01 63.09 174.03

270 labelling 31.16 45.48 2.09 21.81 66.36 167.72
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DOY Treatment SPAD [-] C [mg g−1] N [mg g−1] C:N Leaf surface Dry weight

[cm2] [mg]

270 labelling 30.60 45.07 2.13 21.12 53.03 118.13

270 labelling 31.60 45.58 2.18 20.91 61.58 147.24

284 control 23.90 43.50 1.87 23.20 9.80 19.36

284 control 30.40 44.29 1.86 23.87 27.17 46.95

284 labelling 30.10 45.47 1.87 24.25 11.95 39.60

284 labelling 30.00 46.34 1.95 23.80 8.33 26.68

284 labelling 28.76 45.82 1.90 24.07 27.59 74.40

284 labelling 29.03 45.10 1.98 22.74 49.02 118.60

284 labelling 30.37 44.62 1.84 24.19 78.51 198.45

284 labelling 29.37 45.63 2.12 21.50 59.52 128.95
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Table II: Physical leaf properties of sun-exposed leaves throughout the late growing season (Aug -
Oct, 2018). C = carbon, N = nitrogen.

DOY Treatment SPAD [-] C [mg g−1] N [mg g−1] C:N Leaf surface Dry weight

[cm2] [mg]

221 control 36.45 42.50 1.71 24.88 40.71 124.48

221 control 30.75 44.72 1.67 26.76 70.28 201.30

221 labelling 37.55 46.31 1.59 29.07 56.19 255.72

221 labelling 33.05 45.75 1.86 24.63 35.00 237.37

221 labelling 34.80 44.45 1.73 25.71 46.34 313.75

221 labelling 34.25 45.21 1.75 25.87 45.90 173.27

221 labelling 39.30 44.50 1.91 23.33 35.23 237.57

221 labelling 37.30 44.94 2.19 20.50 37.34 251.93

222 control 32.45 44.73 1.80 24.81 34.68 147.98

222 control 36.05 43.08 1.39 30.90 47.63 235.33

222 labelling 29.20 47.17 1.52 31.11 29.28 208.14

222 labelling 30.40 47.68 1.66 28.75 39.06 268.72

222 labelling 31.30 45.21 1.62 27.90 23.65 135.10

222 labelling 34.30 45.66 1.77 25.77 16.77 118.11

222 labelling 32.60 44.40 1.98 22.40 55.14 221.87

222 labelling 32.25 46.82 1.65 28.37 22.78 126.88

225 control 34.43 43.91 1.77 24.74 50.84 216.45

225 control 37.73 45.18 1.88 24.08 43.92 231.88

225 labelling 30.80 48.43 1.77 27.34 33.81 173.15

225 labelling 36.80 46.41 1.67 27.83 15.92 182.58

225 labelling 31.80 45.66 1.62 28.21 35.82 208.31

225 labelling 35.55 46.89 1.78 26.41 46.29 305.04

225 labelling 29.48 44.73 1.80 24.82 39.16 126.16

225 labelling 33.25 47.31 1.85 25.57 48.59 255.72

228 control 33.38 45.74 1.96 23.36 59.98 231.11

228 control 34.32 45.44 1.73 26.23 47.21 192.44

228 labelling 24.06 46.38 1.25 37.16 29.95 191.28

228 labelling 32.30 45.87 1.64 27.93 33.77 237.36

228 labelling 33.80 44.37 1.79 24.72 45.08 314.41

228 labelling 36.20 45.89 1.85 24.78 31.77 269.46

228 labelling 31.40 46.17 1.75 26.40 25.78 94.25

228 labelling 31.30 46.03 1.78 25.86 39.50 164.19

235 control 33.71 45.94 1.84 24.99 45.44 176.98
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DOY Treatment SPAD [-] C [mg g−1] N [mg g−1] C:N Leaf surface Dry weight

[cm2] [mg]

235 control 35.03 45.77 1.93 23.72 28.00 127.98

235 labelling 32.60 46.45 1.63 28.44 33.20 262.71

235 labelling 33.58 46.14 1.54 29.94 36.13 296.54

235 labelling 32.46 45.53 1.84 24.78 30.86 177.29

235 labelling 36.39 47.56 2.09 22.77 37.75 310.21

235 labelling 33.25 45.07 2.14 21.02 52.61 200.58

235 labelling 31.50 46.36 1.99 23.28 32.14 165.93

242 control 33.67 44.83 1.93 23.22 41.85 152.32

242 control 34.03 45.94 1.57 29.33 56.98 224.93

242 labelling 27.98 47.46 1.23 38.46 37.03 276.11

242 labelling 29.28 48.34 1.46 33.04 31.84 150.40

242 labelling 34.59 45.77 1.59 28.81 37.66 193.97

242 labelling 34.10 46.24 1.70 27.23 38.04 237.82

242 labelling 32.21 45.23 1.95 23.22 35.46 156.07

242 labelling 28.10 45.89 1.68 27.28 20.33 98.31

249 control 32.27 45.48 1.93 23.62 66.88 127.69

249 control 34.15 45.55 1.60 28.41 41.83 154.56

249 labelling 22.04 47.21 1.10 42.76 28.39 161.42

249 labelling 30.19 47.29 1.45 32.67 36.59 161.98

249 labelling 33.65 47.81 1.95 24.47 51.72 278.87

249 labelling 35.89 48.00 1.95 24.64 32.62 238.52

249 labelling 31.60 45.54 1.93 23.58 69.07 212.79

249 labelling 30.11 47.89 1.71 28.09 34.39 129.51

256 control 32.06 45.63 1.84 24.73 23.73 216.67

256 control 30.97 45.53 1.47 30.88 74.38 266.18

256 labelling 26.96 47.00 1.34 34.97 33.71 215.15

256 labelling 25.86 48.41 1.19 40.75 38.02 167.81

256 labelling 30.40 46.57 2.04 22.85 36.19 216.21

256 labelling 34.75 46.52 1.93 24.10 50.72 282.85

256 labelling 29.93 46.24 2.13 21.74 51.01 180.61

256 labelling 32.43 47.43 2.14 22.20 48.14 201.59

270 control 33.07 44.94 1.77 25.44 91.89 161.84

270 control 37.45 45.47 1.85 24.63 92.29 245.30

270 labelling 21.90 48.05 1.14 42.28 17.32 123.66

270 labelling 31.23 48.08 1.34 35.95 42.25 370.63

270 labelling 30.54 46.44 1.80 25.86 53.34 339.81
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DOY Treatment SPAD [-] C [mg g−1] N [mg g−1] C:N Leaf surface Dry weight

[cm2] [mg]

270 labelling 32.23 47.74 1.79 26.60 27.68 187.86

270 labelling 27.63 47.53 2.08 22.90 52.64 188.84

270 labelling 28.69 48.05 1.86 25.85 54.72 297.95

284 control 31.57 45.71 1.66 27.61 30.41 108.38

284 control 24.80 44.88 1.86 24.17 40.58 175.54

284 labelling 23.10 47.43 1.09 43.66 13.26 84.89

284 labelling 10.98 48.03 0.80 60.07 33.56 274.74

284 labelling 30.66 48.39 1.83 26.48 66.30 434.39

284 labelling 29.39 48.43 1.95 24.83 9.72 198.38

284 labelling 30.52 46.78 2.08 22.54 58.80 261.78

284 labelling 27.30 49.24 1.77 27.78 64.30 313.64
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Table III: Epicuticular wax content, including n-alkane content of shaded leaves. EW= epicuticular
wax.

DOY Treatment EW content EW content EW content n-Alkane n-Alkane n-Alkane

[mg] [mg g−2] [µg cm−2] content content content

[mg] [mg g−1] [µg cm−2]

221 control 0.89 5.93 13.80 0.32 1.99 4.96

221 labelling 1.42 9.47 18.75 0.55 2.87 7.26

222 control 0.53 3.53 5.63 0.38 1.91 4.04

222 labelling 1.55 10.33 23.65 0.41 2.06 6.26

225 control 1.15 7.67 18.59 0.26 1.89 4.20

225 labelling 1.28 8.53 24.17 0.31 1.77 5.85

228 control 1.48 9.87 22.98 0.28 2.06 4.35

228 labelling 1.25 8.33 21.24 0.39 2.07 6.63

235 control 1.60 10.67 18.62 0.41 1.98 4.77

235 labelling 1.77 11.80 21.04 0.49 1.93 5.83

242 control 1.31 8.73 19.24 0.33 1.95 4.85

242 labelling 0.99 6.60 20.11 0.32 2.15 6.50

249 control 1.14 7.60 19.66 0.28 1.93 4.83

249 labelling 1.37 9.13 18.14 0.42 1.94 5.56

256 control 1.16 7.73 21.30 0.24 1.66 4.41

256 labelling 1.04 6.93 17.40 0.32 1.88 5.35

270 control 1.90 12.67 23.26 0.40 1.74 4.90

270 labelling 1.53 10.20 18.76 0.40 2.41 4.91

284 control 1.02 6.80 27.13 0.16 1.62 4.26

284 labelling 1.25 8.33 21.87 0.29 2.41 5.07

Table IV: Epicuticular wax content, including n-alkane content of sun-exposed. EW= epicuticular
wax.

DOY Treatment EW content EW content EW content n-Alkane n-Alkane n-Alkane

[mg] [mg g−2] [µg cm−2] content content content

[mg] [mg g−1] [µg cm−2]

221 control 1.65 11.00 31.66 0.45 1.76 8.64

221 labelling 1.87 12.47 33.82 0.86 2.50 15.55

222 control 1.58 10.53 36.22 0.47 1.82 10.77

222 labelling 1.62 10.80 36.99 0.75 2.42 17.13

225 control 1.70 11.33 33.62 0.69 2.26 13.64
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DOY Treatment EW content EW content EW content n-Alkane n-Alkane n-Alkane

[mg] [mg g−2] [µg cm−2] content content content

[mg] [mg g−1] [µg cm−2]

225 labelling 1.86 12.40 39.17 0.79 2.25 16.64

228 control 1.72 11.47 32.50 0.54 2.12 10.20

228 labelling 2.56 17.07 56.61 0.87 2.33 19.24

235 control 1.94 12.93 34.54 0.61 2.04 10.86

235 labelling 2.33 15.53 42.07 0.92 2.52 16.61

242 control 1.98 13.20 35.45 0.61 1.91 10.92

242 labelling 1.72 11.47 33.82 0.83 2.21 16.32

249 control 2.30 15.33 48.84 0.50 1.84 10.62

249 labelling 1.65 11.00 33.64 0.68 1.83 13.86

256 control 2.25 15.00 42.17 0.76 2.45 14.25

256 labelling 1.78 11.87 26.75 0.96 2.29 14.43

270 control 2.06 13.73 39.64 0.65 2.03 12.51

270 labelling 1.81 12.07 37.17 0.77 1.85 15.81

284 control 1.61 10.73 42.76 0.43 1.66 11.42

284 labelling 1.83 12.20 20.12 0.74 1.89 8.14

Table V: δ13C values of bulk tissue and n-alkanes of sun-exposed and shaded leaves. Average value
± sd represents three measurement runs.

DOY δ13C [hVPDB] δ13C [hVPDB] δ13C [hVPDB] δ13C [hVPDB]

Shaded bulk tissue Shaded n-alkane Sun-exposed bulk tissue Sun-exposed n-alkane

221 -31.39 + 0.10 -34.33 + 0.04 -30.13 + 0.10 -31.32 + 0.05

222 -31.79 + 0.01 -33.98 + 0.05 -30.06 + 0.10 -31.59 + 0.03

225 -31.46 + 0.02 -34.34 + 0.07 -30.01 + 0.02 -31.21 + 0.02

228 -31.48 + 0.08 -34.20 + 0.05 -29.98 + 0.01 -31.20 + 0.05

235 -31.51 + 0.10 -34.43 + 0.14 -30.08 + 0.10 -31.57 + 0.03

242 -31.65 + 0.03 -34.41 + 0.06 -30.00 + 0.20 -32.06 + 0.12

249 -31.74 + 0.07 -34.19 + 0.08 -30.28 + 0.04 -31.23 + 0.07

256 -31.70 + 0.10 -34.24 + 0.06 -30.27 + 0.06 -31.69 + 0.13

270 -31.60 + 0.20 -34.31 + 0.10 -29.98 + 0.20 -31.24 + 0.28

284 -32.12 + 0.02 -34.55 + 0.04 -30.40 + 0.01 -31.44 + 0.09
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