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The distributions of long chain n-alkanes are often utilized as plant-derived paleoenvironmental proxies.
However, there is debate regarding the degree to which photosynthetic pathway, temperature and/or
hydrology drive the variation in chain length distribution observed among different environments. In
order to assess the influence of temperature and photosynthetic pathway on plant n-alkanes, this study
examined n-alkane chain length distributions in plants and soils along a transect across mid-continental
USA spanning > 20 �C mean annual temperature with a limited range of mean annual precipitation. We
found that (i) longer chain length in plants and soils correlated with higher growing season temperature,
with relative humidity also a possible driver, (ii) soils exhibited a stronger correlation with temperature
than did individual plants, which may reflect the averaging of plant input to soils and (iii) average chain
length values in soils did not correlate with the predominance of C4 plants. The data suggest that the spa-
tial and temporal variation in chain length distributions observed in studies of sediment archives may be
driven in large part by growing season temperature and/or aridity rather than photosynthetic pathway
(C3 or C4). The findings call for further research into the mechanisms and effects of leaf wax composition
on water permeability under different environmental conditions, the relationship between leaf wax n-
alkanes and relative humidity, and the incorporation of n-alkanes into soils and sediments.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Long chain n-alkanes (C21–C39) are synthesized as part of the
epicuticular leaf wax and are typically long-lived in the sedimen-
tary record (Eglinton and Hamilton, 1967). As a result, they serve
as plant biomarkers and valuable paleoclimate and paleoenviron-
ment proxies. Most paleoenvironmental applications use the stable
isotope ratios of n-alkanes (Castañeda and Schouten, 2011; Sachse
et al., 2012), but chain length distributions have been hypothesized
to reflect source plant groups or climate drivers such as tempera-
ture and aridity (Bush and McInerney, 2013 and references
therein). Drivers of chain length also form an important part of
consideration of the stable isotope values from sediment archives,
for example when considering different chain lengths contributed
by C3 and C4 vegetation (Wang et al., 2013). Data from a broad sur-
vey of modern plants do not support a direct link between chain
length and most major terrestrial plant types, with the notable
exceptions of aquatic plants and Sphagnum moss (Bush and
McInerney, 2013). Temperature and aridity have been posited,
but much of the evidence relating n-alkane chain length to climate
variables has been relatively indirect, coming from studies of
n-alkanes in atmospheric dust, marine surface sediments, or strati-
graphic sections (e.g. Kawamura et al., 2003; Rommerskirchen
et al., 2003; Castañeda et al., 2009), with only a few recent studies
demonstrating correlations between chain length and temperature
or aridity in living plants (Hoffmann et al., 2013; Tipple and Pagani,
2013). In studies of sediment archives, shifts in chain length are
often concurrent with large shifts in climate and the local plant
community (e.g. Brincat et al., 2000; Schwark et al., 2002), leading
to potential conflation of climate and plant type as the direct
driver. Furthermore, although studies have shown that C4 grasses
generally produce longer chain lengths than C3 grasses
(Rommerskirchen et al., 2006b), C4 plants thrive in hot, dry condi-
tions while C3 plants are favored by cooler, wetter conditions. Thus,
comparison of n-alkanes from C3 and C4 plants can conflate envi-
ronment and photosynthetic pathway. In fact, C3 plants from dry
savanna environments, where C4 grasses are predominantly found,
produce long chain length distributions more similar to those of C4

grasses than C3 plants in wet rainforests (Vogts et al., 2009). The
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correlations between n-alkane chain length from sediment
archives and shifts in environmental variables are promising, but
the meaning of the shifts is unclear and can only be elucidated
via tests using modern plants and soils.

The goal of this study was to assess the degree to which temper-
ature, relative humidity and C4 abundance correlated with
n-alkane chain length concentration and distribution in plants
and soils across a large spatial scale. We sampled 70 sites across
a ca. 2700 km transect through the central USA, from the Minne-
sota–Canada border in the north to the Texas–Mexico border in
the south. In the central US, temperature generally varies along a
latitudinal gradient, while precipitation changes with longitude,
which allows sampling a large natural temperature gradient while
largely controlling annual precipitation (Fig. 1). There is also a
strong gradient in the proportion of C4 plants through the area,
as the proportion of C4 plants increases with decreasing latitude
(Teeri and Stowe, 1976; Still et al., 2003). We utilized climate data
from the PRISM Climate Group (Section 2.4) for temperature and
precipitation measurements and measured carbon isotope values
of soil organic matter (OM) as a proxy for the proportion of C4

plants (Tieszen et al., 1997). Within this framework, we could
examine the influence of climate on the concentration and distri-
bution of plant-derived n-alkanes, which is crucial for applying
them as a paleoclimate proxy.
2. Methods

2.1. Samples and locations

Leaf and soil samples were collected in September 2012 from 70
locations along a transect from International Falls, Minnesota to
Brownsville, Texas (Fig. 1). To minimize soil disturbance and the
effect of human activity, sites were selected in state parks and
wildlife management areas. Due to the paucity of protected natural
areas through the central Great Plains, these sites were supple-
mented by sampling from small rural cemeteries, which can
Fig. 1. Sample locations (black points) showing (A) mean annual precipitation (MAP) and
2010.
provide minimally disturbed areas for native plant species to grow
in regions otherwise dominated almost exclusively by cultivated
land (Sorensen and Holden, 1974; Gustafson et al., 2005). Natural
area sites were selected, where possible, to balance accessibility
with minimizing anthropogenic effects and were typically away
from roads and adjacent (5–20 m) to hiking or access trails. Ceme-
tery site selection was more limited, but effort was made to locate
least disturbed areas, e.g. oldest, non-mowed and/or perimeter sec-
tions and beside (rather than before or behind) visible grave mark-
ers. Site information is reported in the Supplementary material
(Appendix A). The transect covers a range of 20.2 �C in mean
annual temperature and was devised to restrict the variation in
annual precipitation as much as possible. The latter ranges from
559 to 736 mm, with a mean of 667 mm, but it should be noted
that the seasonality changes from summer-wet at the north end
to proportionally more autumn and winter precipitation in the
south. Sampling sites span from mixed temperate forest in north-
ern Minnesota, tall grass and mixed grass prairies through the cen-
tral states, to savanna and sub-tropical forest in southernmost
Texas.

For soil samples, surface duff (if present) was removed and
60 ml soil collected with a hand trowel from 2 to 8 cm depth. They
were stored in glass jars with a liner of Al foil under the lid and
oven dried at 50 �C. Glass jars and foil liners were ashed at
420 �C prior to sample collection. Plant samples were collected
and stored in stapled brown paper bags or in a plant press and
were allowed to air dry for several days. Soil samples were sieved
through 2 mm mesh, and root and stem pieces were removed.
2.2. Lipid extraction and quantification

Lipids were extracted from ca. 5 g soil or 0.1–0.4 g dry leaf sam-
ple in 30 ml dichloromethane (DCM):MeOH (9:1 v/v) using micro-
wave extraction (MARS-X) with a ramp to 100 �C (held 15 min) and
minimum cooling time 30 min. Each total lipid extract was concen-
trated under a stream of dry N2. Non-polar lipids, including
(B) mean annual temperature (MAT), using data from PRISM climate normals, 1981–
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n-alkanes, were separated from the polar lipids via short column
silica gel chromatography, using ca. 1 g activated silica gel in a Pas-
teur pipette plugged with glass wool and 4 ml hexane. Polar lipids
were eluted in 4 ml 1:1 DCM:MeOH. Five plant samples required
further separation of saturated from unsaturated non-polar lipids
via elution through a short column of silica gel with 5% AgNO3

(ca. 1 g), eluting saturated lipids with 4 ml hexane and unsaturated
lipids with 4 ml EtOAc. Saturated lipids were again concentrated
via evaporation with dry N2. Each sample was dissolved in hexane
and an internal standard added (1–10 binaphthyl, 10 ng/ml in hex-
ane; Sigma–Aldrich) prior to analysis using gas chromatography–
mass spectrometery (GC–MS; Medeiros and Simoneit, 2007). The
GC instrument (Thermo Scientific Trace GC Ultra) was equipped
with a 15 m � 0.25 mm i.d. column (Thermo TR-5 ms SQC) and
interfaced with a quadrupole mass spectrometer for identification
(Thermo Scientific DSQII). The samples were simultaneously
injected onto a separate column (with the same specifications)
via a second inlet in the same GC instrument and analyzed via
flame ionization detection (FID) for abundance. The GC oven tem-
perature program was: 100 �C (held 2 min) to 320 �C (held 5 min)
at 11 �C/min. Quantification used the internal standard, calibrated
to a homologous series of n-alkanes from C21 to C40 (Fluka, Sigma–
Aldrich). Sample chain length ranged from C16 to C39. Average
chain length (ACL) was limited to C21 to C39, recognized as being
predominantly from plants (Bush and McInerney, 2013). It was cal-
culated as follows:

ACL ¼ ð21C21 þ 23C23 þ � � � þ 39C39Þ
ðC21 þ C23 þ � � � þ C39Þ

;

where Cx is the abundance of the chain length with x carbons.
Carbon preference index (CPI) was calculated using the abundances
of odd and even chain lengths from C21 to C39, following Marzi et al.
(1993):

CPI ¼ ðC21 þ C23 þ � � � þ C37Þ þ ðC23 þ C25 þ � � � þ C39Þ
2� ðC22 þ C24 þ � � � þ C38Þ

:

Fig. 2. Soil OC d13C values by latitude (n = 70).
2.3. Soil organic carbon (OC) content and d13C measurements

Sub-samples of sieved soil were ground and treated to remove
carbonate using 0.5 N HCl for 1 h, repeated until all carbonate
had been removed (via one additional acid treatment after the last
rinse that generated visible bubbles) and then rinsed with deion-
ized water until neutral. Samples were then lyophilized and
weighed into Sn boats for analysis of C content and d13C values
using an elemental analysis (EA) instrument (Costech Analytical
Technologies) coupled via a Conflo IV interface to an isotope ratio
mass spectrometry (IRMS) instrument (Thermo Finnigan Delta V
Plus) at Northwestern University. EA used an oxidation reactor
with Cr2O3 and silvered Co3O4 at 1020 �C, a reduction reactor with
reduced Cu wires at 650 �C and a 4 m chromatography column at
65 �C. Isotope values were calibrated using certified standards
including Acetanilide #1 and Urea #2 (A. Schimmelmann, Indiana
University), IAEA-600 Caffeine and IAEA-CH3 Cellulose. They are
reported relative to Vienna Peedee Belemnite (VPDB). Each sample
was run in duplicate at a minimum. Average precision for total OC
(TOC) content was better than ± 0.24% (1 r) of measured values
and average precision for d13C values was ± 0.2‰ (1 r).

2.4. Climate estimates

Temperature and precipitation estimates, including monthly and
annual averages for precipitation and for mean, minimum and max-
imum temperature, for the contiguous USA come from the PRISM
Climate Group climate normals dataset, 1981–2010 (available at
http://www.prism.oregonstate.edu). The PRISM datasets are mod-
eled from physiographic data and climate stations across the conter-
minous USA at a resolution of 4 km (Daly et al., 2008). Average
relative humidity (RH) was calculated separately for the months of
June, July and August as well as annual RH over the same 30 yr
period using monthly dewpoint temperatures from PRISM:

RH ð%Þ ¼ 100� e

17:269� Td

237:3þ Td

e

17:269� T
237:3þ T

;

based on Teten’s formula for vapor pressure, where Td is the
monthly dewpoint temperature and T the monthly mean air tem-
perature. All data are also provided in the Supplementary material
(Appendix A). All analyses were performed with STATA IC 11.1.

3. Results

3.1. Soil TOC and d13C values

TOC (wt%) and d13C values for soil samples (n = 70) are reported
in the Supplementary material (Appendix A). Average TOC was
3.1%, ranging from 0.3% to 11.7%. There was no correlation between
TOC and latitude; d13C values ranged from �29.1‰ to �14.3‰,
with the most negative values confined to the northern latitudes,
and mixed values at middle and southern latitudes that largely
reflected the input of C4 plants (predominantly grass) to soil OM
(Fig. 2). Although fractionation during the decay of soil OM is
known to increase its d13C value with depth (Melillo et al., 1989;
Buchmann et al., 1997), leaf litter and soil OM d13C values are
highly correlated (Balesdent et al., 1993). The shallow soil depth
at which the samples in this study were collected also minimized
this potential bias, especially in comparison with the large range
of measured d13C values. For comparison, Tieszen et al. (1997)
reported soil d13C values of ca. �14‰ at 100% C4 cover and ca.
�24‰ at 0% C4 cover in a study of Great Plains grasslands.

3.2. n-Alkane concentration and CPI values

Soil n-alkane concentration ranged from 0.4 to 27.5 lg/g
sediment (�x = 3.6 lg/g); concentration was much higher in plant
samples, ranging from 61.4 to 7115 lg n-alkane/g dry leaf
(�x = 507.2 lg/g). Soil n-alkane content correlated with TOC
(log–log regression, R2 0.37, p < 0.001), suggesting that local plant
matter was a source for both n-alkanes and TOC. Although the cor-
relation is significant, the low strength likely reflects the multiple

http://www.prism.oregonstate.edu


68 R.T. Bush, F.A. McInerney / Organic Geochemistry 79 (2015) 65–73
inputs to soil OM, including microbial and fungal communities,
while the long chain n-alkane source is likely almost entirely vas-
cular plants. Soil n-alkane content did not significantly correlate
with latitude, mean annual temperature, annual precipitation or
soil d13C value. For soils, CPI values ranged between 2.4 and 10.0
(�x = 5.7), well within the range of plant-derived CPI values (Bush
and McInerney, 2013). Plant CPI values were between 2.1 and
16.7 (�x = 6.3). Mean soil CPI was not significantly different from
mean plant CPI in an unpaired Student’s t-test (p 0.091). Soil CPI
values did not correlate with soil TOC, latitude, mean annual tem-
perature, annual precipitation or soil d13C values (for all regres-
sions, p > 0.01 and R2 < 0.10). Similarly, plant CPI values did not
correlate with latitude, mean annual temperature, or mean annual
precipitation (p > 0.01 and R2 < 0.10).

3.3. n-Alkane ACL values and climate

Soil ACL values ranged between 27.6 and 32.8 (�x = 30.3) and
plant values between 26.4 and 31.7 (�x = 29.4). Soil values corre-
lated significantly with mean annual temperature (Fig. 3, black
symbols; linear regression R2 0.41, p < 0.001). They also correlated
significantly with average seasonal temperature, with seasons cal-
culated as an average of three months each: spring (March, April,
May), summer (June, July, August), autumn (September, October,
November) and winter (December, January, February). Table 1
shows the linear regression results for all soils for each season as
well as mean annual temperature, with results separated by
whether soils were collected from cemetery sites or sites in pro-
tected natural areas. Linear regression results for plant samples
(n = 54) by temperature are also shown in Table 1. For soil samples,
regression results were significant for all correlations and summer
was the most strongly correlated of all four seasons (Fig. 3, gray
symbols). Across all seasons, and for mean annual temperature,
natural area soils correlated more strongly with temperature than
cemetery samples. Fig. 4 presents ternary diagrams of soil n-alkane
distributions using C27 and greater, with the sites color coded by
mean annual temperature. Two attributes of the relationship
between temperature and n-alkane chain length are apparent in
Fig. 4. First, the increase in relative abundance with increasing
temperature is greater for C33 and C35 than for C31, likely because
C31 is relatively abundant compared with the longer chain lengths.
Second, the increase in ACL with increasing temperature is the
Fig. 3. ACL of soil n-alkanes, plotted by mean annual temperature (black points) and me
Solid lines are linear regression lines for all ACL data vs. mean annual temperature (black
and filled circles are samples from protected natural areas.
result of a shift in the entire range of chain length, rather than pro-
portional changes in one or two chain lengths.

Fig. 5A shows plant ACL values vs. mean annual temperature for
plants, showing the general increase in ACL values with increasing
temperature but also the large range of ACL values for plants at the
same temperature. Regression results for all plant measurements
were only significant (p < 0.005) for summer temperature (Table 1),
and to test whether there are trends within species, Fig. 5B shows
ACL values vs. summer temperature only for plant species or gen-
era with two or more measurements. However, given the small
sample size (2–6) there was no significant correlation within spe-
cies. When plant ACL values were averaged by site for the 14 sites
with more than one plant measurement, site-averaged ACL values
correlated with mean summer temperature (Fig. 5C). In linear
regressions, site-averaged ACL values correlated with mean annual
temperature (R2 0.44, p 0.010) and mean summer temperature (R2

0.55, p 0.003). The strength of each of the regressions was similar
to those between mean annual and summer temperature and soil
ACL values, and the reduced significance was due to the reduced
sample size.

Although we restricted annual precipitation, the seasonal dis-
tribution of precipitation varied across the transect, with north-
ern sites receiving more summer precipitation than southern
sites, so we also tested for correlations between ACL values
and precipitation. ACL values did not correlate with annual pre-
cipitation for either soils or plants. Soil and plant ACL values also
did not correlate with summer precipitation (June, July, August)
when controlling for summer temperature. A similar lack of cor-
relation between ACL values and precipitation existed for all
other seasons (not reported). Relative humidity (values calcu-
lated only for annual and summer months) generally correlated
negatively with mean temperature except for the most southern
sites, which were near enough to the Gulf of Mexico to receive
coastal moisture. We also tested soil ACL values against temper-
ature, precipitation and relative humidity as partial correlations,
where ACL values were correlated with one climate variable
while controlling for the other two variables. This was done for
summer and annual mean climate values. The partial correlation
results show that temperature was consistently the strongest dri-
ver, having the largest correlation coefficients, and was the only
significant driver with the exception of annual values of relative
humidity (Table 2).
an temperature of summer months (average of June, July and August, gray points).
) and summer temperature (gray). Open circles represent samples from cemeteries



Table 1
Linear regression results for soil and plant ACL values by mean seasonal temperatures, including coefficients of determination (R2) and significance values (p).a

ACL Spring Summer Autumn Winter Annual

R2 p R2 p R2 p R2 p R2 p

All soils 0.38 ⁄⁄ 0.47 ⁄⁄ 0.39 ⁄⁄ 0.40 ⁄⁄ 0.41 ⁄⁄
Cemetery 0.27 ⁄ 0.36 ⁄⁄ 0.29 ⁄ 0.29 ⁄ 0.30 ⁄
Natural area 0.48 ⁄⁄ 0.55 ⁄⁄ 0.48 ⁄⁄ 0.51 ⁄⁄ 0.50 ⁄⁄
Plants 0.11 0.014 0.15 ⁄ 0.11 0.013 0.12 0.011 0.12 0.010

a ** indicates p < 0.001 and * indicates p < 0.005; where p P 0.005, the value is given.

Fig. 4. Ternary diagrams of soil n-alkane relative chain length abundance, plotting the C27 and C29 chain lengths by (A) C31, (B) C33 and (C) C35. Sites are color-coded by mean
annual temperature and legend applies to all three figures (for interpretation of the references to color in this figure legend, the reader is referred to the web version of the
article).

Fig. 5. (A) ACL for plants plotted by mean annual temperature (MAT). (B) Plant ACL values for all species or genera with two or more measurements plotted by mean summer
temperature, with legend. (C) Plant ACL values averaged by site for sites with two or more plants measured plotted by mean summer temperature.
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3.4. Soil n-alkane distributions and d13C

Soil ACL values did not correlate with soil d13C values when all
sites were considered (Fig. 6). When natural areas were considered
alone, soil ACL values correlated with d13C values (R2 0.31,
p < 0.001) and there was no correlation for cemeteries. However,
soil d13C values also correlated with mean summer temperature
for these sites (R2 0.33, p < 0.001) and when soil ACL values were
regressed against both soil d13C values and mean summer temper-
ature for natural area sites, the correlation with temperature



Table 2
Partial correlation results for soil ACL values (n = 70). Pearson product-moment correlation coefficient (r) and significance values (p)a for each parameter.

June July August Summer Annual

r p r p r p r p r p

Mean T 0.44 ⁄⁄ 0.42 ⁄⁄ 0.37 ⁄ 0.36 ⁄ 0.48 ⁄⁄
Precipitation 0.09 0.465 0.04 0.764 0.12 0.333 0.11 0.379 0.25 0.041
RH �0.26 0.030 �0.19 0.130 �0.17 0.158 �0.22 0.067 �0.41 ⁄⁄

a ** indicates p < 0.001 and * indicates p < 0.005; where p P 0.005, the value is given.

Fig. 6. ACL of soil n-alkanes plotted vs. d13C value of soil OC for natural areas (filled
circles) and cemeteries (open circles).
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remained significant (partial regression p < 0.001) and the correla-
tion with soil d13C values disappeared (partial regression p 0.172).
This analysis indicates that the correlation between soil ACL and
d13C values in natural areas is the result of a common dependence
of both ACL and d13C values on temperature.
4. Discussion

4.1. Climate influence on chain length distribution

Overall, n-alkane chain length distribution trended towards
long chain length with warmer temperature, as demonstrated in
Fig. 4. Soil ACL values across the transect correlated with both sum-
mer and mean annual temperature (Fig. 3), but did not correlate
with soil d13C values (Fig. 6). The apparent correlation between
ACL and d13C values in natural area soils (Fig. 6) reflects the com-
mon dependence of both on growing season temperature (Sec-
tion 3.4). This suggests that input from C4 plants was not a direct
driver of the variation in ACL, at least for plants in North America.
Longer chain lengths have been observed in association with C4

savanna grasses in Africa (Rommerskirchen et al., 2006b). How-
ever, Vogts et al. (2009) observed that, within African C3 woody
plants, savanna (dry environment) species produced more C31 than
rainforest (wet environment) species. Vogts et al. (2012) and
Rommerskirchen et al. (2003) observed an increase in ACL, as well
as d13C values, in marine sediments off the west coast of Africa,
reflecting increasing input from arid, C4-dominated terrestrial
areas. Carr et al. (2010) saw an increase in C31 vs. C29 in a time
sequence from rock hyrax middens in South Africa, a shift which
they correlated with increasingly positive d13C values and increas-
ing N isotope values, interpreted as indicators of C4 plants and local
aridity. Taken together, these studies demonstrate a general corre-
lation, at least in Africa, between longer chain lengths, C4 plants
and arid conditions. Since, to our knowledge, there is no a priori
reason why C4 plants would synthesize longer chain lengths, it is
possible that both C4 photosynthesis and longer chain lengths are
independently related to the same environmental factors, i.e. arid-
ity and high temperature. It may be that increased temperature
and/or aridity select independently for both C4 photosynthesis
and longer chain length. The range for soil d13C values here
(�29.1‰ to �14.3‰) covers the spectrum (cf. Tieszen et al.,
1979; O’Leary, 1988) of leaf d13C values for C3 plants �x ¼ �28‰

to C4 plants �x ¼ �14‰, suggesting that the soil OM here ranged
from 100% C3 plant input to nearly 100% C4. Thus, the lack of cor-
relation between soil ACL and d13C values here supports climate
as an independent driver of both C4 photosynthesis and longer
chain length.

Plant n-alkanes exhibited a wider range of ACL values and a
weaker correlation between ACL and temperature than soil
n-alkanes (Figs. 3, 5A and B). This may be because the variation
in n-alkane chain length distributions in individual plants, which
likely has a strong genetic component, is pooled and averaged in
soils, making the net influence of temperature more apparent.
Indeed, different plant species likely do not respond to the same
degree to environmental drivers. In a survey of arid plants and soils
in South Africa, Carr et al. (2014) reported significant variability in
the chain length distributions of plants across multiple environ-
ments, where one species appeared to be sensitive to environmen-
tal variation and another produced highly consistent distributions
regardless of location. Although it is only a rough approximation of
the integration of plant n-alkanes to a given soil, the stronger cor-
relation between site-averaged plant ACL values and temperature
here (Fig. 5C) demonstrates the effect of pooling multiple plant
inputs. Soil n-alkanes are also likely biased towards plant species
with high biomass turnover and/or high n-alkane production,
whereas the plants that were sampled here represented only a por-
tion of the local plant community for each site. Moreover, the sam-
ple size for individual plant species was relatively small (n = 6 for
the most sampled species, Bouteloua gracilis), which may be too
small to capture environmental influence within a single species.

Across a similar latitudinal transect along the eastern USA,
Tipple and Pagani (2013) observed a correlation between temper-
ature and ACL values for three common tree species. Other transect
studies have observed correlations between growing temperature
and chain length distributions in plants (Dodd and Poveda, 2003;
Sachse et al., 2006) as well as soils and sediments (Leider et al.,
2013). Although a more indirect measure, studies of atmospheric
dust over the Pacific Ocean have also observed a correspondence
between latitude and chain length, with higher ACL values at lower
latitudes (Bendle et al., 2007), as well as an increase in ACL values
from spring to summer (Gagosian and Peltzer, 1986). Quaternary
paleoclimate studies of marine and lacustrine sediment archives
have reported higher ACL values during warm interglacial periods
and lower values in glacial periods (Hinrichs et al., 1997). Together
with the findings here, these data support the hypothesis that tem-
perature drives n-alkane chain length, and the correlation between
soil ACL values and temperature reported here is one of the stron-
gest of such correlations.

In addition to temperature, aridity has also been proposed as a
driver of chain length, where drier conditions promote longer
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chain length (Dodd et al., 1998; Andersson et al., 2011). A study of
atmospheric dust off the western coast of Africa found lower ACL
values from locations adjacent to rainforest and higher values from
desert regions (Schefuß et al., 2003). However, the evidence for a
correlation between aridity and n-alkane chain length distribution
appears to be more mixed, and whether temperature or aridity is
the primary driver of ACL change in sediment records may depend
on the regional context. For example, Calvo et al. (2004) observed
increased ACL values during dry but cooler time periods from Pleis-
tocene sediments from the Tasman Sea. In contrast, Castañeda
et al. (2009) observed increased ACL values from Lake Malawi sed-
iments in warmer, wetter time periods through the Late Pleisto-
cene. For modern plants, a recent study reported opposite trends
in ACL in the leaves of two different genera with increasing aridity
in Australia (Hoffmann et al., 2013), while another study of arid-
adapted plants in South Africa reported a significant but weak posi-
tive correlation between aridity and ACL in plants and soils (Carr
et al., 2014). Similar to the temperature results here, Carr et al.
(2014) also found that the correlation between ACL and aridity
was stronger for soils than for plants, again suggesting that soils
exert an averaging effect on variation among plants. Our study
shows only a correlation between soil ACL values and relative
humidity when relative humidity was calculated for the entire
year. Thus the evidence for aridity as a driver is not yet as clear
as it is for temperature and calls for further investigation of mod-
ern environments. Overall, these and previous findings (Bush and
McInerney, 2013) suggest that it may be prudent to interpret
changes in chain length distributions during periods of climate
change not as the direct result of plant community turnover per
se (Schwark et al., 2002; Zhang et al., 2006; Bai et al., 2009) but
rather a result of the climate conditions.

4.2. Mechanisms of temperature influence

Cuticular wax blocks non-stomatal leaf water loss and is a crit-
ical adaptation for land plants. Plants allocate a large portion of
lipid synthesis to cuticular wax lipids (Samuels et al., 2008). It is
therefore expected that wax amount, structure and composition
would be adapted to minimize water loss, as well as serving other
ecological functions (Hall and Jones, 1961; Shepherd and Griffiths,
2006; Mamrutha et al., 2010). Increasing temperature has been
shown to increase the permeability of leaf cuticle surfaces, includ-
ing at natural environmental temperature (Riederer and Schreiber,
2001; Riederer, 2006), and plants in hotter, drier environments
synthesize less permeable cuticles (Schreiber and Riederer,
1996). Also, noting that leaf wax does not form a smooth surface
over the leaf cuticle, but rather forms crystalline structures (Post-
Beittenmiller, 1996), the loss of this crystal structure due to partial
melting may negatively impact the ecological functions of leaf wax,
e.g. mediating plant–insect and plant–microbe interactions
(Riederer and Müller, 2006). Thus, it is reasonable to surmise that,
under warm and/or arid conditions, selective pressures favor the
production of longer, more hydrophobic n-alkane chain lengths
(Shepherd and Griffiths, 2006). Furthermore, this functionality
must be maintained at the warmest temperatures experienced
by the plant, i.e. the warmest months of the growing season. This
may explain why chain length correlates most strongly with sum-
mer temperature, even if leaf waxes are largely synthesized in
spring at the beginning of the growing season (Tipple et al.,
2013). Thus, although the isotope values of the n-alkanes reflect
water uptake at the time of leaf wax synthesis and leaf flush
(Kahmen et al., 2011; Tipple et al., 2013), n-alkane chain length
distribution is decoupled from spring environmental conditions
and instead reflects summer temperature. However, it is noted
that, while this hypothesis may explain observations for deciduous
and annual plants that produce and lose their leaves over the
course of a single growing season, it may not hold for evergreen
plants in cold climates, the leaves of which may require longer
chain length to survive winter freezing and desiccation in dry, cold
conditions (Dodd and Poveda, 2003). There is also a clear genetic or
taxonomic component to n-alkane biosynthesis, where some spe-
cies produce highly consistent chain length distributions across
their range and some species are much more variable (Bush and
McInerney, 2013; Carr et al., 2014) and the reasons for this are
unclear. Data on the biosynthetic control and function of n-alkanes
in leaf wax are sparse and the biochemistry of this relationship has
yet to be fully explored.
4.3. Application to a paleoclimate archive: the Paleocene–Eocene
Thermal Maximum

In order to test the applicability of the correlation between tem-
perature and chain length to paleoclimate archives, we applied the
findings to the Paleocene–Eocene Thermal Maximum (PETM). The
PETM was an extreme, geologically brief, global warming event
that occurred ca. 56 � 106 yr ago, before the evolution of C4 plants,
and that has been observed in multiple sedimentary archives
(McInerney and Wing, 2011). Of the studies that have examined
n-alkanes across the PETM, several discuss ACL values: Smith
et al. (2007) for Wyoming, Handley et al. (2008) for Tanzania,
Schouten et al. (2007) for the Arctic Ocean and Tipple et al.
(2011) for Forada, Italy. In three of the four records, ACL increased
at the onset of PETM warming (Schouten et al., 2007; Smith et al.,
2007). In the fourth (Forada, Italy), ACL decreased at the onset of
the PETM. The decrease was associated with a decrease in n-alkane
dD values that might suggest that the area locally became wetter
(Tipple et al., 2011), which in turn may have reduced the effect
of increased temperature. Similarly, during the cooling and recov-
ery phase of the PETM, three of the four records showed a decrease
in ACL (Schouten et al., 2007; Smith et al., 2007; Tipple et al., 2011).
Handley et al. (2008) speculated that the Tanzania record had a
hiatus that spanned the recovery, so the ACL signal was not
recorded for that interval. Although atmospheric CO2 also
increased at the onset of the PETM, a study of modern plants, in
which n-alkane distributions were found not to change with ele-
vated CO2, suggests that this is unlikely to have had an effect on
ACL values across the PETM (Wiesenberg et al., 2008). Thus, it is
possible that the global warming, potentially coupled with drying
in some areas, drove the increase in ACL observed in most records
at the onset of the PETM, and conversely that the cooling at the end
of the PETM largely drove a decrease in ACL. Other studies have
already speculated on the effects of aridity and temperature on
chain length distributions across Quaternary climate change
events, e.g. glacial–interglacial cycles (Rommerskirchen et al.,
2006a). Measures of variation in chain length distributions such
as ACL may serve as useful qualitative indicators of climate change
events, supplementing other proxy records.
5. Conclusions

This study demonstrates a strong correlation between summer
temperature and n-alkane chain length distributions. Comple-
mented by a previous study that showed a lack of correlation
between n-alkane chain length and most major plant groups
(Bush and McInerney, 2013) and in conjunction with other studies
that show a correlation between chain length and aridity or tem-
perature, this suggests that the spatial and temporal variation in
chain length distribution may be driven in large part by growing
season temperature and/or aridity. There is no evidence to support
a direct link between C4 photosynthesis and long chain length
(> C31), which suggests that they both are adaptations to hot and/



72 R.T. Bush, F.A. McInerney / Organic Geochemistry 79 (2015) 65–73
or dry environments. Lastly, soils integrate the various n-alkane
signals from local plants, and therefore may provide a better com-
parison dataset for interpretation of sediments and paleosols.
Future research would benefit from investigation of the mechanics
of the incorporation of n-alkanes into cuticular wax and the effect
of cuticle lipid composition on water permeability, as well as the
nature of the relationship between leaf wax n-alkanes and their
sources, and their incorporation into sediment and fossil archives.
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