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Abstract. The relative abundance of n-alkanes of different
chain lengths obtained from ancient soils and sediments have
been used to reconstruct past environmental changes. How-
ever, interpretation of ancient n-alkane patterns relies primar-
ily on modern plant wax n-alkane patterns measured from
leaves. Little is still known about how n-alkane patterns,
and environmental information therein, might be altered dur-
ing the process of transfer from leaves into soil. We stud-
ied the n-alkane patterns extracted from leaves, necromass,
and soil samples from an altitudinal gradient in the tropi-
cal Andes to clarify if the n-alkane pattern, and the local
environmental information reflected, is altered as the plant
source material degrades. We considered the (dis)similarity
between n-alkane patterns in soil, necromass, and leaves and
specifically explored whether a temperature and/or precipi-
tation signal is reflected in their n-alkane patterns. The n-
alkane patterns showed degradation in soil as reflected by
a reduced carbon preference index (CPI). The lower CPI in
soils as compared to leaves and necromass was significantly
correlated with temperature and precipitation along the tran-
sect, most likely because of increased microbial activity un-
der warmer and wetter conditions. Despite degradation, all
sample types showed a systematic shift in longer vs. shorter
n-alkanes when moving up the transect. Further examination
revealed the systematic shift correlated with transect temper-
ature and precipitation. Since transect vegetation is constant
along the transect, this would appear to indicate the record-
ing of a climatic signal within the n-alkane patterns that is
preserved in the soil, albeit that the correlation was weaker
there. The study results warrant further research into a pos-

sible underlying causal relationship that may lead to the de-
velopment of n-alkane patterns as a novel palaeoecological

proxy.

1 Introduction

Making accurate reconstructions of past environments is im-
portant and urgent, as these can inform how modern en-
vironments could respond to current climatic and land use
changes (Cronin, 2014). Interpretations of past environmen-
tal change are commonly obtained from fossil pollen, char-
coal, and molecular proxies extracted from sediments and
soils (Smol et al., 2001). To help improve these reconstruc-
tions of past environments and environmental change, the de-
velopment of molecular proxies such as plant wax n-alkanes
has seen much research attention over the last two decades
(Jansen and Wiesenberg, 2017).

Plant wax n-alkanes (typically between C;; and Css) are
part of the protective outer wax layer of plants (Eglinton and
Hamilton, 1967) and have been observed to reflect the lo-
cal environmental conditions in which the plant is situated
(for example, Feakins et al., 2016; Hoffmann et al., 2013;
Teunissen van Manen et al., 2019a). The n-alkanes produced
by plants transfer to the soil and sedimentary records, where
they are preserved and from which they can be extracted
(Jansen and Wiesenberg, 2017). The retention of fossil n-
alkanes in soils and sediments make n-alkanes a promising
proxy to help reconstruct environmental change (Bush and

Published by Copernicus Publications on behalf of the European Geosciences Union.



5466

Mclnerney, 2015; Hoffmann et al., 2013; Teunissen van Ma-
nen et al., 2019a).

Multiple studies have already used plant wax n-alkane
biomarkers to reconstruct past environmental change, mostly
via shifts in plant community composition that are reflected
in the n-alkane patterns, i.e. the relative abundance of a
suite of n-alkanes of different chain lengths (e.g. Crausbay
et al., 2014; Jansen et al., 2013). For example, Crausbay et
al. (2014) reconstructed past drought frequency in a tropi-
cal montane cloud forest on the Haleakala volcano (Maui,
Hawaii, USA) using n-alkane patterns. Specifically, Craus-
bay et al. (2014) calibrated the fossil n-alkane record us-
ing the modern n-alkane signal of the Metrosideros poly-
morpha species, which has a pubescent and a glabrous va-
riety. The modern pubescent and glabrous n-alkane calibra-
tion data were then used to reconstruct past abundance of
pubescent vs. glabrous plant varieties and from this infer rel-
atively wet and dry conditions (Crausbay et al., 2014). In the
Crausbay et al. (2014) study, and all other studies using n-
alkanes biomarkers, the inferred past environmental changes
from the ancient n-alkane record are reliant on what is known
about modern plant wax n-alkanes and how they reflect the
environment from which they were sampled. However, most
of the studies on environmental controls of plant wax n-
alkanes have been done on leaf material, often fresh from
the tree. While there are several studies that have examined
degradation of leaf wax n-alkanes, often only a part of the
leaf—necromass—soil chain was considered (e.g. Zech et al.,
2011). As a result, our current understanding of the taphon-
omy of leaf-wax-derived n-alkane patterns is based on a
handful of studies that considered the entire leaf-necromass—
soil chain (e.g. Bush and Mclnerney, 2015; Howard et al.,
2018; Schifer et al., 2016; Tipple and Pagani, 2013; Wu et
al., 2019).

As the source (plant) material degrades, in particular it is
poorly understood to what extent the n-alkane patterns and
the environmental information potentially contained therein
are altered. For instance, it is generally accepted that the odd-
over-even chain-length predominance of n-alkanes of higher
chain lengths as produced by higher plants is often reduced
during the transfer via litter to the soil or sediment (e.g.
Schifer et al., 2016). However, this does not affect the en-
vironmental information contained in the relative abundance
of the odd-carbon-number n-alkanes as long as their rela-
tive distribution pattern remains the same (e.g. Jansen et al.,
2008; Schifer et al., 2016). This lack of knowledge of the
taphonomy of the n-alkane signal, and particularly its influ-
ence on the information contained therein, means that our in-
terpretations of the ancient n-alkane biomarker signal could
be confounded by an unobserved bias caused by degradation
processes (Wu et al., 2019). This could potentially lead to
erroneous or biased inferences of past environmental change
based on the n-alkane biomarker signal. Therefore, expand-
ing our knowledge on the taphonomy of the n-alkane signal
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is key to reliably deploying plant wax n-alkane biomarkers
to reconstruct past environmental change (Wu et al., 2019).

The study aim was to expand the knowledge on the taphon-
omy of the plant wax n-alkane signal by comparing the n-
alkane patterns extracted from leaves, necromass, and soils,
sampled along an altitudinally driven environmental (tem-
perature and precipitation) gradient in the tropical Andes
(Ecuador). By choosing this particular gradient for our study
we can build on the body of knowledge available on the tran-
sect (Pinto et al., 2018) and simultaneously elaborate on the
n-alkane work previously done by us (Teunissen van Manen
et al., 2019a). Specifically, in this study we address (1) to
what extent the n-alkane pattern degrades as the source ma-
terial degrades (i.e. to what extent are the n-alkane patterns
found in leaves, necromass, and soils similar?), and (2) to
what extent the n-alkane patterns in leaves, necromass, and
soil show a similar systematic variation along the transect
(i.e. do the n-alkane patterns found in leaves, necromass, and
soils reflect the environment similarly?). In the context of the
second question we also explored if any systematic shift in n-
alkane patterns along the transect can tentatively be related to
the shifts in temperature and precipitation along the transect.
We discuss our findings in light of the applicability and in-
terpretation of the n-alkane biomarker records as a proxy for
local environmental change in the past.

2 Materials and methods
2.1 Study site and sampling

This study used the Pichincha long-term forest devel-
opment and carbon monitoring transect, situated on the
north-western flank of the Ecuadorian Andes (Fig. 1).
The sampled transect was established in 2015 by the
research non-profit organization Consorcio para el De-
sarrollo Sostenible de la Ecorregion Andina (CONDE-
SAN) (http://condesan-ecoandes.org/, last access: 9 Novem-
ber 2020), who catalogued the tree community composi-
tion and recorded environmental data at each permanent plot
(hereafter “plot”) (Pinto et al., 2018; Pinto and Cuesta, 2019).

The extensive elevation gradient captured by the transect,
between 632 and 3507 m a.s.1. (above sea level), induces mul-
tiple environmental gradients, including temperature, humid-
ity, and precipitation gradients. Mean annual temperature and
mean annual relative air humidity (‘“temperature” and ‘“hu-
midity” hereafter) were calculated based on hourly data col-
lected at each plot between 2016 and 2018 (see Teunissen
van Manen et al., 2019a, for more details). We obtained the
plot annual precipitation (hereafter “precipitation”) from the
CHELSA dataset at 30S resolution (1 km) (Karger et al.,
2017). In total, the transect temperature gradient spans 7.2—
21.6 °C, the precipitation gradient spans 1580-2448 mm and
the humidity gradient spans 96.1 %—99.8 %. Given that the
variation in the latter is so small, the humidity gradient was

https://doi.org/10.5194/bg-17-5465-2020


http://condesan-ecoandes.org/

M. L. Teunissen van Manen et al.: From leaf to soil

Legend

® Monitoring Plots

O EcoAndes project limit
& Rivers

0°10N
0°10N

0 5 10 20

Kilometers

0°0"

Altitude [m a.s.l.]

I 422-500

[ 501-1000

[ 1001-1500
[ 1501-2000
[ 2001-2500
[] 2501-3000
[] 3001-3500
[ 3501-4000
[ 4001-4500
[ 4501-5000

0°0'

010
010’

0°20's
0°20's

Figure 1. Map of the Pichincha transect. Dots and numbers refer
to plots in Table 1, ordered by altitude. The green shading indicates
altitude (metres above sea level). The black line delineates the Pich-
incha project study area. Blue lines represent rivers, land codes as
follows: COL = Colombia, ECU = Ecuador, PER = Peru.

not considered as a driving factor in this study. However, it
was included as a separate factor in the correlation analysis
to disentangle its influence from that of temperature and pre-
cipitation so that the overall level of noise is reduced.

All samples were collected from the Pichincha transect
(Table 1). Each plot (60 x 60 m) was subdivided into nine
subplots of 20 x 20 m. The leaf samples were collected and
analysed in a previous study (Teunissen van Manen et al.,
2019a). For that study we targeted two widely distributed
genera along the transect, the Miconia and Guarea genera
(see Teunissen van Manen et al., 2019a, for the genus dis-
tributions along transect) (Pinto et al., 2018). From each
individual we took one sample, which consisted of 20-25
leaf(lets) taken from the canopy. In total we collected 87 leaf
samples from 14 plots (Table 1). For this study these samples
were supplemented with new necromass and soil samples.

Necromass samples were collected from the three plots
where necromass traps were available (Pinto and Cuesta,
2019). At each of those plots, five subplots had necromass
traps installed. From each necromass trap we took one sam-
ple, which consisted of five randomly selected leaves. In total
we collected 15 necromass samples from 3 plots (Table 1).

Soil samples were collected at every plot. At each plot we
selected the centre subplot and two randomly selected sub-
plots from which to sample soils. From each subplot we took
one sample, which consisted of 10 “pinches” of surface soil
randomly taken across the subplot (we removed the necro-
mass layer to access the surface soil where necessary). We
unintentionally sampled one extra subplot at one of the plots
(MALQO_O1, Table 1). In total we collected 43 soil samples
from 14 plots (Table 1).

https://doi.org/10.5194/bg-17-5465-2020
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All samples were collected with gloved (latex) hands and
wrapped in aluminium foil in the field, making sure no con-
tact was made with the skin to avoid lipid contamination.
Samples were bagged and placed in a cold storage (5 °C) un-
til further analysis at the University of Amsterdam.

2.2 n-Alkane extraction and quantification

Leaf data were previously extracted and quantified by Teu-
nissen van Manen et al. (2019a). Necromass and soil samples
were analysed following the same protocol. Necromass and
soil samples were freeze dried and milled to powder. Soil
samples were analysed for carbon content in an Elemental
Vario El Cube CNS analyser. Necromass samples were as-
sumed to contain ca. 50 % carbon. Depending on carbon con-
tent, between 0.1 and 0.5 g of sample was extracted using
a Dionex 200 accelerated solvent extractor (ASE). With ev-
ery extraction set we ran a blank sample that was treated as
if it were a regular sample. The internal standard consisted
of a mixture of Sa-androstane, androstanol, and erucic acid
(0.33 ug uL.=! per compound), and 40 pL of internal standard
was added to each sample prior to extraction. The extracted
solution was dried under a steady stream of N to remove the
solvent and re-dissolved in 1 mL hexane.

The n-alkane fraction was obtained by eluting a 10 mL
solid-phase column (approximately 1.5g of silica gel,
5 % deactivated H,O, previously conditioned with acetone,
dichloromethane, and hexane) with approximately 7 mL hex-
ane in multiple steps. The resulting n-alkane fraction was
again dried under a stream of N», re-dissolved into 1 mL hex-
ane, and finally analysed using gas chromatography and mass
spectrometry (GC-MS) with quadruplet detection in full scan
mode. The GC-MS protocol was as follows: the sample was
injected into a DBS5 column (30 m) under constant flow of he-
lium gas at 0.8 mL min~—'. Temperature programming was as
follows: start at 50 °C (hold 2 min); first ramp at 60 °C min~!
to 80 °C (hold 2 min); second ramp at 20 °C min~! to 130°C
(no hold); third ramp at 4 °C min~! to 350 °C (hold 10 min).

Identification and quantification of n-alkanes was done
by comparing measurements with a known mixture of n-
alkanes in the range C»5—C33, and the internal standard em-
ploying the Thermo Xcalibur® software. The limit of detec-
tion (LOD) was set at 3 times the base level; any concentra-
tion below was set to “not found”. The resulting n-alkane
dataset was standardized to sample weight (grams of dry
sample used for extraction). To estimate measurement vari-
ability, replicate measurements were done on 4 necromass
and 26 soil samples. A total of 14 replicate measurements of
the leaf samples were previously measured and reported on
in detail in Teunissen van Manen et al. (2019a).

Not all samples retrieved from the field yielded a robust
n-alkane signal. In three samples we measured only sporadic
n-alkane peaks (Table 1). In total, 86 leaf samples, 13 necro-
mass samples, and 51 soil samples were considered robust
data and were used for further data analysis (Table 1).

Biogeosciences, 17, 5465-5487, 2020
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Table 1. Sampling table. Plot numbers refer to numbers in Fig. 1. Plot codes refer to specific plots within the natural reserve, situated at
their respective longitude and latitude. Altitude, temperature (MAT), humidity (HR), and precipitation (AP) data corresponding to each plot
are included. Table notes what sample types were taken (sample type), how many were taken (sampled), and which samples were measured
successfully and included in analysis (n).

Plot# Plot code Reserve Latitude Longitude Altitude MAT  HR AP Sample Sampled n
type
1 MAPI 02  Mashpishungo/Pambilifio 0.1882  —78.9128 632  21.6 99.8 2111 soil 3 3
2 MAPI_01  Mashpishungo/Pambilifio 0.1873  —78.9128 653 21.6 99.8 2075 leaf 2 2
necro 5 3
soil 3 3
3 MALO_01  Mashpi Lodge 0.1583  —78.8819 827 194 99.6 2255 leaf 3 3
soil 4 4
4 MALO_02 Mashpi Lodge 0.1685 —78.8761 1018 206 99.7 2253 leaf 3 3
soil 3 3
5 MIND_01  Mindo Lindo —0.0253  —78.8129 1277  18.8 989 2704 leaf 4 4
soil 3 3
6 RIBR_01 Reserva Rio Bravo —0.082 —78.7353 1640  16.8 98.8 2347 leaf 12 12
soil 3
7 INTI_02 Reserva Intillacta 0.0501  —78.7219 1829 159 99.0 1939 soil 3
8 INTI_O1 Reserva Intillacta 0.0505 —78.7232 1879  16.0 98.8 2076 leaf 1 1
necro 5 5
soil 3 3
9 BECL_03  Bellavista Cloud Forest —0.0116  —78.6893 2203 140 99.6 1595 leaf 8 8
soil 3 3
10 CEDR_03  El Cedral Ecolodge 0.1132 —78.5691 2212 143 98.6 1351 leaf 11 11
necro 5 5
soil 3 2
11 BECL_02  Bellavista Cloud Forest —0.0124 —78.6864 2282 143 99.1 1993 soil 3 3
12 BECL_01  Bellavista Cloud Forest —0.0153  —78.6863 2313 13.6 993 1595 leaf 8 8
soil 3 3
13 CEDR_01  El Cedral Ecolodge 0.1195 —78.5705 2492 13.0 977 1471 leaf 9 9
soil 3 3
14 VERD_02  Reserva Verdecocha —0.1015 —78.6004 2932 10.2 99 1251 Ileaf 4 4
soil 3 3
15 VERD_03  Reserva Verdecocha —0.1044  —78.6008 3109 99 962 1251 leaf 6 6
soil 3 3
16 VERD_01  Reserva Verdecocha —0.1233  —78.5958 3421 8.3 97 1271 leaf 8 7
soil 3 3
17 YANA_01  Reserva Yanacocha —0.1267  —78.5907 3507 72 987 1337 leaf 8 8
soil 3 3

Biogeosciences, 17, 5465-5487, 2020 https://doi.org/10.5194/bg-17-5465-2020
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Figure 2. Sample type average n-alkane distributions along the transect, showing average relative abundances (average percentage of total
concentration, CONw) across entire transect. Lines represent standard deviation from average, numbers in parentheses represent number of

samples.

2.3 Data analysis
2.3.1 Standardization

The measured n-alkanes ranges differed between leaf, necro-
mass, and soil samples (C3—Cs3, C21—C33, and C15—C33, re-
spectively). In order to compare the datasets, we standardized
the measured n-alkane range to the shortest range, between
C,3 and Cjz3. We found this had no visible effect on the re-
sults, likely because the chain lengths below Cy3 contained
only a small proportion of the total n-alkane fraction, which
has also been observed before (Ardenghi et al., 2017). The
n-alkane concentrations of replicate samples were averaged
before continuing data analysis.

2.3.2 Multivariate analysis of n-alkane patterns

We standardized the n-alkane data to the total n-alkane con-
centration (CONw) to obtain the relative abundance of each
chain length (%). Where CONw is the sum of all n-alkane
concentrations standardized to dry sample weight (ngg~! of
dry sample). We used these data as input for non-metric mul-
tidimensional scaling (nMDS) analysis on each sample type
and on all sample types combined (four analyses in total).
The aim was to identify the major n-alkane patterns defin-
ing each sample type and to also compare the sample types.
We performed the nMDS using the metaMDS function, from
the “vegan” package (Oksanen et al., 2018) in RStudio (R
Core Team, 2017), with an Euclidean distance matrix and
disabling the default data transformation intended for species
community data. We fitted the environmental variables (tem-
perature, humidity, and precipitation) to the nMDS in order
to help identify environmental correlations with the n-alkane
patterns. We also used the standardized n-alkane data to pro-
duce the transect-average n-alkane distributions (and stan-
dard deviation) per sample type.

2.3.3 n-Alkane metrics

We calculated three common metrics used in n-alkane
biomarker studies, namely the average chain length (ACL),

https://doi.org/10.5194/bg-17-5465-2020

the normalized ratio between C3; and Cpg, and the carbon
preference index (CPI) (hereafter, “the metrics”). The ACL
was calculated following the definition by Bush and MclIner-
ney (2013) Eq. (1):
¥ (Cp X n)

ACLy3 33 = ———, 1

23-33 C, ey
where C,, is the concentration of n-alkane per gram of dried
sample and n is the number of carbon atoms of an n-
alkane between Cp3 and C33. The ratio between C3; and Cpg
n-alkanes was calculated following the Bush and Mclner-
ney (2013) Eq. (2):

C
ratio = ——1 )
C31+Cyo

The n-alkane CPI values were calculated following the defi-
nition of Marzi et al. (1993) Eq. (3):

CPlys 43 — [Zodd (C23-31) + Todd (C25—31)]’ 3)
2 (Eeven C24—32)

where X,q4q is the sum of all concentrations of odd chain 7n-

alkanes between and including the indicated n-alkane chain

length ranges, and Xeyen is the sum of all concentrations of

even chain n-alkanes between Cp4 and Cs;.

2.3.4 Environmental correlations

We generated a correlation matrix with the environmental
variables (altitude, temperature, humidity, and precipitation),
the metrics, and the nMDS axes per sample type, to identify
(1) whether the n-alkane metrics captured dominant changes
in the n-alkane patterns (the nMDS) and (2) whether the n-
alkane signal (the metrics and the nMDS axes) and the envi-
ronmental variables correlate. The Pearson’s linear correla-
tion matrices were calculated using the “corrplot” (Wei and
Simko, 2017) and “Hmisc” (Harrell and Dupont, 2019) pack-
ages in RStudio (R Core Team, 2017). We adopted a signif-
icance threshold value of p < 0.01 because the bulk of our
analyses are correlations; as is convention (Teunissen van

Biogeosciences, 17, 5465-5487, 2020
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Manen et al., 2019a; Tipple and Pagani, 2013). All data anal-
ysis was done in RStudio using the base functions (R Core
Team, 2017) and the “tidyverse” package functions (Wick-
ham, 2017).

3 Results

The replicate measurements showed that absolute concen-
tration of n-alkanes varied more than 10 % from the mean
(CV%) in the majority of the replicate samples, with CV%
values ranging from 11.5% to 48 % (Table Al). The high
variability in absolute concentration in the replicate samples
could be due to sample heterogeneity despite the elaborate
sample homogenization process prior to extraction. Despite
the high variability in absolute concentrations, the relative
distributions of the replicate samples showed almost no vari-
ability (Fig. B1), giving us confidence that the metrics and
relative abundances presented are robust.

The transect-average n-alkane patterns of each sample
type reflected a typical higher terrestrial plant distribution,
with a clear odd-over-even distribution between the ranges
of Cy3 and Cz3 (Figs. 2, Bl in Appendix B). The three
sample types had similar average distributions of the chain
lengths (Fig. 2). Specifically, they shared dominant Cy9 and
C3;1 chain lengths, with an average contribution of £ 30 %-—
40 % of CONw each (Fig. 2). Although the transect-average
proportion of Cp7 differed somewhat per sample type, the
variability across the transect is very high, in necromass in
particular (Fig. 2).

3.1 Identification of the dominant changes in the
n-alkane patterns

3.1.1 Description of the patterns

The nMDS analyses exposed the variability in the n-alkane
patterns of each sample type (Fig. 3a, b, ¢) and how the sam-
ple type patterns compare (Fig. 3d). Notably, the first axis of
all the nMDS plots were driven by a shift in relative abun-
dance from shorter n-alkanes (< Cyg, lower end of the axis)
to longer n-alkanes (> Cpg, higher end of the axis) (Fig. 3a,
b, c, d).

It is less clear what variability in the n-alkane patterns
drove the samples to spread along the second nMDS axis.
However, some even-numbered chain lengths were placed
on the higher end of the second axis of the leaf and soil
nMDS plots (Fig. 3a, c). This indicates that the samples
on the higher end of the second axis of the leaf and soil
nMDS plots had relatively higher abundances of those even-
numbered chain lengths (Fig. 3a, c).

The nMDS analysis of all sample types together shows that
the different sample types did not cluster or separate from
each other, although the soil data did scatter less than the
leaf and necromass data (Fig. 3d). The lack of separation and
significant clustering indicates that the sample type patterns

Biogeosciences, 17, 5465-5487, 2020
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were not significantly different or distinguishable from each
other.

3.1.2 Identification of the signal in terms of metrics

For all sample types, correlations between the first nMDS
axis and the ACL and ratio metrics were significant (Fig. 4,
Table 2), which indicates that the changes in patterns cap-
tured by the first nMDS axis of all sample types are ex-
plained by shifts in ACL and ratio (Fig. 4). It should be
noted that these two metrics were highly correlated across
sample types (leaf: r = 0.9, p value < 0.001; necromass: r =
0.8, p value < 0.001; soil: r = 0.9, p value < 0.001) (Fig. 4,
Table 2). The high correlation between ACL and ratio in-
dicates that both metrics captured shifts in relative abun-
dances of shorter vs. longer n-alkane chain lengths and ac-
curately described the dominant shifts in the n-alkane pat-
terns of all sample types in this study. Notably, the CPI met-
ric did not correlate with the first nMDS axis of any sample
type (leaf: r = 0.1, p value =0.389; necromass: r = —0.2,
p value = 0.426; soil: r = —0.2, p value =0.291) (Fig. 4, Ta-
ble 2).

Correlation between the second nMDS axis and the met-
rics differed per sample type. The second axis of the leaf
data nMDS correlated with the ACL and CPI metrics (r =
—0.4, p value <0.001 and r = —0.3, p value =0.005, re-
spectively) (Fig. 4a, Table 2). However, these correlations
were non-significant when the samples separating from the
main clusters on the top left of the leaf nMDS plot were re-
moved from the analysis (Figs. 3a, C1 in Appendix C). These
four samples represent a single species sampled at one plot at
high altitude (Teunissen van Manen et al., 2019a). Therefore,
the changes in the leaf n-alkane pattern captured by the sec-
ond nMDS axis could not be identified by commonly used
metrics.

The second axis of the necromass data nMDS did not sig-
nificantly correlate with any of the metrics (Fig. 4b, Table 2).
The changes in the necromass n-alkane pattern captured by
the second nMDS axis could not be identified by commonly
used metrics.

The second axis of the soil data nMDS correlated with the
CPI metric (r = —0.5, p value < 0.001), which indicates that
the change in patterns captured by the second nMDS axis of
the soil data was partially reflected by shifts in CPI (Fig. 4c,
Table 2). However, the correlation was not complete; there-
fore some changes in the soil n-alkane patterns (as captured
by the second nMDS axis) remained un-attributable to com-
monly used metrics.

3.2 Environmental signal of the n-alkane patterns
The environmental variables (altitude, temperature, humid-
ity, and precipitation) co-correlated highly (Fig. 4a, b, c, Ta-

ble 2); in particular altitude and temperature were exact op-
posites (r = —1, p value < 0.00, regardless of sample type).

https://doi.org/10.5194/bg-17-5465-2020



M. L. Teunissen van Manen et al.: From leaf to soil

(a) loaf (86)

5471

(b) necromass (13)

® 25,0
g °

o
<

nMDS 2

stress: 0.044 @
T

A 0
o |
C28
o |
co8
o = = ]
© A c30
m] = B
° c26 o C31
= c24 &%
053 c25

T
-40 -20 0 20 40

(c) soil (51)

15

nMDS 2
0
1

MAT

0

-10

&
o
T o
(I\l -
stress: 0.094 <& stress: 0.059 O
T T T T T T T T T T
-20 -10 0 10 20 -40 -20 0 20 40
nMDS 1 nMDS 1

@ @O [eaf

B OO necromass

SO soil

—

altitude

Figure 3. nMDS plots of n-alkane patterns per sample type (a, b, ¢) and all sample types combined (d). Numbers in parentheses next to
sample type represent number of samples. Arrows indicate fit of environmental variables, altitude (ALT), temperature (MAT), humidity (HR)
and precipitation (AP). Text indicates n-alkane chain length contribution to sample. Samples indicated by symbols, sample type indicated by
symbol colour and shape (green circles = leaf, yellow squares = necromass, brown diamonds = soil). Colour gradient in panels (a), (b), and

(c) indicate altitude (darker = lower, lighter = higher).

This was to be expected as we sampled along a single altitu-
dinal gradient. In order to avoid repetition, we will focus the
remainder of the results and the discussion on the tempera-
ture, humidity, and precipitation variables only.

The dominant changes in the leaf n-alkane patterns, identi-
fied as changes in the ACL and ratio metrics, correlated pos-
itively with the environmental variables (Figs. 3a, 4a, 5, Ta-
ble 2). Although CPI did not significantly correlate with any
of the pattern shifts captured by the nMDS (after removing
the one species separating from the rest) (Fig. 3a), the leaf
data CPI did significantly correlate with humidity (r = —0.4,
p value < 0.001) (Figs. 4a, 5, Table 2).

The dominant changes in the necromass n-alkane pat-
terns, identified as changes in the ACL and ratio metrics, did
not show any significant correlations with the environmental
variables (Figs. 3b, 4b, 5, Table 2). This was most likely due
to the limited number of samples that were collected along
the transect (Table 1).

https://doi.org/10.5194/bg-17-5465-2020

The dominant changes in the soil n-alkane patterns, iden-
tified as changes in ACL, ratio, and CPI, correlated with
temperature in particular (r = 0.6, p value <0.001; r =
0.5, p value <0.001; and r = —0.4, p value <0.001, re-
spectively) (Figs. 3c, 4b, 5, Table 2). Additionally, soil
ACL and CPI also correlated with precipitation (r = 0.4,
p value=0.001 and r = —0.4, p value =0.005) (Figs. 4c,
5, Table 2).

4 Discussion

4.1 n-Alkane patterns and what they signal at different
stages of source degradation

4.1.1 Do the n-alkane patterns degrade significantly?

The n-alkane patterns (i.e. the relative chain length distri-
bution) of all sample types reflected those typical of higher

Biogeosciences, 17, 5465-5487, 2020
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Table 2. Table containing the p values of the Pearson’s correlation coefficients depicted in Figs. 4 and 5. Per sample type (a, b, c), the
correlated variables are altitude (ALT), temperature (MAT), humidity (HR), average chain length (ACL), ratio C31 / (C31 + Cp9) (RATIO),
carbon preference index (CPI), and the two axes of the nMDS analysis of each sample type (Axis 1, Axis 2).

(a) leaf (86) MAT HR AP ACL RATIO CPI Axis 1 Axis 2
ALT 0.000***  0.000***  0.000***  0.000***  0.000*** 0.100 0.000***  0.506
MAT 0.000***  0.000***  0.000***  0.000*** 0.145 0.000***  0.391
HR 0.000%**  0.002** 0.000***  0.001**  0.000***  0.107
AP 0.000***  0.000***  0.035 0.000***  0.907
ACL 0.000***  0.272 0.000***  0.001**
RATIO 0.611 0.000***  0.531
CPI 0.389 0.005**
Axis 1 1.000
Axis 2
(b) necromass (13) MAT HR AP ACL RATIO CPI Axis 1 Axis 2
ALT 0.000***  0.000***  0.000***  0.317 0.757 0.211 0.191 0.276
MAT 0.000%**  0.000***  0.304 0.764 0.222 0.186 0.256
HR 0.000%**  0.328 0.752 0.203 0.197 0.295
AP 0.157 0.923 0.591 0.141 0.051
ACL 0.001***  0.588 0.000***  1.000
RATIO 0.226 0.000***  0.058
CPI 0.426 0.224
Axis 1 1.000
Axis 2
(c) soil (51) MAT HR AP ACL RATIO CPI Axis 1 Axis 2
ALT 0.000%**  0.000***  0.000***  0.000***  0.001** 0.004**  0.000***  0.897
MAT 0.000***  0.000***  0.000***  0.001***  0.005**  0.000*** 0.792
HR 0.000***  0.171 0.348 0.030 0.163 0.416
AP 0.001** 0.017 0.005 0.005** 0.843
ACL 0.000***  0.907 0.000***  0.164
RATIO 0.420 0.000***  0.513
CPIL 0.291 0.001***
Axis 1 1.000
Axis 2

p values < 0.01*, < 0.005**, < 0.001***,

terrestrial plants (Eglinton and Hamilton, 1967), suggesting
that although absolute n-alkane concentrations may change
due to degradation, the n-alkane chain length distribution
patterns do not degrade considerably (Fig. 2). This is cor-
roborated by the nMDS results, which indicate the n-alkane
patterns from all stages of degradation are indistinguish-
able from each other, although soil n-alkane patterns did
show less variance than necromass and leaf n-alkane patterns
(Fig. 3d). These results fall in line with the results presented
in the few studies that have compared leaf and soil n-alkanes,
which also find similar distributions of leaf n-alkanes and soil
n-alkanes (Howard et al., 2018; Tipple and Pagani, 2013).
Large variance in leaf n-alkane patterns has been observed
before (Bush and Mclnerney, 2013; Carr et al., 2014) but
was never directly compared to necromass or soil n-alkane
variability. Our results give a first indication that necromass
n-alkanes patterns can vary to the same large extent that leaf

Biogeosciences, 17, 5465-5487, 2020

n-alkane patterns do, whereas soil n-alkanes patterns exhibit
a more homogeneous signal, most likely owing to the spatio-
temporal mixing of the input (Howard et al., 2018; Wu et al.,
2019).

An important confounding factor to consider with respect
to the soil n-alkane signal is the potential input of root-
derived n-alkanes. Previous work in the Ecuadorian Andes
has shown that roots of local plants can produce signifi-
cant amounts of higher chain-length r-alkanes (Jansen et
al., 2006). Several other studies have also reported a sig-
nificant production of higher chain-length n-alkanes in plant
roots, as reviewed by Jansen and Wiesenberg (2017). How-
ever, the absolute concentrations of higher chain-length n-
alkanes produced by plant roots are usually an order of mag-
nitude lower that those produced by plant leaves (Schéfer et
al., 2016; Jansen and Wiesenberg, 2017). In addition, gener-
ally the n-alkane chain-length distribution patterns produced
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Figure 4. Pearson’s correlation coefficient matrix per sample
type (a, b, ¢) showing the correlations between environmen-
tal variables (ALT = altitude, MAT = temperature, HR = humidity,
AP = precipitation), n-alkane metrics (ACL = average chain length,
RATIO =ratio C37 / (C31 + Cp9), CPI = carbon preference index),
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represent number of samples. Significant correlations are circled,
where the colour and circle size indicate the direction and corre-
lation strength. Circle outlines reflect the significance level. Non-
significant correlations are not circled.
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by the roots of a plant species vary substantially from the n-
alkane patterns produced by the leaves of the same species
to the point that the variability is as large as that between the
n-alkane chain-length distribution patterns produced by the
leaves of two unrelated plant species (Jansen and Wiesen-
berg, 2017). Both observations also hold true for the pre-
viously mentioned study in the Ecuadorian Andes (Jansen
et al., 2006). Jansen and Wiesenberg (2017) therefore con-
cluded that the extent to which root-derived n-alkanes con-
founds the observed relationship between leaf wax alkane
patterns and those observed in the soil is strongly ecosystem
dependent. Given that root and leaf n-alkane chain-length
distribution patterns of the same species can be expected to
vary substantially, in the present study the observed simi-
larity between the n-alkane patterns in soils as compared to
the leaves (Fig. 2) suggests that the input of root-derived n-
alkanes has not been an overriding factor in determining the
n-alkane patterns in the soil here. Nevertheless, we cannot
rule out that a minor part of the observed differences between
the n-alkane patterns in leaves and soils, including the men-
tioned relative muting of the soil n-alkane signal, was caused
by the input of root-derived n-alkanes.

Overall, our findings suggest that the n-alkane pattern does
not degrade considerably as the plant source degrades along
the transfer from leave via necromass to soil, but that some
information is lost once it is reworked into soils and possibly
mixed with root-derived n-alkanes.

4.1.2 Does the signal reflected in the n-alkane patterns
degrade?

Our results indicate that the n-alkane patterns extracted pre-
dominantly vary in the relative abundance of longer vs.
shorter n-alkanes, regardless of stage of degradation (Fig. 3a,
b, c, d), suggesting that the n-alkane signal does not drasti-
cally degrade as the plant source material degrades. In our
study, the ACL and ratio metrics reflected the n-alkane sig-
nal, independent of sample type.

The CPI is a metric specifically developed to capture
changes in odd-over-even predominance, and a decrease in
CPI is generally accepted to reflect degradation (e.g. Marzi et
al., 1993). Our results show that only the soil n-alkane signal
reflects changes in CPI (Figs. 3 and 4), which suggests that
the processes leading to changes in CPI are related to soil
processes. Although the precise mechanisms are still subject
to debate, a likely explanation is the de novo genesis of n-
alkanes without an odd-over-even predominance as a result
of microbial alteration (Brittingham et al., 2017; Jansen and
Wiesenberg, 2017; Rao et al., 2009; Wu et al., 2019). A de-
crease in CPI as a result of the input of root-derived n-alkanes
in soils is unlikely because, as explained previously, these ap-
pear to have played a minor role in our study, and moreover
the odd-over-even chain-length predominance of root wax n-
alkane patterns is generally similar to that of leaf-derived n-
alkanes (Jansen and Wiesenberg, 2017). An important ob-
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coefficients and p values correspond to values in Fig. 4 and Table 2.

servation is that the CPI does not correlate with the ACL and
ratio metrics in the present study (Fig. 4¢), indicating that the
dominant signal (changes in longer vs. shorter n-alkanes) is
not affected by the secondary signal (changes in odd vs. even
n-alkanes) in soils. This confirms previous indications that
soil degradation processes do not drastically alter the ACL
but instead alter the odd-over-even predominance (i.e. CPI)
(Howard et al., 2018).

4.2 Environmental information in n-alkane signals and
its preservation across sample types

We found that the systematic variance in longer vs. shorter
n-alkanes in leaf and soil samples, also reflected in the ACL
and ratio metrics, positively correlates with precipitation and,
in particular, temperature (Figs. 4a, c, 5). Our results also
show that the strength of the observed correlations dimin-
ishes slightly as the source material degrades (Figs. 4a, c, 5).

Biogeosciences, 17, 5465-5487, 2020

This is also reflected in the lower variance observed in the
soil ACL and ratio metrics (nMDS axis 1, Fig. 3d).

Several plant physiological studies have shown that both
the absolute amounts of leaf waxes produced as well as
the relative chain-length abundance of their constituent n-
alkanes may vary systematically with temperature and, to a
lesser extent, water availability (e.g. Maffei et al., 1993; Guo
et al., 2004; Shepherd and Griffiths, 2006). While we did not
explicitly measure it, pCO; is another factor that can be ex-
pected to vary along the altitudinal transect. However, several
studies have shown that while a pCO, gradient may influ-
ence the overall vegetation composition along the gradient,
in particular if it leads to a shift from Cs to C4 vegetation, the
influence of a change in pCO; on leaf wax alkane patterns
within a plant species is very limited (Huang et al., 1999;
Wiesenberg et al., 2008). Since we sampled the same plant
genera along our transect, which all consisted of C3 plants, it
is therefore unlikely that the systematic variation in n-alkane
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patterns with altitude found was caused by the pCO, gradi-
ent. Therefore, the observed correlations in our study might
reflect changes in environmental conditions, particularly in
temperature, along the altitudinal gradient studied, with the
expression of the signal being the strongest in the leaf mate-
rial (Figs. 4a, c, 5).

Others have also observed a systematic relationship be-
tween leaf and soil n-alkane patterns as expressed in the ACL
values along a (latitudinal) temperature gradient (Bush and
Mclnerney, 2015; Tipple and Pagani, 2013). Zooming in on
the preservation of the signal, the results were mixed.. Bush
and MclInerney (2015) found a stronger correlation between
soil ACL and temperature than plant ACL and temperature in
the USA. Also in the USA, Tipple and Pagani (2013) found
that the soil and plant ACL correlation with temperature were
of the same order of magnitude. However, the difference be-
tween our results and previous work can be explained by the
differences in the leaf data used in these studies, where one
study focusses on two particular species and the other study
sampled both woody and herbaceous plants (Bush and McIn-
erney, 2015; Tipple and Pagani, 2013). In contrast, a third
study reporting on leaf and soil ACL data from South Africa
found no relation to temperature or precipitation, but they
noted this was due to the short environmental gradient sam-
pled (Carr et al., 2014). The muted correlation of ACL with
temperature in soil n-alkanes in our study as compared to
the leaf n-alkanes is most likely the result of soil n-alkanes
reflecting an average of a larger spatial-temporal scale than
that reflected in leaves (Howard et al., 2018; Wu et al., 2019).
The overall reduction of the range of variability in the soil
n-alkane patterns (compared to leaf n-alkane patterns) sup-
ports this idea (Fig. 3d), but further research is needed. It is
unlikely that the muted correlation is caused by (preferen-
tial) degradation of the n-alkane signal, as ACL and CPI are
uncorrelated (Fig. 4c).

A systematic temperature and/or precipitation signal
recorded in leaf wax n-alkanes and subsequently preserved
in the soil, as our results seem to indicate, would offer an ex-
citing addition to our palaeoecological proxy toolbox. How-
ever, the relationships that were observed must be interpreted
with caution. While the correlations are statistically signifi-
cant, the signal shows an appreciable degree of noise (Figs. 3
and 4), indicative of the presence of other factors in addition
to the environmental parameters that influence the n-alkane
patterns. Indeed, in addition to environmental factors, genetic
and ontogenetic factors are also significant determinants of
n-alkane patterns in leaf waxes, and the relative importance
of each of these is most likely strongly ecosystem dependent
(Jansen and Wiesenberg, 2017). Moreover, correlation does
not prove causation, and while unlikely in the light of the
available literature that was previously discussed, we can-
not completely rule out that the observed correlation of ACL
with temperature and precipitation is the result of a hidden
parameter that was not considered, or even pure coincidence.
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A second environmental correlation to consider is the ob-
served inverse correlation of the CPI metrics of soil n-alkanes
with temperature and precipitation (Fig. 4c). A similar in-
verse correlation has been observed in soils before by oth-
ers and has been attributed to increased microbial degrada-
tion of n-alkanes under favourable (warm and wet) condi-
tions, independent of local standing vegetation (Luo et al.,
2012; Rao et al., 2009). Along an altitudinal transect in Peru
similar to our study, lower CPI values at lower elevations
(warmer) have also been observed in soils and suspended
river sediments (Feakins et al., 2018; Wu et al., 2019). Con-
trastingly, Bush and Mclnerney (2015) did not find a clear
correlation between soil CPI and environment. However, the
Bush and Mclnerney (2015) study was done along a latitudi-
nal gradient in the USA so it is possible that the relationship
is not perceived in all ecosystems, and instead particular to
the tropical settings of this study. Again, this is testimony
to the ecosystem dependency of the dominant factors driving
n-alkane patterns in vegetation and soils (Jansen and Wiesen-
berg, 2017).

4.3 Implications for n-alkanes as a proxy for past
environmental change

4.3.1 Reconstruction of vegetation composition

Together with previous findings (e.g. Bush and Mclnerney,
2015; Teunissen van Manen et al., 2019a; Tipple and Pagani,
2013), our results suggest that n-alkane patterns vary pre-
dominantly in the relative abundances of longer vs. shorter
n-alkanes, which are consistently reflected in the ACL and
ratio metrics in our study, regardless of degradation level.
This indicates that, under the specific environmental circum-
stances in our study, the information with respect to relative
abundance of n-alkanes of various chain lengths is preserved
throughout their journey from the plant leaf to the soil. This is
important as it forms the basis of palaeoecological vegetation
reconstructions based on the difference in relative n-alkane
abundances indicative of different (groups of) plant species
(e.g. Jansen et al., 2013). Our results support the mounting
evidence that in many ecosystems, including the one rep-
resented in our study, interpreting the n-alkane biomarker
record based on knowledge from modern n-alkane patterns
in principle is valid. However, the large differences in vari-
ability between the sample types should be noted, leaf n-
alkanes being highly variable and soil n-alkanes less so. The
decreased variability of soil n-alkane patterns has been noted
before and has been attributed to degradation of the n-alkane
signal in soils and the averaging qualities of soil samples
(Bush and MclInerney, 2015; Howard et al., 2018; Wu et al.,
2019). Therefore, when comparing ancient n-alkane records
to modern leaf data the larger variability of leaf n-alkane pat-
terns and responses should be kept in mind, as sedimentary
n-alkane records are unlikely to reflect the same range of re-
sponses. Additionally, results from Wu et al. (2019) suggest
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that soil n-alkanes are a quantitatively important source of
sedimentary n-alkane records. Therefore, although our re-
sults suggest that the n-alkane signal remains similar, bas-
ing n-alkane record interpretations of modern leaf data could
lead to over- or underestimation of the reconstructed change
in vegetation composition, and shifts in environmental com-
position inferred from it. One way to overcome this is to in-
terpret the ancient n-alkane record based on calibrations of
modern soil n-alkanes rather than on modern plant n-alkanes.
Of course, one should keep in mind that in our present study
we only considered soil samples from the very top of the soil
profile. In order to make a palaeoecological reconstruction
over time, the n-alkane patterns must subsequently also be
preserved over time in the soil and be present in a chronolog-
ical stratification. Whether or not this is the case will again
be strongly ecosystem dependent (Jansen and Wiesenberg,
2017).

4.3.2 Reconstruction of temperature and/or
precipitation

As indicated, the observed correlations of the ACL and ra-
tio metrics with temperature and to a lesser extent precipita-
tion may constitute a first step to exploring the possibility of
using such preserved leaf wax n-alkane patterns as tempera-
ture and/or precipitation proxy. With respect to preservation
of the signal, it was encouraging to see that, although the
strength of the correlations between the metrics (ACL and
ratio) and the environment decreased as the source material
degraded (Figs. 4, 5), the n-alkane patterns were muted but
not obliterated. Nevertheless, as a result of the degradation
and smoothing of the signal once in the soil, the changes in
the n-alkane biomarker signal likely underestimate past en-
vironmental change, and it is doubtful that a quantitative re-
construction of the magnitude of change can be based on the
n-alkane record alone. Corrections to counter the ancient 7n-
alkane signal potential underestimation of inferred changes
have been proposed, specifically using CPI as an indicator of
n-alkane signal degradation (Buggle et al., 2010), and may
serve as a starting point of further study.

However, in addition to potential degradation hindering a
quantitative interpretation, the more fundamental point of the
observed noise within the correlations and the co-correlation
of temperature and precipitation must be considered. To-
gether with the variable results obtained by the few other
studies that considered systematic temperature and/or pre-
cipitation dependency of the n-alkane signal in the context
of an environmental reconstruction, this indicates that there
still is much research needed to rigorously test and further
develop such a proxy. In particular, the fact that the leaf wax
n-alkane signal represents an ecosystem-specific interplay of
environment, genetics, and ontogeny poses a challenge. This
means that the proxy will not be universally applicable, but
only in situations where the temperature and/or precipita-
tion signal has a significant influence on the n-alkane pat-
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terns with respect to the other factors that govern it. Even
then, those other factors must be filtered out as much as pos-
sible, especially if we are looking for a quantitative appli-
cation rather than a qualitative indication of a direction of
change. Possible steps in such an endeavour may be to com-
bine a possible application as temperature and/or precipita-
tion proxy with existing modelling approaches aimed at dis-
tilling vegetation composition information (i.e. the genetic
component) out of the mixed n-alkane signal in soils, such
as with the VERHIB model (Jansen et al., 2013). In addition,
a combined application with compound-specific D analysis
of n-alkanes of the dominant chain lengths in the signal may
help unravel a potential precipitation signal (e.g. Lane et al.,
2018). Our study should be seen as an encouraging incentive
for such future research, with the ultimate goal not of find-
ing a silver-bullet proxy for temperature and/or precipitation
changes, but rather an additional proxy that when applied in
a multi-proxy approach with other palaecoecological proxies
can help us reconstruct past environments with increasing ac-
curacy and completeness.

The value of CPI as a proxy has been up for discussion, as
plant data varied largely and no systematic variability with
environmental conditions was observable (Bush and Mcln-
erney, 2013; Carr et al., 2014; Feakins et al., 2016; Wang
et al., 2018). However, this illustrates how knowledge from
leaf n-alkane signals does not directly translate to the n-
alkane biomarker record, as it overlooks soil processes which
can imprint environmental information in the n-alkane sig-
nal (this study, Wu et al., 2019). In our study and in pre-
vious work, soil CPI has been observed to vary with tem-
perature (Luo et al., 2012; Rao et al., 2009), suggesting that
the n-alkane biomarker signal has a secondary way of re-
flecting environmental conditions due to soil processes, most
likely microbial degradation of the n-alkane signal by alter-
ing the even-chain length in the n-alkane pattern. However,
this signal is likely dependent on the study region, as studies
conducted outside of tropical settings have not observed the
correlation between soil CPI and environmental (warm/wet)
conditions. Therefore, while our study confirms the general
view that CPI is a valuable indicator of degradation, it seems
unlikely that other environmental information can be distilled
from it.

5 Conclusion

Our study of the n-alkane patterns in leaf waxes of the same
plant genera sampled together with leaf necromass and the
uppermost soil layer along a tropical altitudinal transect of-
fered a unique opportunity to study the preservation of the
n-alkane patterns and specifically any potential environmen-
tal information contained therein along the leaf-necromass—
soil chain. In addition, it gave us the opportunity to explore
a possible, tentative relationship between n-alkane patterns
and temperature and precipitation. Our results showed that
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degradation of n-alkane patterns did occur, as indicated by a
muted signal and an increase in CPI in the soil samples. How-
ever, the similarity between the overall n-alkane patterns as
well as the ACL in leaf and soil samples shows that such
degradation did not obliterate the n-alkane patterns. More
importantly, the fact that the ACL and ratio metrics corre-
lated significantly with the temperature and precipitation gra-
dient along the transect in all sample types (leaves, necro-
mass, and soil) shows that the environmental information
stored in the n-alkane patterns was preserved along the jour-
ney of the n-alkanes from leaf to soil. Further interpretation
of that environmental signal seems to hint at a direct relation-
ship between temperature and precipitation, and the n-alkane
patterns that might be explored as an additional palaeoeco-
logical interpretation of leaf-wax-derived n-alkane patterns
stored in soils and sediments, next to the more established in-
terpretation as a proxy for shifts in vegetation composition.
Results from the plant physiological literature as well as a
limited number of other studies that explored such a rela-
tionship in the field justifies the conclusion that this relation-
ship warrants further exploration. However, one should keep
in mind that the present study was not explicitly designed
to establish a causal relationship between n-alkane patterns
and environmental factors. For this, process-oriented plant
physiological studies under controlled conditions are recom-
mended. Moreover, even if a causal relationship is rigor-
ously established, many other confounding factors may limit
its application as palaeoecological proxy. A causal relation-
ship between n-alkane patterns and temperature and precipi-
tation may be obscured by other co-varying factors such as a
shift in vegetation composition over time. In addition, while
we found good preservation of the information contained in
leaf wax n-alkane patterns in the youngest soil layer, sub-
sequently such a signal must be preserved in chronological
order in soils or sediments if it is to be used to track the rela-
tionship over time. Whether or not such preservation occurs
will be highly ecosystem dependent. Therefore, we explicitly
do not see the observed relationship between n-alkane pat-
terns and temperature and precipitation as a new silver-bullet
proxy. Rather we see it as an interesting addition to the exist-
ing and ever-expanding suite of palacoecological proxies that
warrants further investigation to establish to what extent and
in which specific ecosystem-dependent settings it might help
improve the accuracy and precision of multi-proxy palaeoe-
cological reconstructions.
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Table Al. Sample replicates table, denoting the replicate sample field code (sample), replicate sample type (type), the replicate sample
average n-alkane concentration (in ng g_l) of dried sample, CONw; the associated standard, CV(%; and the number of replications done, N.

Sample Type CONw +=SD CV(%) N
1 necromass 269.34 62.24 23.1 3
12 necromass 342.74 40.04 11.7 3
14 necromass 788.67 244.28 31.0 3
7 necromass 444.65 39.16 8.8 3
BIOM 003  soil 227.71 32.84 144 2
BIOM 006  soil 138.49 7.38 5.3 3
BIOM 007  soil 167.98 28.26 16.8 6
BIOM 010  soil 322.17 5.83 1.8 3
BIOM 015  soil 251.93 65.95 262 2
BIOM 018  soil 48.64 12.66 260 6
BIOM 019  soil 37.01 1.55 42 2
BIOM 022  soil 90.00 13.01 14.5 6
BIOM 024  soil 127.41 2.69 2.1 2
BIOM 025  soil 66.42 16.21 244 2
BIOM 026  soil 136.65 24.95 18.3 3
BIOM 027  soil 114.12 2.19 19 2
BIOM 028  soil 237.27 32.63 13.8 3
BIOM 032  soil 129.86 5.60 4.3 3
BIOM 033  soil 166.04 30.86 186 2
BIOM 036  soil 196.50 94.24 480 2
BIOM 038  soil 57.83 13.13 22.7 3
BIOM 040  soil 1094.09 155.69 14.2 3
BIOM 046  soil 167.32 30.76 18.4 3
BIOM 049  soil 396.95 15.78 40 5
BIOM 050  soil 104.22 7.69 74 2
BIOM 051  soil 136.15 42.57 31.3 3
BIOM 053  soil 61.85 7.12 11.5 2
BIOM 056  soil 158.34 25.50 16.1 3
BIOM 057  soil 180.53 16.65 9.2 3
BIOM 058  soil 136.85 34.39 25.1 2

Biogeosciences, 17, 5465-5487, 2020 https://doi.org/10.5194/bg-17-5465-2020
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Figure B1. Sample fingerprints: relative abundances (%) of the n-alkane chain lengths per sample. Samples that were measured repeatedly
show average relative abundance (%) and standard deviation from the average relative abundance (lines); see also Table A1. Graph titles refer
to sample field codes and sample type, where numbers without a prefix indicate necromass samples, the BIOM prefix indicates soil samples
and the GK, MCL, MTH, MBR, MCO, and MOC prefixes indicate plant samples.
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Figure C1. nMDS (a, b) and correlation results (c, d) of the leaf samples without the Miconia bracteolata species samples (four samples in

total).

https://doi.org/10.5194/bg-17-5465-2020

Biogeosciences, 17, 5465-5487, 2020



5486

Data availability. All data presented in this paper are available
on Figshare: https://doi.org/10.21942/uva.10299068 (Teunissen van
Manen et al., 2019b).

Author contributions. MLTVM, WDG, and BJ conceived and de-
signed the study. MLTvM, FC, and SLY facilitated and conducted
fieldwork. MLTvM did the lab analysis and analysed the data.
MLTvM, WDG, and BJ wrote the paper. All authors contributed
to the drafts of the paper and its final approval.

Competing interests. The authors declare that they have no conflict
of interest.

Financial support. Financial support came from the Institute for
Biodiversity and Ecosystem Dynamics (University of Amsterdam).
Additional funding came from the EcoAndes Project conducted by
the Consortium for the Sustainable Development of the Andean
Ecoregion (CONDESAN) and United Nations Environment Pro-
gramme (UNEP), funded by the Global Environmental Fund (GEF),
cooperation agreement no. 4750.

Review statement. This paper was edited by Sébastien Fontaine and
reviewed by two anonymous referees.

References

Ardenghi, N., Mulch, A., Pross, J., and Maria Nie-
dermeyer, E.: Leaf wax n-alkane extraction: An op-
timised procedure, Org. Geochem., 113, 283-292,
https://doi.org/10.1016/j.orggeochem.2017.08.012, 2017.

Brittingham, A., Hren, M. T., and Hartman, G.: Microbial
alteration of the hydrogen and carbon isotopic composi-
tion of n-alkanes in sediments, Org. Geochem., 107, 1-8,
https://doi.org/10.1016/j.orggeochem.2017.01.010, 2017.

Buggle, B., Wiesenberg, G. L. B., and Glaser, B.: Is there
a possibility to correct fossil n-alkane data for postsedi-
mentary alteration effects?, Appl. Geochem., 25, 947-957,
https://doi.org/10.1016/j.apgeochem.2010.04.003, 2010.

Bush, R. T. and Mclnerney, F. A.: Leaf wax n-alkane distribu-
tions in and across modern plants: Implications for paleoecology
and chemotaxonomy, Geochim. Cosmochim. Ac., 117, 161-179,
https://doi.org/10.1016/j.gca.2013.04.016, 2013.

Bush, R. T. and Mclnerney, F. A.: Influence of temperature and C4
abundance on n-alkane chain length distributions across the cen-
tral USA, Org. Geochem., 79, 65-73, 2015.

Carr, A. S., Boom, A., Grimes, H. L., Chase, B. M., Meadows,
M. E., and Harris, A.: Leaf wax n-alkane distributions in arid
zone South African flora: Environmental controls, chemotaxon-
omy and palaeoecological implications, Org. Geochem., 67, 72—
84, https://doi.org/10.1016/j.orggeochem.2013.12.004, 2014.

Crausbay, S., Genderjahn, S., Hotchkiss, S., Sachse, D., Kahmen,
A., and Arndt, S. K.: Vegetation Dynamics at the Upper Reaches
of a Tropical Montane Forest are Driven by Disturbance Over

Biogeosciences, 17, 5465-5487, 2020

M. L. Teunissen van Manen et al.: From leaf to soil

the Past 7300 Years, Arctic, Antarct. Alp. Res., 46, 787-799,
https://doi.org/10.1657/1938-4246-46.4.787, 2014.

Cronin, T. M.: Paleoclimates, in: Global Environmental Change.
Handbook of Global Environmental Pollution, Vol. 1, edited
by: Freedman, B., 49-54, Springer, Dordrecht, the Netherlands,
2014.

Eglinton, G. and Hamilton, R. J.: Leaf Epicuticular Waxes, Science,
156, 1322-1335, https://doi.org/10.1126/science.156.3780.1322,
1967.

Feakins, S. J., Peters, T., Wu, M. S., Shenkin, A., Sali-
nas, N., Girardin, C. A. J., Bentley, L. P, Blonder, B.,
Enquist, B. J., Martin, R. E., Asner, G. P, and Malhi,
Y.: Production of leaf wax n-alkanes across a tropical
forest elevation transect, Org. Geochem., 100, 89-100,
https://doi.org/10.1016/j.orggeochem.2016.07.004, 2016.

Feakins, S. J., Wu, M. S., Ponton, C., Galy, V., and West,
A. J.: Dual isotope evidence for sedimentary integration
of plant wax biomarkers across an Andes-Amazon ele-
vation transect, Geochim. Cosmochim. Ac., 242, 64-81,
https://doi.org/10.1016/j.gca.2018.09.007, 2018.

Guo, N., Gao, J., He, Y., Zhang, Z., and Guo, Y.: Variations
in leaf epicuticular n-alkanes in some Broussonetia, Ficus
and Humulus species, Biochem. Syst. Ecol.,, 54, 150-156,
https://doi.org/10.1016/j.bse.2014.02.005, 2014.

Harrell, F. E. and Dupont, C.: Hmisc: Harrell Miscellaneous, R
package (version 4.2-0), available at: https://cran.r-project.org/
package=Hmisc (last access: 9 November 2020), 2019.

Hoffmann, B., Kahmen, A., Cernusak, L. A., Arndt, S. K., and
Sachse, D.: Abundance and distribution of leaf wax n-alkanes
in leaves of acacia and eucalyptus trees along a strong humid-
ity gradient in Northern Australia, Org. Geochem., 62, 62-67,
https://doi.org/10.1016/j.orggeochem.2013.07.003, 2013.

Howard, S., Mclnerney, F. A., Caddy-Retalic, S., Hall, P. A., and
Andrae, J. W.: Modelling leaf wax n-alkane inputs to soils along
a latitudinal transect across Australia, Org. Geochem., 121, 126—
137, https://doi.org/10.1016/j.orggeochem.2018.03.013, 2018.

Huang, Y., Eglinton, G., Ineson, P, Bol, R., and Harkness, D.
D.: The effects of nitrogen fertilisation and elevated CO,
on the lipid biosynthesis and carbon isotopic discrimination
in birch seedlings (Betula pendula), Plant Soil, 216, 35-45,
https://doi.org/10.1023/A:1004771431093, 1999.

Jansen, B. and Wiesenberg, G. L. B.: Opportunities and limitations
related to the application of plant-derived lipid molecular proxies
in soil science, SOIL, 3, 211-234, https://doi.org/10.5194/s0il-3-
211-2017, 2017.

Jansen, B., Nierop, K. G. J.,, Hageman, J. A., Cleef, A. M.,
and Verstraten, J. M.: The straight-chain lipid biomarker
composition of plant species responsible for the domi-
nant biomass production along two altitudinal transect in
the Ecuadorian Andes, Org. Geochem., 37, 1514-1526,
https://doi.org/10.1016/j.orggeochem.2006.06.018, 2006.

Jansen, B., Haussmann, N. S., Tonneijck, F. H., Verstraten, J.
M., and De Voogt, P.: Characteristic straight-chain lipid ratios
as a quick method to assess past forest-pdramo transitions in
the Ecuadorian Andes, Palacogeogr. Palaeocl., 262, 129-139,
https://doi.org/10.1016/j.palaeo.2008.02.007, 2008.

Jansen, B., de Boer, E. J., Cleef, A. M., Hooghiemstra, H., Moscol-
Olivera, M., Tonneijck, F. H., and Verstraten, J. M.: Reconstruc-
tion of late Holocene forest dynamics in northern Ecuador from

https://doi.org/10.5194/bg-17-5465-2020


https://doi.org/10.21942/uva.10299068
https://doi.org/10.1016/j.orggeochem.2017.08.012
https://doi.org/10.1016/j.orggeochem.2017.01.010
https://doi.org/10.1016/j.apgeochem.2010.04.003
https://doi.org/10.1016/j.gca.2013.04.016
https://doi.org/10.1016/j.orggeochem.2013.12.004
https://doi.org/10.1657/1938-4246-46.4.787
https://doi.org/10.1126/science.156.3780.1322
https://doi.org/10.1016/j.orggeochem.2016.07.004
https://doi.org/10.1016/j.gca.2018.09.007
https://doi.org/10.1016/j.bse.2014.02.005
https://cran.r-project.org/package=Hmisc
https://cran.r-project.org/package=Hmisc
https://doi.org/10.1016/j.orggeochem.2013.07.003
https://doi.org/10.1016/j.orggeochem.2018.03.013
https://doi.org/10.1023/A:1004771431093
https://doi.org/10.5194/soil-3-211-2017
https://doi.org/10.5194/soil-3-211-2017
https://doi.org/10.1016/j.orggeochem.2006.06.018
https://doi.org/10.1016/j.palaeo.2008.02.007

M. L. Teunissen van Manen et al.: From leaf to soil

biomarkers and pollen in soil cores, Palaecogeogr. Palaeocl., 386,
607-619, https://doi.org/10.1016/j.palaeco.2013.06.027, 2013.
Karger, D. N., Conrad, O., Bohner, J., Kawohl, T., Kreft, H., Soria-
Auza, R. W., Zimmermann, N. E., Linder, H. P., and Kessler,
M.: Climatologies at high resolution for the earth’s land surface
areas, Sci. Data, 4, 1-20, https://doi.org/10.1038/sdata.2017.122,

2017.

Lane, C. S., Taylor, A. K., Spencer, J., and Jones, K. B.: Compound-
specific isotope records of late-Quaternary environmental change
in souteastern North Carolina, Quaternary Sci. Rev., 182, 45-64,
https://doi.org/10.1016/j.quascirev.2017.12.022, 2018.

Luo, P, Peng, P. A,, Lii, H. Y., Zheng, Z., and Wang, X.: Latitudinal
variations of CPI values of long-chain n-alkanes in surface soils:
Evidence for CPI as a proxy of aridity, Sci. China Earth Sci., 55,
11341146, https://doi.org/10.1007/s11430-012-4401-8, 2012.

Maffei, M., Mucciarelli, M., and Scannerini, S.: Environ-
mental factors affecting the lipid metabolism in Rosmar-
inus officinalis L., Biochem. Syst. Ecol., 21, 765-784,
https://doi.org/10.1016/0305-1978(93)90089-A, 1993.

Marzi, R., Torkelson, B. E., and Olson, R. K.: A revised
carbon preference index, Org. Geochem., 20, 1303-1306,
https://doi.org/10.1016/0146-6380(93)90016-5, 1993.

Oksanen, J., Blanchet, F. G., Friendly, 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., and Wagner, H.:
vegan: Community Ecology Package, R package version 2.5-
5, available at: https://cran.r-project.org/package=vegan (last ac-
cess: 9 November 2020), 2018.

Pinto, E. and Cuesta, F.: Monitoreo de Biodiversidad, Contenidos de
Carbono, Productividad y Rasgos funcionales en Bosques Mon-
tanos, CONDESAN, Quito, Ecuador, 2019.

Pinto, E., Pérez, Al ., Ulloa Ulloa, C., and Cuesta, F.: Arboles rep-
resentativos de los bosques montanos del noroccidente de Pich-
incha, Ecuador, CONDESAN, Quito, Ecuador, 2018.

Rao, Z., Zhu, Z., Wang, S., Jia, G., Qiang, M., and Wu, Y.: CPI
values of terrestrial higher plant-derived long-chain n-alkanes: A
potential paleoclimatic proxy, Front. Earth Sci. China, 3, 266—
272, https://doi.org/10.1007/s11707-009-0037-1, 2009.

R Core Team: R: A language and environment for statistical
computing, available at: https://www.r-project.org/ (last access:
9 November 2020), 2017.

Schifer, 1. K., Lanny, V., Franke, J., Eglinton, T. L., Zech,
M., Vyslouzilovd, B., and Zech, R.: Leaf waxes in litter
and topsoils along a European transect, SOIL, 2, 551-564,
https://doi.org/10.5194/s0il-2-551-2016, 2016.

https://doi.org/10.5194/bg-17-5465-2020

5487

Shepherd, T. and Griffiths, D. W.: The effects of stress
on plant cuticular waxes, New Phytol.,, 171, 469-499,
https://doi.org/10.1111/j.1469-8137.2006.01826.x, 2006.

Smol, J. P, Birks, H. J. B., and Last, W. M. (Eds.): Tracking En-
vironmental Change Using Lake Sediments, Vol. 3, Terrestrial,
Algal, and Siliceous Indicators, Springer, Dordrecht, the Nether-
lands, 2001.

Teunissen van Manen, M. L., Jansen, B., Cuesta, F., Leon-
Yanez, S., and Gosling, W. D.: Leaf wax n-alkane pat-
terns of six tropical montane tree species show species-
specific environmental response, Ecol. Evol., 9, 9120-9128,
https://doi.org/10.1002/ece3.5458, 2019a.

Teunissen van Manen, M. L., Jansen, B., Cuesta, F., Leon-
Yianez, S., and Gosling, W. D.: From leaf to soil: n-
alkane signal preservation, despite degradation along an
environmental gradient in the tropical Andes, Figshare,
https://doi.org/10.21942/uva.10299068, 2019b.

Tipple, B. J. and Pagani, M.: Environmental control on
eastern broadleaf forest species’ leaf wax distributions
and d/h ratios, Geochim. Cosmochim. Ac., 111, 64-77,
https://doi.org/10.1016/j.gca.2012.10.042, 2013.

Wang, J., Xu, Y., Zhou, L., Shi, M., Axia, E., Jia, Y., Chen,
Z., Li, J.,, and Wang, G.: Disentangling temperature effects
on leaf wax n-alkane traits and carbon isotopic composition
from phylogeny and precipitation, Org. Geochem., 126, 13-22,
https://doi.org/10.1016/j.orggeochem.2018.10.008, 2018.

Wei, T. and Simko, V.: R package “corrplot”: visualization of a cor-
relation matrix (version 0.84), available at: https://github.com/
taiyun/corrplot (last access: 9 November 2020), 2017.

Wickham, H.: tidyverse: Easily Install and Load the “Tidyverse”
(version 1.2.1), available at: https://cran.r-project.org/package=
tidyverse (last access: 9 November 2020), 2017.

Wiesenberg, G. L. B., Schmidt, M. W. 1., and Schwark, L.: Plant and
soil lipid modifications under elevated atmospheric CO, condi-
tions: I. Lipid distribution patterns, Org. Geochem, 39, 91-102,
https://doi.org/10.1016/j.orggeochem.2007.09.005, 2008.

Wu, M. S., West, A. J, and Feakins, S. J.: Tropical
soil profiles reveal the fate of plant wax biomark-
ers during soil storage, Org. Geochem., 128, 1-15,
https://doi.org/10.1016/j.orggeochem.2018.12.011, 2019.

Zech, M., Pedentchouk, N., Buggle, B., Leiber, K., Kalb-
itz, K., Markovic, S., and Glaser, B.: Effect of leaf lit-
ter degradation and seasonality on D/H isotope ratios of n-
alkane biomarkers, Geochim. Cosmochim. Ac., 75, 4917-4928,
https://doi.org/10.1016/j.gca.2011.06.006, 2011.

Biogeosciences, 17, 5465-5487, 2020


https://doi.org/10.1016/j.palaeo.2013.06.027
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1016/j.quascirev.2017.12.022
https://doi.org/10.1007/s11430-012-4401-8
https://doi.org/10.1016/0305-1978(93)90089-A
https://doi.org/10.1016/0146-6380(93)90016-5
https://cran.r-project.org/package=vegan
https://doi.org/10.1007/s11707-009-0037-1
https://www.r-project.org/
https://doi.org/10.5194/soil-2-551-2016
https://doi.org/10.1111/j.1469-8137.2006.01826.x
https://doi.org/10.1002/ece3.5458
https://doi.org/10.21942/uva.10299068
https://doi.org/10.1016/j.gca.2012.10.042
https://doi.org/10.1016/j.orggeochem.2018.10.008
https://github.com/taiyun/corrplot
https://github.com/taiyun/corrplot
https://cran.r-project.org/package=tidyverse
https://cran.r-project.org/package=tidyverse
https://doi.org/10.1016/j.orggeochem.2007.09.005
https://doi.org/10.1016/j.orggeochem.2018.12.011
https://doi.org/10.1016/j.gca.2011.06.006

	Abstract
	Introduction
	Materials and methods
	Study site and sampling
	n-Alkane extraction and quantification
	Data analysis
	Standardization
	Multivariate analysis of n-alkane patterns
	n-Alkane metrics
	Environmental correlations


	Results
	Identification of the dominant changes in the n-alkane patterns
	Description of the patterns
	Identification of the signal in terms of metrics

	Environmental signal of the n-alkane patterns

	Discussion
	n-Alkane patterns and what they signal at different stages of source degradation
	Do the n-alkane patterns degrade significantly?
	Does the signal reflected in the n-alkane patterns degrade?

	Environmental information in n-alkane signals and its preservation across sample types
	Implications for n-alkanes as a proxy for past environmental change
	Reconstruction of vegetation composition
	Reconstruction of temperature and/or precipitation


	Conclusion
	Appendix A
	Appendix B
	Appendix C
	Data availability
	Author contributions
	Competing interests
	Financial support
	Review statement
	References

