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Integrating plant wax abundance and isotopes for palewegetation
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Abstract. Plant waxn-alkane chain length distribution aigbtopeshave been studied in modern ecosystems as proxies to
reconstruct vegetation and climate of the pgdstvever most paleeproxiesfocus oreitherconcentrations or isotopeghereas

both carrycomplementaryinformation on the mixing sources. We propose a nagtirce mixing model in a Bayesian
framework that evaluates bathain lengh distributions and isotopsgmultaneouly. The model consists of priors that include
userdefined source groups and their associated parametric distributiona bfk ane ¢ onc & Theanixingppn arr
process involves newly defined mixing fractions such as fractional leaf mass contribution (FLMC) that can be used in
vegetation reconstructioMarkov Chain Monte Carlds used tayenerate samples from the posterior distributibrthese
parametersonditioned orbothdata typesWe presenthreecase studieSom distinct settingsThe firstinvolvesn-Cyz, n-Cag
andn-Cs; alkanes in lake surface sediments of Lake Qinghai, Chitmamodel providemorespecific interpretations on the
n-alkane input from aquatic sources than the conventi®gpalroxy. Thesecondnvolvesn-Cyg, N-Cs1 andn-Cgz alkanes in

lake surface sediments in Cameroon, western Africa. The model produces mixing fractions of;faagai@ha ¢ and G
plants,offering additional information on the dominant biomes compared to the traditionangmember mixing regime.

The third couples the vegetation source model thyarogen isotopanodel component using biomespecific apparent
fractionation factos ((3) to estimatethe (?H of mean annual precipitatioBy leveragingchain length distribution 3@ and

’H data of foum-alkane chainsh e model pr oduces 3% withielmelyesmall pnceaainty pmitftet i o n
new framework shows promise for interpretation of palata, but could be further improved by includipgcesses
associated wittm-alkaneturnover in plants, transport, amtegration into sedimentary archive=suture tudies on modern

plants and catchment stgmswill be critical to developcalibration datasetthat advance the strength and utility the

framework

1 Introduction

Plant waxn-alkyl compounds, including-alkanes n-alkanoic acidsp-alkanols anch-esters are important biomarkers in
paleoenvionmental reconstructions. Among themid- andlong-chainn-alkanes 23i 35 carbonsare the most frequently

studied lipid compound class due to their great abundance in higher plants and excellent preservation in sedimentary archive
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(e.g., Sachse et al., 2012; Bush and Mclnerney, 2013; Freeman and Pancost, 2014; DiefefRdeirhattd 2017; Liu and

An, 2020) The use of-alkanes as paleoenvironmental proxies relies on our understarfidigir diosynthesis and extensive
surveys of their distributions in modern plamsAlkanes of various chain lengths are synthesized via the sesteganic
biochemical pathway in all higher plants, which resultsthe characteristic of oddvereven cabon chain length
predominancde.g., Eglinton and Hamiltor,967; Kolattukudy et al., 1976; Cheesbrough and Kolattukudy, 1984; Hayes,
1993; Kunst and Samuels, 2003; Chikaraishi et al., 200 persistence of such chain length predominance in sedimentary
archives has been used to inform the state of preservation irdelantdn-alkanes(e.g., Bray and Evans, 1961; Eglinton and
Hamilton, 1967; Buggle et al., 2010; Zech et al., 2013; Brittingham et al.,.2017)

Despite the shared odivereven chain length predominance, the absolute amounts and relative abuntiaradkearees differ
between major plant groups, and the distribution of chain lengths in sediments has been used as a chemical fingerprint t
reconstruct vegetation compositidn.terms of absolute amounts, angiosperms generally produce greater quainlities
chainn-alkanesghangymnospermgDiefendorf et al., 2011; Diefendorf et al., 2015; Dieferidord Freimuth, 2017 )while
terrestrial plants produce greater quantitiesoafdchainn-alkaneghan submerged/emergent aquatic maphytes(Ficken et

al., 2000; Mead et al., 2005; Aichner et al., 2010; Liu et al., 2015; Liu and Liu,.201&yms of relative abundances,

alkane chain length distributions differ betwgzsant functional typesuch as trees, shrubs, forbs, grasses and succulents, and
between deciduous and evergreen pl@Rtsmmerskirchen et al., 2006; Vogts et al., 2009; Diefendorf et al., 2011; Bush and
Mclnerney, 2013; Carr et al., 2014; Garcin et al., 2Baljewien et al., 2015; Diefendorf et al., 2015; Magill et al., 2019)
However, both absolute amounts and relative abundarfcealkaneshave been found to be highly variable within groups,

as they are influenced by physiological and environmental factors such as photosynthetic pathways, leaf age, temperature
elevation, light intensity and water stréesg., Koch et al., 2006; Diefendorf et al., 2011; Mackova et al., 2013; Tipple et al.,
2013; Bush and Mclnerney, 2015; Feakins et al., 2016; Liu et al., 2017; Suh and Diefendorf, 2018; Griepentrog et al., 2019)
The large uncertaties associated with characteristi@alkanechain length distributions have limited their application in
guantitative vegetation reconstructigBush and Mclnerney, 20135everal models have been developed to reconstruct
vegetation composition from-alkyl lipid chain length distributiofJansen et al., 2010; Gao et al., 2011; Peaple et al.,,2021)
but they all require a wide speatn of chains to be analyzed, which may not be feasible depending on the type of sediment
analyzed.

Stable carbon isotopes of chain length speciitkanes have also been used extensiweiydicatechanges in vegetatiasf

the pastThis is based on the watistablished empirical evidence that the distribution of carbaoioper at i os (usi n
notation) of plant-alkanes largely mirrors that of bulk plant tissue, primarily reflecting differences in the photosynthetic
pathways amiog terrestrial plants (e.g.3@s G) and the source of carbon in aquatic pl¢atg., Collister et al., 1994; Mead

et al., 2005; Aichner et al., 2010; Diefendorf and Freimuth, 2017; Liu and An,. Za0xample, terrestrial £plants produce
more*C-enrichedn-alkane than G plants(e.g., Bi et al., 2005; Rommerskirchen et al., 2006; Vogts et al., 2009; Kristen et
al., 2010; Badewien et al., 2019uch a distinction has been used to identify lagme changes betweepdhd G vegetation

b a s e d°C values bih-alkane extracted from sedimentary archiesy., Bird et al., 1995; Huang et al., 2000; Freeman
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and Colarusso, 2001; Scheful3 et 2003; Hughen et al., 2004; Castafieda et al., 2009; Niedermeyer et al., 2010; Tipple and
Pagani, 2010; Scheful? et al., 2011; Vogts et al., 2012; Uno et al., 2016; Zhou et al., 2017; Andrae et al., 2018; &glissar et
2019) At a finer scalecarbonisotopecompositions ofn-alkenes from G plants are influenced by both biological and
environmental factors, sues taxonomy, plant functional types, water availability, temperature, and a{gtgdeDiefendorf

et al., 2010; Cernusak et al., 2013; Diefendorf et al., 2015; Wu et al., 2017; Wang et al., 2018a; Liu and AGpatj2ed

to the uncertainties associated witlalkanec hai n | engt h di st r i BCwaliemimgandCiprntstarec e r t
relatively constrained and have been incorporated into reconstructions of vegetatiqe.cpv&arcin et al., 2014; Uno et al.,
2016; Andrae et al., 2018; Polissar et al., 20Hdwever, when the reconstructions are based on a linear mixing relationship
with a careful selection of one specifiealkane compound (oftemCyg or n-Css), they are associated with the challengt t
n-alkane production of the selected chain could vary betweesnitheembers. If the uncertainties associated widikane
production are not account for, it is possible that the uncertainty associated wittvggd¢ation reconstructions could be
mischaracterized, and that the interpretations could be biased.

Traditional interpretationsafa | kane proxies often rely on one | ¥Qvaluesf ev
of one <chain. Whi | e @ vajues sridelativie atsinddneevofemultipée pliame tcleitsvitl their
respective uncertainties, they are often interpreted independently, using the interpretation of one to qualitativetiaupport
of another. A more rigorous approach to interpreting these daké lseweveloped through the use of a proxy system model
(Evans et al., 2013; Dee et al., 2018; Konecky et al., 2009yhich the common and unique assumptions underlying the
interpretation of both chailength and isotope data are explicitly represented. Such a model would provide a gqueantitat
framework within which one proxy type can be used to constrain the uncertainties involved in the interpretation of the other,
and vice versa. In the case of plamalkanes, bth chain length distributiorand i*3C valuesof multiple chains carry
complanentary information related to the mixing of compounds from different vegetation sources. The combination of both
proxies, therefore, may help to better constrain uncertainties, reduce biases, and refine our interpreistitundy describes

a genericmulti-sourcen-alkane mixing model that incorporates béttes of evidence (chain lengths, carbon isotopes) and
their associated uncertainties in the interpretatitgsing case studies based on published sedimentalyanerecords, the
primary goals othis study are: 1) to demonstrate model utility by proposing and evaluatingsouttien-alkanemixing
regimes; 2) to demonstrate model potential by providing informed interpretations omixhy regimes with well
characterized uncertaintieand, 3) 6 exploe theuseof the modeln paleoclimate recairuction by linking the mixing model

to a simple model describing the ecosystgracific Hisotope fractionation betweenralkanes and local precipitation

2 Methods
2.1 Model structure

The proposed approach is achieved in a Bayesian hierarchical modeling framework (Figure 1), which can leverage informatior

from multiple proxies to provide a robust statistical basis for proxy integration. The hierarchical model is then inveyted us
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Markov Chain Monte Carlo (MCMC) method&eman and Geman, 198#) obtain posterior parameter estimates that are

conditioned simultaneolys on all proxy data. Similar modeling approaches have been applied tcamayses of

paleoclimatic/vegetation proxi€e.g., Garreta et al., 2010; Li et al., 2QTingley et al., 2012; Bowen et al., 202byut have

not been specifically proposed for proxy interpretation-afkanes.

2.1.1 Prior distributions

Our understanding of species levedlkanecai n | engt h di st r i b€ waluesns basaddon entpidcaln

evidence from extant planf{Sachse et al., 2012; Bush and Mclnerney, 2013; Diefendorf and Freimuth, 2b& ®xtensive

record of literature and the published empirical data form the basis for prescribing the pridexg#irdistributions used in

this work.

n-Alkaneconcentration (ug/g of died leaves)are influenced by the taxonomy, growth forms, and growing conditions of the
plant(Han et al., 1968; Ficken et al., 2000; Ruoserskirchen et al., 2006; Vogts et al., 2009; Diefendorf et al., 2011; Bush and

Mclnerney, 2013, 2015; Andrae et al., 2019; Magill et al., 20¥@}hin a souce group that is associated with a specific

combination of these factors, we expaalkaneconcentratiorto follow a groupspecific chain length distribution pattern

Thedistribution ofconcentration valuef®r a given chairwithin awell-definedsourcegroup typically follows a log-normal

distribution(Garcin et al 2014)Therefore, we assume that ach sample drawn frosourcegroupi (Figure 1A),n-alkane

concentration are derived from aultivariatelog-normal distribution

O € &q@ GO Que O

“ Rl gh

)

where’ § , arethe meas of the naturallog-transformedn-alkane concentratiomalues for chains 1 tan; 4fisanxn

variancecovariance matriof the naturallog-transformedh-alkaneconcentratiorvaluescalculated from empiricadatafor

each sourcgroupi.

Similarly, n-alkane U**C valuesare primarily influenced by taxonomy, photosynthetic pathways, and growing conditions of
the plant(e.g., Bi et al., 2005; Rommerskirghet al., 2006; Vogts et al., 2009; Diefendorf et al., 2010; Kristen et al., 2010;

S |

Cernusak et al., 2013; Badewien et al., 2015; Diefendorf et al., 2015; Wu et al., 2017; Wang et al., 2018a; Liu and. An, 2020)

Within a source groupthat is associated with a specific combination of these factors, we expk@nel'C to follow a

groupspecific distribution patterrBecausen-alkanes of different chain lengths are synthesized via the same biochemical

pathway] & 4 of all chairs should becorrelated(Eglinton and Hamilton, 1967; Cheesbrough and Kolattukudy, 1984,

Hayes, 1993; Kunst and Samuels, 2003; Chikaraishi et al., 20bBd)efore, we assume that feach sample drawn from

sourcegroupi (Figure 1A)]

6 4 are derived frona multivaiate normal distribution

where' 4 ; arethe mean

for each source group

A3€ forichains 1 to;

)

¢k IS anxnvariancecovariance matrixalculated from empiricalata
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Calculation of thevariancecovariance matties does not allow missing values in the empirical dataset. Therefore, data entries
with any missing value are removed before calculation ofdinencecovariance matces. The prior distribution parameters

allow random samples to be drawn from the prior distributions and used in the Process model calculation (Step 1 in Figure 1)
By using prior distributions derived entirely from modern plaatkane dta to inform the interpretation of sedimentary alkane
data, the version of the model i mpl e eaut ef dtmdsgherie GOamdp | i c i
minimal incorporation of reworked and potentially fagedn-alkanes into sedimentaarchives.

2.1.2Process model

The model consists of a generic mixing process with multiple sources, following the principle of isotope mass balance. First,
a fixed number of random drawk) (from the prior distributions are used to generate samplég af gand] 6 f to
characterize chain for each source group(similar to Figure 1A)Concentration values are in units of pgneélkane per

gram of dried leaves, and the random draws thus give a distribution of alkane yields leaf nmiiss sampled from the prior.

Both concentration and isotope data used to specify the prior distributions typically represent measurements from individual
plants, and the process of drawing theemndom samples is intended to represent the produmftimmintegrated sample from
kindividuals. Although in many cases we would expect more than 50 individuals of a particular source group to contribute to
a sedimentary sampli,= 50 was chosen to balance sample representation of prior distributiorssgpsbochasticity, and
algorithmic complexity. In general, larger valueskodire more prescriptive in that the random sample will conform more
closely to the prior distribution, and we consiéter 50 to be appropriately conservative in terms of allovgioge variation

in the samples drawn from the priors.

Second, we calculate the mixture of alkanes from all groups as a function of the fractional leaf mass conilb@n (
where"O0 0 @ives the relative leaf biomass from group i contributing akato the sedimentary sample. Because

B OO 0 6 p;"00 0 (& ROD O dollow a Dirichlet distribution:

00 O & ROD 0% OQF FEhR (3)

Where FE f are the Dirichletconcentratiorparameters. Using an uninformatipeior assuming equal mixture of the
sources, the Dirichletoncentratiorparameters are set to be the same. The vialuesE | p arechosenassuming a

uniform probability of O0 0 évithin its range (0, 1). It is important to note that potentidiedénces in leaf mass or lipid
turnover are not incorporated into this formulation: the valué®of0 @nay not be directly related to the standing biomass

of sourcsd if the alkane and/or leaf turnover rates for the groups differ.

Third, the weightedaverage relative abundancBA) of eachn-alkanen in the mixture can be calculated from the

concentrations and mixing fractions:
w8 B B R
YOp 5 5 (4)

where in the numeratdB 6 ¢ £yds the sum of concentrations from the random drdgvs$of chainn and source grouj

B "00 0 86 ¢ &xwis the fractioaweighted sum of concentrations for chaimf all source groups; in the denominator,
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B "O0 0 B ¢ &rnis the totah-alkane concentration for all chains and all source grdegp4) dictates thaB'Y 6
160 I 1.

Lastly, for chaimand ity 0 ; , according to isotope mass balance:

o B B M R
1 65 = R (5)

where in the numeratoB 6 ¢ £§r0 | O j isthe sum of the productsofa | k ane ¢ o n c’&irtenchtoindef an d
random drawsk) for sourcei;B 00 0 B 6 ¢ £;0 1 6 ; is the fiactionweighted sum of the sums for chairof all

165 source groups; in the denominatBr,"00 0 86 ¢ &xqis the same as in the numeratoiEiqg. (4). Eq. (5) is essentially a
concentration weighted isotope mass balance equatmi®C. U
The process model specifies the numerical relationships between random samples from the prior distributions and the simulate
metrics of interestY Oy ,1 0y ). The simulated metrics are then used in the Data model for further evaluations (Step 2

in Figure 1).

170 2.1.3Data modeland model inversion

All proxy data are subject to errors that are associated with the proxy observations thefsalvest al., 2013 herefore,
Y0p and Oy are modeled with their respective measurement error (FigureBeCause eachf themeasured RA

values are ratios by nature, they assumedo be associated with a Cauchy error term while centering around the true value

YO
175 Yo * 6 o&bYoy Ay (6)
Th x 'OGa G @A QU GO @stu, (7)

wheret ;  is the measurement error'¥fo; , and the hyper parametatsapeandrate are set to 5 and 0.05, respectively,
corresponding to the small error marginsnedlkane concentration measurements and the asso&8atelues which are
often reported to the third decimal digit.

180 Becauséhe urcertainty of theme a s ufC ealues iypically follows anormal distribution, they ar@ssumedo be associated

with a Gaussian error termvhile centering around the true value 6

1 65 x01 65 Aoy o, (8)
where, ; isthe measurement errorjof 6 ; , which is often reported as 1 standard deviation (sd) in the literature.
In the model inversion step (Steps 3 to 5 in Figure 1), MCMC is used to propose samples of all model parametaredtondit

185 on t he n¥€ and RA resdlts. U

2.1.4 Model implementation

The model structure described above is coded in the BUGS (Bayesian inference Using Gibbs Sampling)lamguena!.,
2012) andimplemented in R versioh.0.5 (R Core Team, 2021ysing thefrjag® package with tlise st a
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Another Gibbs Sampleencoder installed separatdRlummer, 2021)Three chains are run in parallel, and the number of
iterations is set at 800,000 to ensure model convergence, with the first 200,000 interactionsres Biwain thinning is set

at one per 240 iterations. Comgence is assessed visually via trace plBtpackage "mcmcplots”, Curtis, 201&)d with
reference to the c(Gamarang Rubic,d9Handt ef f dchavé sample size.
package. The iteration parameters are chosen to ensure complete convergence with rhat values smalleAtieaage@h

timefor a 3¢ h a Fevaluatioris approximately 2 hours.

2.1.5 Model output

Once the model inversion is completed, for each model parameter, its posterior density is summarized via the Kernel densit
estimation function fsdteantssiot ywi tihn dtehfeauR t pseckdder g8 . For
summaries such as timeaximum a posteriori estimation (MAPENedian densitgstimation and the 89% highest density
interval (HDI), are reported using functions in fRe p a c BagegtestB@Makowski et al., 2019)Out of all the parameters,

the posterior densities of two parameters are of special interest in the mixing processSOOn& i&s inEq. 3, Figure 1E).

The other is derived from the posterior samples generated by the MCMC process, which we term as the fractional contributior
of source to each specific chain (FSG,;, Figure 1E)

oY _ BB ﬁﬁ ' )

where the numerator is the fractisreighted sum of randomly drawik)(concentrations for chain of sourcei; the
denominator is the same as the numerat&q{4). Bivariate density plots and contour lines areduto explore covariation

patterns ofO0 0 @among the sources.

2.2 Case studies

Here we provideghreecase studies that demonstrate model characteristics and offer alternative interpretations of previously
publishedn-alkane proxy data. We consied thatn-alkanes extracted from lake surface sediments fulfills most of the
assumptions associated with the model structure, and therefore, chose lake surface sediments as the archiierothiaterest
first two case studieJ he third case study isabed om-alkanes extracted from marine caedimentdo demonstratenodel

utility in paleorecordsThe case studies are not intended to formally test or validate the modeling approach but to illustrate
how the model framework can offer an accessible and statistically informative approach for interpretatiathauoés and

similar proxy data.

2.2.1 Evduating aquatic and terrestrial n-alkane input in sediment samples ofake Qinghai

2.2.1.1 Background
Lacustrine sediments can incorporatalkanes that are sourced from both terrestrial and aquatic pfciten et al., 2000;

Mead et al., 2005; Aichner et al., 201Quantifyingcontributions fronthedifferent sources to specifiealkanes is important
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because it guidgsaleoenvironmental interpretation mfalkaneproxies. For exampley-alkanechain length distribution and
stabl e %G oa riHp leade bdeni used to investigate toenposition of sedimentary orgamicatte; and regional
hydrological conditions through time.g., Ficken et al., 1998; Schwark et al., 2002; Huang et al., 2004; Sachs2@a4l.,
Mead et al., 2005; Aichner et al., 201Many studies usthe proxyPaq= (Cas + Cas)/ (Co3 + Cas+ Cyo + Cgy) (Ficken et al.,

2000) asan indicatorof terrestrialaquatic surcedominance, to interpreheasured isotope ratio$ sedimentaryn-alkanes.

It quantifies the relative proportion of mahain(n-Cz3 andn-Css) vs. long chain homologbased on the evidence thmaid-

chain alkanes are largely produced by aquatic plants, while long chain alka@gsafd n-Cs1) are largely produced by
terrestrial plantge.g., Ficken et al., 2000; Aichner et al., 2010; Gao et al., 2011; Duan and Xu, 2012; Wang and Liu, 2012;
Liu and Liu, 2016)However, long chain alkanes (e.g-Cz7 andn-Czg) have been found in aquatic macrophytes, while-mid
chain alkanes (e.gn- Cys) have been found in some terrestrial plgetg., Aichner et al., 2010; Gao et al., 2011; Duan and
Xu, 2012; Wang and Liu, 2012; Liu et al., 2015; Digimschner et al., 2020 hese findings add some uncertainty to the use

of Pagand similar indicessindicators ofn-alkanecontributions from aquatic plants.

{i*3C values oh-alkanes have also been ussan indicatoof terrestrial or aquat sourcedominancege.g., Mead et al., 2005;
Aichner et al., 2010; Liu et al2015) This is based on the observation that some aquatic macrophytes that grow in shallow
wat er s 13 vatugsithatpre distinctive from those of terrestrigllénts and algae due to their ability to utilize dissolved
bicarbonate ions as their carbon soyeg., Allen and Spence, 1981; Prins and Elzenga, 1989; Keeley and Sandquist, 1992)
However, t he ¥Tvalees fprraepediit-dkane homélogue using a linear twnd mixing relationship will

be sensitive to differences malkane concentrations between e member vegetation types, leading to contradictory
interpretations from different compounds. The presence of addi{jbegbnd two) potential sources further complicates the
interpretation of such data.

To demonstrate how our model canovide quantitative estimates ofalkane mixing fractions ofmultiple aquatic and
terrestrial plansourcessimultaneously conditionedn isotopic and concentration data for all measured chain lengths, we

apply the modelisingpublished lake surface sediment data from thweations in Lake Qinghai

2.2.12 Datacompilation

The region of interest is the QingkEbetan Plateau in weste China, where both freshwater and saline lakes are abundant.
The land cover of the region is dominated by alpine meadow, steppe and shrubland, which consist of almost exglusively C
plants(Yu et al., 2001; Duan and Xu, 2012; Liu et al., 20\)st of the lakes in the region are shallow and densely populated
with submerged aquatic macrophytes and green algae during the short growing(8éaswer et al., 2010; Liu et al., 2015;

Liu and Liu, 2016) Based on these potential sources-alkanes in the region, we define three source groups:1) terrestrial
plants, 2) aquatic macrophytes, and 3) algae.

Persampl@-al kane concentrati on $C @& OMPDR) ofreGy,nChH aneénds; alkamepareegmpilech d U
from the literatire for terrestrial plants in the region, and aquatic macrophytes and algae in tH{ilctkesr et al., 2010; Liu

et al., 2015; Liu and Liu, 2016The compiled dataset (SupplementBata EA2, Yang, 2022 is used to provide parameter
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estimates for the prior distributions (as explained in section 2.1.1) for each source. Parameters of the multivariate norma
di stributions are esti mgR €@ote Team,2029)lotevalkate Re gesumpkicn ghatalkan@s t a t
concentrations follow a legormal distribution for each chain in each source, the distribution parameters are estimated using
t he R pEavStata(ylidardfi2013) Goodness of fit is visually assessed using quagtintile plots (Supplementary
Material, FiguresSland S2)n-al k ane c¢ o n c é%@ values bfisetented lakersuifacgd sediments from Lake Qinghai
are compiled fronkiu et al. (2015) Other data that characterize the composition and preservatiealkanes in the geological
archives, such ake P,q proxy, are also referenced in the data compilaficable J. Because the data aredeled to follow
multivariate normal/lognormal distributions (section 2.1.1), the prior distributions should be theoretically assessed in a
multivariate space, but such assessment would be difficult to visualize. Instead, for each variable in theateidpaae, the
multivariate density is fAcollapsedod onto a sin¢gigueeddi men
usi ng t hemxfMnom ct h onh & OpenMradeklaeyad., 2616)

2.2.2 Evaluatingn-alkane input along a vegetation gradient in lake sediments in western Africa

2.2.2.1 Background

Biome composition and its change over time have profound implications on climatic shifts, and the evolution of the biosphere.
The tropical grassland biome hashef particular interestecause of its n i i€ signéture and its important association

with climate of the past andammaian evolution(e.g., Cerling, 1992; Quade and Cerling, 199%8prre et al., 1997; Janis et

al., 2002; Bobe and Behrensmeyer, 2004; Stromberg, 2011; Kaya et al., 2018; Polissaret aM2019) st ud®Ces u:
values of long chain-alkanes to provide estimates of C; vegetation coverbased on linear mixing calculations using data

from one or more chain lengtf&arcin et al., 2014)n many case$-Cs alkane is used, as its concentration is often similar

in Czand G plants(e.g., Uno et al., 2016; Polissar et al., 20H)wever, this approach does not take advantage of the distinct
chain length dominance patterassociated with different biomes. For examplegfasses are associated with much higher
production of then-Cs; alkane than most {plants(Krull et al., 2006; Rommerskirchen et al., 2006; Bush and Mclnerney,
2013; Garcin et al., 2014yvhile tropical rainforest plants are associated with the very high production nfGhealkane,

(Vogts et al., 2009)Using the information from chain length distribution in additiod'#€ valueshas the potential tarpduce

more detailed reconstructions of biome composition beyond the biréCyr&tio.

To demonstrate how the model cprovide quantitative estimateg n-alkane contributions from multiple broadly defined
biomes,we apply the modelising published lake surface sediment data from tHoeations in a vegetation gradient in

Cameroon, western Africa

2.2.2.2 Data compilation
The region of interest is Sthaharan Africa where rainfall amount and seasonality are the primary determinants of biome
types(Sankaran et al., 2005; Aleman et al., 2020western Africa, vegetation cover is dominated by rainforest close to the

Equator, wooded grassland to the north, and a transitional zone in b&tiesry et al.2000; Rommerskirchen et al., 2003;

9



Garcin et al., 2012; Garcin et al., 2014; Schwab et al., 20d %articular, topical forest and savannaoody plant species
have been shown to -@xcurin this region(Aleman et al., 202Q0)making it an ideal place to investigate the potential of using
n-alkane proxies to reconstruct tdeminantCs biome. Based on the above information, we define three source groups: 1)
tropicd C4 plants, 2) savannas@lants, and 3) rainforests@lants. Succulent plants are excluded in the analysis due to their
290 low presence in the region.
Persample-al kane concentrati on $C @& OMPDR) ofreCGo, N4 aneéndCs alkamapareegmpilech d U
from the literature for terrestrial plants in western, southwestern, and eastern(Afrieal., 2005; Rommerskirchen et al.,
2006; Vogts et al., 2009; Kristen et al., 2010; Badewien et al., 2015; Diefendorf and Freimuth, 2017; Magill et alTh2019)
compiled dataset (Supplementddgata EA3, Yang, 2022is used to provide parameter estimates for the prior distributions
295 for each source (as explained in section 2.Rfipr parameters are estimated using the same methods as in section 2.2.1.2.
Goodness of fit is visually assessed using quagtigntile plots (Supplementary Materidfigures S2). n-Alkane
concent r aiCivaluessof selectkd lake surface sediments are compiledGangin et al. (2014)with estimated
fractional G vegetation coverfés) referenced from the same publication (Table 2).dvalhg the same methods as in section

2.2.1.2, univariate prior distributions glotted in Figure3 as density curves.

300 2. 2.3 Esti mat i%fgpomm-allkaneirgards m marioersediinents off the Zambezi River mouth

2.2.3.1 Background
Hydrogenis t o p e 3Hat, VSMOW) ofiterrestrial plant wax lipids have been extensively used to intetmages in
hydroclimate andainfall regimesin the African tropics(e.g., Tierney et al., 2008; Konecky et al., 2011; Scheful et al., 2011;
Berke et al., 2012; Feakins, 2013; Kuechler et al., 2013; Collins et al., 2014; Costa et al., 2014; Shanahan et adta?@ts; Ca
305 etal, 2016; Niedermeyer et al., 2016; Caley et al., 2018; Norstrém et al., A0i8)s based on the common assumption that
variation i°d psethpi pafHwariatipirdterestriablant wak lipids(Huang et al., 2004; Sachse
et al., 2006; Houetal.,2008) nvestigations i nto t hgbetwwgep plantevalipidsfandaauicd o n a
wat er r e wefgrasses (bathi2md G) I3 much more negative than that of othep@nts(Krull et al., 2006; Liu et
al., 2006; Smith and Freeman, 2006; Sachse et al., 2012; Kahmen et al., 2013a; Gamarra et al., 2016; Wang etAl., 2018b)
310 strong positive correl at i omGC;plasts, eHilsaomudh aveaked cortelatiomie pgesentanrCi d i
grassegSachse et al., 2004; Hou et al., 2008; Feakins and Sessions, 2010; Polissar and Freeman, 2010; Mclnerney et al., 201
Sache et al., 2012; Kahmen et al., 2013b; Kahmen et al., 2013a; Schwab et al., 2015; Gamarra et.alh& Gpdings
suggest that both vegetation type (e.g.v€GC plants) and aridity (e.g., in rainforest vs savang®i@mes) can impact the
interpretation of?HsedyDoeglag ehal. y201p;ICalling et alv, 2613; &Feakins, 2013; Nelson et al.,
315 2013; Wang et al., 2013a; Wang et al., 2018bpddition, as meioned in section 2.2.2,{grasses produce moneCs; and
n-Csz alkanes than £plants in general. As a result, when thalkanes are sourced fronCa/C4 mixed vegetation region, the
magnitude of ¢ ha%oferCst amdnyy alkanestan bekighér thanihat ofi-Cy alkane(Scheful? et al.,
2011; Wang etal.,,2013aWwhi | e di fferent met hods have been propdsed
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(Collins et al., 2013; Feakins, 2013; Magill et al., 2013; Konecky et al., 261ebt interpretations are based on data of one

320 selected chain (e.g., eithetCyg or N-Cs; for n-alkanes) while data of other chains are not directly interpréfét.the model
structure in section 2.1 and prior distributiarisroadly defined biomeis section 2.2.2, we assume that thiing fractions
among the vegetation types can be resohged ut3g and chain length distribution of multiptealkane chaingOne possible
solution to account for the effects of aridityrtalkanelH is to use biome p e c i bétiveem-&lkanes and mean annual
precipitation (MAP). However, challenges remairtie high parametric uncertainty of observee.g., inn-Cp, 14 ranges

325 f r o m t@ 22 in different plant functional types, Konecky et al., 2019), which can introdstdbstantiabmount of
uncertainty in the reconstructed precipitatiBhl values from a singlen-alkanechain( Pol i ssar andWé Andr
the parametric mcertainties of individuah-alkanechains are likely to be similar, simultaneous evaluatioiidfin multiple
chains can theoretically r ed3iofeMAR by tevemging thairlcommannsensitivitieato n t y
precipitation.

330 To demonstrate how the reconstructed biome compositions in section 2.2.2 can be used to furthietegsesation ofn-
a | k ahhamdgiiantitative estimiono f p r e ¢ Hpwie expand tieerexisting model structure outlined in section 2.1, to
permit evaluation of associateea | k &Hh,e*Citand relative abundance of multiple chains simultaneously. We apply the
expanded model to published marine core dat& (161603, Lat.T1 1 8. 24 12 A, ) off tnggZambeZi Riv@rén®uihA
Indian Ocear{Wang et al., 2013a)rhis dataset also allows forgaalitativecomparison(results reported in Supplementary

335 Material) to thepollen reord from another marine core near@fyeoB93111 , Lat . 1T21.55A, Long.
Kuhlmann, 2017)
2.2.3.2 Prioradistributions of U
To estiHmane MAP, we first use the def inibteidvefpsakanetatddARIpp ar

h

- F ———— P PUMT (10)

340 wh e r e?H tetms arginumerically expressed with a factor of 1000.

Solving Eg. (10}, O can be expressed as:

105 — p 1 O PTTTMP MM (11)

w h e PHeof alkane chaim and source groupis determined by} of chainn andsourcegroupi, as fHud.l as U

Similar to Egamorg#heg chainsef soargepugi to folloW a groupspecific distribution pattern, and assume
345 that foreach sample drawn frosourcegroupi, - 4 are derived frona multivariate normal distribution

- gR* GO aolQt yrh 45, (12)

where' g arethe meas @ fbr cHains 1 tan; ¢ i IS @n x nvariancecovariance matrixalculated from empiricalata

for each source group

PH of MAP is modeled to follow a normal distribution with the following mean and precision parameters:

350 1 'O x 0O ¢ At , (13)
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where* is modeledwith an uninformative prior using a uniform distribution with the following bounding values:
© x Y ¢ g, (14)
andt  is modeled with a target error of £&0, using the following shape andte parameters:
t X 00 a G PN Qu it GO @I (15)
2.2.3.3 Process model fan-a | k a?Ae U
The process model fora | k 2 llows the same model structure outlined in section 2.1.2, and is based on the same
assumptions associated withalkane concentration distribution among the chains. In a concentration weighted isotope mass

balance equation similar to Eq. (5), for chaiand it§ "Op

" B B h h
i 1
1 On 5 5 - (16)
2.2.3.4 Data model and model inversionfon-a | k a?He
The me &24dataarelassiimed to relate to the modeléd;  with a Gaussian error term
10 x 07 O h% o, (17)

where, “;  is the measurement errorjof O, which is often reported as 1 standard deviation (sd) in the literature.

Inthe modei nver si on step, MCMC is used to propose samfH, es o
UC and RA data for multiple-alkane chains. Five chains are run in parallel at 1 million iterations with 200,000nisurn
Average run time for thdual isotope evaluation is approximately 8 hours.

2.2.3.5 Data compilation

The sedimentary record of intere&lK16160-3) is located off the Zambezi River Mouth, which has a temporal range of

0.17 36.7 kaBRWang et al., 2013a; Wang et al., 2013i)e dominant biomes of the catchment area today are the Zambezian
woodland savanna and grassland savanna, with costal foreAfrantbntanebiomes also prese(Vhite, 1983; Dupont et

al., 2011; Wang et al., 2013a; Dupont and Kuhlmann, 2@réyiousstudies have interpreted the sedimentary record to reflect
hydrological and vegetation changes in the catchment area of the Zambezi River, as well as patterns of sediment transport fro
the catchment vs regions north of the river mdittang et al., 2013a; Khon et al., 2014; van der Lubbe et al., 2014; Kasper

et al., 2015; vane Lubbe et al., 2016; Lattaud et al., 20TIMe published-alkane record of this core comprigealkane
concent fHat i adf@dvalués bfn-Cy7, N-Cp, N-Ca1, and n-Csz alkanes(Wang et al., 2013a)Due to the high
computational demand of the method, only 10 sets of data in the sedimentary sequence are used in this case studg. The selec
data span across late Marine Isotope Stage 3 (MIS 3), the Last Glacial Maximum (H&Mich stadialevent 1(HS1), the
YoungerDryas(YD) and t he Hol oc e n élvallegVangebal. a0t3mreused to aaunefar baseline

¢ h a n g #8Hsf source rioisture.

For the prior distributions afi-alkan e ¢ o n ¢ e n t13€, ave iise the sanmedempirical dataset as in section 2.2.2, while
adding a distribution fon-C,7 alkane. To account for the pastn d u st r i a |l 3C of atmaggheric ©f) correotionsi

ar e ma d*C neans df thespriciigit r i but i o ®GaqfatospheanigCOif year201q 1 8. 3 a VPDB, C

12



385

390

395

400

405

410

et al., 2017)and the préndustrial values from an Antarctic ice cqi®chmitt et al., 2012)For the prior distribution ofH
fractionation betwegen |plcarnti oma x’hdamcré bk plepl(fréihe titerateexWellse

a subset of the global compilation 8gchse et al. (201By setting the latitudinal limits tb 3 @l 30°, to reflect the tropical

and subtropical latitudes of the catchment area of the Zambezi River. We also include more recently publishatkafant

PH data(Kahmen et al., 2013b; Feakins et al., 2016; Griepentrog et al.,,2019)i t h t he samé&oiMAP i t ud i
is obtained fromhe Online Isotopes in Precipitation Calculai®tPC Ver. 3.1, Bowen and Revenaugh, 2003; IAEA/WMO,

2015; Bowen, 2022)The OIPC data produéts chosen here because stHialdoffernodbn mc
associated with data of plant source water (soil or xyAeter). MoreoverQIPC data haveébeen widely applied tglobal

models of plant ecology and paleoclimate, and specifically to plantvedkanege.g., Sachse et al., 2006; West et al., 2008;
Sachse et al., 2012; Nusbaumer et al., 2017; Konecky et al.,. Zih8en-alkanes in marine sedimentary records often
integrate climatic signals across large spatial aneddime intervals at the millennial scale, we consider the interpolated data

of OIPC a reasonable set of pr2Hoafoldachi-atkanmehain imeachidaia entriis e s
calculated using Eqg (10). The same source groupddrast G plants, savannasplants, G plants, as in section 2.2.2) are
assigned to the data compilation based on either taxonomic identification or description of sample location from the original
publications (Supplementary Data, A Yang, 2022). Prio par amet er s gpdre eglimaied psing theesanmef i ¢
methods as in section 2.2.1.3upplementary Material, Table S8)ni var i at e pr i osrare glottedtim i b ut

Supplementary MaterigFigure S3.

2 4 Sensitivity tests

The modelresults are to some degrsensitive tathe prior parameteestimates, which argerived from empirical data but
imperfectly knowrin our case studieklere we use data associated with case study 2 to explore the influerioe pdiameter
estimates on model output. To produce a different sptiof parameteestimates, lant samplesreseleced from western
Africa only, as a subset of tteibSahararempirical dataet(123 entries out of the 301 entries from the origirethdet
Supplementar{patg EA-4, Yang, 2022. Prior parameter@reestimated from this datasetingthe samenethodsas described
in section 23.2.2. Theresultantprior distributionsdiffer from those ofthe subSaharardataset primarily in th€, source in
that it displays lowen-alkane concentratisa n d | e s s ®Crvalups(Rigure 4 Madel sensitivity isassessed via

comparison between the model outputs based on the different priors.

3. Results
3.1Case study 1

For each of the three data points of the Lake Qinghai case study (Figui@)5the posterior densities of FLMCs of terrestrial
plants and aquatic macroghs vary substantially between the sampkgure5D i F), while the distributions of the algal

FLMC are almost the same between the samples. FEgi@ aquatic macrophytes is the highest in the Highsample
13
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(QHS135S,P,q= 0.34, Table 1)with theMAPEat 0.53 Summary statistics in Table 3). In comparison, FLMC from aquatic
macrophytes is the lowest (MA&Rclose to 0, Table 3) in the MiBl,g sample (QHS13F'S, Pag= 0.22, Table 1)FLMC from
aquatic macrophytes is intermediate in the lRysample (QHS13S,Paq= 0.19, Table 1), at 0.09 (MAR, Table 3).

Al t hough the al gal FLMC is not weéf 0 c o(hsimteast of end co(rdfateg ur e
with the decrease of anothdr@tweenalgal FLMC and those of the other two sources is apparent in bivariate density plots
(Figure 6) The HighPaq(QHS135S) and LowP,q (QHS139S) samples display multiple local modes for FLMCs, represented
by multiple bivarate density peaks (as indicated by the contour lines and color gradgeme6).

The posterior densities of the algal RS€ the sedimentary long chamalkane pool are consistently lowigure 7). In
comparison, the FS&of aquatic macrophytesanbe substantial in both the Hidghq (QHS135S) and LowPaq (QHS139S)
samples, while FSof aquatic macrophytes is substantial only in the Highsample (QHS13S). The terrestrial source
showsconsistentlyhigh FSGss across all samples.

3.2Casestudy 2

For the western African transect case study (Figuré 84 the posterior densities for fractional leaf mass contribution, of C
plants, savanna {plants, and rainforest :(plants vary substantially between samples (Figurei8B). The G plant
contribution is the highest in the HighuGample (Rhumics = 0.72, Table 2), at 0.59 (MAR Table 4). The FLMC of £

plants islowest in the Low @sample (Barofcs = 0.05, Table 2), at 0.10 (MAR Table 4). FLMCs from the savanna &hd
rainforestCs plants are generally less strongly constrained than those: pladts, except for in the Mi€. sample (Asso),

which shows a low FLMC from the savanngplants (MAFE close to 0, Figure 8E, Table 4). The ME$of FLMCs of G

plants of the High £(Rhum) and the Low £(Baro) samples fall within the reported meant(itranges foifc4 at these sites

based on satellite imagir{@arcin et al., 2014, Table.2Zfhe MAFE of FLMC of C,4 plants of the MidC4 sample (Assolalls
outsidethe reportedcs mean * fi range.

Bivariate density ploafsf hoowr rell at i v e | |ya twivanhaaddrdinfetdse@ e n
sources in the High &Sample (Rhum) and Low.Gample (BaroFigure9). All three samples display a single mode of most
likely vegetationcontributiors, represented by a single peak in the bivariate density plots (as indicated by the contour lines
and cdor gradientFigure9), although a secondary mode with higher rainforest and lower savafh#Cs exists at Rhum.

The distributions of FSCof all three sourceto each specific chaifn-Cz, n-Cs1 and n-Cgs) vary substantially between
samples. Withireach sample, the rainforess €burce consistently shovashighe=SGy value ove=SGa and FSGs (Figure

10). In comparison, thesGource showa lowerFSGyg value ove-SG; andFSGs with the exception of the High.Gample
(Rhum), in which the £FSGgand FSG; are almost identical (Figure 10). Within each sample, the uncertainties pf/&&§C
among the chains, with the Highy €ample (Rhum) exhibiting the highest overall uncertainty in268ad FSG;, and the

Low C, sample (Baro) exhibiting the highest overall uncertaintf3Gs. The High G sample (Rhum) also shows bimodal
distributions in FSgy and FSG; for the rainforest €and savann&s; sources. Among the samples, the F86certainty of

the G source ishe lowest.
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3.3Case study3

The MAPEs of rainforest @FLMC are consistently low, ranging from 0.01 to 0.25 in@iK 161603 sequence (Figure 11).

MAPEs of savanna{FLMC are consistently high, ranging from 0.51 to 0.80. MAPEs,dI@®/C range from 0.17 to 0.39.

MAPEs of G FLMC was relatively stable at ~0.4 from the end of MIS3 to the LGM, and gradually decreased to ~0.2 through
HS1 and YD entering the early Holocemy contrast, MAPEs of rainforess ELMC gradually increased within the same

time span to its peak value at ~0.25, but experienced an abrupt drop by the end of HS1 to a consistently low value through YI
and the Holocene. MAPESs of savanngFCMC was reléively steady at ~0.55 from MIS 3 to HS1, but experienced an abrupt
increase to ~ 0.8 by the end of HS1, and remained relatively stable through YD and the Holocene.

The MAPEs of MAPPH r an g e aftroo @ ,&o4dly consistent with the range of modstAP iH record{ 37 N

15 & )he GNIP Ndolatation(L at . T 13. 00 00 AZamhiaAE4/WMQ, 8028 Erondtie end of MIS 3 to

the LGM,MAP*H decreased from & dtoc3ad kpae atko vtah@uatlSévka (Bigr&t2A). ue ¢
During the glaciainterglacial transgression, MAEEH b r i e f | y &s gurink BISI, andoimmegdiaely dropped to a

|l ocal | owaveeltuwe enf HIS40 and YD, a nadduting ¥n Theveverdll rangp of astatad n  t ©
MAP PH (~ 123 ) is alsosimilar to that of then-Cyg alkane buis smaller than that of the-Cs; alkane (Figure 12B)The
estimated MARPH sequence is positively correlated wii of bothn-Cye andn-Cs; alkanes P-values = 0.0206 and 0.0387,
respectively, Figure 12B), althoughkC,s shows a higher correlation coefficient50.713) tham-Cs; (r = 0.658). The overall
uncertainty (range of 2HtohMAP &9-%% HAgure 124)f whiehsist niuohasalier thanithe
parametric litmldegquavaten(ito a range of 68% ,kbDelg., thea-Gdi mi n g
alkane of trees at > 40 (Sache et al., 2012; Konecky et al., 2019)

3.4 Model sensitivity
3.4.1 Sensitivity to parameters of the prior distributions

Using the western Africa prior dataset (Figure 4), with lomerl k ane concent r at™ valuesathedG | es s
source, resulted in consistent shifts to higher values of Fboli@e G source relative to the results obtained with the sub
Saharan prior dataset (Figur® 1With the published data on fractional¥&getation cover as a referer{Garcin et al., 2014)

this set of priors produces FLM@F the G source similar to the reported fractional ¥&getation coverfés) at the High @

site (Rhum), but prduces much higher FLMCs than publistiedvaluesatthe Mid- and Low G sites (Asso and Baro).

3.4.2 Sensitivity to proxy type

The model shows different sensitivitydbain length distribution anchrbon stablesotopes. It is relatively insensitive tchain
length distribution only minor changes in the posterior densities are observed when the likelihood evaluations of RA are
removed (left column, Figure4l By contrast, the model is much more sensitive tortadkane'*C data: the central

tendencies of the posterior densities shifted substantially when the likelihood evaluations are removed (right column, Figure
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14). Substantial increases in the dispersion of the posterior densities are also observed, indicatingkhoongtrained
FLMCs (right column, Figure4).

Discussion
4.1 Interpretations of results}.1.1 Case study 1

Long chaim-alkanes (especiall®7i 31 carbon$in lake sediments are possibly a mixture of both terrestrial and aquatic sources
(e.g., Aichner et al., 2010; Duan and Xu, 2012; Wangland2012; Liu and Liu, 2016; Dio#irschner et al., 2020Based

on modeloutput, both FLMC and FSgof aquatic macrophytes are not negligible in the [Eaywsample (QHS13S, Figures

5 and 7). By contrast, FLMC and F5©f aquatic macrophytes are minimal in the Nfig, sample (QHS13S, Figures 5 and

7). These results suggest that alone may not be a reliable indicator of the relative aquatic macrophyte input into the
sedimentary archive. In addition, for the Higk, sample (QHS13S), FSGy of aquatic macrophytes not negligible, while

FSG; of the terrestrial source is consistently close to 1 among the samples (Figure 7). This suggests caution when
interpretations of terrestrial paleoenvironment are based on the isotope ratie€.pialkane alone, while previsu
interpretations based on theCs; alkane are likely more reliable.

The relatively unconstrained FLMC of the algae source (Figure 5) afitcbitie off o with that of the terrestrial source (Figure

6) suggest that the possibility of algae being an ingmbthiomass source of the lake surface sediment cannot be eliminated,
and would impact the interpreted contributions from other sources. This possibility is consistent with the observatiens that
deep water lake bottom is covered mainly by greereafghake Qingha{Liu et al., 2015) The model approach successfully
identified such a possibility, deseithe consistently low FS&of the algal source (Figure 7), most likely due to its limited
production of then-Cy7 alkane(Liu et al., 2015) Algae produce greater amounts of skatrdinn-alkanes than mighain and
long-chain homologuefHan and Calvin, 1969; Gelpi et al., 1970; Cranwell etl&87) Theoretically, the inclusion of-Cgs

or even shorter chains would provide better constraints on both the aquatic macrophyte and the algae sources. However, tt
option proved impractical due to the many missing values©4s in the empirical records of terrestrial plants. The other
concern would be that michainn-alkanes are also produced by microorgani@Brémalt et al., 1988; Park, 2005; Ladygina

et al., 2006; Brittingham et al., 201The influence of which is difficult to assess when only-otldin alkanes are analyzed.

The Tibetan Plateau has been argued to be an ideal region to investigate the input from aquatic macrophytes to the organ
matterh-alkanepool in lake sediments, due to the minimal presence of terrestigd@s in the regiofWang, 2003; Aichner

et al., 2010; Duan and Xu, 2012; Liu et al., 2028hile the carbon isotope vas of these twar-alkanesources largely
overlap(Aichner et al., 2010; Liu et al., 2018hey display different chain length dominance patterns: aquatic macesphyt
produce relatively high proportions of theC,7 alkane, while terrestrial {plants produce relatively high proportions of the

n-Cs1 alkane(Rommerskirchen et al., 2006; Bush and Mclnerney, 2013; Badewien et al., 2015; Liu et al., 2015; Magill et al.,
2019) The consistently o W3C ualues of then-Cs; alkane among the samples confirm the minimal contribution from

terrestrial G plants. In a hypothetical situation where both aquatic macrophytes and terregita@it€ are present, increased
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aquatic macrophyte contributiono u | d i n ¢%C valaesoéthet(a; elkadie more than theCye alkane, while increased
terrestriallGcont ri but i on W0 walueof thenCs, allare snere than treCgb alkane The proposed modeling
approach is theoretically capable of distinguishingrifagkaneinput from aquatic macrophytes and terrestriabants by

|l everaging bot h c h afCwvaluessoftiesehlkadechains.rWhibke we do nohhawe esebstudy to clearly

demonstrate such a possibility, future studies are encouraged to explore this further.

4.1.2 Case study 2

This case study demonstrates that the pr op®dmutipdr-alame wo r }
chains and offer interpretations on the mixing ratios of multiple sources. TheCMsdmple (Asso) shows a high relative
abundance ofi-Cyg alkane andtontrastingli**C values among the-alkane chains (Figure 8), which suggests that the most
likely mixing regme of the sample is a much higher FLMC of rainfol@splants than savannas @lants. For the high £

sample (Rhum) the model also recovered bimodal mixing possibilities between the rainforest and ses@umta<(Figure

10). Such information on the possible mixing patterns o€t@omes cannot be achieved with the traditionatemd member

mixing model usingr-a | k @%@ ealuds alone.

FLMC as a metric for vegetation reconstruction is not directly comparableayidistimated from remote sensing imagery

(e.g., MODIS Vegetation Continuous Fields). A carefully selected calibration dataset coud supgorous comparison of

the two metrics. On the other hand, assuming fhaéstimated from satellite imagery is reflecting the true vegetation
distribution contributing to the study sampléee differences between FLMC afid could inform possibléiases associated

with FLMC. As presented, the central tendencies of thELBIC at the Low and MieC, sites are higher thafas, while G

FLMC at the high @site is lower tharics (Figure 8). Such a pattern of biases cannot be explained by a higheralemato
vegetation cover ratio of the;Giomes. One possible explanation is with a spatial patteratifane sourcing and integration.
Tropical African lakeshores often host a gradient of mixed vegetation frograSses/sedges ta €ees/shrubgVesey
Fitzgerald, 1963; Greenway and Vedeyjzgerald, 1969; HowariVilliams and Walker, 1974)f n-alkanes in lake sediments

are sourced consistently more from the immediate lakeshore region than from further away, the sediments would more likely
integrate a mixed vegetation signal than the surrounding regions, which is consistent with the obsergndediffetween

FLMC andfca.

4.13 Case study3

The model recovered a prominent shift in the vegetation source ofdt@ne record from the LGM to the YD: a gradual
increase in rainforest FLMC to its peak during HS1 and an abrupt decrease by the &id(Bfgdre 11A). This pattern is
driven by bottm-alkane chain length distribution aGtfC of the sequence, with @rCze dominance and lowi*C values for

the n-Cyg and then-Cgs; alkaneswithin this time intervalFigure 11B & C, Wang et al., 20138}his time interval coincided
with the lowest sea lev@Figure 11D, Lambeck et al., 201@nd a high terrestrial ganic matter input as indicated by the BIT
index (Figure 11E, Kasper et al., 2018)eodymium isotope  ( & IN dn,indicator of sedimentary clay source, suggest that
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the Zambezi outflow was the dominant source at the core location during the LGM and HS1, but the outflow from small coastal

rivers draining the highlands north of the Zambezi River mouth was relatively high during the early Héfogaree11F,

van der Lubbe et al., 2016he correlations betweeralkane chain length distributio@'*C, sea level, and other sedimentary

source poxies(see also Just et al., 2014; van der Lubbe et al., 2014; Lattaud et al.s@0@&st that the source areanof

alkanes at the core location may have changed substantially.Vat i o ns 2H in theptlogicehave beenxnterpreted
to primarily reflect variations in local rainfall amougtg., Tierney et al., 2008; Scheful? et al., 2011; Berke et al., 201&1Coll

et al., 2014; Costa et al., 2014; Shanahan et al., 2015; Castafieda et al., 2016; Niedermeyer et al., 2016; Nors@b#) et al., 2
However, with evidence thatigports a substantial change in plant wax sourcing area, alternative explanations-tdkéme

{PH variation should be considered

Prior to 15 ka BP, the contribution of Zambezi River sediments to the core location was relatively stable (Figurg)11D &

The transient rise in rainfore$tLMC during the deglaciatiors likely associated witlalkanessourcingfrom nearcoastal

forests At the peak ofainforestFLMC during HS1, the estimated MAH reached its highest point, whichdensistent

with expectations

Rozanski et al., 1993)mmediately after 15 ka BP, coincident with abrupt sea lasel (Figure 11D), rainforest FLMC

t hat

cost al

rainfal | 2Hvalues(Dansgaartl, 1964

dropped to near zero as@vannaFLMC beame dominant At the same timea transient dropn estimated MAPPH is

consistent with the lower values expected for inland moisture contributinglitanesmobilizedfrom the sivannabiome.

This pattern aligns well with interpretations on the changirgperties oterrigenous sediments in the neagoB93073

ocC

core(Just et al., 2014)50ing into the earlyrad midHolocene with rising sea level and warmer conditions, there is an overall

rise in MAP?H leading to the migHolocene peakwhich can be explained by a gradual increase in moisture availability in

the Zambezi catchment. This interpretation is also supported by patterns of sedimentary tfdunsipettal., 2014; van der

Lubbe et al., 2016)As such, when interpreting variations in plant Wk record from a marine core, it is important

consider moisture source and transport history as alternative mechanisms to temporal change in rainfall isotope ealues at fix

locations.

4.14 Sensitivity tests

The results of sensitivity test 1 (Figur8)1show that using a different set of pridistributions (Figure 4ran produce

somewhat different central tendencies in FLMCs with the same sedimardtignedata. This demonstrates thilae outputs

€

are model dependent: they provide a basis for interpreting proxy data in the context of a specific model with its associatec

priors and assumptions. Using the publisf@dralues as a reference, Prior 2 (the western Africa prior) is assouwidted

overallhigher estimated {FLMCs than those with Prior (the subSaharan Africa priof-igure B). This unidirectional shift

in FLMCs is consistent with the expectation of a systematic difference between the two prior distributions. Based on the

comparison with satellitbased vegetation cover, this further suggests that Prior 1 is perhaps a better representation of the

vegetation sources that produced thalkane mixtures in the sedimentary samples than Prior 2 (given the caveats of this

compari®n, discussed above).
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The results of sensitivity test 2 (Figurd)l s h o wC tplacast strofiger constraints on the results than chain length
distribution. This demonstrates the importance of stable isotopes as tracers in compound specific mixingnnocodéiast

to other carbotisotope based methods, the model proposed here might still provide reasonable resolution of sources when the
chainlength distribution of the sources is substantially different.

4.2 Model achievements

The proposed moddtamework offers a more integrative approach to interpretation-alkane records that could better
leverage these rich data to support more nuanced and specific reconstructions-eégetationand paleoclimatelt has
potential advantagesver traditionalpproaches to the interpretationseflimentaryn-alkanes.

First, the model offers a numerical solution (Section 2.1.2) that accounts forutieertainty associatedith n-alkane
production among the sources (Figures 2 and 3), which is coupled with the mass balance equatibnkofl3C €Eq. ).

Thi s aiCltoobe sisedito constrain the uncertainty associatednadlkane chain length distributions, which have
previously been used in isolation to reconstruct vegetdfiansen et al., 2010; Gao et al., 2011; Peaple et al.,.ZDz4)
model al so addresses a c¢common %Cgataviafinedr mixing relatiorskips, iniwhithe r p r |
alkane production foa selected chain is assumed to be the same among all g@usksand Mclnerney, 2013; Garcin et al.,
2014)

Secondthe case studies demonstrate that the model can be used to explore mixing regimes of multiplevearadters
alternative interpretatiancompared to the traditional tteon d me mb er mi x i3 of omee-ajkyl fipe. Casei n g
studes1 and 2 showcase the flexibilitf the model frameworkincethe vegetation sourseand their prior distributions are
userdefined.They also highlighthe strengths ahe Bayesianframework in disentangling multivariate mixing scenarios in
plant wax lipids.The multisource frameworlcan also be used to assist the interpretationsas$ociatedh-a | k &% & U
demonstrate¢h case study 3.

Moreover the new metric FLMC has the potential evaluatdeaf massntegration patterns in sedimentary archivése

mol ecul ar d i¥% ofmdkhneshavbeen uaed extedsively in the assessment of sedimentary organic matter input
(e.g., Wiesenberg et al., 2004; Meetdal., 2005; Aichner et al., 2010; Kristen et al., 2010; Seki et al., 2010; Hockun et al.,
2016; Ankit et al., 2017; Liu et al., 202@ecausa-akane concentrations (ug/g) involved in the mixing model are ultimately
derived from dried leaf masSéction 2.1.p, the model can potentially make an explicit connection betd&iC (as in
Figures 5 and 8and patterns of organic matter scing. Although te model presenteldere does not yet support these
interpretations,addition of components to enable e.garameterizingof biomespecific primary productivitywould be
relatively straight forward in future applidans

Lastly, by leveragingcompound specific stable isotodata from multiplen-alkane chainshe model framework is capable

of filtering out noisefrom true environmental signalslany studiesiseplant waxi”H data of one selected chamestimae
source watei’H. However,the reported uncertaintyf the source wateti?H estimationcan bemiscalculatedPolissar and

D 6 An d r e arThe a@vantage)of theaBesian framework is in its straight forward propagation of uncertaffiegley et

19



610

615

620

625

630

635

al., 2012)in the mixing process of multiple plant wax compounds. For examiplease study 3the relatively narrow
uncertainty bounds of the estimated MBI values (Figure 12A) demonstratbstthe model frameworks less sensitivio
the parametricincertaintyassociated with angnen-alkanechainthan conentional approacheshis canreduce the risks of
potentiallyinterpreting data anomalies as environmental signals.

4.3 Future directions

The proposed mixing model is the bare core of a potentially more comprehensive proxy system model, an approach that ha
gained traction in recedievelopments gfaleoenvironmental reconstructimg., Garreta et al., 2010; Li et al., 2010; Tingley

et al., 2012; Evans et al., 2013; Deeakt 2018; Konecky et al., 2019; Bowen et al., 2020)proxy system model is a
representation of the complete proxy system that ideally includes four components: the envjrifrersamtsor, the archive,

and the observatiofEvans et al., 2013)The mixing model here primarily describes the sensor and observation components
of the complete proxy system, while the environment and the archive components have imatdsperatedsee Dee et al.,

2015; Dee et al., 2018; Konecky et al., 2019 as examples for other model compdnents) €orts thatelaborateon the

model structure wilprovideupdated model assumptignghich should be based on systematic investigations of the specific

proxy system components. Here are three categories of model improvements to consider.

4.3.1 Improvementson prior distributions

A better characterization af-al kane chai n | e n'¥tirhmodeinslantsi cAnuppbtentally exypand matel
application, due to the prior distributions?orkkneMedgaasice o
n-alkanes still exist, especially from certain underrepresented regions of the world, such as western, central, andrsoutheaste
Asia, as well as certain biomes, suchAfiomontane and coastal foregtge global compilations by e.g., Bush and Mclnerney,
2013; Diefendorf and Freimuth, 2017 uture studies should aim at bridging the gaps with systematic survdie of

c on c e n t ¥Cand’}aof nakanedind potentially other plant waompoundsn modern plants. The need of a centralized
database for plant wax lipids is also worth mentioning, as it will facilitate easy access to published records of both lipid
concentrations and stable isotope values. From a different perspéwtivevelopmernf mechanistic ways to represent the

prior covariance patterns oncentration, i3C,  aqofin-alkhnesc an reduce model 6s rel i ance
and improve its tolerance with missing valuiHisese efforts can improve the flexibility of model application and the robusticity

of modelresults.

4.3.2 Better understanding of the processes and the incorporation of additional tracers

Processes such asalkaneturnover and transportation have not been incorporated into the model framework primarily because
they are still poorly understog®achse et al., 2012; Diefendorf and Freimuth, 208@) examplefactors associated with

plant growth, such as primary productivity, leaf lifespan, leaditurnover patternée.g., Burnham, 1989; Greenwood, 1991;
Hauke and Schreiber, 1998; Jetter and*8eh 2001; Ellis andahnson, 2013; Tipple et al., 2013; Suh and Diefendorf, 2018;
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Suh et al., 2019)xaninfluence the overat-alkaneturnover rate of a specific plant sourceAlkane transportation can be
another source of systematic biases in the interpretatioalfine recordée.g., Scheful et al., 2004; Yamamoto et al., 2013;
Nelson et al., 2018; Freimuth et al., 2019; McFarlin et al., 2019; Suh et al., 2at&)ment specific integration effects such

as spatial and tempdl lipid integration(see case study 8an also affect the interpretationreilkane recordée.g., Schefull

et al., 2004; Seki et al., 2010; Vogts et al., 2012; Douglas et al., 2014; Garcin et al., 2014; Herrmann et al., 20&6akrench
2018; Freimuth et al., 2019; Freimuth et 2D21) Understanding these processes would ideally involve additteacers or
proxies. Future studies that investigat@lkaneturnover patterns may consider tracking the total amount-alkanes
produced, and its relationship with the primary productivity of the plants in a year. The incorporation of e.g., pollen,
sedimentaryracers andmultiple isotops(e.g., Seki et al.,@10; Feakins, 2013; Just et al., 2014; Kasper et al., 2015; van der
Lubbe et al., 2016; Feakins et al., 2018; Freimuth et al., 2&=i8pcessndicators can help to inform the relative importance

of different transportation processes.

4.3.3 Incorporation of environmental factors into the proxy system

Environmental factors, such as temperature and precipitation, are primary determinants of vegetation composition, but they
also influencen-alkane concentrationit3C a n dH ($ensor values) through plant physiological response. The inclusion of
environmental factors into the model framework would naturally invoteel k 2Hhie a niore mechanistic wég.g., Liu

and Yang, 2008; Sachse et al., 2012; Sessions, 2016; Liu and An, Pai8) e x aofrpalkanescartlbe partitioned into

a biosynthetic fractionatiorerm ( 4d) and a evaporate enrichment ternf &) The multilevel influence from environmental

factors toe . g of p-alkdnesinclude arelativdy static element, such as taxepecificb i osynt heti c fu)act i
(although see Newberry et al., 2015 for counterexamples; Cormier et al., 26d&)ynamic elements sucheas/ironment
dependenevaporative enrichmenterns ( ) for leaf water and soil watée.g., Douglas et al., 2012; $me et al., 2012;
Kahmen et al., 2013a; Tipple et al., 2015; Cernusak et al., 2016; Sprenger et al., 2016; Liu and An, 2018; Konecky et al.,
2019) Future studies should consider developing somdel componest which will ultimately permit proxy system

interpretation at the environmental level.

5. Conclusion

Traditional interpretations af-alkane proxies often rely on either ¢ha | en gt h d%C waluesi obame chainnto o r
reconstruct vegetation composition. An alternative approach is to combine the information from both lines of evidence to
refine our interpretations. We presentedayesianmodeling approach that simaiteously evaluates both chain length
distribution and stable carbon isotope measurements of sedimerddhkgnes. The model incorporates the uncertainties
associated witm-alkane concentration and carbon isotope ratios of multiple chains, using a geixénig process with

isotope mass balance. We preserttege case studies tdlustrate howthe modelcan be appliedo the interpretation of

sedimentaryn-alkane recordsThe first oneinvolves published longhainn-alkane records from lake surface sediments of
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Lake Qinghai, China. Theecond onénvolves published longhainn-alkane records from lake surface sediments along a
vegetation gradient in Cameroon, western Afridee third one involvepublished lmg-chainn-alkane recordwith associated

UPH datafrom a marine core off the Zambezi River motithe first two case studies demonstrate toatpared to traditional
two-end mixing models, our approach can resolve mixing fractions (FLMC) of muitigdleane sourceg@roviding alternative
interpretationsof vegetation compositiorto the samen-alkane recordWith biomes p e ¢ i domponeriadded to the
framework, thethird case study demonstratbat themodel is capable of estimating precipitati#hl with a reasonable range

of uncertaintyp y | e v éH oh muiltiplegr-alkiane chainsDespite these achievements, several processes associated with
n-alkane integration in sedimentary archives are still not accounted for. Fuitiesssom-alkane turnover and transportation
will improve our understanding of theases andonstraintassociated with-alkane recordsThe Bayesiamodelframework

could be further improved bgdding more mechanistic modeling components suatrakane integation processes, and
additional environmentalrocesses involving?H. The modeling approach represents a continuously evolving framework that

can incorporate new understandings and leverage additional proxies in the future.
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1180 Tables

Table 1. Lake surface sediment samples used in case study 1, with measured chain specifid k ane conce #Qwvalaes,i ons
originally published by Liu et al. (2015)

n-Cy7 utsC N-Cyg utsC N-Csz utsC
n-Cz7 n-Cazg n-Cs1

Sample + precision  xprecision  +precision  Paq

(Mg/g)  (ug/g)  (Mg/g) (4., VP (&, VP (4, VP

High Paq
0.57 0.93 1125 1728.08 131.08 132.0B 034
(QHS1359
Mid-Paq
0.42 0.825 0.84 1T34.08 1T33.0B 132.08 0.22
(QHS1379
Low Paq
0.885 1.92 2.22 1T32.08 1T32.08 132.08 019
(QHS1399

Table 2. Lake surface sediment samples used in case study 2, with measured chain specifid k ane conce HGwlaes,i ons
1185 originally published by Garcin et al. (2014)

N-Cyg Gt3C n-Ca; Gt3C Nn-Caz t3C fCstx 10
n-Coxo n-Cs1 n-Cs

Sample o) (ugle)  (ugla) +10(a, =+1i(a, +10( a, (Garcinet

HOTS HOS HOTS VPDB) VPDB) VPDB) al., 2014)
High G

161 195 152 128603 129.7+£0.3 124.8+x03 0.72x0.25
(Rhum)
Mid-C,

132 76 55 1329+02 131.1x08 123.8£08 0.31%£0.12
(Asso)
Low C4

78 97 35 135.3+0.7 136.2+04 132.7t0 0.05%£0.12
(Baro)
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Table 3. TheMaximum A Posteriori probability estimates (MAPE), the medians, and theB9% highest density intervak (HDI) of
posterior densities & the mixing fractions as model output using data in published lake surface sediment samples from Lake Qinghai

(Figure 4).

Sample FLMC Terrestrial FLMC macrophyte FLMC aigae
MAPE 0.24 0.53 0.11

High Paq (QHS1359 Median 0.21 0.44 0.32
89% HDI [0.05, 0.36] [0.14, 0.69] [0.00, 0.72]
MAPE 0.83 0.01 0.09

Mid-Paq (QHS1379 Median 0.69 0.02 0.27
89% HDI [0.36, 0.99] [0.00, 0.07] [0.00, 0.62]
MAPE 0.61 0.09 0.09

Low P4 (QHS1399 Median 0.54 0.12 0.30
89%HDI [0.18, 0.83] [0.00, 0.24] [0.00, 0.69]

Table 4. The Maximum A Posteriori probability estimates (MAPE), the medians, and the89% highest density intervak (HDI) of
posterior densities d the fractional leaf mass contributions (FLMCs) as modebutput using data in published lake surface sediment
samples from Cameroon (Figure 8).

Sample FLMC capiants FLMC savannaca ~ FLMC Rrainforest c3
MAPE 0.59 0.32 0.04

High G sample (Rhum)  Median 0.57 0.27 0.14
89% HDI  [0.43, 0.72] [0.00, 0.48] [0.00, 0.34]
MAPE 0.46 0.03 0.43

Mid-C, sample (Asso) Median 0.47 0.08 0.42
89% HDI  [0.33, 0.60] [0.00, 0.26] [0.25, 0.59]
MAPE 0.10 0.20 0.59

Low C4 sample (Baro) Median 0.12 0.31 0.56
89% HDI  [0.03, 0.21] [0.00, 0.59] [0.27, 0.83]
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Figure 1. Proposed model structure of the Bayesian hierarchical framework for interpretation ofn-alkane records; model

1200 components are represented by boxes; links between components are numbered and referenced in the Methods se&idrrelative
abundance ofn-alkane chains;FLMC i: fractional leaf mass contribution from source i; FSCi,: fractional contribution from source
i to chain n.
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Figure 2. Empirical data of per samplen-alkane concentrations (ug/g of dried sample, blue i st o gr a%Cs@ , VRDBd redl

1205 histograms) of n-Cz7, n-C29, and n-Cs: alkanes and their corresponding prior distributions (blue Gaussian curve overlays) of
published plants in the terrestrial, aquatic macrophyte and algae sources; raw data are compiléd Supplementary Data EA-2
(Yang, 2022) estimated prior parameters of each source, including the means and varianrcevariance matrices, are reported in
TablesSland S2, in the Supplementary Material.
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Figure 5. A C: Sedimentary longchain n-alkanes (-C27, n-C2sand n-Caz1) ,  t Ce(d@ ,rvVPOB) and relative abundancevalues

(excluding other chains) in published lake surface sediment samples from Lake Qinghaiu et al., 2015), D i F: posterior densities
of fractional leaf mass contribution (FLMC) of terrestrial plants, aquatic macrophytes and algae as model output conditionezh
t h &%C and relative abundance values.
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Figure 6. Bivariate density plots of the posterior densities dfactional leaf mass contribution (FLMC) of terrestrial plants, aquatic
1225 macrophytes and algaén published lake surface sediment samples from Lake Qinghéliu et al., 2015)
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