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ARTICLE INFO ABSTRACT

Associate Editor: Nikolai Pedentchouk The central Congo Basin is home to the world’s largest tropical peatland complex and is covered with swamp

forest. In the face of climate change and future human activities in the region, it is important to understand the

Keywords: factors that determine the nature and dynamics of the peatland vegetation cover. One way to gain insight into
Central Congo Basin these factors is to reconstruct the history of the central Congo Basin peatlands. Analysing lipid biomarkers
Peatlands extracted from peat cores such as plant wax n-alkanes enables past environmental and climatic conditions to be
Plant wax . . . . .

n-Alkane reconstructed. However, there is currently no information on how the production of plant waxes by different

plant species influences the abundance and isotopic composition of n-alkanes in peat and other archives in the
Congo Basin. In this study we analysed plant wax n-alkane abundances, §'C and 8D values according to
photosynthetic pathways (C3 vs. C4), angiosperm subclasses (dicotyledons vs. monocotyledons), and source
water 8D values in the dominant plant types (trees, shrubs, and herbs) in the peatland area of the Cuvette
Department in the Republic of the Congo. Our dataset enables the definition of a new n-alkane distribution index,
named GRIND, that distinguishes between Cg (mostly dicotyledons) and C4 (monocotyledons) plants as follows:
(n-Cg7 + n-Cz3 + n-C35)/(n-Cas + n-Ca7 + n-Co9 + n-C31 + n-Csz + n-Cgs). This index may therefore be used to
analyse Central African peat deposits and derive the relative abundance of C3 and C4 plant waxes in the past,
independently of §'C measurements. Furthermore, 5'3C values from the central Congo Basin and other African
sites suggest that environments with high relative humidity (> 80%) are characterised by very negative 5'C
values (i.e., < -37%o) of n-Cy9 and n-Cs; alkanes. This observation highlights the potential of n-alkane 5'%C in
deriving climatic information under high relative humidity conditions in Central African lowlands, and
contribute to palaeo-climatic reconstructions. Finally, the 8§D values of n-Cy9 and n-Cs; alkanes demonstrate that,
despite contrasting apparent fractionation values associated with photosynthetic pathways and plant functional
types — which can be accounted for using §'°C and pollen data in sedimentary deposits — they reliably reflect
the 8D of environmental water. This confirms that plant wax n-alkane 8D values are effective tools for recon-
structing palaeo-climatic changes in equatorial regions.

Carbon isotopes
Hydrogen isotopes
Palaeo-environment
Palaeo-climate

1. Introduction

Peatlands are defined as carbon-rich ecosystems that play an
important role in the global carbon cycle (see Page et al., 2011). The
peatlands of the central Congo Basin (CCB) have recently been identified
as the world’s largest tropical peatland complex (Dargie et al., 2017),
encompassing an estimated area of 167,600 km?, representing 36% of
the global tropical peatland area (Crezee et al., 2022). The below-
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ground carbon density of peat in the CCB is estimated at 1,712 +634
MgC ha! (Crezee et al., 2022), which is nine times higher than the
average carbon density stored in the above-ground biomass of living
trees in African tropical forests (Lewis et al., 2013). Therefore, it is
crucial to understand how these peatlands formed and the conditions
under which they continue to function as a carbon sink.

For several decades, lipid biomarkers from terrestrial plants have
been widely used as palaeo-environmental and palaeo-climatic proxies,
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particularly where other data sources, such as pollen or macrofossils, are
poorly preserved. Recently, the first studies relying on lipid biomarkers
in the CCB have also been published (Garcin et al., 2022; Hawthorne
et al., 2023; Menges et al., 2025). Long-chain n-alkanes derived from
plant epicuticular waxes are the most common type used (Meyers, 2003;
SchefuB et al., 2003; Seki et al., 2010; Diefendorf and Freimuth, 2017).
These long-chain n-alkanes contain only carbon and hydrogen atoms,
belong to the saturated linear hydrocarbon family, are resistant to
degradation (Bush and McInerney, 2013), and are also ubiquitous in
ancient sedimentary archives (Pancost and Boot, 2004). Consequently,
they have been identified as robust biomarkers capable of determining
biological origin and environmental conditions (Eglinton and Hamilton,
1967; Meyers, 1997).

In sedimentary archives, the distribution of n-alkanes is usually
characterised by a clear preference for odd over even carbon-numbered
homologues. This is reflected in high Carbon Preference Index (CPI)
values, which are indicative of the presence of recent undegraded
terrestrial plant matter (Bray and Evans, 1961). Average Chain Length
(ACL) also provides insights into dominant vegetation types (Poynter
et al., 1989), with monocotyledons (monocots) exhibiting higher ACL
values than dicotyledons (dicots; Cranwell, 1984; Meyers, 2003; Duan
and He, 2011; Wang et al., 2018). Total n-alkane abundance is also a
valuable proxy for assessing plant primary productivity and/or quanti-
fying the contribution of plant-derived organic matter to terrestrial and
aquatic depositional environments (Meyers, 2003; Diefendorf and
Freimuth, 2017).

The stable carbon isotope values of n-alkanes (6'3Cp-alkane) are
frequently used to reconstruct vegetation types in tropical regions (Cs
vegetation being typically tree-dominated while C4 vegetation being
typically graminoid-dominated; Feakins et al., 2005; Castaneda et al.,
2009; Collins et al., 2011). This is related to the significant influence that
the carbon fixation pathway (Cg vs. C4) exerts on the 5'3C.alkane values
of higher plants during the process of photosynthesis (Chikaraishi and
Naraoka, 2003; Collister et al., 1994; Garcin et al., 2014; Rieley et al.,
1991).

The stable hydrogen isotope values of n-alkanes (8Dj.alkane) are
frequently used in hydroclimatic reconstructions on a global scale,
including tropical African regions, where they have helped to track
changes in past precipitation patterns, including the amount, the wet
season precipitation, and the source of precipitation (Schefuf3 et al.,
2005; Shanahan et al., 2015; Tierney et al., 2017; Ladd et al., 2021;
Garcin et al., 2022; Zhao et al., 2024). Such reconstructions are possible
because the 8Dj.alkane Values of long chain homologues are generally
unaffected by isotopic changes caused by the selective decomposition of
labile compounds. This is because the hydrogen atoms are carbon-bound
and typically non-exchangeable under low-temperature, near-surface
conditions (Schimmelmann et al., 1999). However, over longer
geological timescales and at elevated burial temperatures in the pres-
ence of mineral catalyst, partial hydrogen exchange may occur
(Sessions, 2016). Furthermore, since plants use environmental water (i.
e., soil water, which is predominantly related to meteoric water) during
biosynthesis, 8Dj,.alkane €an capture climatic variations that control the
isotopic fractionation of meteoric water (Epstein et al., 2001; Garcin
etal., 2012; Sachse et al., 2006). However, it has been demonstrated that
divergent vegetation types (e.g., those associated with disparate C3 or C4
photosynthetic cycles) may lead to shifts in 8Dy akane values that are
unrelated to climatic variability (Griepentrog et al., 2019). Indeed, it has
been shown that physiological differences in plants can result in
different transpiration strategies in response to water stress, leading to
different apparent isotopic fractionations between source water
hydrogen and lipid hydrogen (Sachse et al., 2012). 5'3Cp-alkane values are
often used to correct for this vegetation effect (Collins et al., 2013; Wang
et al., 2013; Shanahan et al., 2015; Tierney et al., 2017; Garcin et al.,
2018).

Sedimentary archives accumulate a mixture of waxes from different
plants over time, thereby integrating a mosaic of different biomes and
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vegetation cover types. For instance, the composition of leaf wax n-al-
kanes can vary according to canopy position and leaf ontogeny (Dyson
and Herbin, 1968; Lockheart et al., 1997; Feakins and Sessions, 2010;
Kahmen et al., 2011), further obscuring the sedimentary signal. In order
to interpret the results of the analysis of sedimentary 5'3Cy-alkane and
8Dp-alkane, it is hence necessary to understand the processes involved in
the production of plant lipids in living plants from the studied region.
Such calibration efforts have been conducted in various regions world-
wide (e.g., Sachse et al., 2006; Pedentchouk et al., 2008; Hoffmann
et al., 2013; Tipple and Pagani, 2013), including in Africa (e.g., Vogts
et al., 2009; Garcin et al., 2012, 2014; Gensel et al., 2022; Tweedy et al.,
2025). Despite the fact that certain studies have used plant lipids to
reconstruct palaeo-environments and -climates in the CCB (Garcin et al.,
2022; Hawthorne et al., 2023; Menges et al., 2025), there are currently
no direct measurements available on the distribution and stable isotope
compositions of carbon and hydrogen in plant waxes from living plants
of the CCB (Pancost, 2024).

In this study, we analysed the distribution and abundance of n-al-
kanes, along with their 5'3Cp.alkane and 8Dp.alkane Values, in the leaves of
living plants collected in the CCB (see Figs. 1 and 2). We also measured
the isotopic composition of environmental surface water (e.g., river
water and peat surface water) to identify the hydrogen isotopic
composition of the source water of the plants and, by extension, the
stable hydrogen isotope fractionation between water and lipids. We
evaluated the 8'3Cp_aixane and 8Dpaikane values in relation to photosyn-
thetic pathway (Cs vs. C4), angiosperm subclasses (dicots vs. monocots),
and the 8D values of environmental surface waters. The present study
provides an interpretative framework for detailed palaeo-environmental
and palaeo-climatic reconstructions in the CCB and beyond.

2. Study site

During a field campaign, samples of terrestrial and aquatic plants
and environmental surface waters were collected from sites represen-
tative of the tropical peatlands of the CCB, as well as from the Congo
River tributaries (see Fig. 1 for details). The present study was conducted
within a catchment area in the northern part of the Republic of the
Congo (Fig. 1), specifically in the districts of Mossaka (Cuvette Depart-
ment) and Liranga (Likouala Department), both of which are located
within the CCB. Sampling was conducted in areas largely comprising
floodplains, up to 5 km inland from the main rivers, in the Kouyou,
Likouala-Mossaka, Sangha and Congo river basins (from west to east).

2.1. Geological formation and soil type

The Congo River is located at an altitude of less than 400 m above sea
level and traverses a variety of ecological zones, including swamps,
grasslands, and equatorial forests. A significant proportion of these
forests are subject to periodic or perennial flooding. The CCB is located
within a shallow central depression (Laraque et al., 2009, 2020), which
leads to a reduction in the velocity of river flow and a minimal degree of
erosion due to the presence of negligible morphological gradients (~2
cm km™Y; Laraque et al., 2009). The topography of the CCB is charac-
terised by a complex hydrographic network, comprising numerous
flowing rivers and many shallow lakes. The soils of the CCB are
composed of Quaternary alluvium (clay or sand), which are subject to
constant reworking by the dense hydrographic network (Vennetier,
1966; Laidet, 1969; Boissezon and Gras, 1970). In the Mossaka area, the
soils are predominantly fluvisols, hydromorphic soils with a thick humic
horizon (Bocquier, 1960; Vennetier, 1966; Laidet, 1969). Soils are
characterised by reduced fertility and low mineral content (Comptour,
2017). In the CCB, peatlands are on average 1.7 m thick, with a
maximum thickness of 5.6 m (Dargie et al., 2017; Crezee et al., 2022).
These peatlands have the capacity to store approximately 29 Pg of car-
bon, i.e., around one-third of the total carbon stored in tropical peat-
lands worldwide (Dargie et al., 2017; Crezee et al., 2022). Different
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Fig. 1. Study sites within the central Congo Basin peatlands region. (a) Left: Map of the CCB peatlands (green) and the perimeter of the Congo Basin (black). Also
shown is the study area (open red rectangle) and the three GNIP stations (Kinshasa, Bangui, and Kisangani) closest to the study area (red stars). Right: Diagrams of
monthly 8Dprecip and precipitation amount for Kinshasa, Bangui, and Kisangani (IAEA/WMO, 2020). (b, c, d) Base map showing the spatial distribution of palm-
dominated (light green) and hardwood-dominated (dark green) peat swamp forests in the study area (Crezee et al., 2022). (b) Sampling sites, with the locations
of the water samples (grey) and the plant samples (orange). Also shown is the mean monthly precipitation for Mossaka (Comptour et al., 2020). (c) 8D values of
sampled environmental surface waters. (d) 8D values of sampled leaf wax n-alkanes. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Example of overlying vegetation within the CCB peatlands region. (a) Hardwood-dominated swamp, and (b) mixed palm-dominated and hardwood swamp
overlying peat in the Likouala Department. (c) Flooded river banks, and (d) floating mats composed of V. cuspidata. (e) Savanna dominated by grasses and a few
shrubs/trees, and (f) example of cultivated manioc (Manihot esculenta Crantz, Manihot glaziovii Miill, Arg), grown in villages along rivers. (credits Y. Garcin). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

types of peat deposit can be distinguished according to their hydrolog-
ical and geomorphological contexts (Dargie et al., 2017; Crezee et al.,
2022). In the northern part of the Cuvette Centrale, primarily in the
Republic of the Congo, ombrotrophic peat deposits form away from
rivers, under the influence of rainfall, which maintains a high water
table (Alsdorf et al., 2016; Datok et al., 2022). These deposits are
distinguished by an absence of fluvial inputs, such as nutrients, and can
form extensive, shallow domes (Davenport et al., 2020). In the Demo-
cratic Republic of the Congo, minerotrophic peat deposits also develop
on floodplains that receive various inputs from rivers and groundwater,
including water and nutrients (Lee et al., 2015; Crezee et al., 2022).

2.2. Climate and hydrology

The CCB is influenced by an equatorial climate (Koppen classifica-
tion: tropical rainforest climate and tropical monsoon climate). The

mean annual temperature in Mossaka is 26.2 °C, with an average annual
rainfall of 1,320 mm (Comptour et al., 2020), and the relative humidity
is consistently high (> 80%) throughout the year (Hersbach et al.,
2020). Due to the migration of the Inter-Tropical Convergence Zone
(ITCZ), the region’s rainfall is bimodal, with four seasons in Mossaka as
follows (Fig. 1b): (i) September to December is main rainy season; (ii)
January and February correspond to the short dry season; (iii) March to
May correspond to the short rainy season; and (iv) June to August the
long dry season (Comptour, 2017).

The hydrological regime of the Congo River is characterised by two
periods of low water and two periods of high water (Keddy et al., 2009;
Laraque and Olivry, 1996; Wongchuig et al., 2023). The main rivers and
their northern tributaries — the Congo, the Ubangui, the Sangha, and
the Likouala-Mossaka — exhibit distinct hydrological regimes charac-
terised as unimodal or bimodal distributions. The tributaries converging
in Mossaka are impacted by a rise in their water levels delayed by one to
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two months after the main rainy season peak, with a single flood period
throughout the year (Comptour, 2017). This phenomenon leads to riv-
erbeds exceeding their capacity, resulting in the inundation of flood-
plains. However, the precipitation patterns are observed to be erratic,
and recurrent flooding is a common occurrence, thus exposing ecosys-
tems to a multitude of hydro-climatic hazards, primarily flooding and, to
a lesser extent, droughts (Samba et al., 2023). The southern tributaries
that dominate the Congo River catchment follow an equatorial hydro-
logical regime characterised by continuous flow throughout the year
and two flood periods.

2.3. Vegetation

2.3.1. Spatial distribution and structure of vegetation formations in the
Congo Basin

The Congo Basin is one of the largest areas of tropical moist forest
that remains largely intact (Grantham et al., 2020; Shapiro et al., 2021);
its ecological diversity is reflected in its wide range of vegetation for-
mations, which have been extensively described and classified (Devred,
1958; Gérard, 1960; Trochain, 1957; Lebrun and Gilbert, 1954). The
Congo Basin is organised around a central forest core that accounts for
approximately 51% of the basin area, interspersed with non-forested
internal areas (Shapiro et al., 2023). The central block is bordered by
a forest margin which transitions into a fragmented corridor (27%),
comprising isolated forest patches (Shapiro et al., 2023). Forest cover
fragmentation increases progressively with distance from the forest core
(Shapiro et al., 2023). In the CCB, forestry and agricultural activities are
concentrated mainly on small terra firme forest plots located near vil-
lages (Dargie et al., 2019). The human impact on the forest landscape is
organised in the form of a dispersed rural complex covering less than 8%
of the area, and is primarily structured around shifting cultivation
practices, and highlights the road network (Verhegghen et al., 2012;
Molinario et al., 2015, 2017; Shapiro et al., 2023).

The Congo Basin is characterised by a hot and humid equatorial
climate, which fosters the proliferation of dense tropical forests, a phe-
nomenon that is archetypal of moist equatorial regions (Lebrun and
Gilbert, 1954; Gérard, 1960). The central forests are classified as part of
the Lower Guinea—Congo forests phytogeographical region (White,
1983), the central forests consists of a mature lowland dense mixed
deciduous forests and in swamp forests (Fig. 2a; Mayaux et al., 2000;
Verhegghen et al., 2012; Shapiro et al., 2023). The mature, evergreen
tropical rainforest develops in better-drained interfluvial areas
(Doumenge, 1990), and is characterised by a closed, homogeneous
canopy that typically reaches heights of 35-45 m (Mayaux et al., 2000).
The upper stratum consists of shade-tolerant species organised in a well-
defined vertical structure with limited seasonal dynamics (Lebrun and
Gilbert, 1954; Mayaux et al., 2000). The development of understory
shrubs and grasses is rare, while epiphytes, such as members of the
Arecaceae family, are favoured (Mayaux et al., 2000). The lower layers
are composed of two distinct strata of regenerating individuals from the
upper canopy (Lebrun and Gilbert, 1954). Swamp forests are charac-
terised by the predominance of evergreen species, which have adapted
to the condition of protracted flooding. These species exhibit distinctive
traits such as stilt roots and pneumatophores (Evrard, 1968). These
environments (Fig. 2b) are characterised by a high density of lianas and
epiphytes, but relatively low floristic diversity. The homogeneous can-
opy can reach heights of up to 45 m and is often dominated by Cae-
salpiniaceae species such as Guibourtia demeusei (Harms) J. Léonard
(Lebrun and Gilbert, 1954; Campbell, 2005).

Non-forested wetlands have also been identified in the CCB, partic-
ularly in the permanently flooded valleys of the Lower Likouala, the
Likouala-aux-Herbes, and the Giri rivers (Hugues and Hugues, 1992; De
Grandi et al., 2000; Campbell, 2005; Fig. 2c). These habitats are char-
acterised by the predominance of rooted grasses growing in muddy
substrates, including Echinochloa pyramidalis (Lam.) Hitchc. & Chase,
Leersia hexandra Sw., Oryza barthii A. Chev., Vossia cuspidata (Roxb.)
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Griff. and large Carex species, some of which are capable of forming
floating mats (Fig. 2d). To the west of the Cuvette Centrale, these
grasslands form part of a mosaic landscape comprising steppes, sa-
vannas, peatlands, and swamps (Hugues and Hugues, 1992). Some
areas, which are subject to seasonal drying, are also prone to fires. At the
periphery of the central basin, semi-deciduous forests gradually become
the most prevalent stable vegetation type (Devred, 1958). These forests
host a mixture of deciduous and evergreen species, with canopies
characterised by partial and asynchronous leaf loss (Mayaux et al.,
2000). Beyond the main forest blocks, savannas comprise up to 40% of
the Congo Basin (Laporte et al., 1998; Hansen et al., 2008). They are
characterised by the presence of a continuous herbaceous layer inter-
spersed with sparse trees and shrubs (Fig. 2e; see Mayaux et al. (2000)).
Their structure is influenced by edaphic factors, climate, and fire re-
gimes (Sankaran et al., 2005; Koechlin, 1961). In the northern region,
the landscape is characterised by the prevalence of Guinean savannas,
while in the southern region, Zambesian savannas are predominant,
often interspersed with narrow gallery forests adjacent to rivers
(Peeters, 1964; Mayaux et al., 2000) and isolated savanna patches
(Koechlin, 1961). Plantations (Fig. 2f), including industrial ones (e.g.,
rubber, oil palm, and cotton) that were in part introduced during the
colonial period, also contribute to the structuring of the landscape
(Mayaux et al., 2000).

2.3.2. Vegetation formations of the study area (floodplains at the interface
of the Likouala-Mossaka and the Congo rivers)

The paucity of information regarding the vegetation of the region is
primarily attributable to the considerable size and inaccessibility of the
CCB forested wetlands (Keddy et al., 2009). Nevertheless, an exhaustive
list of swamp forest species has been compiled in the CCB (Hugues and
Hugues, 1992; Moutsambote, 2012; Ifo et al., 2016), either in associa-
tion with hydromorphic soils or swamp forest areas. Recent peatland
mapping (Dargie et al., 2017) revealed a significant accumulation of
peat under two vegetation types: swamp forests dominated by deciduous
trees such as Uapaca paludosa Aubrév. & Leandri, Carapa procera DC. and
Xylopia rubescens Oliv., and swamp forests dominated by palms, such as
Raphia laurentii De Wild., or more rarely, Raphia hookeri G. Mann & H.
Wendl., which occupy abandoned river channels (Dargie et al., 2017).

The vegetation of the plains is predominantly herbaceous, with the
presence of floodplain forests within the interior regions. The best-
drained areas are dominated by Poaceae, which includes species as
Jardinea congoensis (Hack.) Franch., Hyparrhenia diplandra (Hack.) Stapf,
Digitaria leptorhachis (Pilg.) Stapf, and Panicum repens L. Depressions and
canal banks are characterised by the presence of Poaceae reeds (Echi-
nochloa pyramidalis (Lam.) Hitchc. & Chase, Echinochloa sp., and other
unidentified species), the Poaceae V. cuspidata, and Cyperaceae (Cyperus
papyrus L.). The oil palm tree (Elaeis guineensis Jacq.) can be found in
certain forest patches on the herbaceous plain (Comptour, 2017). The
vegetation of the floodplain forest is characterised by that of the Lower
Sangha rainforest region (White, 1983). These forests are mostly flooded
during the rainy season, and occasionally during the dry season. The
terrain is mainly swampy, consisting of flooded forests, periodically
flooded forests, and terra firme forests. These forests have very shallow
undergrowth, with palm thickets in places. The height of the trees varies
between 15 and 30 m (Gilbert, 1984). The study area is characterised by
the presence of forests dominated by Lophira alata, G. demeusei, Mytra-
gyna ledermannii, and Eremospatha cabrae.

3. Material and methods
3.1. Sampling strategy

In May and June 2022, pooled leaf samples (approximately three to
ten mixed shade and sun leaves) of common terrestrial and aquatic

higher plant species and environmental water samples were collected in
five different environments (savanna, village, open water, and
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seasonally or perennially flooded swamp forest; see Fig. 1) in the central
Congo Basin peatlands region (see Supplementary Data 1 to 4). Sam-
ples were collected at each site over of one or two days. The selection of
sites was made on the basis of floristic diversity and the nature of the
environment.

In the swamp forests, plant samples were collected at multiple sites
(see Fig. 1b), including two transects situated near a fishing camp. These
transects were conducted from the riverbank towards the peatlands. The
transects ended where the vegetation became homogeneous. Transect 1
spanned a distance of 1,800 m, while transect 2 measured 600 m. In the
rivers, the same dominant aquatic plant species was sampled, a hel-
ophyte known as "hippopotamus grass’ (V. cuspidata), which is rooted in
mud and has both submerged and emergent parts, at different locations.
A total of 53 leaf samples were collected from 25 sites for organic
geochemical analysis. These samples represent 27 different plant species
from 13 families. Each leaf sample was stored in a paper bag during the
field sampling process, then in a paper press prior to being air-dried over
the following days. Some plants were identified in the field using both
local and scientific names. Samples of the unidentified plants were
collected for subsequent identification at the National Herbarium
(IRSEN) in Brazzaville. The scientific names of the species were verified
using the African Plant Database website (https://www.africanplantda
tabase.ch) of the Conservatoire et Jardin Botanique de la Ville de Gen-
eve, as referenced in Lebrun and Stork (2020). The identified species
have been classified in their respective botanical families according to
the APG IV classification for angiosperms (see Supplementary Data 1).
Samples of environmental surface water were collected using a 0.2 um
pre-combusted glass fibre filter, and stored in 1.8 mL borosilicate glass
vials with PTFE/silicone septa.

3.2. Analysis

3.2.1. Leaf biomass n-alkane identification and quantification

0.5 to 3 g of leaf powder was extracted using ultrasound for a time
period of 20 min in 30 mL of a dichloromethane/methanol (9:1) solu-
tion. The total lipid extract (TLE) was separated from the solid leaf
residue using 6 mL glass columns packed with 1.5 g of silica gel that had
been dried at 60 °C. The TLEs were further purified by elution with
hexane (10 mL) through a glass column containing AgNO3- impregnated
silica gel. The various homologues were analysed using a gas chro-
matograph equipped with a flame ionisation detector (GC-FID, Ther-
moScientific Trace GC) with a non-polar fused silica column (60 m x
0.25 mm x 0.1 pm, DB-5-MS (J&W)) and a deactivated retention gap
(2.5m x 0.53 pm). Hydrogen was utilised as the carrier gas, and the oven
temperature was programmed in accordance with the following pa-
rameters: from 45 to 200 °C at a rate of 17 °C min ™2, from 200 to 250 °C
at a rate of 5 °C min_l, and from 250 to 300 °C at a rate of 3 °C min ™.
For the purpose of quantification, the FID peak areas of the n-alkanes
were compared with those of an internal squalane standard and a n-Csg
alkane standard. The abundances of n-alkanes in the leaves are
expressed as pg g~! dry leaf.

3.2.2. n-Alkane distribution indices

The distribution of long-chain n-alkanes can be characterised using
various indices, including the ACL, the CPI and the carbon number
maximum (Cpax)-

The ACL is a simple parameter for describing the distribution pattern
of n-alkanes (Poynter et al., 1989). This represents the average chain
length, weighted by the abundance of different carbon compounds. The
ACL was calculated for n-alkanes ranging from n-Cys to n-Cgs as follows:

2(n x Cy)

ACLy co5-n-c35 = =(Cy)

This parameter is commonly used to compare the composition of n-al-
kanes in plants as well as in palaeo-environmental and -climate studies
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to track vegetation and climate changes. Long-chain n-alkanes such as n-
Cs3 and n-C3s have been identified as reliable indicators of C4 grassland
(monocots) ecosystems (Rommerskirchen et al., 2006; Vogts et al.,
2009). In contrast, n-Cpy and n-Cy9 have been shown to predominate in
trees and shrubs (Cg dicots; Cranwell, 1984; Meyers, 2003).

The odd-even ratio of carbon chain lengths is expressed by the CPI,
calculated and slightly modified according to the methodology outlined
by Bray and Evans (1961) as follows:

(n—Cys+n—Coy+n—Cy+n—Cz+n—Cs3+n—Css)

CPI =
(n7C24+n7C25 +717C23+H7C3Q+H7C32+H7C34)

The distribution of n-alkanes in terrestrial plants generally shows a
strong predominance of odd over even-numbered carbon homologues
(Eglinton and Hamilton, 1967).

The Cpax values are indicative of the predominant n-alkane homo-
logue and can be used to differentiate between the dominant type of
vegetation contributing to sedimentary n-alkanes (Liu et al., 2022).
Consequently, the relative distribution of the dominant Cpax was
assessed across plant groups differing in photosynthetic pathway (C3 vs.
C4) and growth form (monocots vs. dicots). The variation in the ratio of
the two dominant n-alkane homologues n-C3;/(n-Cy9 + n-Csi) is also
commonly used to estimate the contribution of C3 and C4 plant waxes to
the sediments (Schefuf3 et al., 2003).

3.2.3. Leaf wax n-alkane §'>C and 8D analyses

5'3Cy-alkane and 8Dp.alkane isotope analyses were performed at CER-
EGE using a ThermoScientific Trace GC coupled with a ThermoFisher
Scientific Delta V' mass spectrometer via an Isolink I GC conversion
unit. The GC itself was equipped with a TG5ms column (30 m x 0.25
mm x 0.25 pm), with helium serving as the carrier gas. The GC tem-
perature was programmed to rise from 80 to 180 °C at a rate of 10 °C
min’l, and from 180 to 315 °C at a rate of 5 °C min ' (for a duration of
16 min). For stable carbon isotope analysis, the combustion reactor was
maintained at 1000 °C, and for hydrogen isotope analysis, the HTC
pyrolysis reactor was held at 1420 °C. The samples were injected in
duplicate in a random order.

The performance of the instrument and the Hf factor were moni-
tored daily using a reference Hy gas and a mixture of n-alkanes with a
known isotopic composition. During the period of analysis, the H factor
was found to be 3 +0.08 (1 S.D.). The A7 n-alkane mixture (provided by
Arndt Schimmelmann; Indiana University) was used as an external
standard and run in duplicate every six injections to monitor the isotopic
integrity over the analysis period. The standard deviation of all A7
mixture standards is better than 2%o for 8D and 0.4%. for §'3C. The
values of the 8Dy, 4jkane and the 613Cn—alkane are expressed in %o relative to
the Vienna Standard Mean Ocean Water (V-SMOW) and the Vienna Pee
Dee Belemnite (V-PDB), respectively.

The 8'3Cpaiane values were determined using the same sample
extract fraction as was used for the measurement of the 8D,,_a1kane Values.
The §'3C and 8D values are presented for n-Cy7, n-Cyg, n-C31 and n-Css,
which are the most abundant n-alkanes (see Supplementary Data 2
and 3). The contemporary 5'3C values were corrected for variations in
atmospheric 513C (8'3C,m) associated with the Suess effect. This was
achieved by adding the difference between the 5'3C,m value at the time
of sampling and the pre-industrial 8'*Catm value (~2.2%o lighter now
than pre-industrial; Francey et al., 1999; McCarroll and Loader, 2004;
Keeling et al., 2018) to the 513C value of each n-alkane (see Supple-
mentary Data 3).

3.2.4. Environmental surface water 5D and 580 values

To constrain the isotopic composition of plant water sources, we
analysed the isotopic composition of river, pond water, and peat surface
water collected near the study sites (see Supplementary Data 4). An-
alyses of environmental surface water 8D and 5'%0 (8Dgsw and SISOESW,
respectively) were conducted at MARUM using a Picarro 2130i Cavity
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Ring-Down Spectrometer (CRDS) in high-precision mode. Nine in-
jections of 1.8 uL each were performed using a 10 pL gastight syringe.
The results are the average of the last three injections. Calibration was
performed using VSMOW?2, SLAP2, and a laboratory-internal standard,
as well as mixtures thereof with SLAP2. The isotopic composition of
precipitation from GNIP stations (IAEA/WMO, 2020) bordering the CCB
(i.e., Bangui, Kinshasa, and Kisangani) were further used as reference
values for comparison with our local 8Dggw and 6180E5w data (see
Section 4.6).

3.2.5. Leaf wax hydrogen isotopes fractionation

In order to evaluate the influence of vegetation and other environ-
mental factors on the 8D kane Values in the CCB, we calculated the
difference between the 8D ajkane Values and the 8Dgsw values (€x-alkane/
Esw) as follows:

8D, _alkane + 1000

oDgsw + 1000 l) x 1000

€n—alkane/ESW — (

% C, plant @ Terrestrial plant
* Cz plant & Aquatic plant
Cyperus papyrus L. ¢

Cyperus papyrus L. g5 ¥
Cyperus, unknown species * @

Families

Cyperaceae

Pontederiaceae Eichornia crassipes (Mart.) Solms % &
Vossia cuspidata (Roxb) Griff. & &
Vossia cuspidata (Roxb) Griff. ¢ &
Vossia cuspidata (Roxb) Griff. & ¥
Vossia cuspidata (Roxb) Griff. & &
Vossia cuspidata (Roxb) Griff. ¢ ¥
Vossia cuspidata (Roxb) Griff. & &
Poaceae \pssia cuspidata (Roxb) Griff. % ¥
Vossia cuspidata (Roxb) Griff. & ¥

Ctenium, unknown species & @

Hypparrhenia, unknown species @
Hypparrhenia, unknown species @
ZeamaysL. x @

Musaceae

Monocotyledons

Arecaceae

Uapaca heudelotii Baill. %
Lophira alata Banks ex CF Gaertn, %
Anthocleista sp %
~ Manilkara fouilloyana Aubrév. & Pellegr.
Manilkara fouilloyana Aubrév. & Pellegr. 4

Phyllanthaceae
Ochnaceae
Gentlanaeae

Melastomataceae

Rubiaceae

Dicotyledons

Fabaceae

Euphorbiaceae
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This difference is often referred to as ’apparent fractionation’ (eapp),
since it encompasses D-enrichment during the evaporation of soil and
leaf water and during wax biosynthesis (Smith and Freeman, 2006;
Sachse et al., 2012).

3.2.6. Statistical tests

To facilitate comparisons between plant groups, statistical analyses
were performed between angiosperm subclasses (monocots vs. dicots)
and photosynthetic pathways (Cg vs. C4). Student’s t-tests were applied
when data met the assumptions of normality and homogeneity of vari-
ance. When these conditions were not satisfied or were uncertain,
particularly for small sample sizes, non-parametric Wilcoxon rank-sum
tests were used (see Supplementary Data 5 and 6). All analyses were
carried out using the rstatix package (Kassambara, 2023) in the R lan-
guage (R Core Team, 2022).

n-Alkanes

800 1000 1200 1400 1600 1800

660
Odd n-alkanes (ug g dry leaf)

0 200 400

Fig. 3. Odd-chain n-alkanes homologues abundances (ug g ' dry leaf) from sampled living plants in the CCB. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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4. Results and discussion
4.1. n-Alkane abundances

The abundances of n-alkanes from living plants in the CCB are pre-
sented in Fig. 3. We detect n-alkanes from n-Cy3 to n-Cgy in our dataset,
with a notable predominance of n-Cyg and n-Cg; (Fig. 3), which may be
reflected in peat deposits as the two predominant homologues contrib-
uting to the sedimentary n-alkanes. In general, C3 (with the exception of
Raphia sp.) and/or dicots have been found to synthesise more n-alkanes
than C4 and/or monocots. This has the potential to obscure the n-alkane
extracted from palaeo-environmental archives by introducing a total n-
alkane skewed towards Cs dicots plants (Fig. 3). The longest n-alkane
homologues (n-Cs3 to n-C3y) are found in greater abundance in C4 plants,
although significant levels are also synthesised in some Cs plants
(Fig. 3).

4.2. Stable carbon isotope composition of n-Cag alkanes

At the ecosystem level, as per previous studies (e.g., Castaneda et al.,
2009; Vogts et al., 2009; SchefuB et al., 2011; Yang and Bowen, 2022), n-
Cqg alkane is generally the most abundant n-alkane extracted from
sedimentary archives. It is frequently used for palaeo-climatic re-
constructions, occasionally in combination with the n-C3; homologue.
This dominance can be attributed, at least in part, to the type of source
vegetation: it is evident from Fig. 3 that C3 plants produce a greater
amount of n-alkane, with n-Cyg and n-Cs; being the most abundant chain
lengths. The Cj plants have §'3C,.co9 values ranging from —40.7 to
—30%o, i.e., significantly lower than those of C4 plants (ranging from
—21.4 to —17.2%o; see Fig. 4). The 5'3Cp.alkane values in C4 plants are on
average, ~17%o higher and significantly less variable than those
measured in Cg plants. Despite the fact that Cs plants synthesise up to
one order of magnitude more waxes than C4 plants, C4 plants still syn-
thesise significant amounts of n-Cyg (Fig. 4a) and cover ACL (Fig. 4d) and
CPI (Fig. 4g) ranges at least as large as for C3 plants. The 8'3Cy,.c20 and/
or 613Cn_C31 remain the most effective tracers for the predominant
photosynthetic pathway in sedimentary archives. From our dataset, it is
difficult to discriminate between plant families on the basis of 5'3Cp.c20,
ACL or CPI values (Figs. 4b, e, h). We note that among the four analysed
species of palm trees, CPI and ACL do not draw a clear picture at the
species level (Figs. 4f, i), and that Raphia sp., which has overall low n-
alkane abundances, may not contribute significantly to sedimentary n-
alkanes (Figs. 3 and 4c).

4.3. n-Alkane distribution indices

Within our dataset, the n-alkane distribution indices that are
commonly used in palaeo-climate and palaeo-environmental studies
(ACL, CPI, Cpax, and n-C3;/(n-Cag + n-Cs1)) do not permit the distinction
between photosynthetic pathways or angiosperm subclasses (see
Figs. 5a-d, f-i, k-n, p-s, ‘Congo’ dataset and Supplementary Data 1
and 5). A similar pattern is observed when the comparison is extended
to include data from the African continent as a whole (Figs. 5a-d, f-i,
k-n, p-s, ‘All Africa’ dataset and Supplementary Data 5 and 7). Yet, a
striking observation in the odd n-alkanes distribution in our Congo
dataset (Fig. 3) indicates that the n-Co9 homologue, which is frequently
the most abundant sedimentary n-alkane and subsequently used for
isotopic analysis, is occasionally less dominant than the shorter n-Coy in
specific Poaceae (e.g., V. cuspidata) and frequently less dominant than
the longer n-C33 and n-Cgs in Poaceae and Cyperaceae. We hence
computed a new index referred to as GRIND (GRaminoid INDex) to take
into account this distinction in the dicot vs. monocot n-alkane homo-
logue distribution as follows: (n-Ca7 + n-Cgz + n-Css)/(n-Cos + n-Coy +
n-Cag + n-C3; + n-Csz + n-Css) (Figs. Se, j, o, t, ‘Congo’ dataset). GRIND
ranges between ~0.2 (n = 39) in C3 plants and ~0.6 (n = 14) in C4 plants
(Figs. 5e, j) and between ~0.1 (n = 24) in dicots and ~0.5 (n = 29) in
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monocots (Figs. 50, t). When the index is applied to the available African
data, it emerges that a clear distinction can be established between Cs
and C4 plants as well as between dicots and monocots (Figs. 5e, j, o, t,
‘All Africa’ dataset). This distinction is significantly more pronounced
than that observed with other indices presented in Fig. 5. For both
datasets, GRIND is significantly different for Cg plants against C4 plants
and for dicots against monocots (p-value (p) < 0.001; see Supplemen-
tary Data 5). We propose this ratio as a new tool in palaeo-
environmental reconstructions.

Ratios such as (n-Ca7 + n-Cag)/(n-Co7 + n-Cog + n-C3q) have tradi-
tionally been used to estimate the contribution of woody dicotyledons to
sedimentary n-alkanes (Zhang et al., 2008). However, these early ap-
proaches frequently overlook the long-chain homologues that are
characteristic of grasses. In order to address this issue, the GRIND index
incorporates n-Cyy, n-Css, and n-Cgs — compounds that are typically
more abundant in grasses, particularly C4-dominated species, and in
sedges. Studies show that long-chain n-alkanes (n-C33 and n-Css) occur
in much higher proportions in grasses than in most woody plants
(Rommerskirchen et al., 2006; Tweedy et al., 2025). This finding is
consistent with the broader trends observed in n-alkane distributions,
where woody plants (i.e., trees and shrubs) exhibit maxima at n-Cy; or n-
Cag, while grasses and herbs reach their peak at n-C3; or n-Cgz (Cranwell,
1984; Meyers, 2003; Krull et al., 2006; Vogts et al., 2009; Garcin et al.,
2014; Liu et al., 2018, 2022). Alternative ratios, such as n-Cog/n-Cs1, n-
C31/(n-Cz9 + n-Cz1), n-C31/(n-Cy7 + n-Cz1), n-Cz3/(n-Cz9 + n-Cgs), n-
C3s5/(n-Cag + n-Css), and n-Czs/(n-Cas + n-Cay + n-Cag + n-Caq + n-Czz +
n-Css), have been proposed to differentiate between woody and herba-
ceous vegetation in savanna environments (Scheful et al., 2003; Vogts
et al., 2009; Bush and McInerney, 2013).

If the GRIND index seems a useful complementary tool for estimating
the vegetation cover, it may be affected by uncertainties related for
example to production of n-Cz3 alkanes by some C3 species or by the low
concentrations of long-chain n-alkanes in some sedimentary deposits.
Further testing across tropical regions and integration with other proxies
(e.g., pollen and 5'3C) will help validate this index for reconstructing
past C3/Cy4 vegetation dynamics.

4.4. Stable carbon isotope composition combined with abundances in n-
Ca7, n-Cag, n-C3;, and n-Cszz alkanes

The vegetation cover at the ecosystem level integrates plants over a
mosaic of plant functional types (PFTs). When incorporated into sedi-
ments and/or peat deposits, the lipid extracts containing the n-alkanes
used for 5'°C measurements predominantly reflect input from the most
abundant plants. However, they can be skewed towards plants that
produce very high concentrations of n-alkanes, which may dominate the
sedimentary isotopic signal, such as, e.g., C3 dicots for n-Cqg (see Figs. 3
and 6 and Supplementary Data 3).

Given the large spectrum of environments sampled during the field
campaign (Figs. 1 and 2) and the potential for varying PFTs to obscure
the sedimentary n-alkane signal in palaeo-environmental re-
constructions, the 613Cn,a1kane of each leaf sample collected during the
field campaign were reported according to their PFT and their relative
abundance for the four dominant odd n-alkanes (i.e., from n-Cy; to n-Css,
Fig. 6). It should be noted that the choice to represent the 5'3C as a
function of latitude is only for visual convenience. Across the latitudinal
transect, the southernmost sampling sites were dominated by samples
composed of leaves of C4 monocots (PFT ‘aquatic herbs’, see Fig. 6, as
illustrated in Figs. 2c, d), transitioning towards samples of palms
(Fig. 2b), trees (Fig. 2a), as well as terrestrial herbs and shrubs such as
those found in grass-dominated savannas (Figs. 2e and 6). It can be
hypothesised that a sediment or peat sample collected at the confluence
of these environments would likely demonstrate a n-Cy; to n-Czz dis-
tribution, with a strong predominance of inputs from Cs plants. This
would be particularly evident when considering the 5'3C values of n-Cag
and n-Cs; (Fig. 6), i.e., the homologues most commonly used in palaeo-
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environmental reconstructions. However, it is important to note that this tandem when attempting to accurately interpret the 5'3C values of
apparent Cg signal may still include a secondary, though non-negligible, sedimentary n-alkanes (e.g., Feakins, 2013; Garcin et al., 2022).
contribution from n-alkanes synthesised by C4 graminoids (Fig. 6). This

finding emphasises the importance of integrating the isotopic compo-

sition of n-alkane and the associated sedimentary pollen assemblages in
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4.5. Hydroclimate conditions influence on the 513C - atkane of African
leaves

As already observed in various parts of Africa, the data presented
here demonstrate that the photosynthetic pathway is the main driver of
SISCn_alkane, and that there is a high degree of variability in the 53¢
values of Cg plants sampled in different environments (e.g., Rommer-
skirchen et al., 2006; Vogts et al., 2009; Garcin et al., 2014; Badewien
et al., 2015; Gensel et al., 2022). Other factors potentially influencing
the 8'3C values in Cg leaves may be related to water limitation and/or
canopy closure. Water limitation is known to drive '3C enrichment in
leaves, as stomata regulate water loss and hence drive carbon dioxide
limitation (Farquhar et al., 1989). However, while this factor may be
relevant in dry environments, it is not expected to be significant in the
CCB peatlands region, where relative humidity (RH) remains high
throughout the year (80-90%; Samba et al., 2023). The variability in
§'3Cp-alkane values may also be influenced by the distinction between
canopy (sunlit leaves) and understorey (shaded leaves), with sunlit
leaves being 13C_enriched relative to shaded leaves (Farquhar et al.,
1989; Graham et al., 2014; Wu et al., 2017). Another key factor which
may impact understorey vegetation is the ’canopy effect’ (Van Der
Merwe and Medina, 1991), involving the recycling of 13C-depleted CO,
derived from microbial soil respiration in the understorey of closed-
canopy forests, as well as fractionation due to photosynthesis under
low light conditions. This results in 3C depletion of C3 leaves (Graham
et al., 2014). Our results agree with other field studies on leaf waxes,
which show occasionally highly negative 5'3Cpy-alkane values, and which
are similarly interpreted as resulting from a combination of water
availability (high mean annual precipitation and/or high annual RH)
and canopy effect under closed-canopy conditions and low light in-
tensity (Garcin et al., 2014; Wu et al., 2017).

In tropical peatland ecosystems such as those of the central Congo
Basin, methane is typically highly '3C-depleted, and its microbial
oxidation produces isotopically light CO5 (Holmes et al., 2015). This
CHjy-derived CO5 could, in principle, contribute to the formation of
highly negative 8'3C values in plant biomass and associated n-alkanes.
Clear demonstrations of CHy-derived carbon assimilation exist for
Sphagnum mosses, which form close symbioses with methanotrophic
bacteria (Raghoebarsing et al., 2005; Van Winden et al., 2020). How-
ever, firm evidence that vascular plants assimilate this CO; in sufficient
quantities to alter their bulk 5!C remains lacking, but given the small
relative contribution of CH4 oxidation to the total CO, available for
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photosynthesis, any influence on vascular plant 5!3C would likely be
minimal. Consequently, while the CHy4 oxidation may exert a localized
and subtle isotopic effect, the very wet conditions and the canopy effect
remain the most robust and consistent explanation for the very low §!°C
values observed in the biomass of vascular plants in tropical peatlands.

As illustrated in Fig. 7, the 513Cn.a1kane values (see Supplementary
Data 8) of living plants in Congo were compiled alongside those from
other African sites (i.e., Rommerskirchen et al., 2006; Vogts et al., 2009;
Kristen et al., 2010; Bezabih et al., 2011; Garcin et al., 2014; Badewien
et al., 2015). These data are compared with mean annual RH (Hersbach
et al., 2020) to determine if variations in 613Cn_alkane values are related to
continental-scale climate conditions (Winter, 1981; Farquhar et al.,
1982; Madhavan et al., 1991). The combined plant data for Africa cover
a RH range of 40-90%, with discontinuous data below 40% RH. The
8'3C.alkane values of African C4 plants mostly do not show significant
variability following different RH classes (see Supplementary Data 6
and Fig. 7). Conversely, the 5'3C,y-alkane values of African Cs plants do not
differ significantly between 40 and 80% RH, but differ significantly
(Wilcoxon test (p < 0.05)), with lower mean value of —37%o above 80%
RH (Fig. 7).

These results suggest that 613Cn-alkane may be used to track very wet
environments, in African and other tropical regions. Dense forest cover,
where factors such as the ’canopy effect’ (Van Der Merwe and Medina,
1991) could lead to substantial 1*C-depletion in the leaves of under-
storey vegetation, are often associated with high RH. Extending our
findings to sedimentary leaf waxes, which are commonly used as palaeo-
environmental proxies in Africa (Rommerskirchen et al., 2003; Schefuf3
et al., 2003; Niedermeyer et al., 2010; Feakins, 2013; Garcin et al., 2014)
suggests that very negative 8'3C values of sedimentary leaf waxes (i.e., <
—37%o0), predominantly derived from Cs plants, may reflect high RH
conditions (> 80%) in the past and may therefore help with palaeo-
climatic reconstructions.

4.6. Stable hydrogen isotope composition in environmental waters and its
8Dp.c29 and 6Dp_c31 counterparts

The precipitation isotopic composition of the GNIP stations (IAEA/
WMO, 2020) bordering the CCB indicates precipitation 8D (SDprecip) that
vary in a range comprised between ~-35 and ~+30%o during the dry
and rainy seasons, respectively, with seasonal and mean annual values
varying with sites (Fig. 1a). When these values are weighted against the
monthly mean amount of precipitation, the annual 8Dpyecip values are
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Fig. 7. (a) Map of African study sites where §'3C,.co9 and 8'°C,.cs; values in plant samples are available (white dots: this study, black dots: other studies; see
Supplementary Data 8). (b) 8'3Cp.ca0 values against relative humidity (Hersbach et al., 2020). (c) 8'3Cy.c3; values against relative humidity. (b and c) Data are binned
using 10%-RH bins; C4 and C3 plant data are shown in yellow and in red, respectively (white dots: this study, black dots: other studies); vertical grey bands indicate
RH > 80%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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skewed towards negative values (Fig. 1a). In a 8D/3'%0 scatterplot
(Fig. 8a), The GNIP data is reported alongside the environmental surface
water samples collected in situ. The stable isotope values of the sampled
environmental surface waters overlap with the available precipitation
data from the three local GNIP stations (Kinshasa, Bangui, and Kisan-
gani). This suggests that 8Dggw and 5'80ggw probably track the isotopic
composition of precipitation with minimal influence from evaporation
processes. We cannot rule out the possibility that under more arid
conditions, environmental surface waters were more influenced by
evaporation and plant transpiration was significantly enhanced. How-
ever, at a global scale, the 8D ajkane Values are largely controlled by
8Dprecip values; only in hyperarid zones they are additionally influenced
by evapotranspirative D-enrichment (Gaviria-Lugo et al., 2023). Since
arid conditions are necessarily associated with higher 6Dggw values, we
argue that evapotranspiration increase would help identify subtle
changes in hydroclimate.

Both temperature and hydroclimate affect the 8D of the environ-
mental water ultimately used by terrestrial and aquatic photo-
synthesising organisms. However, the process of lipid biosynthesis and
other second-order parameters affecting the intracellular plant (leaf)
water strongly fractionate the hydrogen isotope composition in the
resulting 8Dy, alkane Values (Sachse et al., 2012). This isotopic fraction-
ation during lipid biosynthesis results in the systematic lowering of the
8Dp.-alkane Dy ~—200 to ~—100%o in our dataset (Fig. 8b). The broad
range in the 8Dy, c29 values presented in Fig. 8b is attributable to the fact
that the entire dataset contains plants with contrasting photosynthetic
pathways, monocots and dicots, contrasting PFTs, and which were
sampled in contrasting environments. In Fig. 9 we detail these con-
trasting 8Dp.alkane Values associated with different plant samples.

The 8Dy,.alkane values of C3 plants (8Dp.ca9 = -150 +21%o0 (n = 36) and
8Dy.c31 = —145 +23%0 (n = 29)) are D-enriched compared to those of C4
plants (sDn_ng =-182 +22%o (n=14) and SDn_Cgl =-176 +18%o (n=
14); Figs. 9a, b). This pattern is reflected in the &;.a1kane/Esw Values of Cg
plants (monocots and dicots; €,.cog/Esw = —141 +£20%o0 (n = 36) and ¢,
c31/Esw = —136 £22%o (n = 14)) as compared to those of C4 plants
(monocots; €,.co9/Esw = —172 +24%0 (n = 14) and €n.c31/85w = —166
+17%o0 (n = 14); Figs. 9c, d).

Analogously to the photosynthetic pathway, the monocots vs. dicots
have drastically different 8Dy.a1kane values, with dicots being D-enriched
compared to monocots. The 8D;,.c29 and 8D,.c3; for dicots have values of
—142 £19%0 (n = 22) and —139 +21%o (n = 21), respectively, while the
8D;,.c29 and 8Dy,.c31 for monocots have values of —173 +22%o (n = 27)
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and —171 £21%o (n = 22), respectively (Fig. 9).

Within monocots, aquatic herbs in C4 (8Dj.co9 =—180 +24%o, n = 10;
8D;.c31 = —168 +16%0, n = 11) and terrestrial herbs in C4 and C3 (8Dj,.
c29 = —180 £22%0, n = 8; 8D;.c31 = —177 £27%0, n = 9) are more D-
depleted than palms with a liana growth form (8D;.co9 = —155 £7%o, n
= 3; 8Dp.c31 = —157%0, n = 1) or with shrub form (6D;.co9 = —154 3-5%o,
n =5; 8D;.c31 = —149%o0, n = 1; Supplementary Data 9). Within dicots,
shrubs are more D-depleted than hardwood trees, with 8Dy,.cog9 and 8D,,-
c31 mean values for shrubs of —155 +27%0 and —153 +23%., respec-
tively, and 8D;,.co9 and 8Dj,.c3; mean values for hardwood trees of —138
+13%0 and —133 +12%o, respectively, i.e., representing the less D-
depleted n-alkanes among the studied PFTs (Supplementary Data 9).
Again, these isotopic patterns translate into €n.alkane/ssw fingerprint
among PFTs (Supplementary Data 9).

The 8Dp alkane Values of flooded savanna plants are the most D-
depleted, with 8D;.co9g = -193 £8%o0 (n = 8) and 8D;.¢31 = —176 +5%0 (n
= 8). The 8D, a1kane Of savanna plants are less D-depleted, with 8D,,.cog =
-164 +21%o (n = 4) and 8Dp.c31 = —167 £33%0 (n = 4). Swamp forest
plants, that mainly consist in Cg dicots, overlap their isotopic composi-
tion with the C3 and dicot subgroups (Fig. 9).

Note that, in addition to our 8Dgsw values being only an approxi-
mation of the 8Dprecip values commonly used in the literature to calcu-
late e,pp, our isotopic dataset for potential plant water is likely
incomplete. This is due to the fact that the sampled waters do not
necessarily reflect the actual source water used by plants during
biosynthesis, depending on whether n-alkane synthesis occurs primarily
during the rainy season or over a longer period throughout the year. On
a global scale, the e,,, between plant wax n-alkanes and source water
(prevalently precipitation) spans a wide range of approximately ~—200
to ~—20%o, reflecting both biochemical and environmental controls
(Sachse et al., 2012; Liu et al., 2023). A relatively constant biosynthetic
fractionation of ~—150%o occurs during the conversion of leaf water to
n-alkanes, while variability in e,pp mostly arises from differences in leaf-
water D-enrichment and plant ecophysiology (Sachse et al., 2012;
Kahmen et al., 2013). Systematic offsets are observed among PFTs
(Sachse et al., 2012): Cg3 grasses typically exhibit more negative apparent
fractionation values (—157 +29%.), C4 grasses less negative values
(—141 +21%o), and woody Cgz plants the least negative (—117 +29%o).
These differences are attributed to a combination of photosynthetic
pathway effects, growth form (woody vs. grassy), and environmental
conditions such as humidity, aridity, and canopy structure, all of which
influence the extent of leaf-water evaporative D-enrichment (Tipple and

[a L ‘ ‘ Ib] Environmental surface water 8D (%o) il
A L i
L GNIP station data [ Q —o
¢ Bangui . @ Q' . ‘. i
A Kisangani = -
20 — % Kinshasa -
— —-50
— o B L i
é - -
Q o0r — L Leaf wax n-Cyq alkane 3D (%o) ] o
> Environmental surface water [ m ] -100 W]
g O Large wers 7 - B . . ’g@
Small tributaries and : . : =
-20 U peat surface water — 5 ‘.' : = —-150
Ubangui River L i
@ Congo River ) L [ | B
Sangha River - % : l [ | e
-40 @ Likouala-Mossaka Rivers— — ) —-200
@ Kouyou River L B
| | | | | . | \ \ \ I \
-6 -4 -2 0 2 1.2 1.0 0.8 0.6

Water &80 (%)

Latitude (°S)

Fig. 8. (a) Hydrogen and oxygen isotope ratios of environmental surface waters in the CCB peatlands compared with GNIP precipitation data (monthly means) from
Kinshasa, Bangui, and Kisangani (IAEA/WMO, 2020). Also shown in blue line is the global meteoric water line (GMWL). (b) Variability of 8Dggw (top) and 8D, ca9 for
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Pagani, 2013). The plant dataset from the central Congo Basin clearly
demonstrates the well-known systematic different e,p, values between
woody C3 plants and C4 grasses (see €p-alkane/Esw, Figs. 9¢, d). We also
note that our limited data show more negative e,,, values (C4 plants:
—172 £24%0 and Cs3 plants: —141 +20%o, see above) compared to other
existing e,pp compilations (Sachse et al., 2012; Liu et al., 2023). These
disparities may be attributed to the definition of the source water used in
the calculation of e,pp (annual vs. seasonal precipitation, soil water,
groundwater, small water stream, or river water) and the timing of wax
production, given that wet-season biosynthesis from isotopically lighter
precipitation can drive apparent fractionation to more negative values
(Liu et al., 2023). However, on global scale, the most negative e,
values are predominantly found in the wettest environments (Sachse
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et al., 2012; Gaviria-Lugo et al., 2023) — as those found in the study
area.

As shown in Fig. 3, accounting for variations in n-alkane production
among plants and the prevalence of C3 biomass at the sampled locations
(see Fig. 2) suggests that the resulting sedimentary n-alkane character-
istics are predominantly skewed towards Cs dicot plants, both in the n-
alkane homologue distribution (see Section 4.4) and their associated 8D,
despite the presence of graminoids in wet equatorial environments.
Drastic hydroclimate changes could induce widespread shifts in domi-
nant vegetation at tropical latitudes. Such shifts have been observed in
Africa during glacial-interglacial timescales (e.g., Tierney et al., 2010)
and at the onset and termination of the last African Humid Period (e.g.,
Shanahan et al., 2015; Jaeschke et al., 2020). In such cases, the use of
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8'3Cpalkane Tecords has been demonstrated as a means to estimate
vegetation composition (Cs vs. C4) and to correct for the effects of
vegetation on 8Dy aikane records (Collins et al., 2013; Wang et al., 2013;
Shanahan et al., 2015; Tierney et al., 2017; Garcin et al., 2018). This
approach, when combined with pollen data (e.g., Feakins, 2013), allows
the hydroclimate signal to be isolated from vegetation influences.

5. Conclusion

We conducted a survey of the distribution and the stable carbon and
hydrogen isotope composition of leaf wax n-alkanes in savannas, rivers,
and forests within the peatlands of the central Congo Basin area. The
present study demonstrates the potential of leaf wax biomarkers for
various applications, including palaeo-environmental and -climatic re-
constructions in Central Africa and beyond.

Based on the distribution of the different n-alkane homologues in the
analysed plant samples, we proposed a new n-alkane ratio, the GRIND
index (for GRaminoid INDex), that computes as follows: (n-Ca7 + n-Css
+ n-Css)/(n-Cas 4+ n-Coy + n-Cog + n-Cg; + n-Cgs + n-Css). This ratio may
be used as an alternative to, or in combination with, §'3Cp.aikane values to
help resolve relative changes in C3 and C4 plant waxes, a proxy of the
vegetation cover in the tropics.

By combining the §'3C values of leaf wax n-alkanes from the CCB
with existing 5'3C data from elsewhere in Africa, we have demonstrated
that the occurrence of very negative 5'3C values in n-Cyg and n-Cs; al-
kanes (i.e., < —37%o), which are characteristic of Cg plants, is almost
exclusively limited to environments with high relative humidity.
Applying these findings to sedimentary n-alkanes in peat and lake sed-
iments may therefore help identify periods of RH > 80%, providing
additional quantitative constraints for palaeo-climatic reconstructions.

The 8D data from living plants in the CCB corroborates previous
observations regarding the 8D;.aikane Values and the apparent fraction-
ation (e,pp) between n-alkanes and the source water of the plants. This
reveals significant disparities between C3 and C4 plants, as well as be-
tween dicots and monocots. These differences are mostly related to
physiological variations in photosynthetic pathways and plant types.

Despite the potential presence of graminoids in humid equatorial
areas, the strong dominance of C3 and dicot plants at sampled sites
heavily influences the sedimentary n-alkane characteristics. Major
hydroclimate shifts — such as those seen in Africa during glacial-
interglacial periods — can alter the dominant vegetation. In such
cases, 513Cn—alkane data together with pollen data can help correct 8D
records, allowing for a clearer separation of climate signals from vege-
tation effects.
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