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ABSTRACT 

In higher plants, leaf waxes provide a barr ier  to non-stomatal  water  loss, 

and their  composit ion var ies both between and within species. 

Character ist ics of n-alkanes, a sui te of ubiqui tous compounds in these 

waxes, are thought to be influenced by the avai labi l i ty of water  and the 

temperature in a plant ’s growing environment . Longer n-alkane 

distr ibut ions with less var iabi l i ty in chain length are hypothesised to confer  

greater  resistance to non-stomatal  water  loss and thus are expected in 

higher abundance in desiccat ing environments. Relat ionships between the 

distr ibut ion of n-alkane character ist ics and both precipi tat ion and 

temperature have previously been observed. Despite this, i t  is unclear  

whether  n-alkane chain length distr ibut ions vary plast ical ly in response to 

cl imate, or  whether  they are fixed within populat ions in di fferent  cl imate 

set t ings. To better  understand this, we examine the relat ionship between n-

alkane character ist ics of Melaleuca quinquenervia and both spat ial  and 

temporal  cl imate var iat ion. Across eastern Austral ia, we find that  n-alkane 

homolog concentrat ions and distr ibut ions in leaves of M. quinquenervia do 

not vary with cl imate where samples are proximate, even when cl imate 

shows significant var iabi l i ty. However, the concentrat ion and distr ibut ion of 

mailto:jake.andrae@adelaide.edu.au
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n-alkane homologs do di ffer  considerably between geographical ly separated 

populat ions in very different  cl imate regimes. These results suggest n-

alkane character ist ics are not  a plast ic response to cl imate var iabi l i ty, and 

instead are l ikely fixed and could be dr iven by genet ic differences between 

populat ions. This has important  impl icat ions for  the use of n-alkane 

character ist ics as palaeoenvironmental  proxies.  

 

Keywords: Leaf wax n-alkanes; chain length distr ibut ion; precipi tat ion; 

temperature; Melaleuca quinquenervia  

 

1. I nt r oduct ion  

The leaf waxes of higher plants contain a mixture of long chain aliphat ic 

n-alkyl  der ivat ives (e.g., n-alkanes, n-alkanols, n-alkanoic acids), 

t r i terpenoids (Schuster  et  al ., 2016) and minor  secondary metabol i tes 

(Egl inton et  al ., 1962; Eglinton and Hamil ton, 1967; Kunst and Samuels, 

2003; Jet ter  et  al ., 2006; Schuster  et  al ., 2016). Long chain n-alkanes (n-C
25

–

n-C
35

) are a ubiqui tous component of leaf waxes, with their  distr ibut ion in 

leaf wax typical ly displaying odd over  even predominance of homologs with 

maxima at  n-C
27

, n-C
29

 or  n-C
31

 (Kunst and Samuels, 2003). A key funct ion of 

leaf waxes is to reduce water  loss through the cut icle (Riederer  and 

Schreiber , 2001; Jet ter  and Riederer , 2016), with other  roles including the 

reduct ion of solute leaching from inside cel ls and protect i on against  UV-

radiat ion damage (Koch and Ensikat , 2008). The prevai ling mechanism for  
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how leaf waxes reduce water  loss through the cut icle is explained by the 

barr ier  membrane model  (Riederer  and Schneider , 1990; Reynhardt  and 

Riederer , 1994; Riederer  and Schreiber , 1995; Jet ter  and Riederer , 2016). In 

this model, leaf waxes form micro-crystal l ine (crystal l i te) and unstructured 

(amorphous) zones, with al ignment of hydrocarbon (i .e. n-alkane) backbones 

in crystal l i tes creat ing impermeable zones in the leaf cut icle (Riederer  and 

Schreiber , 1995; Koch and Ensikat , 2008).  

I t  is hypothesised that  the impermeabi l i ty of the crystal l i tes forces water  

to t ravel  around them through a more amorphous matr ix created by al icycl ic 

compounds. This creates a lengthened t ransport  pathway that  increases the 

resistance of the cut icle to water  passing through i t  (Riederer  and 

Schneider , 1990; Reynhardt  and Riederer , 1994; Riederer  and Schreiber , 

1995; Jet ter  and Riederer , 2016). A predict ion of this model is that  greater  

resistance to water  loss is associated with greater  concentrat ions of long-

chain n-alkanes, as wel l as longer  and more narrowly distr ibuted n-alkane 

homologs i .e. low var iabil i ty in const i tuent chain lengths. This would be 

advantageous to plants l iving in ar id condit ions (Riederer  and Schneider , 

1990; Riederer  and Schreiber , 1995; Dodd et al ., 1998; Dodd and Afzal-Rafi i , 

2000; Dodd and Poveda, 2003; Shepherd and Gr i ffi ths, 2006; Koch and 

Ensikat , 2008). 

 Modern cal ibrat ion studies of n-alkanes in the context  of cl imate from 

plants, soi ls and sediment have shown correlat ions between n-alkane 

character ist ics and ar idi ty (e.g., Vogts et  al ., 2009; Hoffman et  al ., 2013; 
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Leider  et  al ., 2013; Tipple and Pagani, 2013; Carr  et  al ., 2014; Bush and 

McInerney, 2015). Moreover, major  cl imate events in the past  are associated 

with large shi fts in n-alkane chain length distr ibut ions (e.g., Smith et  al ., 

2007; Baczynski  et  al ., 2016). Together , observat ions of modern and ancient  

systems demonst rate potent ial  for  n-alkanes preserved in the geological  

record to hold palaeocl imate informat ion (Smith et  al ., 2007; Bush and 

McInerney, 2013; Hoffman et  al ., 2013; Leider  et  al ., 2013; Carr  et  al ., 2014; 

Bush and McInerney, 2015; Baczynski  et  al ., 2016; Diefendorf and 

Freimuth, 2017). Even so, the interpretat ion of bulk  plant  wax n-alkane 

signatures in the geological  record using modern cl imate cal ibrat ions is not  

straight forward.  

Many modern cl imate cal ibrat ion studies of n-alkanes in plants and 

sur face sediments rely on ‘space-for -t ime’ subst i tut ion where var iat ions in 

space are used to infer  var iat ions in t ime. This approach l imits the abil i ty to 

perceive the responsiveness of the proxy to environmental  change in modern 

systems (Picket t , 1989; Diefendorf and Freimuth, 2017). This is compounded 

in many cases by a lack of control  on plant  community turnover  (e.g., Vogts 

et  al ., 2009; Hoffman et  al ., 2013; Carr  et  al ., 2014; Bush and McInerney, 

2015), with intr insic differences in n-alkane product ion by different  taxa 

having the potent ial to bias cal ibrat ions of n-alkane response to cl imate 

(Vogts et  al ., 2009; Diefendorf et  al ., 2011, 2015; Freeman and Pancost, 

2014; Garcin et  al ., 2014; Diefendorf and Freimuth, 2017; Jansen and 

Wiesenberg, 2017; Howard et  al ., 2018). Complexi t ies in plant  wax n-alkane 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

inputs to sediments are also inherent , with most sedimentary records l ikely 

represent ing a complex mixture of regional ly and local ly sourced leaf wax n-

alkanes (Schefuss et  al ., 2003; Diefendorf et al ., 2011; Freeman and Pancost, 

2014; Garcin et  al ., 2014; Roui l lard et  al ., 2016; Diefendorf and Freimuth, 

2017; Jansen and Wiesenberg, 2017; Howard et  al ., 2018). This complexi ty 

and the biases imposed suggests a need for  careful  interpretat ion of bulk 

sedimentary leaf wax n-alkane records (Diefendorf et  al ., 2011; Roui llard et  

al ., 2016; Diefendorf and Freimuth, 2017; Jansen and Wiesenberg, 2017; 

Howard et  al ., 2018). 

 These complexi t ies can be minimised through the appl icat ion of single-

species cal ibrat ions to single-species leaf wax n-alkane records. Such single-

species records are rare, but  Holocene sub-fossi l  leaves of the species 

Melaleuca quinquenervia (Cav. S.T. Blake) are wel l  preserved in lake 

sediments from south-east  Queensland, Austral ia (Tibby et  al., 2016; Barr  

et  al ., 2019). These types of records present an opportuni ty to bet ter  use 

plant  wax n-alkanes to understand Holocene cl imate in a region that  is 

par t icular ly sensi t ive to changes in the El Niño–Southern Osci l lat ion.

 There is uncertainty, however, in whether  relat ionships between leaf 

wax n-alkane character ist ics and climate in a single species reflect  plast ic 

responses to short -term cl imate var iabi l i ty or  whether  they reflect  

potent ial ly genet ical ly fixed features of plants in di fferent  ambient cl imate 

condit ions (Diefendorf et  al ., 2015; Bender et  al ., 2017). There is evidence to 

suggest  that  genet ics plays a large role in n-alkane biosynthesis, and that  



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

there is potent ial  for  ecotypes of species, in terms of their  n-alkane 

character ist ics, to emerge where populat ions are geographical ly and 

cl imat ical ly dist inct  (Schreiber  and Riederer , 1996; Dodd et  al ., 1998; Dodd 

and Afzal -Rafi i , 2000; Shepherd and Gr iffi ths, 2006; Rajčević  et  al ., 2014; 

Diefendorf et  al ., 2015). Confident ly interpret ing palaeocl imate from 

changes in n-alkane character ist ics of sub-fossi l  leaves requires a bet ter  

understanding of modern n-alkane character ist ics in relat ion to cl imate.  

In this study, we explore var iat ion in n-alkane character ist ics with 

cl imate of M. quinquenervia through t ime in one place as well  as on large 

and smal l  spat ial  cl imat ic t ransects. We aim to provide unique insights into 

the responsiveness of n-alkane character ist ics to cl imate within a single 

species, thereby removing the effects of n-alkane product ion di fferences 

between plant  groups, funct ional types and species. I f n-alkane 

character ist ics reflect  a plast ic response to short -term cl imate var iabi l i ty, 

then we expect to see significant correlat ion between cl imate and n-alkane 

character ist ics of M. quinquenervia at  al l  scales, both temporal ly and 

spat ial ly. I f, however , n-alkane character ist ics reflect  genet ical ly fixed 

features of ecotypes l iving in di fferent  ambient cl imates, we expect to 

observe dist inct  n-alkane character ist ics in geographical ly and cl imat ically 

dist inct  populat ions of M. quinquenervia. We measure leaf wax n-alkane 

character ist ics of M. quinquenervia across var iable precipi tat ion and 

temperature condit ions in three di fferent  sampl ing sets of l iving plants: (1) 

a t ime-ser ies of 11 years at  a single si te, (2) a south-east  Queensland (SEQ) 
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t ransect across ~150 km and (3) a cross-Queensland (QLD) sample set  

compar ing SEQ with Cape York, that  are separated by ~1500 km (Fig. 1).  

 

2. M at er ial  and met hods  

2.1. Study species 

Melaleuca quinquenervia, the broad-leaved paperbark or  five-veined 

paperbark, is an evergreen t ree of the family Myrtaceae that  typical ly 

ranges in height  in mature t rees from 8 to 12 m, though smal ler  or  larger  

t rees are not  uncommon (4–25 m) (Boland et  al ., 2006). This species inhabits 

coastal  areas and is associated with wet lands, with i ts nat ive geographic 

range extending from southern New South Wales to Cape York  within 

Austral ia and cont inuing into southern Papua New Guinea and New 

Caledonia. The species is naturalised in other  regions, notably t he southern 

United States of Amer ica (I reland et  al ., 2002). In Austral ia, new leaf 

growth in this species begins in mid-winter  and cont inues through to ear ly 

summer (Serbesoff-K ing, 2003). The growing season for  this species is 

therefore considered as the Austral  winter  and spr ing (June to November, 

inclusive).  

 

2.2. Study si tes and sampl ing 

2.2.1. Time-ser ies study 

 Long term sampl ing (11 years) for  our  t ime-ser ies study was 

undertaken via a l i t ter  t rap approach at  Carbrook Wet lands (27.690ºS, 
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153.276ºE), a par t  of the Nat ive Dog Creek catchment and the Logan River  

floodplain (Fig. 1). Approximately 164 ha of the wet land is compr ised of M. 

quinquenervia forest  (Greenway, 1994; Tibby et  al ., 2016). The sample 

col lect ion area for  our  t ime-ser ies study had a t ree density of 2175 t rees per  

ha, with a mean t ree height  of 18.6 m (± 4 m, 1 standard deviat ion). The 

mean t ree diameter  at  the si te was 17.8 cm (± 9 cm, 1 standard deviat ion). 

The t ree density and the presence of leaves from species not  overhanging 

the l i t ter  t raps suggests leaves were integrated from many individuals in 

the sampl ing area. L i t ter fal l  was col lected in a raised 0.25 m
2
 (0.5 m × 0.5 

m) t ray in one area of Carbrook Wet lands, with leaf l i t ter  sampled 

approximately every four  weeks between Apr i l  1992 and July 2003 (Tibby et  

al ., 2016). Leaf l i t ter  samples from 45 col lect ion per iods were used in this 

study, with a temporal  resolut ion of approximately three months. Nine 

leaves from each of the col lect ion per iods were selected and homogenised 

under l iquid ni t rogen in a ceramic mortar  and pest le. 

 

2.2.2. South-east  Queensland (SEQ) study 

 The SEQ study area is located in a humid subtropical  cl imate zone 

(Fig. 1), as defined by the modified Köppen-Geiger  cl imate classi ficat ion 

(Peel et  al ., 2007). Sampl ing was undertaken at  21 si tes across SEQ, with a 

cluster  of smal l  leaves (~15–20) from near the growing t ip, assumed to be 

relat ively young leaves, taken from one t ree at  each sampl ing si te at  a 

height  of 1–2 m using pruning shears. Leaves were consistent ly taken from 
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the nor thern side of t rees in open sun to mit igate the influence of sun versus 

shade leaves (Suh and Diefendorf, 2018). From the cluster  of leaves 

sampled, the nine smal lest  leaves were selected for  homogenisat ion. After  

col lect ion, leaves were stored in paper bags and subsequent ly oven dr ied at  

50 °C for  48 h, pr ior  to homogenisat ion under l iquid ni t rogen in a ceramic 

mortar  and pest le. 

 

2.2.3. Cross-Queensland (QLD) study 

 The QLD study area encompasses the SEQ study area, along with four  

other  si tes on the Cape York Peninsula in far -nor th Queensland, located in 

a t ropical  savanna climate zone (Peel et  al ., 2007) and approximately 1500 

km from the SEQ si tes (Fig. 1). These si tes were chosen to be sampled 

because of their  dist inct  cl imate compared to the SEQ sample set . Leaves 

were col lected and processed as per  the SEQ samples. 

 

2.3. L ipid extract ion and pur ificat ion  

2.3.1. Time-ser ies  

 Total  l ipid extract ion (TLE) of homogenised leaf samples from the 

t ime-ser ies study was undertaken at  Newcast le Universi ty, UK. The method 

used dichloromethane (DCM):methanol (MeOH) (3:1, v/v) and a CEM MARS 

5 microwave system that  heated samples to 70 °C over 5 min, holding them 

at 70 °C for  5 min and then allowing them to cool for  30 min. Excess solvent 

was removed from the TLE by evaporat ing under  a stream of N
2 
(ul t ra-high 
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pur i ty; 99.999%). An internal standard of tetratr iacontane was added to al l  

samples, which were then passed through a pre-condit ioned si l ica gel  

column (35–70 mesh size), with the non-polar  fract ion eluted using n-

hexane (grade >99.8%). The non-polar  fract ion then underwent sol id phase 

extract ion using a Bond Elut  SCX car tr idge to separate saturated and 

unsaturated compounds.  

 n-Alkane (n-C
18

 to n-C
33

) concentrat ions were quant ified using an HP 

5890 Ser ies 2 Gas Chromatograph-Flame Ionizat ion Detector  (GC-FID) with 

a HP1 column (50 m × 0.32 mm i .d. × 0.17 m fi lm thickness) with a flow 

rate of 2 mL/min of helium carr ier  gas. A 1 l  al iquot of sample was injected 

using a temperature programme that  increased the temperature from 50 °C 

to 300 °C at a rate of 6 °C/min. Compounds were ident i fied using a Thermo 

Finnigan Trace gas chromatograph–mass spectrometer  (GC–MS) with a 

HP1 column (50 m × 0.32 mm i .d. × 0.17 m fi lm thickness) with a flow rate 

of 2 mL/min in a helium carr ier  gas. A 1 l  al iquot of sample was injected 

into a programmable temperature vapor ising injector  system at  270 °C in 

spl i t -less mode with GC temperature ramped up from 50 °C to 300 °C at a 

rate of 6 °C/min. Concentrat ions were normal ised to total  dry weight of leaf 

mater ial  extracted and are reported as μg/g dry leaf mater ial . 

 

2.3.2. Spat ial  studies: SEQ and QLD 

 Preparat ion of samples from SEQ and QLD took place at  the 

Universi ty of Adelaide, Austral ia. Ground plant  mater ial  from each sample 
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was subjected to solvent extract ion by being sonicated for  15 min in 7 mL of 

DCM:MeOH (9:1, v/v). The mixture was then decanted through ashed glass 

fibre fi l ters. Sonicat ion and fi l t rat ion were conducted in t r ipl icate on the 

same sample mater ial , wi th extracts combined. Excess solvent was removed 

from the TLE by evaporat ing under  a stream of N
2
 (ul t ra-high pur i ty; 

99.999%). The total  l ipid extract  (TLE) was fract ionated using short  column 

chromatography with ~0.5 g of act ivated sil ica gel  (35–70 mesh size). The 

non-polar  fract ion, that  included n-alkanes, was eluted with 4 mL of n-

hexane (Opt ima
TM

 grade, Fisher  Scient ific), fol lowed by elut ion of the polar  

fract ion with 4 mL DCM:MeOH (1:1, v/v). The non-polar  fract ion was then 

evaporated under N
2 
and redissolved in 100 μL of n-hexane spiked with 10 

μg/mL of 1,1′ -binaphthyl  as internal standard. A quant i tat ion standard was 

prepared by di lut ion of a Cert i fied Reference Mater ial  (C
7–

C
40

 Saturated 

Alkanes Standard, Supelco 49452-U) to a concentrat ion of 10 μg/mL and 

spiked with 10 μg/mL of 1,1′ -binaphthyl  internal  standard for  concurrent 

analysis with the sample batch. 

 n-Alkane character isat ion was undertaken using a PerkinElmer 

Clarus 500 GC–MS, with an SGE CPSil -5MS (30 m × 0.25 mm ID × 0.25 µm 

fi lm thickness) capi llary column with hel ium carr ier  gas with a flow rate of 

1 mL/min. A 1 μL al iquot of sample was injected at  a temperature of 300 °C. 

The oven temperature program was 50 °C, held for  one min, pr ior  to an 8 

°C/min ramp to 340 °C and a final  hold of 7.75 min. The mass spectrometer  

was scanned from 45 to 500 Da. Concentrat ions of n-alkane homologs from 
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n-C
25

 to n-C
33
 were quant i fied using PerkinElmer TurboMass analyt ical  

software based on response factors of individual n-alkane homologs in the 

standard against  the internal standard. The method was val idated against  a 

six-point  l ineari ty curve in t r ipl icate with reproducibil i ty assessed by 10 

t imes repeat inject ion (R
2
 > 0.98, ±3% reproducibil i ty). Concentrat ions were 

normal ised as per  the t ime-ser ies data. 

 

2.4. Time-averaged cl imate data 

 Cl imate data ut i l ised in this study were derived from the SILO 

(Scient ific Informat ion for  Land Owners) database (Jeffrey et  al ., 2001). 

Dai ly cl imate var iables (total  precipi tat ion and maximum temperature) 

were interpolated for  sample locat ions from dai ly climate observat ions at  

proximal observat ion si tes using the DataDr i l l  system (Jeffrey et  al ., 2001). 

Growing season cl imate (June–November, inclusive) was calculated for  both 

the temporal  and spat ial  studies with a mean calculated for  three ful l  

growing seasons pr ior  to sample col lect ion. Cl imate averages for  three 

growing seasons were ut i l ised for  this study due to the leaf l ife span of the 

species – i .e. 2–4 years (Van et  al ., 2002) – and fol lows the approach of 

Tibby et  al . (2016). Growing season precipi tat ion at  Carbrook Wet lands 

averaged for  the three years pr ior  to sample col lect ion ranged from 280 mm 

to 543 mm, whi le maximum daily temperature averaged across the three 

previous growing seasons ranged from 22.8 °C to 23.6 °C. At SEQ si tes, 

growing season precipi tat ion ranged from 269 mm to 558 mm, with growing 
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season temperature ranging from 22.3 °C to 24.5 °C. Growing season 

precipi tat ion for  QLD si tes, where Cape York si tes were included, ranged 

from 89 mm to 558 mm, with growing season temperature ranging from 22.3 

°C to 33.2 °C (Fig. 2).  

 

2.5. Leaf wax character ist ic calculat ions and stat ist ical  analysis 

 Concentrat ion, average chain length (ACL), Norm31 and dispersion 

were calculated for  n-alkane chain lengths n-C
25

 to n-C
33
, inclusive. With the 

except ion of concentrat ion, al l  var iables are dimensionless metr ics of n-

alkane distr ibut ion var iabi l i ty. ACL is the weighted mean of odd long-chain 

n-alkane concentrat ions and quant i fies the dominant long chain n-alkane 

homolog in a sample (Bush and McInerney, 2013, 2015). Norm31 is the 

normal ized rat io of the n-C
31

 n-alkane homolog to the n-C
29

 n-alkane 

homolog, and is a parameter  that  is environmental ly sensi t ive (Carr  et  al ., 

2014). Dispersion is a measure of how narrowly distr ibuted n-alkane chain 

lengths are around a mean (Dodd and Afzal-Rafi i , 2000). Formulae for  these 

metr ics are as fol lows:  

     
         

     
  1. 

where n is the odd carbon chain length and C
n
 is the concentrat ion of the n-

alkane with n carbon atoms (Bush and McInerney, 2015).  

        
     

            
  2. 
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where n-C
31

 and n-C
29
 are the concentrat ions of those n-alkane homologs 

(Carr  et  al ., 2014). 

                               3. 

where n is n-alkane chain length and p
n
 is the proport ional concentrat ion of 

that  chain length relat ive to the total  concentrat ion of n-alkanes (Dodd and 

Afzal-Rafi i , 2000). 

 We ut i l ised redundancy analysis (RDA) in the ‘Vegan’ package 

(Oksanen et  al ., 2017) in R (R Core Team, 2016) to determine the extent  to 

which our  environmental  var iables (rainfal l and temperature) explain 

pat terns in the proport ional concentrat ion of n-alkanes (C
25

–C
33

) in the 

spat ial  studies. Redundancy analysis is a mult ivar iate technique for  

examining species–environment relat ionships. I t  is equivalent  to Pr incipal  

Components Analysis with the important  dist inct ion being that  the axes 

represent combinat ions of environmental  var iables (Lepš and Šmilauer, 

2003). Redundancy analysis is an appropr iate technique to use where the 

response of the objects (in this case the n-alkane character ist ics) are l inear  

in relat ion to the environmental  var iables. To determine whether  a l inear  

method was appropr iate to use we undertook a detrended correspondence 

analysis in the ‘Vegan’ package in R (Oksanen et  al ., 2017), which showed 

the gradient  length of the data set  was less than two, indicat ing l inear -

based RDA was an appropr iate methodology (ter  Braak and Prent ice, 2004). 

 Stat ist ical  tests were ut i l ised to determine the equal i ty of var iance 

between n-alkane character ist ics from the SEQ and t ime-ser ies studies, to 
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compare var iance through t ime at  a single si te and across space at  a single 

t ime. The Shapiro-Wilk test  in base R (R Core Team, 2016) was used to 

check for  normal i ty in the distr ibut ions of ACL, concentrat ion, Norm31 and 

dispersion from each of the SEQ and t ime-ser ies studies. In most cases, 

distr ibut ions were not normal ; because of this i t  was decided to use Levene’s 

test  to determine homogeneity of var iance. This was undertaken using the 

‘leveneTest ’ funct ion in the ‘Car ’ package (Fox and Weisberg, 2011) in R (R 

Core Team, 2016). Last ly, we undertook a ser ies of l inear  regressions 

between cl imate and leaf wax n-alkane character ist ics using p < 0.05 as our  

measure of stat ist ical  signi ficance.  

 

3. Resul t s  

3.1. Time-ser ies 

 For  samples from the t ime-ser ies study (Table 1), total  concentrat ion of 

n-alkanes (n-C
25
 to n-C

33
 summed) ranged from 47.1 to 1170 μg/g

 
dry leaf 

(mean: 182; σ: 169). ACL minima and maxima were 28.9 and 30.2 (mean: 

29.7; σ: 0.27). Norm31 ranged from 0.50 to 0.77 (mean: 0.67; σ: 0.06). 

Dispersion var ied between 2.4 and 5.6 (mean: 3.9; σ: 0.57). Total  

concentrat ion, ACL and Norm 31 did not  show stat ist ical ly signi ficant l inear  

correlat ions with ei ther  of growing season precipi tat ion or  temperature (Fig. 

3). Dispersion had a signi ficant , though weak, l inear  correlat ion with 

growing season precipi tat ion (R = 0.33, p = 0.028) and no correlat ion with 

growing season temperature (Fig. 3). Note that  absolute values of resul ts 
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from this aspect of the study cannot be direct ly compared with the SEQ and 

QLD datasets below, as a result  of di fferent  sampl ing strategies and n-

alkane extract ion methods used. 

 

3.2. South-east  Queensland (SEQ) 

 In samples from SEQ (Table 2), the total  concentrat ion of n-alkanes (n-

C
25

 to n-C
33

 summed) ranged from 2.9 to 287 μg/g dry leaf (mean: 34.5; σ: 

59.7). ACL ranged from 29.0 to 30.3 (mean: 29.7; σ: 0.32), and Norm31 from 

0.52 to 0.81 (mean: 0.66; σ: 0.07). Values of dispersion var ied from 1.0 to 6.2 

(mean: 4.2; σ: 1.15). For  SEQ si tes, only Norm31 had stat ist ical ly 

signi ficant , but  weak, l inear  correlat ions with both growing season 

precipi tat ion and growing season temperature (R
 
= –0.45, p = 0.043 and R = 

0.45, p = 0.041, respect ively) (Fig. 4). Redundancy analysis (Supplementary 

Fig. S1) indicated that  var iance in n-alkane character ist ics of samples from 

SEQ si tes was pr imar i ly explained by axis one (constrained to be a 

combinat ion of the influence of growing season precipi tat ion and 

temperature, and hence ar idi ty), but  the var iance explained was low (< 

10%). Axis 2 summarises the dominant hypothet ical  gradient  unrelated to 

the measured var iables and explained less than 1% of the var iance.  

 

3.3. Cross-Queensland (QLD) 

 For  samples from the QLD si tes (Table 2), the summed concentrat ion 

of the sui te of n-alkane homologs from n-C
25

 to n-C
33

 ranged from 2.9 to 411 
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μg/g
 
dry leaf (mean: 66.5; σ: 102). ACL ranged from 29 to 31.5 (mean: 29.9; 

σ: 0.65). Norm31 ranged from 0.52 to 0.94 (mean: 0.7; σ: 0.12). Values of 

dispersion var ied from 1 to 6.2 (mean: 3.7; σ: 1.43). Redundancy analysis on 

spat ial  data across QLD si tes (Supplementary Fig. S2) showed that  44% of 

var iance in the n-alkane character ist ics was explained by axis one, with this 

axis represent ing ar idi ty. Axis 2, which summarises the dominant 

hypothet ical  gradient  unrelated to the measured var iables, explained less 

than 1% of the var iance. Concentrat ion, ACL, Norm31 and dispersion al l  

displayed strong correlat ions with growing season precipi tat ion (R
 
= –0.61, p 

= 0.001; R
 
= –0.78, p < 0.001; R

 
= –0.8, p < 0.001; R = 0.64, p < 0.001; 

respect ively), and growing season temperature (R
 
= 0.62, p < 0.001; R

 
= 0.86, 

p < 0.001; R
 
= 0.83, p < 0.001; R = –0.68, p < 0.001; respect ively) (Fig. 5). 

When the Cape York samples (samples CY1, 2, 3, 4) in this aspect of the 

study are considered alone, no signi ficant l inear  correlat ions between n-

alkane character ist ics and ei ther  of growing season precipi tat ion or  

temperature are observed (Fig. 5).  

 

3.4. Levene’s test  of homogeneity of var iance (SEQ and t ime-ser ies) 

 Compar ison of var iance between the SEQ and t ime-ser ies studies using 

Levene’s test  resul ted in p-values for  the n-alkane character ist ics ACL, 

concentrat ion and Norm31 of 0.71, 0.21 and 0.64, respect ively. Hence 

homogeneity of var iance of these n-alkane character ist ics exists between the 

SEQ and t ime-ser ies studies. Compar ison of n-alkane dispersion var iance 
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between the SEQ and t ime-ser ies studies using Levene’s test  resul ted in a p 

value of 0.01, indicat ing significant heterogeneity of var iance. 

 

4. Discussion 

 We measured n-alkane character ist ics of modern M. quinquenervia 

leaves in a 11 year t ime-ser ies, as wel l  as across smal l - and large-scale 

cl imate t ransects, to explore the potent ial  for  cal ibrat ion of these 

character ist ics for  novel single species palaeocl imat ic reconstruct ions in 

south-east  Queensland (Tibby et  al ., 2016; Barr  et  al ., 2019). The single 

species approach undertaken in this study control led for  intr insic 

di fferences in n-alkane product ion within plant  communit ies that  have the 

potent ial  to significant ly bias modern n-alkane character ist ic-cl imate 

cal ibrat ions (Vogts et  al ., 2009; Diefendorf et  al ., 2011, 2015; Carr  et  al ., 

2014; Freeman and Pancost, 2014; Garcin et  al ., 2014; Diefendorf and 

Freimuth, 2017; Jansen and Wiesenberg, 2017; Howard et  al ., 2018). This 

was crucial  for  assessment  of n-alkane character ist ic responsiveness to 

cl imate, and to constrain whether  leaf wax n-alkane character ist ics in M. 

quinquenervia reflect  plast ic responses to short -term cl imate changes or  

whether  they reflect  fixed t rai ts associated with di fferent  ambient cl imate 

condit ions (Bender et  al ., 2017).  

 Most n-alkane character ist ics of M. quinquenervia (concentrat ion, 

ACL, Norm31) did not  respond plast ical ly to cl imate var iabi l i ty in the 11-

year t ime-ser ies from Carbrook Wet lands (Fig. 3). In the smal ler  regional 
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sample set  of south-east  Queensland (SEQ) concentrat ion, ACL, and 

dispersion are also not signi ficant ly correlated with cl imate (Fig. 4). 

Simi lar ly, n-alkane character ist ics of samples from the Cape York region, 

when considered alone as a regional sample set , do not correlate with 

cl imate, al though the sample size is smal l  (Fig. 5).  

Concentrat ion, ACL and Norm31 displayed homogenous var iance 

between the t ime-ser ies and SEQ datasets, suggest ing that  var iat ion in 

these character ist ics at  the si te level  is as large as at  the regional level . 

Whi le most of the var iat ion in the temporal  and SEQ data is not  explained 

by cl imate, weak correlat ions were observed between dispersion and 

precipi tat ion in the t ime-ser ies as wel l  as between Norm31 and both cl imate 

var iables in SEQ. Therefore, overall  n-alkane character ist ics are 

unresponsive or  only weakly responsive to cl imate var iabi l i ty in a plast ic 

sense when examined in a t ime-ser ies at  one locat ion, and across relat ively 

smal l  distances (~150 km). This lack of responsiveness of n-alkane 

character ist ics to cl imate in the t ime-ser ies and SEQ could be influenced by 

hydrological  buffer ing in the wet land habitat  of this species (I reland et  al ., 

2002). However, carbon isotope rat ios of leaves from this same t ime-ser ies 

show strong correlat ions with rainfal l  through the impact of water  stress on  

carbon isotope fract ionat ion (Tibby et  al ., 2016). The carbon isotope data 

demonstrates that  these t rees are sensi t ive to cl imat ic fluctuat ions through 

t ime. Therefore, the lack of response in n-alkane character ist ics observed 

here indicates a lack of plast ici ty.  
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 In contrast , the QLD data show signficant l inear  relat ionships between 

cl imate and all  n-alkane character ist ics measured. The linear  relat ionships 

observed are largely a funct ion of the addit ion of Cape York samples from 

si tes with markedly lower growing season precipi tat ion and higher growing 

season temperature than si tes in SEQ. These samples display dist inct ly 

higher concentrat ion, ACL, Norm31 and lower dispersion than samples from 

SEQ, and this is suggest ive of two broad dist inct  groups of M. quinquenervia 

in terms of their  n-alkane product ion. The assert ion of geographic groupings 

of n-alkane character ist ics in M. quinquenervia is futher  supported by 

redundancy analysis of samples from SEQ and QLD (Supplementary Figs. 

S1 and S2). When Cape York samples are included in the redundancy 

analysis, 44% of var iance in n-alkane character ist ics can be explained by 

ar idi ty, compared to less than 10% for  only SEQ samples.  

The observat ions in the QLD aspect of the study are consistent  with the 

funct ional role of leaf wax n-alkanes proposed by the barr ier  membrane 

model  (Riederer  and Schneider , 1990; Reynhardt  and Riederer , 1994; 

Riederer  and Schreiber , 1995; Jet ter  and Riederer , 2016). More abundant, 

longer and more narrowly distr ibuted n-alkanes are observed at  si tes with 

lower growing season rainfall  and higher temperatures, where mit igat ing 

non-stomatal  water  loss would be cr i t ical . Simi lar  posi t ive correlat ions have 

been observed between ACL and growing season temperature in a study 

that  examined within-species var iat ion in Acer rubrum and Juniperus 
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virginiana from a spat ial  t ransect in North Amer ica (Tipple and Pagani, 

2013).  

Taken together , the data suggest that  leaf wax n-alkane character ist ics 

of M. quinquenervia do not respond plast ical ly to cl imate, but  instead 

appear fixed. Yet , n-alkane character ist ics di ffer  between south-east  

Queensland and Cape York in ways that  are consistent  with the barr ier -

membrane model . These fixed di fferences could reflect  natural  select ion for  

less permeable cut icles in more ar id regions. A number of studies have 

interpreted di fferences in n-alkane product ion in plants as a result  of 

adaptat ion to different  cl imates of populat ions of a single species, rather  

than a plast ic response (Dodd et  al ., 1998; Dodd and Afzal -Rafi i , 2000; Dodd 

and Poveda, 2003; Rajčević  et  al ., 2014). Greenhouse and common garden 

exper iments indicate that  leaf wax compound profi les reflect  genet ic 

determinat ion more strongly than short -term environmental  influence 

(Gosney et  al ., 2016; Bender et  al ., 2017). To demonstrate that  leaf wax n-

alkane character ist ics in M. quinquenervia are fixed through genet ic control  

requires fur ther  research (e.g., genet ic sequencing, common garden 

exper iments). However, the evidence is suggest ive that  genet ics could be the 

main control  on n-alkane product ion in leaves of M. quinquenervia. 

 The results of this study have implicat ions for  approaches using n-

alkane abundance and distr ibut ions for  palaeocl imat ic reconstruct ions. Any 

changes in n-alkane character ist ics of sub-fossi l  leaves of M. quinquenervia 

would likely not  reflect  plast ic responses to smal l -scale var iat ions in 
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cl imate, but  instead could represent much larger  and longer sustained 

cl imatological  shifts. This dist inct ion has important  ramificat ions for  the 

interpretat ion of n-alkane character ist ics as a proxy for  var iat ion in cl imate 

through t ime, par t icular ly in the context  of the scale of cl imatological  shi fts 

able to be perceived from geological  records.  

 

5. Conclusions 

 Leaf wax n-alkane character ist ics have been examined in leaves of 

Melaleuca quinquenervia on both spat ial  and temporal  cl imate gradients. 

We observed weak or  no correlat ion between both growing season 

precipi tat ion and temperature and n-alkane character ist ics in proximal 

samples from south-east  Queensland and a t ime-ser ies of one populat ion, 

even though cl imate and n-alkane character ist ics vary substant ial ly in both 

cases. We observed longer and more narrowly distr ibuted leaf wax n-

alkanes in samples of M. quinquenervia from a markedly warmer and dryer  

growing season cl imate regime, which is consistent  with the prevai l ing 

model for  the funct ion of leaf-wax n-alkanes in prevent ing water  loss. We 

interpret  our  resul ts as reflect ing fixed responses to broad cl imate regimes 

as opposed to plast ic responses to regional microcl imate spat ial ly and 

through t ime. These results have impl icat ions for  interpret ing n-alkane 

character ist ics of sub-fossi l  leaves, with changes in these in sedimentary 

archives l ikely reflect ing large climatological  shi fts, rather  than short -term 

cl imate var iabi l i ty.  



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Acknowledgement s 

 This study was funded through an Austral ian Research Counci l  (ARC) 

Future Fel lowship (FT110100793) awarded to F.A.M., an ARC Discovery 

project  (DP150103875) led by J.T., and a NERC Life Sciences Mass 

Spectrometry Faci l i ty grant (LSMSF-BRIS/071/0414) awarded to A.C.G.H. 

J.W.A. was supported by an Austral ian Government Research Training 

Program Scholarship and a Universi ty of Adelaide Faculty of Sciences 

Divisional Scholarship. C.B. was supported by ARC grant DP150103875 and 

a Universi ty of Adelaide Research Fel lowship. The authors would l ike to 

thank Tim Page for  his field and logist ical  support , and Kr ist ine Nielson, 

Ian Bul l  and Stephanie Rankine for  invaluable research assistance, 

laboratory and analyt ical  support . Thank you to Aaron Diefendorf and one 

anonymous reviewer for  their  comments which signi ficant ly improved the 

paper . The authors declare no conflict  of interest . 

 

Associate Editor–Bar t  van Dongen 

 

Refer ences 

Baczynski , A.A., McInerney, F.A., Wing, S.L., Kraus, M.J., Morse, P.E., 

Bloch, J.I ., Chung, A.H., Freeman, K.H., 2016. Distor t ion of carbon 

isotope excursion in bulk soil  organic matter  dur ing the Paleocene-

Eocene thermal maximum. Geological  Society of Amer ica Bul let in 

128, 1352–1366. 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Barr , C., Tibby, J., Leng, M.J., Tyler , J.J., Henderson, A.G.C., Overpeck, 

J.T., Simpson, G.I ., Cole, J.E., Phipps, S.J., Marshal l , J.C., McGregor, 

G.B., Hua, Q., McRobie, F., 2019. Holocene El Niño-Southern 

Osci l lat ion variabi l i ty reflected in subtropical  Austral ian 

precipi tat ion. Scient i fic Reports 9, Ar t icle number : 1627 

Bender, A.L.D., Chitwood, D.H., Bradley, A.S., 2017. Her i tabil i ty of the 

structures and 
13

C fract ionat ion in tomato leaf wax alkanes: a genet ic 

model system to inform paleoenvironmental reconstruct ions. 

Front iers in Earth Science 5, 1–13. 

Boland, D.J., Brooker, M.I .H., Chippendale, G.M., Hal l, N., Hyland, B.P.M., 

Johnston, R.D., K leinig, D.A., McDonald, M.W., Turner , J.D., 2006. 

Forest  Trees of Austral ia, Fi fth Ed. CSIRO Publ ishing, Austral ia. 

Bush, R.T., McInerney, F.A., 2013. Leaf wax n-alkane distr ibut ions in and 

across modern plants: impl icat ions for  paleoecology and 

chemotaxonomy. Geochimica et  Cosmochimica Acta 117, 161–179. 

Bush, R.T., McInerney, F.A., 2015. Influence of temperature and C
4
 

abundance on n-alkane chain length distr ibut ions across the central  

USA. Organic Geochemistry 79, 65–73. 

Carr , A.S., Boom, A., Gr imes, H.L., Chase, B.M., Meadows, M.E., Harr is, A., 

2014. Leaf wax n-alkane distr ibut ions in ar id zone South Afr ican 

flora: environmental  controls, chemotaxonomy and palaeoecological  

impl icat ions. Organic Geochemistry 67, 72–84. 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Diefendorf, A.F., Freeman, K.H., Wing, S.L., Graham, H.V., 2011. 

Product ion of n-alkyl  l ipids in l iving plants and implicat ions for  the 

geologic past . Geochimica et  Cosmochimica Acta 75, 7472–7485. 

Diefendorf, A.F., Freimuth, E.J., 2017. Extract ing the most from terrestr ial  

plant-der ived n-alkyl  l ipids and their  carbon isotopes from the 

sedimentary record: A review. Organic Geochemistry 103, 1–21. 

Diefendorf, A.F., Lesl ie, A.B., Wing, S.L., 2015. Leaf wax composit ion and 

carbon isotopes vary among major  conifer  groups. Geochimica et  

Cosmochimica Acta 170, 145–156. 

Dodd, R.S., Afzal-Rafii , Z., 2000. Habitat -related adapt ive propert ies of 

plant  cut icular  l ipids. Evolut ion 54, 1438–1444. 

Dodd, R.S., Poveda, M.M., 2003. Environmental  gradients and populat ion 

divergence contr ibute to var iat ion in cut icular  wax composit ion in 

Juniperus communis. Biochemical Systemat ics and Ecology 31, 1257–

1270. 

Dodd, R.S., Rafii , Z.A., Power, A.B., 1998. Ecotypic adaptat ion in 

Austrocedrus chi lensis in cut icular  hydrocarbon composit ion. The 

New Phytologist  138, 699–708. 

Egl inton, G., Hamil ton, R.J., 1967. Leaf epicut icular  waxes. Science 156, 

1322–1335. 

Egl inton, G., Hamil ton, R.J., Raphael, R.A., 1962. Hydrocarbon const i tuents 

of the wax coat ings of plant  leaves: a taxonomic survey. Nature 193, 

739–742. 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Fox, J., Weisberg, S., 2011. An R Companion to Appl ied Regression, Second 

Ed. SAGE, Thousand Oaks, Cal i fornia. 

Freeman, K.H., Pancost, R.D., 2014. Biomarkers for  terrestr ial  plants and 

cl imate. In: Hol land, H.D., Turekian, K.K. (Eds.), Treat ise on 

Geochemistry, 2nd Ed. Elsevier , Oxford, pp. 395–416. 

Garcin, Y., Schefuß, E., Schwab, V.F., Garreta, V., Gleixner , G., Vincens, A., 

Todou, G., Séné, O., Onana, J.-M., Achoundong, G., Sachse, D., 2014. 

Reconstruct ing C
3
 and C

4
 vegetat ion cover using n-alkane carbon 

isotope rat ios in recent lake sediments from Cameroon, Western 

Central  Afr ica. Geochimica et  Cosmochimica Acta 142, 482–500. 

Gosney, B.J., Potts, B.M., O'Rei l ly-Wapstra, J.M., Vai l lancourt , R.E., 

Fi tzgerald, H., Davies, N.W., Freeman, J.S., 2016. Genet ic control  of 

cut icular  wax compounds in Eucalyptus globulus. New Phytologist  

209, 202–215. 

Greenway, M., 1994. L i t ter  accession and accumulat ion in a Melaleuca 

quinquenervia (Cav.) S.T. Blake wet land in south-eastern 

Queensland. Mar ine and Freshwater  Research 45, 1509–1519. 

Hoffman, B., Kahmen, A., Cernusak, L.A., Arndt, S.K., Sachse, D., 2013. 

Abundance and distr ibut ion of leaf wax n-alkanes in leaves of Acacia 

and Eucalyptus t rees along a strong humidity gradient  in nor thern 

Austral ia. Organic Geochemistry 62, 62–67. 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Howard, S., McInerney, F.A., Caddy-Retalic, S., Hal l , P.A., Andrae, J.W., 

2018. Modell ing leaf wax n-alkane inputs to soi ls along a lat i tudinal  

t ransect across Austral ia. Organic Geochemistry 121, 126–137. 

I reland, B.F., H ibbert , D.B., Goldsack, R.J., Doran, J.C., Brophy, J.J., 2002. 

Chemical var iat ion in the leaf essent ial  oi l of Melaleuca 

quinquenervia (Cav.) S.T. Blake. Biochemical Systemat ics and 

Ecology 30, 457–470. 

Jansen, B., Wiesenberg, G.L.B., 2017. Opportuni t ies and l imitat ions related 

to the appl icat ion of plant -der ived l ipid molecular  proxies in soi l  

science. Soi l 3, 211–234. 

Jeffrey, S.J., Carter , J.O., Moodie, K.B., Beswick, A.R., 2001. Using spat ial  

interpolat ion to construct  a comprehensive archive of Austral ian 

cl imate data. Environmental  Model l ing &  Software 16, 309–330. 

Jet ter , R., Kunst, L., Samuels, A.L., 2006. Composit ion of plant  cut icular  

waxes. In: Riederer , M., Mul ler , C. (Eds.), Biology of the Plant  

Cut icle. Blackwell  Publishing, Oxford, pp. 145–181. 

Jet ter , R., Riederer , M., 2016. Local izat ion of the t ranspirat ion barr ier  in 

the epi- and intracut icular  waxes of eight  plant  species: water  

t ransport  resistances are associated with fat ty acyl  rather  than 

al icycl ic components. Plant  Physiology 170, 921–934. 

Koch, K., Ensikat , H.-J., 2008. The hydrophobic coat ings of plant  surfaces: 

epicut icular  wax crystals and their  morphologies, crystal l ini ty and 

molecular  sel f-assembly. Micron 39, 759–772. 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Kunst, L., Samuels, A.L., 2003. Biosynthesis and secret ion of plant  cut icular  

wax. Progress in L ipid Research 42, 51–80. 

Leider , A., H inr ichs, K.-U., Schefuß, E., Versteegh, G.J.M., 2013. 

Distr ibut ion and stable isotopes of plant  wax der ived n-alkanes in 

lacustr ine, fluvial  and mar ine sur face sediments along an eastern 

I tal ian t ransect and their  potent ial  to reconstruct  the hydrological  

cycle. Geochimica et  Cosmochimica Acta 117, 16–32. 

Lepš, J., Šmilauer, P., 2003. Mult ivariate analysis of ecological  data using 

CANOCO, First  Ed. Cambr idge Universi ty Press, Cambr idge. 

Oksanen, J., Blanchet, F.G., Fr iendly, M., Kindt , R., Legendre, P., McGlinn, 

D., Minchin, P.R., O'Hara, R.B., Simpson, G.L., Solymos, P., Stevens, 

M.H.H., Szoecs, E., Wagner, H., 2017. Package 'vegan' (R). 

Peel, M.C., Finlayson, B.L., McMahon, T.A., 2007. Updated wor ld map of 

the Köppen-Geiger  cl imate classi ficat ion. Hydrology and Earth 

System Sciences 11, 1633–1644. 

Picket t , S.T.A., 1989. Space-for-t ime subst i tut ion as an al ternat ive to long-

term studies. In: L ikens, G.E. (Ed.), Long-Term Studies in Ecology: 

Approaches and Alternat ives. Spr inger, New York, NY, pp. 110–135. 

R Core Team, 2016. R: A Language and Environment for  Stat ist ical  

Comput ing. R Foundat ion for  Stat ist ical  Comput ing, Vienna, Austr ia. 

Rajčević , N., Janaćković , P., Dodoš, T., Tešević , V., Mar in, P.D., 2014. 

Biogeographic var iat ion of foliar  n-alkanes of Juniperus communis 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

var. saxat i l is pal las from the Balkans. Chemistry &  Biodiversi ty 11, 

1923–1938. 

Reynhardt , E.C., Riederer , M., 1994. Structures and molecular  dynamics of 

plant  waxes. European Biophysics Journal 23, 59–70. 

Riederer , M., Schneider , G., 1990. The effect  of the environment on the 

permeabi l i ty and composit ion of Cit rus leaf cut icles. Planta 180, 154–

165. 

Riederer , M., Schreiber , L., 1995. Waxes – The t ransport  barr iers of plant  

cut icles. In: Hamil ton, R.J. (Ed.), Waxes: Chemistry, Molecular  

Biology, and Funct ions. Oi ly Press, Dundee, pp. 130–156. 

Riederer , M., Schreiber , L., 2001. Protect ing against  water  loss: analysis of 

the barr ier  propert ies of plant  cut icles. Journal of Exper imental  

Botany 52, 2023–2032. 

Roui l lard, A., Greenwood, P.F., Gr ice, K., Skrzypek, G., Dogramaci, S., 

Turney, C., Gr ierson, P.F., 2016. Interpret ing vegetat ion change in 

t ropical  ar id ecosystems from sediment molecular  fossi ls and their  

stable isotope composit ions: A basel ine study from the Pi lbara region 

of nor thwest Austral ia. Palaeogeography, Palaeocl imatology, 

Palaeoecology 459, 495–507. 

Schefuss, E., Ratmeyer, V., Stuut , J.-B.W., Jansen, J.H.F., Sinninghe 

Damsté, J.S., 2003. Carbon isotope analyses of n-alkanes in dust  from 

the lower atmosphere over  the central  eastern At lant ic. Geochimica et  

Cosmochimica Acta 67, 1757–1767. 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Schreiber , L., Riederer , M., 1996. Ecophysiology of cut icular  t ranspirat ion: 

comparat ive invest igat ion of cut icular  water  permeabi l i ty of plant  

species from di fferent  habitats. Oecologia 107, 426–432. 

Schuster , A.-C., Burghardt , M., Alfarhan, A., Bueno , A., Hedr ich, R., Leide, 

J., Thomas, J., Riederer , M., 2016. Effect iveness of cut icular  

t ranspirat ion barr iers in a desert  plant  at  control l ing water  loss at  

high temperatures. AoB Plants 8, 1–14. 

Serbesoff-K ing, K., 2003. Melaleuca in Flor ida: a l i terature review on the 

taxonomy, distr ibut ion, biology, ecology, economic importance and 

control  measures. Journal of Aquat ic Plant  Management 41, 98–112. 

Shepherd, T., Gr iffi ths, D.W., 2006. The effects of stress on plant  cut icular  

waxes. New Phytologist  171, 469–499. 

Smith, F.A., Wing, S.L., Freeman, K.H., 2007. Magnitude of the carbon 

isotope excursion at  the Paleocene–Eocene thermal maximum: the 

role of plant  community change. Earth and Planetary Science Letters 

262, 50–65. 

Suh, Y.J., Diefendorf, A.F., 2018. Seasonal and canopy height  var iat ion in n-

alkanes and their  carbon isotopes in a temperate forest . Organic 

Geochemistry 116, 23–34. 

ter  Braak, C.J.F., Prent ice, I .C., 2004. A theory of gradient  analysis. 

Advances in Ecological  Research 34, 235–282. 

Tibby, J., Barr , C., McInerney, F.A., Henderson, A.C.G., Leng, M.J., 

Greenway, M., Marshal l , J.C., McGregor, G.B., Tyler , J.J., McNei l, V., 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

2016. Carbon isotope discr iminat ion in leaves of the broad-leaved 

paperbark t ree, Melaleuca quinquenervia, as a tool  for  quant i fying 

past  t ropical  and sub-tropical rainfal l . Global Change Biology 22, 

3474–3486  

Tipple, B.J., Pagani, M., 2013. Environmental  control  on eastern broadleaf 

forest  species' leaf wax distr ibut ions and D/H rat ios. Geochimica et  

Cosmochimica Acta 111, 64–77. 

Van, T.K., Rayachhetry, M.B., Center , T.D., Prat t , P., 2002. L i t ter  dynamics 

and phenology of Melaleuca quinquenervia in south Flor ida. Journal 

of Aquat ic Plant  Management 40, 22–27. 

Vogts, A., Moossen, H., Rommerskirchen, F., Rul lköt ter , J., 2009. 

Distr ibut ion patterns and stable carbon isotopic composit ion of 

alkanes and alkan-1-ols from plant  waxes of Afr ican rain forest  and 

savanna C
3
 species. Organic Geochemistry 40, 1037–1054. 

 



  

  Confidential manuscript submitted to Organic Geochemistry 
  

 

Figur e capt ions 

Fig. 1. A modified Köppen cl imate classi ficat ion map of Austral ia (Peel et  

al ., 2007) with extents of the (a) Cape York and (b) south-east  Queensland 

sampl ing regions indicated. Time-ser ies, SEQ and QLD components of the 

study are marked.  

 

Fig. 2. Viol in plots showing the range of (a) growing season precipi tat ion 

and (b) growing season temperature for  each of the t ime-ser ies, SEQ and 

QLD aspects of the study. Black symbols represent the mean for  each range. 

  

Fig. 3. n-Alkane character ist ics and growing season precipi tat ion (a, b, c, d) 

and growing season temperature (e, f, g, h) through t ime from Carbrook 

Wet lands. Results of l inear  regression model l ing between each n-alkane 

character ist ic and precipi tat ion or  temperature is indicated at  the top r ight  

of each panel . The thin black l ine represents the n-alkane character ist ic 

data ser ies, whi le the wide gray l ine represents cl imate var iables. 

 

Fig. 4. n-Alkane character ist ics versus growing season precipi tat ion (a, b, c, 

d) and growing season temperature (e, f, g, h) from our south-east  

Queensland study (SEQ), with results of l inear  regression model l ing 

indicated.  
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Fig. 5. n-Alkane character ist ics versus growing season precipi tat ion (a, b, c, 

d) and growing season temperature (e, f, g, h) from the cross-Queensland 

study (QLD). Open symbols indicate samples from SEQ study, with closed 

symbols represent ing Cape York samples augment ing the SEQ data. 

Summary stat ist ics from l inear  regressions (correlat ion coefficient  and p-

value) are indicated for  al l  samples (black) and only Cape York samples 

(gray, i tal ics). 
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Table 1. Dates of sample col lect ion, cl imate var iables and leaf wax n-alkane character ist ics for  samples in the t ime-

ser ies study at  Carbrook Wet lands. 

Date of sample 

collection 

Mean growing season total 

precipitation (mm) 

Mean daily growing season 

temperature (°C)   

ACL  

(C25–C33) 

Concentration (μg/g 

dry leaf, C25–C33) Norm31 

Dispersion 

(C25–C33) 

24.4.92 284.4 23.1 29.7 250.6 0.7 3.9 

17.7.92 284.4 23.1 29.8 83.6 0.6 4.0 

9.10.92 284.4 23.1 29.9 103.7 0.7 3.5 

29.1.93 301.2 23.2 29.5 137.5 0.6 3.5 

23.4.93 301.2 23.2 30.1 297.0 0.7 3.2 

16.7.93 301.2 23.2 30.0 215.6 0.7 3.2 

9.10.93 301.2 23.2 29.4 120.1 0.5 3.8 

1.1.94 328.3 23.3 29.2 90.1 0.6 4.1 

17.6.94 328.3 23.3 29.7 193.5 0.7 3.7 

9.9.94 328.3 23.3 29.7 153.6 0.7 4.1 

30.12.94 280.5 23.1 30.2 422.3 0.7 2.9 

24.3.95 280.5 23.1 30.2 401.1 0.7 2.4 

16.6.95 280.5 23.1 29.9 233.0 0.7 3.5 

18.9.95 280.5 23.1 29.8 282.3 0.6 3.1 

1.12.95 341.7 23.2 29.8 174.7 0.7 4.0 

24.2.96 341.7 23.2 28.9 47.1 0.6 5.6 

18.5.96 341.7 23.2 30.0 1173.1 0.7 3.0 

10.8.96 341.7 23.2 29.5 122.2 0.7 4.3 

31.10.96 341.7 23.2 29.6 132.9 0.7 4.3 

24.1.97 337.9 23.3 29.4 129.6 0.5 3.8 

13.6.97 337.9 23.3 29.6 149.8 0.7 4.2 

7.9.97 337.9 23.3 29.5 129.1 0.6 4.0 

29.11.97 337.9 23.3 29.4 122.7 0.7 4.3 



  

 

 

21.2.98 409.1 23.2 29.8 193.0 0.8 4.5 

15.5.98 409.1 23.2 29.7 126.8 0.7 4.2 

9.8.98 409.1 23.2 29.6 109.1 0.7 4.6 

28.11.98 409.1 23.2 29.5 111.6 0.6 4.4 

20.2.99 382.4 23.1 29.9 156.2 0.7 3.9 

25.3.99 382.4 23.1 29.9 213.3 0.7 3.6 

22.5.99 382.4 23.1 29.6 130.6 0.7 4.0 

11.8.99 382.4 23.1 29.4 109.8 0.7 5.0 

21.1.00 543.2 22.8 29.9 114.6 0.7 3.7 

16.4.00 543.2 22.8 29.5 158.9 0.7 4.7 

8.7.00 543.2 22.8 29.3 136.1 0.6 4.4 

29.9.00 543.2 22.8 29.3 78.2 0.6 4.3 

20.12.00 522.4 23.0 30.1 169.7 0.7 3.3 

18.3.01 522.4 23.0 29.5 112.9 0.7 4.4 

19.9.01 522.4 23.0 29.8 168.7 0.7 3.5 

19.12.01 512.0 23.1 29.5 108.3 0.6 3.7 

17.3.02 512.0 23.1 29.6 126.5 0.7 4.0 

16.6.02 512.0 23.1 29.5 115.0 0.6 4.4 

17.9.02 512.0 23.1 29.1 120.3 0.5 4.0 

20.12.02 360.8 23.6 29.7 138.4 0.7 4.3 

23.3.03 360.8 23.6 29.9 202.7 0.7 3.6 

20.6.03 360.8 23.6 29.7 138.6 0.7 3.7 

 

 

 



  

 

 

Table 2. Geographic locat ions, cl imate var iables and leaf wax n-alkane character ist ics for  samples in the SEQ and QLD 

studies. 

Sample 

name 

Longitude E 

(°) 

Latitude S 

(°) 

Mean growing 

season total 

precipitation (mm) 

Mean daily growing 

season temperature 

(°C)  
 

ACL 

(C25–C33) 

Concentration (μg/g 

dry leaf, C25–C33) Norm31 

Dispersion 

(C25–C33) 

G1a 153.1 27.7 348.1 23.6 30.3 286.8 0.8 2.7 

G2a 153.2 27.7 355.4 24.3 29.4 2.9 0.7 4.7 

G3a 153.3 27.7 352.5 24.2 30.2 3.6 0.6 1.0 

G4a 153.3 27.6 392.0 23.9 30.1 36.4 0.7 2.5 

G5a 153.3 27.5 366.9 23.6 29.7 49.1 0.7 3.8 

G6a 153.1 26.8 452.0 23.9 29.8 12.2 0.7 4.2 

G7a 153.0 26.8 393.6 23.8 29.4 6.7 0.7 4.8 

G8a 153.0 26.9 381.0 22.3 29.2 8.9 0.6 5.4 

G9a 152.9 27.0 289.2 24.4 29.5 41.6 0.6 4.5 

G10a 153.2 27.1 348.1 23.6 29.7 5.2 0.7 4.6 

J1a 153.1 27.6 268.9 24.3 30.1 22.8 0.8 3.9 

J2a 152.9 27.6 303.7 24.5 29.7 37.3 0.7 4.0 

J3a 153.0 27.7 309.4 24.4 29.6 35.5 0.7 5.0 

J4a 153.0 26.7 408.3 24.3 29.7 23.9 0.7 4.5 

J5a 153.0 26.3 329.2 24.2 29.8 19.9 0.7 4.0 

J6a 153.1 26.4 409.2 23.8 29.5 14.2 0.6 4.9 

J7a 153.1 26.5 442.3 23.8 29.7 29.2 0.6 4.0 

WL1a 153.4 27.4 557.5 22.8 29.0 2.9 0.6 6.2 

WL2a 153.4 27.4 557.5 22.8 29.5 33.2 0.7 4.2 

SL1a 153.5 27.5 552.0 22.5 30.0 42.9 0.7 2.9 

BL1a 153.4 27.5 552.0 22.5 29.5 8.3 0.5 5.6 

CY1a 141.7 14.8 88.8 31.6 31.2 185.4 0.9 1.4 

CY2a 144.5 15.6 139.2 28.5 31.5 411.0 0.9 1.4 

CY3a 144.1 14.8 117.6 30.9 31.0 132.9 0.9 2.1 

CY4a 145.2 15.5 108.1 33.2 31.2 209.8 0.9 1.4 
 



  

Highl ight s 

n-Alkanes were character ised across both temporal  and spat ial  var iat ions in 

cl imate. 

Character ist ics show l i t t le correlat ion with cl imate through t ime at  a si te. 

Character ist ics correlate signi ficant ly with cl imate across a large spat ial  

t ransect.    

Correlat ions are consistent  with the funct ional role of n-alkanes. 

Sub-fossi l  leaf wax records are l ikely to reflect  large cl imatological  shifts.   

 


