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ABSTRACT

n-Alkanes derived from higher terrestrial plants preserved in
soils and sedimentary records have been found to provide
information on past environments, but the interpretation of
these records remains debated. In an effort to improve the
interpretation of such n-alkane sedimentary records, multiple
studies have examined the factors controlling the variability of
modern plant wax n-alkanes, such as plant species, vegetation
composition and environmental factors. However, another
source of variability that could confound interpretation is low
reproducibility of the n-alkane measurement (i.e. processing,
extraction, fractionation and measurement). Sample replicate
data (which tests the reproducibility of the measurement),
available from literature and from our own studies, suggests
that absolute concentrations of n-alkanes frequently vary
between replicate samples; coefficient of variation (CV) ranges
between 0-72 %. We examined if data characteristics (such as
study authors, concentration, n-alkane range and source mate-
rial measured) could explain the CV in the sample replicates
data. We identified that potential sources were related to low
reproducibility of the protocol, incomplete homogenization
of the sample, error amplification due to standardization, or
a combination of these. Although n-alkane concentrations
varied between replicates, the n-alkane chain-length distribu-
tions remained consistent between replicates. We conclude
that to better understand the relevance of the variability of
the n-alkane signal in biomarker research it is essential that
measurement robustness is explicitly quantified, reported on,
and discussed prior to attributing variability to other sources.



1 | INTRODUCTION

Due to the ubiquity of plant wax n-alkanes in nature and their persistence in soils and sedi-
ments plant wax n-alkanes are being developed as a biomarker with many applications in
environmental sciences and palaeoecology (Jansen and Wiesenberg, 2017; Kirkels et al.,
2013). Forexample, in environmental sciences, plant wax n-alkanes can indicate the source
of particulate air pollution (for example, Lyu et al.,, 2017). In palaeoecology, plant wax n-
alkanes are being developed as a proxy for determining past vegetation composition and
for reconstructing past environmental conditions (for example, Crausbay et al., 2014; Zech
etal.,, 2009, 2012).

Plant wax n-alkanes are produced by plants as part of a complex waxy epicuticular layer,
that is hypothesized to protect the plant from stressful environmental conditions and her-
bivory (Eglinton and Hamilton, 1967; Koch and Ensikat, 2008; Shepherd and Griffiths, 2006).
In response to environmental stressors, plants have been found to alter the amounts of wax
produced, as well as the chemical composition of the wax layer (Eglinton and Hamilton,
1967; Koch and Ensikat, 2008). The plasticity of the epicuticular wax layer is reflected in the
n-alkane fraction of the wax layer (Feakins et al., 2016; Hoffmann et al., 2013; Teunissen van
Manen et al., 2019). However, to what extent n-alkane plasticity occurs, and is consistent,
across plant taxa and which environmental factors control the amount and composition
of the n-alkane fraction are active fields of study (e.g. Hoffmann et al., 2013, Feakins et al.,
2016, Liu et al., 2018).

The push to understand the n-alkane biomarker signal has led to the identification of
many factors controlling n-alkane concentrations and composition variability, including
geography, environmental conditions, seasonality, species traits, vegetation structure and
leaf ontogeny (Bush and Mclnerney, 2015, 2013; Diefendorf and Freimuth, 2017; Feakins et
al., 2016; Jansen and Wiesenberg, 2017; Kirkels et al., 2013). However, one potential source
of variability seems to have been mostly overlooked, namely, the potential for variability
caused during the analysis of the sample (i.e. the extraction, purification and measurement
of n-alkanes from a sample). There are multiple steps that can help quantify the n-alkane
measurement error. These include: analysing blank samples alongside normal samples
to check for contamination, measuring external standards in repeat, running equipment
reliability tests to check for (compound specific) equipment performance, or measuring
replicates of a sample (i.e. measuring two or more subsets of a homogenized sample) to
check for the overall reproducibility of the measurement.

Asurvey of the literature studying the variability of n-alkane concentrations and compo-
sition from 2017 to 2019, shows that out of 42 studies, only three studies report sample rep-
lication results (Appendix A). Thirty-three of the studies published did not report any type
of reproducibility tests, and six reported equipment testing (such as GC-MS accuracy tests)
or repeated measures of external standards (Appendix A). Additionally, the three published
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studies that did report sample replicate results each had a different style of reporting the
results of sample replication; from very general (stating that sample replicates were below
a certain threshold of analytical variability (Lyu et al., 2017), to very explicit (reporting repli-
cate averages, standard deviation and coefficients of variation in table format (Hoffmann et
al., 2013; Teunissen van Manen et al., 2019)).

The lack of reporting on reproducibility testing, sample replication in particular, means
that: (1) very little is known about how much n-alkane measurements vary, (2) there is no
literature standard on what comprises acceptable variability (or robust data) or how to
report it, and (3) the consequences of measurement variability for interpretation are not
discussed. Not understanding n-alkane measurement variability impedes the confident
employment of n-alkanes as a molecular proxy, as interpretations of past n-alkane records
could be confounded.

Here we present a novel attempt at characterizing n-alkane variability, by studying the
limited replicate sample data available in literature. Specifically, we present the sample
analytical replicate data of all analysis done by the authors (published and under review),
and compare our results with the available data of studies that report sample replication. In
particular, we take a critical look at the data to: (1) assess the extent of the sample replicates
variability in the available data, (2) asses how the observed sample replicate variability af-
fects the results of the available data, and (3) discern likely sources for the observed sample
replicate variability, based on the sample replicate data characteristics and the available
literature. Finally, we reflect on the implications for the n-alkane biomarker field and
recommend reproducibility testing practices to further our understanding of n-alkane vari-
ability. As the literature survey indicates, the available replicate sample data is limited and
therefore we recognize that the data cannot conclusively resolve these matters; however,
we are able to identify the potential sources of measurement variability that merit further
investigation, and encourage further exploration of n-alkane measurement variability.

2 | MATERIALS & METHODS

We gathered the data analysed by the authors (Jansen et al., 2006; Teunissen van Manen
et al., 2019, 2020) and calculated the replicate sample set mean concentration (CONw),
standard deviation (SD) and coefficient of variation (CV) per replicate set. We gathered
additional data of sample replication results that were openly available for comparison
(Hoffmann et al., 2013). To simplify terminology we have coded the dataset references as
follows (Table 1): Hoff (Hoffmann et al., 2013), Jans (Jansen et al., 2006), TvM1 (Teunissen
van Manen et al., 2019), TvM2 (Teunissen van Manen et al., 2020).

Hoff replicated all measurements in triplicate and reported averages and coefficients
of variation in their manuscript. We retrieved these data and calculated the SD based on



the given CONw and associated CV values in the table. For the other datasets (Jans, TvM1,
TvM2) the measured n-alkane concentration per replicate subsample (2alk) was available,
from which the CONw, SD and CV per replicate set were calculated directly. The n-alkane
Yalk, CONw, SD and CV were calculated following:

Salk = z§[cn] (Eq. 1)

Where C, is the concentration of a n-alkane chain, measured between the range n-i from a
subsample.

_ X(Zalk)
CONw = =—— (Eq. 2)

Where Nis the number of subsamples of a replicate sample set and Zalk is the total concen-
tration of n-alkanes in each subsample.

_ ’Z(Zalk—CONw)2
sD(a) = N (Eq.3)

Where Zalk is the concentration of n-alkanes per subsample, CONw is the mean n-alkane
concentration of the replicate sample and N is the number of subsamples of a replicate
sample set.

0 100

v = CONw (Eq. 4)

Where SD is the standard deviation from the mean n-alkane concentration of the repli-
cates and CONw is the mean n-alkane concentration of the replicates. Prior to analysis
the concentrations of all datasets were recalculated to ng g for ease of comparison. The
concentrations in the Hoff dataset were standardized to grams of leaf dry weight, instead of
grams of dry sample as in other datasets (Hoffmann et al., 2013).

We assessed the effect of the reported measurement replicability on the results of the
associated dataset in two ways. First, we compared the replicate sample CONw variability
to the overall CONw variability of the studied system. For this we chose the Hoff and the soil
analysis subset of TvM2 (TvM2-soil) datasets because these were sampled and replicated
extensively along a significant environmental gradient. We quantified the variability of the
studied system by calculating site and transect variability (CONw, SD and CV), which we
then compared to the reported sample replicate variability. The Hoff data was sampled
from Acacia and Eucalyptus (i.e. Corymbia and Eucalyptus) trees along a latitudinal transect
in Australia (12.44°S - 23.70°S, Hoffmann et al., 2013), the TvM2-soil data was sampled along
a elevational transect in Ecuador (635 - 3507 m above sea level, Teunissen van Manen et al.,
2020). Second, we visually assessed the effect of n-alkane measurement variability on the
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n-alkane relative distributions (i.e. the n-alkane pattern). Specifically, we selected replicate
sample set “14” from the TvM2 dataset because it had the highest CV value in the dataset for
which the individual n-alkane chain length data was available. For each of the replicates in
the sample set, we calculated the relative abundance of each chain length (% of Yalk). We
then calculated the mean relative abundance of each chain length for the replicate sample
set, and the standard deviation from the mean. This gives the mean proportion of each
chain length, and how much this proportion varies between replicates.

To discern likely sources for the observed sample replicate variability, we noted four
key dataset characteristics: (1) study authors, (2) sample source (leaf, necromass, soil or
sediment), (3) sample concentration measured, and (4) the n-alkane chain length range
measured. Due to the differences in the units measured for the sample concentration
characteristic (‘CONw’) we analysed the Hoff dataset separately. For the results to be com-
parable between datasets we transformed the continuous variable CONw into a categorical
variable with three levels (‘low’, ‘middle’, ‘high’) based on the quartiles of the data (‘CONw
level’). The quartiles were calculated using the ‘quantile()’ function from the core ‘stats’
package in R (R Core Team, 2017).

The gathered data was not suitable for direct statistical comparison, due to the many
methodological differences between studies and the limited amount of data. For this
reason we decided that visual exploration of the potential sources for the reported sample
replicate CV was more appropriate.

3 | RESULTS

The CVvalues of the 63 replicate sets presented varied between 0.1% and 72%, the median
CV value was 15% (Table 1, Figure 1). Therefore, more than half (41 replicate sets, 65%) of
the replicate set CV values surpassed the lower (10%) acceptability threshold, and further-
more 26 replicate sets (41%) had CV values surpassed higher (20%) threshold (Figure 1).

The CV values of the Hoff and TvM2-soil data varied between 2-72% and 1-18%, respec-
tively (Table 1). The Hoff-Acacia data replicate variability falls within the Acacia transect
variability (transect CV = 88%) (Figure 2a, Appendix B). The Hoff-Eucalyptus data replicate
variability falls within both the site (site CV between 3-109%) and the transect variability
(transect CV = 95%) (Figure 2a, Appendix B). The TvM2-soil data replicate variability falls
within both the site (site CV between 16-116%) and the transect variability (transect CV =
1019%)( Figure 2b, Appendix B).



Table 1| Overview of replicated samples showing the replicated sample (set) name, the number of subsamples
in the sample set (N), the average n-alkane concentration of the replicate sample set (CONw), the replicate set
standard deviation from the mean n-alkane concentration (SD), the coefficient of variation from the mean
n-alkane concentration (CV). Also given are the data characteristics: the CONw level category, the source
material, the n-alkane range measured and the study author with respective dataset naming code.

[next page]

CONw Source n-Alkane
Replicate sets N CONw* *SD CV(%) category material range code
Acacia aneura 3 2818000 1944420 69  high leaf 10(C23-C33)  Hoff
Acacia auriculiformis 3 238000 104720 44  high leaf 10(C23-C33)  Hoff
Acacia colei 3 740000 229400 31  high leaf 10(C23-C33)  Hoff
Acacia colei 3 817000 98040 12 high leaf 10(C23-C33)  Hoff
Acacia cowleana 3 1486000 29720 2 high leaf 10(C23-C33)  Hoff
Acacia kempiana 3 2752000 165120 6 high leaf 10 (C23-C33)  Hoff
Acacia kempiana 3 1340000 281400 21  high leaf 10 (C23-C33)  Hoff
Acacia shirleyi 3 210000 48300 23 high leaf 10 (C23-C33)  Hoff
Acacia sp. 3 145000 14500 10  middle leaf 10 (C23-C33)  Hoff
Corymbia aparrerinja 3 265000 84800 32 high leaf 10 (C23-C33)  Hoff
Corymbia confertiflora 3 10000 3400 34 low leaf 10(C23-C33)  Hoff
Corymbia dichromophloia 3 22000 2200 10 low leaf 10 (C23-C33)  Hoff
Corymbia foelscheana 3 17000 1190 7 low leaf 10(C23-C33)  Hoff
Corymbia polycarpa 3 28000 1400 5 low leaf 10 (C23-C33)  Hoff
Corymbia terminalis 3 110000 60500 55  middle leaf 10(C23-C33)  Hoff
Corymbia terminalis 3 30000 4200 14  low leaf 10(C23-C33)  Hoff
Corymbia terminalis 3 18000 8280 46 low leaf 10(C23-C33)  Hoff
Corymbia terminalis 3 34000 8500 25  low leaf 10(C23-C33)  Hoff
Eucalyptus leucophloia 3 117000 39780 34 middle leaf 10 (C23-C33)  Hoff
Eucalyptus miniata 3 56000 7840 14  middle leaf 10 (C23-C33)  Hoff
Eucalyptus pruinosa 3 155000 12400 8 middle leaf 10 (C23-C33)  Hoff
Eucalyptus pruinosa 3 66000 21780 33 middle leaf 10 (C23-C33)  Hoff
Eucalyptus pruinosa 3 89000 59630 67  middle leaf 10 (C23-C33)  Hoff
Eucalyptus tectifica 3 16000 5440 34 low leaf 10 (C23-C33)  Hoff
Eucalyptus tectifica 3 38000 25080 66  low leaf 10 (C23-C33)  Hoff
Eucalyptus tetrodonta 3 58000 14500 25  middle leaf 10 (C23-C33)  Hoff
Eucalyptus tetrodonta 3 90000 64800 72 middle leaf 10 (C23-C33)  Hoff
72a 3 21543 7347 34 high soil 22 (C12-C34) Jans
72b 3 45640 3838 8 high soil 22 (C12-C34)  Jans
73a 3 107847 38673 36 high soil 22 (C12-C34) Jans
73b 3 143393 85338 60 high soil 22 (C12-C34)  Jans
76a 3 339% 1225 36  high soil 22 (C12-C34) Jans
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Table 1 | (continued)

CONw Source n-Alkane
Replicate sets N CONw* 1SD CV(%) category material range code
76b 3 3286 1239 38 high soil 22 (C12-C34) Jans
T77a 3 2953 973 33 high soil 22 (C12-C34) Jans
77b 3 3307 408 12 high soil 22 (C12-C34) Jans
Guaera kunthiana 15 3 148 26 18  middle leaf 10(C23-C33) TvM1
Miconia clathrantha 22 2 53 9 16 low leaf 10(C23-C33) TvM1
Miconia theaezans 17 3 291 29 10 middle leaf 10(C23-C33) TvM1
1 3 269 62 23 middle necromass 12 (C21-C33)  TvM2
7 3 445 39 9 high necromass 12(C21-C33) TvM2
12 3 343 40 12 middle necromass 12 (C21-C33)  TvM2
14 3 789 244 31 high necromass 12 (C21-C33) TvM2
BIOM 006 3 138 7 5 middle soil 18 (C15-C33)  TvM2
BIOM 007 3 168 31 18  middle soil 18 (C15-C33)  TvM2
BIOM 010 3 322 6 2 middle soil 18 (C15-C33)  TvM2
BIOM 018 3 49 5 11 low soil 18 (C15-C33)  TvM2
BIOM 022 3 90 14 16 low soil 18 (C15-C33)  TvM2
BIOM 026 3 137 25 18  middle soil 18 (C15-C33)  TvM2
BIOM 028 3 237 33 14 middle soil 18 (C15-C33) TvM2
BIOM 032 3 130 6 4 middle soil 18 (C15-C33)  TvM2
BIOM 038 2 51 5 10  low soil 18 (C15-C33)  TvM2
BIOM 040 3 1094 156 14 high soil 18 (C15-C33) TvM2
BIOM 046 2 185 2 1 middle soil 18 (C15-C33)  TvM2
BIOM 049 3 400 17 4 high soil 18 (C15-C33) TvM2
BIOM 051 2 112 4 3 middle soil 18 (C15-C33) TvM2
P4 2 4 0.4 9 low sediments 16 (C21-C37)  TvM2
P7 36 0.2 3 low sediments 16 (C21-C37)  TvM2
P23 3 12 3 24 low sediments 16 (C21-C37)  TvM2
P28 2 8 1 15  low sediments 16 (C21-C37)  TvM2
P29 2 7 1 13 low sediments 16 (C21-C37)  TvM2
P39 2 4 0.003 0.1 low sediments 16 (C21-C37)  TvM2
P43 25 0.2 5 low sediments 16 (C21-C37)  TvM2
P40 3 13 1.1 9 low sediments 16 (C21-C37)  TvM2
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Figure 1 | Replicate sample set coefficient of variation (CV) values, ordered from low to high, per author.
The short dashed lines represent the 10% and 20% rule of thumb values considered acceptable variance in
literature (Lyu et al., 2017; Teunissen van Manen et al., 2019). The long dashed lines indicate the median
CV value of all replicates.
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Figure 2 | Effect of measurement variability on
the CONw results along the Hoff (a) and TvM2-soil
(b) sampling transects. Points are the CONw of the
(replicate) sample, lines show measurement vari-
ability (SD) of the replicated sample. The Hoff data
(a) shows the Acacia (closed black points) and Eu-
calyptus (closed grey points) log" "alkane ng g-1 of
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soil data shows the log'’ n-alkane ng g-1 of dry soil
sample of replicated samples (open black points)
and single measurement samples (open grey points),
along the altitudinal transect.
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The CONw of the TvM2-necromass replicate sample set “14” has an associated CV value
of 18% (Table 1). Looking in detail at the absolute concentrations fingerprint, the chain
length CV is between 16-35% (median CV 26%) (Figure 3a, Appendix C). In the relative
abundances fingerprint, the CV is between 3-28% (median CV 13%) (Figure 3b, Appendix C).

Overall there was no obvious systematic variance in the CV values attributable to the
data characteristics recorded, but there were some visible differences between study au-
thors, source material, CONw category, and n-alkane chain length range measured (Figure
4). It should be noted that in our study, all categories overlapped extensively so that no true
distinction can be made between them (Table 1).

500 a) absolute concentrations o 70 " "
ot b) relative proportions
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Figure 3 | The absolute (a, ng g-1) and relative (b, %) fingerprints of the replicate sample set 14 (TvM2-nec-
romass). Lines indicate the standard deviation from the mean n-alkane concentration (a) or mean n-alkane
proportion (b).

There were similarities in the distribution of the replicate CV values between authors
(Figure 4a). Specifically, replicates from the Hoff study had the widest range of CV values
(Figure 4a). Jans replicates had the highest median CV value, whereas the TvM1 and TvM2
replicates had lower median CV compared to the other datasets (Figure 4a).

A visual trend was observed between the CV values and source material (Figure 4b),
where generally the median CV of each category decreased as the source material became
increasingly degraded (from leaf to sediment). However, it should be note that the sample
size for the necromass and sediment categories was very small (four and eight, respectively)
when compared with the leaf and soil categories (30 and 21, respectively), which could
incorrectly exaggerate the decreasing trend in CV with sample degradation (Figure 4b).

We observed that the range and median of the replicate set CV values in the high CONw
category was wider and higher than in the low and middle categories, for the datasets mea-
sured in ngg” of dry sample (Figure 4c). This was not reflected in the CV values of CONw
expressed in ngg™' of dry leaf weight, where the range and median of replicate set CV values
was similar across CONw categories (Figure 4c).



The shortest range of n-alkanes measured (10, C,;-Cs3) had the widest range of replicate
set CV values (Figure 4d). The widest range of n-alkanes measured (22, C;,-Cs,) had the
highest median replicate set CV value. Other n-alkane ranges did not differ from each other
strongly in replicate set CV range or median (Figure 4d).
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Figure 4 | The distribution of sample replicate set mean concentration (CONw) CV values split across data
characteristics: study authors (a), sample source (b), sample set CONw category (c) and, the range of n-
alkanes measured (d). Boxplots indicate median and interquartile ranges of the CV data. The CONw catego-
ries were determined by the quartile ranges of the CONw data, per unit (ng/g dry leaf or ng/g dry sample).
Specifically, “low” is the lower quartile, “middle” is the interquartile range and “high” is the upper quartile.
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4.1 | Replicate sample variability

The reported CV values from the four datasets (Hoff, Jans, TvM1, TvM2) varied widely with a
median CV of 15% (Figure 1). There is no consensus in the literature of what comprises an
acceptable standard of variance within sample replication, e.g. one study accepted <10%
(Teunissen van Manen et al., 2019) and another study accepted <20% (Lyu et al., 2017).
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Furthermore, a study that reported sample replication only in figure format, qualitatively
assessed the sample replicate variability as “small” (Zhao et al., 2018); however, our esti-
mates of the individual n-alkane chain length CV values based on reading data from the
figure (mean values and whiskers represented in figure 3 in Zhao et al., 2018) range from
8-75%. Aside from reflecting how flexible the notion of ‘acceptable variability’ is in litera-
ture, it also illustrates how hard it is to assess sample replicate variability visually. In the
compiled data 65% of the replicate sample sets reported CV values above 10%, and 41%
of the replicate sets reported CV values above 20% (Figure 1, Table 1). This demonstrates
that the concentration of the sample replicates frequently vary above the rules of thumb
of acceptable variability suggested in the literature (Lyu et al., 2017; Teunissen van Manen
etal, 2019).

4.2 | Variance in n-alkane datasets

To contextualize the observed replicate sample variability we next zoom in on the largest
and most extensively replicated two datasets (Hoff and TvM2-soil). Specifically, using these
data we: (1) explore the effect of the reported n-alkane sample replicate variably on the
interpretation of results, and (2) give an indication of what might be considered acceptable
variability.

4.2.1 | Effect of variability on results

None of the Hoff and TvM2-soil replicate sample sets varied more than their respective
site and transect range, despite some high replicate sample set variability (up to 72%) in
the Hoff dataset (Table 1, Appendix 2). In the Hoff and TvM2-soil datasets, the high vari-
ability in the measurement did not exceed the studied system variability, suggesting that
the measurement was robust enough for the purpose of exploring the relationship between
CONw and the environment. In the case of the Hoff dataset, it should be noted that if the
replicate set CV values of the Acacia data had been consistently high across replicate sets,
the measurement would not have been sufficiently accurate to infer a significant relation-
ship between Acacia n-alkane concentrations and the transect.

Although the CV values of the absolute concentrations reported here suggest low
reproducibility of the n-alkane measurement, the n-alkane relative abundances (i.e. the
n-alkane patterns) are much more robust (Figure 3, Appendix C). This is illustrated by the
TvM2-necromass replicate sample set “14” (Figure 3), where mean n-alkane chain length
specific concentrations vary widely (between 16-35%), but the relative abundances of each
chain length vary less (between 3-24%).

4.2.2 | Defining acceptable variability within n-alkane datasets
Overall our results suggest the effect of measurement inconsistencies, and therefore what
might be ‘acceptable’ variability, is dependent on the overall variability of the system



studied. Therefore, arguing what type of measurement precision is required for a particular
study is more important than comparing with a rule of thumb that has been developed for
a different study context. That is not to say that having a rule of thumb for acceptable vari-
ability cannot be useful, the subjective choice for a 10% CV seems appropriate (considering
it is on the lower end of the median CV values recorded, Figure 1), but the rule of thumb
should be validated in the context of any specific study.

4.3 | Potential sources of n-alkane measurement variability.

We will next discuss potential sources of the variance in n-alkane analysis, and in measure-
ments of absolute concentrations in particular, based on the data characteristics and the
literature available.

4.3.1 | Variance between authors

We find that there are differences in the measurement reproducibility between authors,
where the Hoff and Jans have higher median CV values than the TvM1 and TvM2 replicate
sample sets (Figure 4a). There are many differences between the studies, suggesting
that overall, the differences in their approach, sampling and/or protocol led to different
measurement reproducibility. One major difference between the studies is that Hoff stan-
dardized the n-alkane concentration to leaf weight, which could amplify the measurement
error of the sample. This is supported by the fact that Hoffmann et al. (2013) also present
their measurements standardized to leaf area, which have considerably lower CV values
(between 2-21%).

4.3.2 | Variance between sample types

Of the replicate sample data available, the leaf and soil samples had a wide range of CV val-
ues (2-72% and 1-60%, respectively), suggesting that successfully replicating the measure-
ment of these samples is hard to do (Figure 4b). This could be due to incomplete sample
homogenization. Plant material is known to be highly heterogeneous at the individual and
leaf(let) level (Ardenghi et al., 2017; Eglinton and Hamilton, 1967). Similarly, a study on lipid
yields extracted from soils found that the extract concentrations varied with grain size and
organic matter in the soils (Quénéa et al., 2012), suggesting that sample homogenization
can also play an important role in the success of replicating a soil sample. Although the
sample sizes in our study are limited, the decreasing median CV from leaf, to necromass,
to soils and to sediments suggests that the level of degradation of the n-alkane sample (or
alternatively the increasing spatiotemporal averaging effect of the sample) has some effect
on the reproducibility of the measurement (Figure 2d).

The co-extraction of chlorophyll could be another reason for inconsistent measurement
reproducibility thatis particular to leaf samples. Literature indicates that that the commonly
used MeOH/DCM solvent mixture’s relative apolarity (MeOH) causes more chlorophyll to
extract which can subsequently lead to clogging of the silica gel chromatography columns
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(Ardenghi et al., 2017). However, the addition of an internal standard prior to extraction or
fractionation should compensate for these irregularities introduced by the sample (as long
as the internal standard compound is similar to the n-alkanes measured).

4.3.3 | Variance between n-alkane concentrations

We hypothesise that the measuring of very large, or very small, amounts of n-alkanes could
push the systems to the limits of reliable detection and expected the range and median CV
for these categories to be wider and higher than the middle category. We see that for the
datasets presented in ng/g of dry sample, measurement reliability decreases (i.e. CV range
and median increase) as the concentration increases (Figure 4c). However, we do not see
this reproduced in the Hoff data (ng/g dry leaf) (Figure 4c). This suggests that measuring
very small or very large amounts is likely not intrinsically harder to do consistently.

4.3.4 | Variance between range of measurements

Some literature has indicated that the range of the n-alkane measured can affect reproduc-
ibility (Aebig et al., 2017; Ardenghi et al., 2017). For example, shorter (C12-C20) and longer
(C34-C40) n-alkane chain lengths have been found to be measured under detection limit
regularly (Ardenghi et al., 2017). Inconsistently detecting these chain lengths can add vari-
ance in replicate measurements. Additionally, low molecular weight n-alkanes (C19 and
below) have been show to volatize more easily than middle to high molecular weight
n-alkanes (C21 and above) (Aebig et al., 2017). The irregularities introduced by measuring
particularly short and particularly long n-alkanes (either due to detection limit or volatiliza-
tion problems) could partially explain why the Jans samples, which measured a relatively
wide range of n-alkanes chain lengths (C12-C34), exhibited a relatively higher median CV
value of 35% compared to the other studies (Figure 4d). In contrast, the TVM2-soil sample
replicates, which were measured at a slightly narrower range of n-alkanes (C15-C33) (Table
1), exhibit a much lower median CV of 10%. However, it seems unlikely that the large dif-
ference in reproducibility (CV 35% vs. 10%) is due to a relatively small shift (C13 - C34 vs.
C15-C33) in n-alkanes measured alone (Figure 4d).

Methodological differences, other than those discussed in the sections above, between
the four studies likely influence n-alkane measurement reproducibility, which the available
data cannot quantify. For example, irregularities of the equipment and GC-MS measure-
ment error. Jansen et al. (2006) found that n-alkane extraction amounts using ASE were
strongly affected by pressure, it is possible that insufficient system reliability could intro-
duce variance at this step. Similarly, the GC-MS has a measurement error which contributes
to variance of the replicate measurement. However, internal standards can compensate
for extraction irregularities and equipment measurement error can be tested (for example
by repeatedly measuring known n-alkane mixtures, see Schemmel et al., 2017; Tao et al,,
2017).



4.4 | Implications for the n-alkane molecular proxy

We found there is very little data on n-alkane replicate measurement variability in the
published academic literature. Although the concentration and pattern results of the data
presented here were not altered by their respective reported measurementinconsistencies,
the robustness of the interpretation of these data can only be assessed in the study specific
context of these variance data. Not assessing the replicability of the measurement can
impede unifying the n-alkane data produced and, in worst case scenarios, could confound
interpretations of the n-alkane data.

In order for the n-alkane molecular proxy research to produce comparable and robust
results, it needs a standardized methodology and replication practices. Studies are arising
on method optimization, for example studying the effect of temperature, pressure, solvents
and extraction methods (Aebig et al., 2017; Ardenghi et al., 2017; Jansen et al., 2006; Qué-
néa et al., 2012; Wiesenberg et al., 2004). Despite the efforts to improve and standardize
methods, testing the reproducibility of the n-alkane measurement remains overlooked.
We therefore suggest the n-alkane molecular proxy research field adopt a best practice of
replicating (part of) the studied samples and report the mean concentrations, standard
deviation and coefficients of variation in table format (datasheet), so the robustness of the
measurement can be explicitly discussed in context of the system variability and compare
between studies.

5 | CONCLUSION

Based on our own measurements and the available data in literature, we find that repli-
cated n-alkane measurements vary to the extent that low analytical reproducibility is to be
expected rather than the exception. Although the low analytical reproducibility did not alter
the interpretation of the n-alkanes extracted from leaves and soils along the environmental
gradients studied (Hoff and TvM2-soil datasets), they do show that acceptable variability
is dependent on the study context and on whether the focus of the study is on n-alkane
absolute concentrations (amounts) or n-alkane patterns (composition). We therefore sug-
gest that n-alkane measurement reproducibility should always be discussed clearly and
explicitly in n-alkane molecular proxy studies.

No common characteristic of the data examined was found to explain the observed
variability between replicates; however, potential sources could be attributed to low repro-
ducibility of (some steps in) the protocol, incomplete sample homogenization, amplification
of the error due to standardization choices, or a combination of both. The apparent low re-
producibility of n-alkane measurements calls into question our understanding of the factors
that contribute to the variability of the n-alkane signal, especially the variability in n-alkane
concentrations. In order to further our understanding of (non-analytical) n-alkane variability,
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it is essential that the n-alkane molecular proxy research field adopts replication practices
and invests in developing robust, reproducible protocols. We encourage n-alkane biomarker
studies to include sample replicates, and to explicitly quantify, report, and discuss the ob-
served sample replicate variability prior to attributing variability to other sources.

6 | DATA AVAILABILITY

All data replicate samples data owned by the authors is available at:
https://doi.org/10.21942/uva.11537487

7 | FUNDING SOURCES

This study was funded by the Institute for Biodiversity and Ecosystem Dynamics (IBED) and
the University of Amsterdam (UvA).

8 | GLOSSARY

Talk: the concentration of the replicate subsample. See also sample replication and repli-
cate sample set.

CONw: mean concentration of the replicate sample set. See also replicate sample set.

CV: coefficient of variation from the replicate samples. In this study it is the standard devia-
tion from the replicate samples CONw, expressed as a percentage of the CONw. See also
CONw.

Sample replication: measuring multiple subsets of a homogenized sample, with the aim
to test the consistency of the measurement. This requires the sample to be subsampled

multiple times.

Replicate sample: A sample that was measured multiple times. See also sample replica-
tion, replicate subsample and replicate sample set.

Replicate subsample: One of the subsamples from the homogenized replicate sample.



Replicate sample set: The collection of subsamples taken from the same replicate
sample. See also sample replication and replicate sample.
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10 | APPENDICES

Appendix A

In order to survey reported n-alkane measurement testing, and sample replication in par-

ticular, we searched Web of Science and Science Direct websites. The search commands

used were:

«  Web of Science: TS=( ( "Leaf wax" OR "plant wax" ) AND ( n-alkane OR n-alkanes ) AND
(biomarkers OR concentration ) )

«  Science Direct website: KEY (("Leafwax" OR "plantwax") AND (n-alkane OR n-alkanes)
OR (biomarkers OR concentration))

Both searches were done on July 10" 2019. Search results were filtered to cover only the
last three years (2017-2019, included). The lists were compared and combined to a total
of 74 unique records. We then checked each of the records to assess whether the studies:
(1) presented original n-alkane data (not a review paper), and (2) reported n-alkane data
(concentrations, distributions, CPI, ACL, and/or n-alkane chain ratios). This resulted in a
narrowing of the list to 42 records, which we then checked to see if they reported on any
sampling or measurement replication in the materials and methods, and results sections
(Table A.1). Studies that had no mention of measurement reliability testing in the methods
or results sections (text or figures) were labeled “no”, studies that mentioned some form of
measurement reliability testing, but not sample replication, were labeled “external”. Stud-
ies that mentioned sample replication where labeled “yes”.

Table A.1 | List of studies included in survey, noted by their short reference and reported measurement
replicability.

Replication Reference

no Aichneretal., 2018
no Andrae et al., 2019
no Ardenghi et al., 2017
external Badejoetal., 2017
no Baker, Routh and Roychoudhury, 2018
no Balascio et al., 2018
no Bliedtneretal., 2018
no Collinsetal., 2017
no Deng and Jia, 2018
external Denisetal., 2017

no Dunneetal., 2016
no Freimuth et al., 2019

no Griepentrog et al., 2019
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Table A.1 | (continued)

Replication Reference

no Haggi et al., 2019

no Howard et al., 2018

no Huangetal., 2018

no G.Llietal., 2018

no Y.Lietal., 2018

no Liuetal., 2017

no Liu and An, 2018

yes Lyuetal., 2017

no Makou et al., 2018

no Nelson et al., 2017

no Nelson et al., 2018

no Norstrom et al., 2017
no Puetal., 2018

no Lietal., 2017

external Ruanetal., 2018
external Schemmel et al., 2017
no Schreuderetal., 2018
no Simoneit et al., 2017
no Suh and Diefendorf, 2018
external Taoetal., 2017

yes Teunissen van Manen et al., 2019
no Trigui et al., 2019

no van den Bos et al., 2018
no Wang, Eley, et al., 2017
no Wang, Hren, et al., 2017
external Wang, Axia, et al., 2018
no Wang, Xu, et al., 2018
no Wu, West and Feakins, 2019
yes Zhaoetal., 2018

42 total

33 no

6 external

3 yes
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Chapter 5

Appendix B

Table B.1 | Site and transect variability, calculated for the Hoff and TvM2-soil datasets. Per site (site name)
and transect the sample source, mean concentration (CONw), standard deviation (SD), coefficient of varia-
tion (CV) and number of samples per site or transect (N). CONw is given in ng g-1 dry leaf weight in the Hoff
dataset and in ng g -1 dry soil sample weight in the TvM2-soil dataset.

[next page]

Site/transect Sample CONw SD cv N  Dataset
Alice Acacia 1340 - - 1 Hoff
Barrow Acacia 2752 - - 1 Hoff
Daly Acacia 210 - - 1 Hoff
Darwin Acacia 238 - - 1 Hoff
Elliott Acacia 740 - - 1 Hoff
Helen Acacia 817 - - 1 Hoff
Larrimah Acacia 145 - - 1 Hoff
Tennant Acacia 1486 - - 1 Hoff
Territory Acacia 2818 - - 1 Hoff
Darwin Eucalyptus* 57 1 3 2 Hoff
Tennant Eucalyptus* 103 20 19 2 Hoff
Elliott Eucalyptus* 133 32 24 2 Hoff
Adelaide Eucalyptus* 13 4 33 2 Hoff
Katherine Eucalyptus* 28 15 54 2 Hoff
Larrimah Eucalyptus* 56 48 86 2 Hoff
Alice Eucalyptus* 150 163 109 2 Hoff
Barrow Eucalyptus* 30 - - 1 Hoff
Daly Eucalyptus* 28 - - 1 Hoff
Helen Eucalyptus* 66 - - 1 Hoff
Territory Eucalyptus* 18 - - 1 Hoff
Transect Acacia 1172 1031 88 9 Hoff
Transect Eucalyptus* 68 64 95 18  Hoff
VERD_03 soil 282 45 16 3 TvM2
RIBR_01 soil 293 47 16 3 TvM2
VERD_01 soil 351 63 18 3 TvM2
CEDR_03 soil 133 27 20 2 TvM2
MIND_01 soil 48 11 23 3 TvM2
BECL_02 soil 40 10 24 3 TvM2
MALO_01 soil 147 38 26 4 TvM2
MAPI_01 soil 49 16 32 3 TvM2
BECL_01 soil 162 67 41 3 TvM2




Table B.1 | (continued)

Site/transect Sample CONw SD cv N  Dataset
MALO_02 soil 164 78 48 3 TvM2
INTI_02 soil 115 57 50 3 TvM2
YANA_01 soil 156 85 55 3 TvM2
VERD_02 soil 110 71 65 3 TvM2
BECL_03 soil 106 69 65 3 TvM2
INTI_O1 soil 72 49 68 3 TvM2
CEDR_01 soil 555 523 94 3 TvM2
MAPI_02 soil 138 160 116 3 TvM2
Transect soil 172 174 101 51 TvM2

*following Hoffmann et al (2013), includes Corymbia and Eucalyptus species
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Appendix C

Table C.1 | The absolute (a, ng g-1 of dry necromass sample) and relative (b, %) fingerprints of the replicate
sample set 14 (TvM2-necromass), visualized in Figure 3. Per unit and per chain length, the mean, standard
deviation (SD) and coefficient of variation (CV, %) are given. Values in bold are above 20% rule of thumb
considered acceptable measurement variability.

a) Absolute (ng g-1) b) Relative (% of ng g-1)

Alkane Mean SD cv Mean SD cv
Cc21 1 0.2 20 0.2 0.04 24
C22 2 0.6 35 0.2 0.06 28
C23 8 1.6 20 1.0 0.11 11
C24 3 0.5 21 0.3 0.08 22
C25 13 2.5 19 1.7 0.21 12
C26 8 1.2 16 1.0 0.19 18
C27 303 95.2 31 38.3 1.04 3

C28 20 4.3 22 2.6 0.22 9

C29 326 109.9 34 41.2 1.04 3

C30 11 2.9 26 1.4 0.18 13
C31 83 24.6 30 10.6 1.19 11
C32 4 1.0 28 0.5 0.10 22
C33 8 2.4 30 1.0 0.13 13




