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A B S T R A C T

Significant climatic and vegetation changes have occurred in tropical Africa over the Holocene, especially during 
the African Humid Period (AHP). However, the complexity of interpreting and comparing several proxies from 
diverse sites complicates the characterization and differentiation of climatic and environmental changes at local, 
regional and global scales. This study investigates a 6-m peat core from the Ngaoundaba maar volcanic crater 
(Northeastern Cameroon, later simply called Ngaoundaba), spanning the last 10 ka using pollen analysis and a 
large panel of lipid biomarkers. We produce new high-resolution, continuous, multiproxy records of vegetation, 
temperature, and precipitation spanning most of the Holocene. All of these proxies indicate a substantial tran
sition approximately 5.7–5.6 ka cal BP, which is supported by cluster analyses and marks the end of the AHP. A 
shift from an open-water to a vegetated peatland, the disappearance of some wooded species, and the expansion 
of grass and sedge pollen all indicate significant local and regional changes. The gradual terrestrialization of peat 
surfaces also had an impact on lipid biomarker proxies. An unusual extensive variation in hydrogen isotopic 
composition (D/H) of long-chain n-alkanes during the Holocene, in contrast to other records from West and 
Central Africa, may be attributed to the increased contribution from local wetland plants, including sedges and 
grasses, which thrive in peat water that is more D-enriched than rainwater, peat water being the water accu
mulating in the wetland. Likewise, temperature variations reconstructed using bacterial branched glycerol dia
lkyl glycerol tetraethers (brGDGTs) are influenced by confounding factors, like changes in peat pH or moisture 
levels, which may be constrained using our multiproxy methodology. The temperature record from Ngaoundaba 
indicates a slight increase in temperature during the mid-Holocene relative to pre-industrial levels. The 
Ngaoundaba peat deposit documents a massive and abrupt shift in vegetation at the end of the AHP, linked with 
changes in precipitation amount and/or seasonality, which also significantly affected the peat microbial com
munity. The Ngaoundaba peat record, because of its high sensitivity to climatic and environmental changes, is a 
crucial new source for understanding the end of the African Humid Period in Western Central Africa.

1. Introduction

Precipitation has long been recognized in tropical and equatorial 
Africa as a critical climatic component influencing vegetation zonation 
and having a significant influence on human communities (Pausata 
et al., 2020). During the early Holocene, the region experienced a 

northward and southward shift in vegetation zones, driven by changes in 
the amount and seasonality of precipitation (e.g., DeMenocal et al., 
2000; Salzmann et al., 2002; Shanahan et al., 2015). This period, 
referred to as the African Humid Period (AHP), peaked between 9000 
and 6000 years ago, and has since been extensively studied. A 
comprehensive array of proxies has been employed to reconstruct the 
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end of the African Humid Period, including windborne dust via terrig
enous input (DeMenocal et al., 2000), upwelling intensity through 
excess 230Th (Adkins et al., 2006), pollen analyses (e.g., Vincens et al., 
2010; Lézine, 2017), temperature and precipitation reconstructions 
based on lipid biomarkers (e.g., Berke et al., 2012; Shanahan et al., 
2015), and fossil diatoms (Yacoub et al., 2023), among others. Published 
data, including marine and terrestrial environments across diverse 
ecological conditions, have highlighted the intricacy of climatic and 
environmental responses toward the end of the AHP and the timing and 
abruptness of its termination are still subject to debate.

In Western Central Africa, hydroclimatic reconstructions, based on 
the hydrogen isotopic composition (D/H or δD) of plant wax-derived n- 
alkanes, demonstrate differing patterns throughout the Holocene 
(Collins et al., 2017; Garcin et al., 2018, 2022; Niedermeyer et al., 2010; 
Schefuβ et al., 2005; Shanahan et al., 2015; Tierney et al., 2017). Sha
nahan et al. (2015) emphasized the intricate spatial and temporal dy
namics of the termination of the African Humid Period (AHP), 
suggesting a time-transgressive end of the AHP marked by an abrupt 
local termination that occurred later at lower latitudes. Nonetheless, the 
δD record from the lake Barombi closely aligns with insolation varia
tions, suggesting a progressive termination of the AHP (Garcin et al., 
2018). Vegetation reconstructions derived from pollen analyses reveal a 
significant response to climate change at the end of the AHP, although 
the timing and magnitude of these responses differed across various 
regions (e.g., Vincens et al., 2010; Lézine et al., 2021).

Modeling studies further illustrated the intricate nature of precipi
tation alterations at the end of the AHP, emphasizing significant feed
back mechanisms from vegetation, land-surface, and ocean-surface 
interactions on the monsoon regime, alongside non-monsoon dynamics 
such as extratropical troughs (e.g., Kutzbach et al., 1996; Claussen et al., 
1999; Renssen et al., 2006). Recent transient models effectively repre
sent the temporally transgressive end of the AHP (e.g., Kutzbach et al., 
1996; Claussen et al., 1999; Renssen et al., 2006; Dallmeyer et al., 2020). 
Regionally, climatic simulations utilizing several Global Climate Models 
(GCMs) exhibit considerable variances in the timing of the AHP, leading 
to substantial variations in the projected alterations in vegetation (Hély 

et al., 2009). Although insolation forcing is the primary factor triggering 
the end of the AHP, the intricate and diverse climatic feedbacks, 
together with regional and local influences on environmental change, 
complicate the comprehension of the AHP termination and hinder the 
comparison of data from various sites.

The scarcity of multiproxy records complicates the establishment of 
links between proxies and their responses to local changes, whether 
similar or different. Comparing proxies is essential for improving our 
comprehension of the AHP and refining its timing. In Western Central 
Africa, multiproxy records that encompass the end of the AHP and 
juxtapose pollen analysis with lipid biomarkers are limited to a few lo
cations, such as Lake Barombi (Garcin et al., 2018; Giresse et al., 1994) 
and Lake Bosumtwi (Shanahan et al., 2006, 2015; Miller et al., 2018). 
However, the variable temporal resolutions of these records complicate 
comparisons among proxies.

This work reconstructs the dynamics of the end of the AHP utilizing 
lipid biomarkers (long chain n-alkanes and branched glycerol dialkyl 
glycerol tetraethers - brGDGTs) and pollen records from the Ngaoun
daba peat deposit in northern Cameroon (Fig. 1). This site is situated on 
the Adamawa plateau within the Sudano-Guinean wooded savanna re
gion (Letouzey, 1958). This area, situated between the open savannas of 
the Sahelian and Sudanian zones and the closed forests of the 
Guineo-Congolian rainforests, has significant promise for paleoclimatic 
research. Currently, records from the Adamawa plateau do not extend 
beyond the last 7 ka cal BP (Nguetsop et al., 2011; Vincens et al., 2010), 
with some exhibiting intricate or inadequately defined age models (e.g., 
Ngos and Giresse, 2012; Nguetsop et al., 2013). Here we present the first 
high-resolution record of the last 10,000 years on the Adamawa plateau, 
encompassing the end of the AHP, reconstructing past variations in 
vegetation, precipitation, and temperature using novel multi-proxy 
data, supplemented by previously published bulk organic data and pH 
reconstructions (Schaaff et al., 2023, 2024). This high-resolution, 
continuous paleoenvironmental and paleoclimatic record shows a 
major climatic change at approximately 5.7–5.6 ka cal BP. The 
Ngaoundaba location exhibited susceptibility to short-term climate 
fluctuations. Our multi-proxy approach effectively differentiates 

Fig. 1. Location of the Ngaoundaba peat and other paleoclimate and paleoenvironmental records in the intertropical and equatorial regions of Africa. Green and 
violet symbols refer to the compilation of δD records and other peat records, respectively. Site numbers refer to the associated references in Table S. 1. The present- 
day vegetation at each site is detailed in subsection S.2.2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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regional climate signals from local environmental changes, while peat 
records provide insights into both long- and short-term climate dy
namics, as indicated by the study.

2. Material and methods

2.1. Study site and material

The Ngaoundaba peat deposit is situated in a volcanic crater on the 
Adamawa Plateau in Northeast Cameroon (N7.135◦ E13.690◦, 1175 m 
above sea level). The current climate is characterized by two distinct 
seasons: a 6-month dry season from October to March and a 6-month 
rainy season from April to October. According to the CRU database, 
the current mean annual air temperature (MAAT) is 22.2 ◦C and the 
mean annual precipitation (MAP) is 1482 mm (Harris et al., 2014).

This part of the Adamawa Plateau is currently classified as Sudano- 
Guinean wooded savanna and is bordered to the north by Sudanian 
savanna-dry woodland mosaics (Letouzey, 1958; White, 1983). The 
Sudano-Guinean wooded savanna zone is characterized by the presence 
of Daniella oliveri (Fabaceae) and Lophira lanceolata (Ochnaceae) tree 
species (Letouzey, 1985; Vincens et al., 2010). There is a broad transi
tion zone from 6◦ N to 4◦ N between the wooded Sudano-Guinean sa
vannas and dry/seasonal Guineo-Congolian forests to the south. The in 
situ growing vegetation of the Ngaoundaba peat deposit is dominated by 
sedges (Cyperus sp).

Analyses are based on a 6-m-long core (named NGBA19) collected in 
February 2019 using a Russian peat corer. The core is composed of dark 
brown peat without visible sandy or clayey zones. The core was sub- 
sampled at 2.5-cm intervals. Compound-specific organic geochemical 
analyses were performed on 73 samples, and pollen analyses were per
formed on 60 samples. We previously demonstrated that the bulk 
organic data, notably Total Organic Carbon (TOC), were primarily 
controlled by the decomposition of organic matter. After removing this 
signal, the remaining variation can be interpreted in terms of past 
change in paleoclimatic conditions (Schaaff et al., 2023). Additionally, 
the Ngaoundaba peat deposit provides the first comparison of two pH 
reconstructions, one based on hopanes and the other on brGDGTs 
(Schaaff et al., 2024). Although the range of variations differs between 
the two pH reconstructions, they show similar variations reflecting the 
response of the microbial community to past environmental changes.

2.2. 14C dating and bulk organic analyses

The age model of the Ngaoundaba peat core is based on 30 radio
carbon dates carried out at the LMC14 Laboratory (Saclay, France). 
Details on the dating and calibration of the age model are given in 
Schaaff et al. (2023). Briefly, the 6-m-long NGBA19 peat core covers the 
last 10 ka. The sediment accumulation rate is relatively uniform, with 
exceptions at depths of approximately 150 cm and 200 cm, where there 
is a rapid increase in age within a narrow sediment layer. Organic 
geochemical and pollen samples were selected at regular depth in
tervals. Six organic geochemical samples were added at depths of 150 
and 200 cm, with three samples at each depth. The average temporal 
resolutions of the compound-specific organic geochemical and pollen 
analyses were approximately 130 and 170 years, respectively.

Bulk organic analyses are presented in detail in Schaaff et al. (2023). 
Briefly, for elemental and stable isotope analyses (Total Organic Carbon 
(TOC) and δ13C composition of TOC, hereafter δ13Cbulk), samples were 
analyzed using an elemental analyzer (Vario ISOTOPE Select, Ele
mentar) coupled to a thermal conductivity detector and an isotope ratio 
mass spectrometer (Vision, Elementar). Every 10 samples, a working 
standard (IVA sediment) was analyzed to normalize the mass spec
trometer signal. Samples were analyzed for Rock Eval® thermal ana
lyses (Hydrogen Index, HI), using a Rock-Eval® 6 (Vinci Technologies, 
France).

2.3. Compound-specific organic geochemical analyses

2.3.1. Sample preparation
All samples were freeze-dried, ground and homogenized. Lipid 

extraction was performed two times from 0.3 g of each sample with 10 
mL dichloromethane (DCM)/methanol (3:1, v/v) using a MARS 6 CEM 
microwave extraction system. Following each extraction, the superna
tant was filtered through a sintered Teflon filter. Synthetic C46 GDGT 
was added to the combined extracts of each sample as an internal 
standard (Huguet et al., 2006). The total lipid extract was separated by 
column chromatography on silica gel into three fractions of increasing 
polarity. A hydrocarbon fraction containing n-alkanes was first eluted 
with 8 mL of hexane. A second fraction was eluted with 5 mL hex
ane/DCM (1:1, v/v). Alcohols, including brGDGTs, were eluted in a third 
fraction with 10 mL DCM/methanol (1:1, v/v).

2.3.2. n-Alkanes analyses

2.3.2.1. Molecular analyses by gas chromatography. Copper curls acti
vated with HCl were added to the hydrocarbon fractions to remove 
elemental sulfur. After a first GC-FID analysis (HP 6890 A), GC-MS an
alyses (Agilent 6890 N GC coupled to an Agilent 5975C MSD and Agilent 
7890 B GC coupled to an Agilent 5977 B MSD) were performed for 
identification and quantification of the different compounds. Both GC- 
MS instruments provided comparable data. Integration of n-alkane 
peaks were performed using the m/z 71 ion chromatogram to limit the 
influence of coelution and compared with an external standard solution 
containing commercial pentacosane (n-C25) for quantification. n-Alkane 
abundances were calculated using all alkanes from n-C19 to n-C37.

2.3.2.2. n-Alkane ratios. The carbon preference index (CPI), which de
scribes the relative abundance of C-odd vs C-even n-alkanes, was 
calculated for n-C25 to n-C35 homologues using the revised equation 
from Marzi et al. (1993) and was originally defined to characterize 
n-alkane preservation: 

CPI=
(C25 + C27 + C29 + C31 + C33) + (C27 + C29 + C31 + C33 + C35)

2*(C26 + C28 + C30 + C32 + C34)

The average chain length (ACL) describes the dominant chain-length 
of a fixed range of odd numbered n-alkanes. The considered range of n- 
alkanes is usually n-C27 to n-C31 (Poynter and Eglinton, 1990), but 
shorter (e.g. n-C23, n-C25) and longer chain (e.g. n-C33) n-alkanes can 
also be included (Poynter et al., 1989). As n-C33 n-alkane is an important 
component of long chain n-alkane assemblage, we chose the following 
equation for ACL calculation: 

ACL27− 33 =
(27*C27 + 29*C29 + 31*C31 + 33*C33)

(C27 + C29 + C31 + C33)

The Paq ratio was calculated using the equation from Ficken et al. 
(2000) based on lacustrine vegetation: 

Paq =
(C23 + C25)

(C23 + C25 + C29+C31)

The Paq ratio has been reinterpreted in Sphagnum peat as a proxy for 
the contribution of Sphagnum mosses compared to other peat-forming 
plants (Nichols et al., 2006). Since Sphagnum mosses are absent from 
the Ngaoundaba peat deposit, we use the Paq ratio as a proxy for the 
contribution of submerged versus emerged macrophytes (Ficken et al., 
2000).

2.3.2.3. Compound-specific isotope analyses. Prior to carbon and 
hydrogen isotopic measurements, the hydrocarbon fractions were 
separated into a saturated and an unsaturated fraction by column 
chromatography using silica gel impregnated with AgNO3 (10 % wt). 
Saturated fractions containing n-alkanes were eluted with 3–4 mL of n- 
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heptane. Unsaturated fractions were eluted with 3–4 mL of ethyl acetate. 
Carbon isotopic compositions were measured at the LGL-TPE (Université 
Claude Bernard Lyon 1) using an Agilent 7890 B GC coupled to an Iso
prime visION Isotope Ratio Mass Spectrometer via an Isoprime GC-5 
combustion interface (Elementar). The GC-5 furnace was operated at 
850 ◦C. An autotune and tests of stability and linearity of the signal were 
performed daily using the software ionOS. Stable carbon isotopic com
positions (expressed as δ13C values) were calibrated using a reference 
CO2 gas reported to VPDB scale. Two Mix hydrocarbon B4 standards (A 
Schimmelmann, Indiana University) were measured every 4 to 5 sam
ples and used to correct the δ13C values. Samples were analyzed in du
plicates. For δD measurements, the GC-5 pyrolysis furnace was operated 
at 1450 ◦C. Daily autotune, H3+ correction and test of stability were 
performed using the software ionOS. The mean value of the H3+ was 
3.708 (n = 26, stdev = 0.655). δD values were calibrated using the 
reference H2 gas reported to VSMOW. Each week, the pyrolysis furnace 
was conditioned five times with 1 μL hexane prior to any analysis and a 
series of 8 Mix B4 measurements was performed and used for data 
correction. In addition, one Mix B4 measurement was analyzed every 4 
to 5 injections to assure the limited impact of drift. Samples were 
analyzed in duplicates. Mean standard deviations calculated as 2*Δ/√2 
with Δ, the difference between the duplicate measures. Mean δD stan
dard deviations are 4.8, 5.4 and 5.9 ‰ for n-C29, n-C31 and n-C33, 
respectively. Mean δ13C standard deviations are 0.3 ‰ for n-C29, n-C31 
and n-C33.

2.3.2.4. Correction of carbon and hydrogen isotope values.

- Correction of δ13C for Suess effect

Anthropogenic activities such as fossil fuel combustion lead to 
changes in atmospheric concentration and isotopic ratio of 13C and 14C, 
known as the Suess effect, which must be taken into account prior to 
interpretation (e.g., Keeling, 1979). This effect is significant since the 
1860s (Francey et al., 1999) and is calculated as the difference between 
atmospheric δ13C at the age of the sample and the value of pre-industrial 
atmospheric δ13C (− 6.4‰) measured using tree-ring samples (McCarroll 
and Loader, 2004); it can also be estimated using CO2 extracted from ice 
cores (Rubino et al., 2013). 

- Correction of δD for vegetation change

We used paired δ13Cn-alk to correct δDn-alk, following the previous 
approach used in similar contexts (e.g., Shanahan et al., 2015; Garcin 
et al., 2018). This accounted for changes in hydrogen fractionation 
factors of vegetation types and photosynthetic pathways. The relative 
contribution of C3 plant waxes (fC3) to the sediment is assessed by using 
the linear binary mixing model as follows: 

δ13Cn− alk = fC3δ13CC3 +
(
1 − fC3

)
δ13CC4 

fC3 =
δ13Cn− alk − δ13CC4

δ13CC3 − δ13CC4 

The end-member values for C3 plants (δ13CC3 = − 33.4‰ for n-C29, 
δ13CC3 = − 33.8‰ for n-C31 and δ13CC3 = − 34‰ for n-C33) and C4 plants 
(δ13CC3 = − 19.8‰ for n-C29 and δ13CC4 = − 20.1‰ for n-C31 and n-C33) 
are taken from Garcin et al. (2014) and are based on an African plant 
dataset compiling several studies (Rommerskirchen et al., 2006; Vogts 
et al., 2009; Kristen et al., 2010; Garcin et al., 2014).

The influence of vegetation on δDn-C31 can be associated with a dif
ference in apparent fractionation ε between precipitation and n-alkane 
for C3 plants (− 129‰) on the one hand and C4 plants (− 145‰) on the 
other hand (Smith and Freeman, 2006; Feakins et al., 2016). Using the 
previously calculated fC3, we estimated the εcorr of each sample as 
follows: 

εcorr = fC3εC3 +
(
1 − fC3

)
εC4 

in a last step, we used εcorr to correct δDn-alk and obtain δDn-alk-corr: 

δDn− alk− corr =

⎡

⎣δDn− alk + 1000
(

εcorr
1000

)
+ 1

⎤

⎦ − 1000 

2.3.3. brGDGT analyses
Fractions containing brGDGTs were filtered using 0.45 μm PTFE 

filters. brGDGT analyses were performed using High Performance Liquid 
Chromatography Mass Spectrometry (HPLC-APCI-MS, Agilent 1200) at 
the LGL-TPE (ENS de Lyon). Separation was achieved on two silica 
columns in series (ACQUITY UPLC BEH HILIC, WATERS) following the 
procedure of Hopmans et al. (2016) slightly modified (i.e. using hex
ane/isopropanol (98.2:1.8, v/v)). Peaks corresponding to brGDGTs were 
manually integrated and quantified using the peak area of C46. The 
selected m/z values are 743.9, 1050.2, 1048.2, 1046.2, 1036.2, 1034.2, 
1032.2, 1022.2, 1020.2, and 1018.2.

We tested 4 different temperature calibrations (Table 1). Comparison 
of the four calibrations is presented in the supplementary material. 
Three of them use the Methylation of Branched Tetraethers ratio defined 
by De Jonge et al. (2014) (MBT’5Me) to reconstruct past changes in 
temperature: 

MBTʹ
5Me =

Ia + Ib + Ic
Ia + Ib + Ic + IIa + IIb + IIc + IIIa 

2.4. Pollen analyses

2.4.1. Sample preparation
Pollen analyses were carried out at IASCE paleoecology laboratory at 

the University of South Florida. Samples were weighed, and their vol
ume was estimated using displacement. Two tablets of Lycopodium sp. 
spores were added to each sample (Batch #100320201) and dissolved 
with 10 % Hydrochloric acid (HCl). Samples were centrifuged, decanted, 
and rinsed until pH neutral, then fine materials were isolated using 
gravity separation and screening through 250 μm sieves. Because these 
samples were organic with little mineral content, we omitted treatment 
with Hydrofluoric acid. The organic fraction was digested through a 10- 
min hot bath in a 10 % Potassium Hydroxide solution at 80 ◦C. Samples 
were then centrifuged, the solution was decanted, and a small (~0.5 mL) 
volume of concentrated (27 %) HCl was added to the samples. Samples 
were centrifuged, decanted-rinsed until pH neutral and the supernatant 
came clean. Samples were rinsed into 99 % Glacial Acetic Acid, 
centrifugated-decanted, and then were treated using the Acetolysis re
action series. Acetolysis is triggered by the addition of a 9:1 solution of 
Acetic Anhydride and Sulfuric Acid, each at stock concentrations (99.5 
% and 48 %, respectively). Samples were left in a 90 ◦C hot bath for 6 
min, centrifuged, decanted, and rinsed in Glacial Acetic Acid, and then 

Table 1 
References and details on the four calibrations tested in this study. Comparison 
of temperature reconstructions based on these four calibrations are discussed in 
section S. 1.4.

Reference Type Calibration based on n - r2 - RMSE

Naafs et al. (2017) Peat Linear regression: 
MAATpeat =

52.18xMBT’5me - 23.05

96–0.76–4.7 ◦C

Dearing 
Crampton-Flood 
et al. (2020)

Peat 
& Soil

Bayesian model based on 
MBT’5me

343–0.70–3.8 ◦C 
(BayMBT0)

Martínez-Sosa et al. 
(2021)

Lake Bayesian model based on 
MBT’5me (MAF)

272–0.82–2.9 ◦C

Véquaud et al. (2022) Peat 
& Soil

Machine Learning 
(random Forest 
Regression)

661–0.83–2.5 ◦C 
(FROG0)
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centrifuged, decanted, and rinsed until pH neutral. Microbotanical fos
sils were recovered from the remaining residue using density separation 
in a solution of 5 % HCl and Zinc Bromide at a specific gravity of 2.3 g/ 
mL. The material retrieved from the density separation was transferred 
into glycerine and stored in glass vials. Sample residues prepared in the 
laboratory were mounted on microscope slides and analyzed using a 
binocular microscope at 400x and 1000× magnification. Each slide was 
surveyed in linear transects, and all fossil pollen and Lycopodium sp. 
spores encountered were counted.

2.4.2. Pollen ecological assignment

2.4.2.1. Non-arboreal pollen and spores. Fern spores, aquatic plants, 
shoreline herbs, and grasses/sedges in the samples likely originate from 
the vegetation cover immediately local to the coring location. These 
types fall into some broad groups with consistent habitat preferences 
regarding inundation. Open-water pollen types including Nymphaea and 
Nymphoides are fully aquatic plants which prefer slow-moving open 
water, while wet shoreline communities include many Alismataceae 
(Burnatia-type pollen, also Limnophyton) and Haloragaceae, more 
infrequently Lasimorpha senegalensis and Xyris.

Both sedges (Cyperaceae) and grasses (Poaceae) are common in 
wetlands, but are also present in fully terrestrial conditions. These pollen 
types generally cannot be identified beyond the family level, which 
makes distinguishing wetland-specific genera or species impossible. 
Because sedges are predominantly affiliated with wetlands, they are 
classified with the local wetland vegetation. Poaceae pollen is included 
in the pollen sum as well as calculations of terrestrial pollen percentages.

Palms, which occur in swamp forests and wetland-affiliated plant 
communities, include Eleis guineensis, Phoenix, and Raphia (Table S. 2). 
These palms are also found in terrestrial settings, including under 
cultivation. Pandanus is a clearer indicator of riparian and wetland 
settings.

2.4.2.2. Arboreal pollen. Arboreal pollen types represent both the 
regional vegetation cover (Daniella-type, Celtis, etc.) as well as the 
composition of the flooded lowlands hydrologically linked to Ngaoun
daba (Syzygium). There is substantial overlap in pollen types across these 
zones, both because of pollen taxa that occur across many vegetation 
communities (Plantago) and because of pollen taxa that lack sufficient 
morphological specificity (Nauclea-type, Urticaceae, Combretaceae- 
Melastomataceae). There are also pollen taxa that are taxonomically 
specific and have limited ecological tolerances (Treculia africana) that 
provide positive indicators of the presence of these conditions in the 
Ngaoundaba area. Many of the most common pollen taxa have affilia
tions with forested wetlands, riparian zones, and lakesides (Alchornea, 
Macaranga, Mallotus oppositifolius, and Syzygium). All pollen taxa, 
growth forms, and ecological assignments are listed in Table S 2.

2.5. Statistical treatment

Statistical treatment was performed using R software. We performed 
constrained hierarchical clustering using the “chclust” function from the 
“rioja” package, that constrained samples based on their (chronological) 
order (Juggins and Juggins, 2019). Therefore, unlike unconstrained 
clustering, the clusters can only be merged if they are stratigraphically 
adjacent. The matrix of dissimilarity was created using the “vegdist” 
function from the “vegan” package (Oksanen et al., 2013) with 
Bray-Curtis distance, and the agglomeration method was the Coniss 
method.

3. Results

3.1. Organic geochemistry data

3.1.1. n-Alkanes

3.1.1.1. Abundance and concentration. The most abundant n-alkanes are 
n-C29, n-C31 and n-C33 alkanes, except for a few samples around 8.5-8.2 
ka cal BP which are dominated by n-C23 alkane. The n-C31 alkane rep
resents between 11 and 30 % of the n-alkane assemblages with a mean 
value of 19 % (Fig. 1). Low relative abundances are recorded before 3.5 
ka cal BP with values generally below 20 %. Minimum values occur 
around 8.2 ka cal BP and around 4 ka cal BP while maximum values 
occur around 3 ka cal BP. During the late Holocene, n-C31 relative 
abundance presents intermediate values between 18 and 25 %. The n- 
C31 alkane concentration ranges between 8 and 57 μg/gTOC with a mean 
value of 25 μg/gTOC (Fig. 2). The n-C29 alkane represents between 8.7 
and 56.7 % of the n-alkane assemblages, with a mean value of 16.9 %. 
The n-C29 alkane concentration ranges between 5 and 214 μg/gTOC with 
a mean value of 24 μg/gTOC. Peaks in n-C29 concentration and relative 
abundance are recorded at 8.8-8.5 and 8.1 ka cal BP and between 4.5 
and 3.5 ka cal BP. The n-C33 alkane represents between 3.6 and 25.0 % of 
the n-alkane assemblages, with a mean value of 15.1 %. The n-C33 alkane 
concentration ranges between 4 and 51 μg/gTOC with a mean value of 20 
μg/gTOC, its variations following those of the n-C31 concentration.

3.1.1.2. n-Alkane ratios: CPI, ACL, Paq. CPI values range from 4 to 45 
with an average value of 11 (Fig. 2), in the range of the CPI values of 
fresh plant material (4–40 in plants with different photosynthetic 
metabolism types (C3, C4, CAM) (Collister et al., 1994), and 2 to 50 for 
equatorial east African plants (Griepentrog et al., 2019)). There is no 
clear correlation with depth. The topmost sample presents a higher CPI, 
likely resulting from less degraded plant material (Lehtonen and Ketola, 
1993; Killops and Killops, 2013). Two periods of increase in CPI values 
can be noted, at 8.7 ka cal BP and from 3.5 to 2.8 ka cal BP possibly 
resulting from changes in n-alkane sources. The CPI increase around 8.7 
ka cal BP is due to the very high concentration of n-C29, leading to dif
ficulties in integrating small peaks in GC analyses, i.e., peaks of 
even-numbered n-alkanes.

The ACL27-33 ranges from 29.1 to 31.1 with a mean value of 30.4 
(Fig. 2). Two periods of lower ACL values can be noted around 8.7 ka cal 
BP and from 4.5 to 3.5 ka cal BP. In addition, the topmost sample also 
presents a lower ACL value.

Paq values range from 0.1 to 0.6 with an average value of 0.4 (Fig. 2). 
A sharp decrease in Paq values driven by a brief increase in the abun
dance of n-C29 followed by a sharp increase in Paq is recorded between 
8.9 and 8.2 ka cal BP (Fig. 2).

3.1.1.3. Carbon isotopic composition of long-chain n-alkanes. The δ13Cn- 

C31 values range from − 32.0 to − 22.9 ‰ with a mean value of − 28.3 ‰ 
(Fig. 3). During the early Holocene from 9.7 to 9.4 ka cal BP, δ13Cn-C31 
values range between − 24.6 and − 23.9 ‰. The δ13Cn-C31 values then 
rapidly get more 13C-depleted and present short-term variations up to 
around 8.0 ka cal BP. Stable values around − 30 ‰ are recorded from 8.0 
to 5.5 ka cal BP. After 5.5 ka cal BP, the δ13Cn-C31 values are above − 30 
‰ with short negative incursions around 4.6, 0.8 and after 0.5 ka cal BP. 
The δ13Cn-C29 values are more 13C-depleted than the δ13Cn-C31 values, 
ranging from − 33.7 to − 25.6 ‰ with a mean value of − 30.8 ‰. The 
δ13Cn-C29 values present similar variations as the δ13Cn-C31 values except 
between 8.9 and 7.9 ka cal BP where the δ13Cn-C29 values present only a 
slight increase. The δ13Cn-C29 values get heavier during the last 1.0 ka cal 
BP. The δ13Cn-C33 values range from − 32.3 to − 23.4 ‰ with a mean 
value of − 28.1 ‰ and its variations closely follow those of δ13Cn-C31 
values.
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3.1.1.4. Hydrogen isotopic composition of long-chain n-alkanes. The δDn- 

C31 values (corrected for vegetation changes) range from − 90 to − 3 ‰ 
with a mean value of − 44 ‰ (Fig. 3). The early Holocene is character
ized by intermediate values around − 50/− 60 ‰ until 8.8 ka cal BP. 

Most D-depleted values are recorded between 7.4 and 5.8 ka cal BP. The 
δDn-C31 values increase towards the end of the Holocene. Two 1-ka pe
riods of less D-depleted values centered at 8.2 and 4 ka cal BP can be 
noted. δDn-C29 and δDn-C33 present similar variations as the δDn-C31 with 
δDn-C29 being slightly D-enriched and δDn-C33 being slightly D-depleted 
compared to the δDn-C31. After around 8.2 ka cal BP, the δDn-C31 and δDn- 

C33 return to more D-depleted values, while the δDn-C29 values remain 
more D-enriched. The period of D-enrichment around 4 ka cal BP starts 
around the same time for all three n-alkanes but its conclusion differs 
with δDn-C31 and δDn-C33 ending around 3.5 ka cal BP, while δDn-C29 
concludes around 3.2 ka cal BP.

3.1.2. GDGTs and brGDGT-based temperature reconstruction

3.1.2.1. Relative abundances, concentrations and MBT’5Me ratio. The 
GDGT assemblages are predominantly composed of brGDGTs, repre
senting between 67 and 92 % of the overall GDGT assemblages. The 
predominant brGDGT is brGDGT-Ia, which represents 52–78 % of the 
brGDGT assemblages. The concentration of brGDGT-Ia ranges from 45 
to 194 μg/gTOC with an average value of 96 μg/gTOC. The concentration 
of brGDGT-Ia is elevated prior to 5.8 ka cal BP, exceeding 100 μg/gTOC, 
with the exception of a brief interval of decreasing values between about 
9 and 8 ka cal BP. Following 5.8 cal BP, the concentration of brGDGT-Ia 
diminishes, with all measurements but one falling below 100 μg/gTOC. 
The relative abundance and concentration of brGDGTs decrease with an 
increasing number of methylations (Ia to IIIa) and a high degree of 
cyclisation (Ia to Ic).

IsoGDGT-0 is the predominant isoGDGT, constituting 74–93 % of the 
isoGDGT assemblages. IsoGDGT-0 concentrations vary from 6 to 24 μg/ 
gTOC. The MBT’5Me ratio ranges between 0.7 and 0.9 (Fig. 4 A). Prior to 
5.8 ka cal BP, the MBT’5Me exhibits the peak values in the record, with a 
singular decrease occurring at 8.7 ka cal BP. Following 5.8 ka cal BP, two 
intervals of elevated MBT’5Me values are documented about 4 ka cal BP 
and subsequent to 0.5 ka cal BP.

Fig. 2. n-Alkane data from the Ngaoundaba peat deposit. (A) Carbon Preference Index -CPI-, (B) Average Chain Length -ACL- (based on n-C27 to n-C33 alkanes), (C) 
Paq ratio, (D) Concentration of n-C29, n-C31 and n-C33 alkanes in μg/gTOC. (E) Relative abundances of n-C29, n-C31 and n-C33 alkanes (taking into account n-alkanes 
from n-C19 to n-C37). Ratios were presented in section 2.3.2.2.

Fig. 3. Carbon and hydrogen isotopic composition of n-C29, n-C31 and n-C33 
alkanes. δDcorr values were corrected for vegetation changes using δ13Cn-alk 
values as presented in section 2.3.2.4.
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Fig. 4. brGDGT records from the Ngaoundaba peat deposit. (A) MBT’5Me 
ratio, (B) CBTpeat, (C) brGDGT- and hopane-reconstructed pH (Schaaff et al., 2024), (D) 

brGDGT-based temperature reconstructions. The present-day MAAT at the Ngaoundaba peat deposit is indicated by a white circle. On panel (D), the light grey range 
highlights z-score values based on pH above 1 or under − 1 (Schaaff et al., 2024) and the light blue range highlights I-index values above 0.2 (Schaaff et al., 2023). 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Pollen diagram in the Ngaoundaba peat (in %). Pteridophyta are calculated as percent of total palynomorphs identified. Non-arboreal pollen plants are 
calculated as percent of total palynomorphs identified, excluding Pteridophyta. Arboreal pollen types are calculated separately, taking into account arboreal pollen 
and Poaceae. The color coding is based on ecological affiliation of each taxon. Concentration is expressed as the number of pollen grains per gram of sediment. Some 
taxa/pollen types were identified but constitute less that <4 % and are consequently not shown in this figure, these taxa are presented in Table S.2. Indet.: inde
terminable, N taxa: Number of taxa. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

V. Schaaff et al.                                                                                                                                                                                                                                 Quaternary Science Reviews 358 (2025) 109307 

7 



3.1.2.2. Temperature reconstructions. brGDGT-based temperature 
values based on the temperature calibration from Naafs et al. (2017)
range from 16.1 to 24.9 ◦C with a mean value of 20.5 ◦C, temperature 
values based on the BayMBT0 calibration (Dearing Crampton-Flood 
et al., 2020) range from 17.3 to 23.5 ◦C with a mean value of 20.6 ◦C 
(Fig. 4 D).

For the BayMBT0 calibration, the temperature range is 6.2 ◦C for the 
Holocene. This range of temperature is above the calibration error of the 
BayMBT0 calibration. From 10 to around 5.8 ka cal BP, brGDGT- 
reconstructed temperature values are above 20 ◦C except a brief 
decrease to around 19 ◦C between 8.9 and 8.5 ka cal BP. After 5.7 ka cal 
BP, lower temperature values around 18–19 ◦C are recorded: this period 
is interrupted by a 1-ka-long increase in temperature centered around 4 
ka cal BP. A marked increase of around 2 ◦C is recorded during the late 
Holocene after 0.5 ka cal BP. The temperature record based on the 
calibration Naafs et al. (2017) has slightly amplified temperature 
variations.

3.2. Pollen data

All pollen taxa, growth forms, and ecological assignments are listed 
in Table S. 2. Fig. 5 presents pollen diagrams by taxa of the Ngaoundaba 
peat, while Fig. 6 shows pollen results grouped by ecological zones. Five 
pollen zones were defined based on major variations in the pollen 
spectra (Fig. 7) and are represented in Figs. 5 and 6. Figure S. 6 presents 
a summary of fern, arboreal, and non-arboreal percents. Pollen per
centages were calculated without taking into account fern spores. De
tails on percentage calculation are given in the caption of each figure.

3.2.1. General pollen data
Patterns in the overall pollen concentration (Fig. 5) indicate an initial 

phase characterized by typically reduced pollen concentrations for both 
arboreal and non-arboreal pollen types from 9.7 to 7.7 ka cal BP (be
tween 0.6 and 2.1 × 106 per gram). A significant increase in pollen 
concentrations, especially among arboreal pollen types, follows between 
7.6 and 5.9 ka cal BP. In this phase, tree/shrub pollen typically consti
tutes over 70 % of the total pollen concentration. This phase has three 
peaks ranging from 5.7 to 7.2 × 106 per gram at approximately 7.4, 6.6, 
and 6.0 ka cal BP, with values declining to background levels of 1.2-3.9 
× 106 per gram in between. The average background level remains 
elevated compared to amounts recorded after 7.7 ka cal BP and prior to 

3.1 ka cal BP. Total concentrations decline from 6.0 to 5.3 ka cal BP, 
reaching a low of 0.2 × 106 per gram. With the exception of a sharp peak 
about 4.5 ka cal BP, reaching a core-wide high of 4.7 × 106 per gram, 
pollen concentrations beyond this period are very low, ranging from 2.2 
to 0.2 × 106 per gram.

The number of pollen types throughout the core remains rather 
consistent, peaking at 68 identified pollen types around 6.3 ka cal BP 
and declining to a minimum of 10 taxa at 0.5 ka cal BP (Fig. 5). The 
quantity of identified pollen types exhibits a slight increase from the 
base of the core to 5.1 ka cal BP. Richness declines from around 50 taxa 
to about 30 taxa after 4.9 ka cal BP, but rebounds slightly between 3.3 
and 1.5 ka cal BP, reaching approximately 40 taxa. The number of pollen 
taxa seen generally decreases after approximately 1.3 ka cal BP, with 
exceptions at peaks around 1.2-1.1 and 0.3 ka cal BP.

The overall composition of pollen and spores analyzed from 
Ngaoundaba shows a broad dominance of arboreal pollen types between 
9.7 and 5.9 ka cal BP, representing more than 55 % of the pollen as
semblages (Figs. 5 and 6 and S.6). There are slight and inversely related 
fluctuations in the proportions of herbs/forbs and ferns (Fig. 6). Ferns 
(Pteridophyta) are abundant, representing around 15 % of total paly
nomorphs, and herbs/forbs are less common at around 9.5 and 8.6 ka cal 
BP (Fig. 6). After 5.9 ka cal BP, there is a turnover as herbs/forbs become 
the most abundant pollen types by around 5.1 ka cal BP and are sub
sequently swamped by a sudden pulse of enhanced fern spore influx 
from 4.7 to 3.0 ka cal BP reaching an abundance of >70 % (Figs. 5 and 
6). Arboreal pollen types experience a modest and staggered increase 
between 2.4 and 1.1 ka cal BP, but herbs/forbs show a steep rebound 
from 3.1 to 1.0 ka cal BP, after which there is a minor shift in favor of 
trees/shrubs up to 0.1 ka cal BP (Figure S6).

3.2.2. Local wetland pollen signal
Between approximately 9.7 and 8.0 ka cal BP, the herbaceous 

wetland assemblage exhibits a more balanced distribution between 
species favoring complete inundation (Nymphaea) and those that inhabit 
both wetland and terrestrial environments (Cyperaceae and Poaceae) 
(Fig. 5). Between 8.3 and 7.7 ka cal BP, inundated and shoreline types 
decreased in prevalence, with values falling below 2 and 5.2 %, 
respectively. However, from 7.5 to 4.9 ka cal BP, these types become 
more common, with shoreline types approaching 15 % around 7.5 and 
5.8 ka cal BP (Fig. 6). Fern spores exhibit an anti-phase relationship with 
inundated/shoreline types, displaying minor peaks at 9.4 (22 %) and 8.5 

Fig. 6. Pollen results presented as percents and grouped by ecological zones. The ecological assignment of each taxon is given in table S. 2.
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(15 %) ka cal BP, subsequently approaching minimum values at 7.3 ka 
cal BP (Fig. 6 and S6). Trees palms (including Pandanus) reach their 
maximum influx around 8.7-8.6 ka cal BP, constituting up to 6 % of 
arboreal and grass pollen (Fig. 6). From 7.7 to 4.7 ka cal BP, the local 
herbaceous signal is dominated by open water and shoreline types, 
exhibiting notably higher abundances between 7.3 and 6.2 ka cal BP 
(Fig. 6). Ferns, sedges, and grasses are at some of their lowest abun
dances through this section of the core (Fig. 6), with Raphia being the 
only palm consistently present (data not shown, see table S.2 – included 
in tree palms on Fig. 6).

This trend shifts between 6.2 and 2.4 ka cal BP, characterized by a 
decline in open water and shoreline communities, while families such as 
sedges and grasses reach some of their highest values in the record 
(Figs. 5 and 6). This occurs in a sequential manner, with grasses initially 
increasing between approximately 5.5 and 3.9 ka cal BP, while sedges 
rise during this phase to a local maximum at 3.2 ka cal BP. From 4.5 to 
3.2 ka cal BP, the proportion of fern spores among identified 

palynomorphs increases significantly, peaking at over 70 % around 3.9 
ka cal BP and subsequently reaching 60 % at 3.0 ka cal BP (Figs. 5 and 6). 
This phase is characterized by the minimal representation of open water 
and wet shoreline types, with nearly no recovery of open water types 
between 3.3 and 3.0 ka cal BP (Fig. 6). Phoenix occurs in small numbers 
within these samples, whereas Raphia or Pandanus were not recovered in 
this section (data no shown but included in tree palms in Fig. 6).

From 2.4 to 1.1 ka cal BP, a low-amplitude increase in open water 
and shoreline types is observed relative to other wetland types, while the 
overall influx of grasses and sedges concurrently rises throughout this 
section of the core (Fig. 6). Fern representation drops during this period, 
while Phoenix and Pandanus are present in limited amounts. The latter 
predominantly disappears from the Ngaoundaba record above this sec
tion. Post 1.1 ka cal BP, open water and shoreline types constitute 
approximately 1 % of the total pollen influx (Fig. 6). Grasses were 
prevalent at 1.1 ka cal BP, while sedges became similarly prominent in 
this uppermost section, comprising 55–75 % of the pollen assemblage, 

Fig. 7. Cluster analyses of main organic biomarker and pollen data from the Ngaoundaba peat record. In each panel, the black arrow highlights the first- 
order zonation.
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displacing other wetland types and ferns (Fig. 6).

3.2.3. Regional arboreal pollen signal
Arboreal pollen types are prominently represented between 9.7 and 

5.6 ka cal BP, driving the general trend of increasing concentration 
values from the base of the core to 5.6 ka cal BP (Fig. 6 and S6). Olea 
serves as the primary representative of regional montane plant com
munities, presenting a notable prevalence in the lowermost samples, 
comprising 21 % of arboreal & grasses pollen. Its representation is sig
nificant throughout a substantial portion of the Ngaoundaba record, 
ranging from 10 to 18 % (Fig. 5). Pollen from the Urticaceae family 
follows a consistent pattern, reaching a peak of 18 % in the lowermost 
samples and maintaining approximately 10 % until 5.6 ka cal BP (Fig. 5). 
Plants within the Urticaceae family belong to diverse ecosystems and are 
categorized into different pollen types; however, in the context of 
Ngaoundaba, it is plausible that these originate from the common 
rainforest herb Laportea. Pollen indicative of various vegetation types, 
such as wooded savanna (Daniellia, Lannea/Sclerocarya), seasonal semi- 
deciduous forests (Celtis, Trema orientalis), inundated forest pioneers 
(Alchornea, Macaranga, Mallotus oppositifolius), and Guineo-Congolian 
rainforests (Corynanthe, Sapotaceae, Pseudospondias), occurs at lower 
frequencies in the lowermost samples compared to those above (Fig. 5). 
At 9.2 ka cal BP, the Ngaoundaba record is predominantly characterized 
by pollen from various Guineo-Congolian forest associations, particu
larly Mallotus oppositifolius and Syzygium (Fig. 5). The lower section of 
the core (9.2-5.6 ka cal BP) is dominated by arboreal types associated 
with seasonal and evergreen forest environments (Fig. 6). It contains a 
balance of heliophiles/pioneers, seasonal semi-deciduous forest types, 
and taxa typical of closed forest settings in regularly inundated 
geomorphological contexts (Mallotus oppositifolius, Treculia africana).

This forest-dominated section of the core exhibits minor fluctuations 
in the abundance of various arboreal pollen types. Cordia africana, 
Treculia africana, Searsia, Dacryodes edulis, and Corynanthe-type pollen 
represent significant components of the forest signal between 9.2 and 
6.1 ka cal BP (Fig. 5). However, they are among the initial forest- 
associated pollen types to either decline or vanish before the substan
tial shift in arboreal and non-arboreal pollen observed at 5.6 ka cal BP. 
During this period, Macaranga-type and Alchornea pollen progressively 
replace Mallotus oppositifolius, accompanied by a notable rise in lianas 
and climbers, including Cissus and Allophylus, between 7.2 and 5.6 ka cal 
BP (Fig. 5). Syzygium exhibits increased abundance in samples dating to 
approximately 5.6 ka cal BP and is among the limited arboreal types that 
show a rise in abundance post 5.6 ka cal BP (Fig. 5). Several pollen taxa 
are consistently present throughout this time span, although at rela
tively low frequencies, and continue to persist in the upper sections of 
the core where non-arboreal pollen are more prevalent. The taxa include 
Celtis, Lannea/Sclerocarya, Combretaceae-Melastomataceae, Croton- 
type, Antiaris/Milicia/Morus, and Margariteria discoidea (Fig. 5).

Between 5.6 and 1.9 ka cal BP, there is a consistent decline in 
montane taxa culminating in their near disappearance from the pollen 
assemblage. Searsia is completely absent from the record following this 
point, while Olea is present at low frequencies, approximately 1 %, in a 
limited number of subsequent samples (Fig. 5). Certain arboreal pollen 
types show a slight increase in abundance during this phase, especially 
those with distributions that extend across the transitional zones north 
of the Guineo-Congolian forest zone, including Nauclea-type, Musanga/ 
Myrianthus, Celtis, Syzygium, and Lannea/Sclerocarya (Fig. 5). The influx 
of all arboreal pollen types gradually decreases from 5.6 to 1.9 ka cal BP. 
From this point until approximately 1.1 ka cal BP, the arboreal pollen 
assemblage exhibits less diversity and constitutes a smaller proportion of 
the total assemblage. Taxa exhibiting pan-tropical distributions typi
cally constitute minor components of the pollen assemblage in the ma
jority of the cases. Ficus represents an exception to this trend, exhibiting 
its highest prevalence during this period, while Syzygium ranks as the 
second most prevalent arboreal pollen type (Fig. 5). The significant 
reduction in the arboreal component of the pollen assemblage persists 

from 1.1 to 0.1 ka cal BP, during which only the most widely distributed 
taxa (Celtis, Nauclea-type, Myrianthus/Musanga) are observed at mark
edly lower percentages relative to the earlier phase of the record (Fig. 5).

3.3. Cluster analyses

At the Ngaoundaba peat deposit, cluster analyses derived from the 
hydrogen isotopic composition of n-C31 alkane, GDGT-based tempera
ture reconstruction, hydrogen index (HI) (Schaaff et al., 2023) and 
pollen reveal a first-order division occurring approximately between 5.5 
and 5.8 ka cal BP (Fig. 7). Likewise, for GDGT-based pH reconstruction 
and carbon isotopic composition of n-alkanes, a second or third order 
division occurs within the same timeframe (Fig. 7).

4. Discussion

4.1. Vegetation dynamics during Holocene

4.1.1. Local wetland vegetation dynamics
The abundance of local wetland plants tracks hydrological condi

tions at Ngaoundaba. Among the pollen types belonging to the local 
wetland context, inundated and shoreline plants dominate wetland 
vegetation prior to 5 ka cal BP. These plants are prevalent between 9.6 
and 8 ka cal BP, but are inconsistent and exhibit significant variability 
between samples. By 8 ka, they are consistently abundant and peaking 
between 7.3 and 6.2 ka cal BP. This indicates permanent standing water 
at a level too high to allow the development of Cyperaceae on the peat 
surface (Fig. 8). Between 6 and 5 ka cal BP, there is a significant rise of 
the proportion of Cyperaceae pollen, indicating the spread of Cyper
aceae and grasses on the wetland surface as the water level falls (Fig. 8). 
Fern spores exhibit a sudden peak between 4.5 and 3 ka cal BP, poten
tially indicating increased terrestrialization of the site. The aquatic 
pollen signal aligns with the Paq ratio at Ngaoundaba (Fig. 8), indicating 
rapid alterations in aquatic vegetation between 9 and 8 ka cal BP and a 
significant decrease about 4 ka cal BP. Brief intervals of wetland 
expansion are seen at around 2-1.5 ka cal BP and 4-3.5 ka cal BP. The 
combined local pollen signal and Paq indicate stable water conditions 
until approximately 6 ka cal BP, succeeded by rapid terrestrialization of 
the site between 5 and 3 ka cal BP, which, aside from a slight increase in 
open water between 2.5 and 1 ka cal BP, persists until the present day.

The graduate transition in δ13Cn-alk records towards more 13C- 
enriched values after 6-5 ka cal BP indicates a shift towards a C4- 
dominated ecosystem, reflecting the substantial contributions of n-al
kanes from sedges and grasses to the peat. Prior to 6-5 ka cal BP, the 
transition towards more 13C-enriched δ13Cn-C31 values at approximately 
9-8 ka cal BP corresponds with a phase of significant changes in wetland 
vegetation (Fig. 8). Consequently, the carbon isotopic composition of n- 
alkanes indicates a local signal, predominantly derived from local 
vegetation. Long-chain n-alkanes are mainly synthetized by higher 
plants, with n-C33 and n-C31 often more prevalent in grasses, whilst n-C29 
is more abundant in trees and shrubs (e.g., Vogts et al., 2009), explaining 
the variations observed in δ13Cn-alk records (Fig. 10). At Ngaoundaba, 
the simultaneous rise in fern spores and n-C29 alkane concentration 
between 4.5 and 3.5 ka cal BP indicates that ferns may have been a 
significant source of n-C29 alkane during this timeframe, corroborating 
existing research (Lytle et al., 1976).

4.1.2. Regional vegetation dynamics
Apart from the major changes in local wetland dynamics, the pollen 

analyses from the Ngaoundaba deposit highlight the regional changes in 
vegetation occurring on the eastern Adamawa plateau during the last 10 
ka cal BP. From the beginning of the Holocene to around 5.6 ka cal BP, a 
forested environment dominates the region and presents a complex di
versity, including taxa from wooded savannas, Sudano-Guinean forests, 
seasonal semi-deciduous forests, Guineo-Congolian forests, and 
montane forests, while grasses never represent more than 21 % of the 
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terrestrial pollen assemblage (Fig. 6). The region was thus consistently 
forested between 10 and 5.6 ka cal BP. The Ngaoundaba peat records the 
northward migration of vegetation zone boundaries, consistent with 
observations made in neighboring Lake Mbalang and Lake Tilla in 
northeastern Nigeria (Salzmann et al., 2002; Vincens et al., 2010).

In line with the chronology observed in the pollen record from lake 
Mbalang (Vincens et al., 2010), forest decline is recorded from around 
6.1 ka, with the disappearance of several taxa characteristic of 
Guineo-Congolian and inundated forests, particularly pioneers. Taxa 
indicating closed forests with high water tables such as Mallotus oppo
sitifolius and Treculia africana are replaced by others such as Macaranga 
and Alchornea. A major turnover occurs around 5.6 ka cal BP, where an 
arboreal-dominated pollen assemblage transitions to a 
herbaceous-dominated pollen assemblage within a few hundred years 
(Fig. 6, S6). The Ngaoundaba pollen record highlights the gradual 
decline of forested elements after 5.6 ka cal BP, losing both diversity and 
abundance, which is consistent with neighboring pollen records 
(Lebamba et al., 2016; Vincens et al., 2010). Some taxa with a larger 
climatic amplitude and affinities for open shorelines, such as Syzygium 
(Watrin et al., 2007) (Fig. 5), persist through the mid- and late Holocene, 
and even show some periods of increase.

Olea persists until around 2.2 ka cal BP and then falls to less than 2 % 
of the terrestrial pollen assemblage until 0.9 ka cal BP, when it 
completely disappears from the Ngaoundaba pollen record (Fig. 5). The 
long persistence of the montane forest taxa Olea capensis is a specific 
feature of the Adamawa plateau highlighted by Vincens et al. (2010) and 
associated with the altitudinal position of the sites.

The opening of the regional environment reflects changes in climatic 
settings mainly driven by changes in either the amount or seasonality of 
precipitation. The disappearance of seasonal semi-deciduous forest and 
montane taxa strongly argues for a change in the seasonality of pre
cipitation with an increase in the duration of the dry season in addition 
to a decrease in precipitation amount (Vincens et al., 2010). Dan
iella-type pollen is recorded at low frequencies until 5.6 ka cal BP and 
persisting until 2.2 ka cal BP. This taxon has a limited temperature range 
(Watrin et al., 2007) and could indicate a decrease in temperature 
during the Holocene.

4.2. Hydroclimatic record of the end of the AHP at Ngaoundaba based on 
n-alkanes

4.2.1. Influence of wetland vegetation on δD values of n-alkanes
The Ngaoundaba peat deposit presents large variation in δD of n- 

alkanes for the considered period (87.4‰) (Figs. 3 and 10), compared to 
other records from tropical and subtropical Africa (Table S.1) such as 
Lake Barombi (34.8‰) or Lake Bosumtwi (31‰) over the same period. 
This apparent difference reflects the impact of local vegetation and its 
evolution through time on the δD record. The transition from open water 
to gradual terrestrialization of the peatland impacts the relative 
contribution of the main sources of n-C31 alkane (Fig. 9). In addition, due 
to the marked seasonality of precipitation, the water level in the peat 
varies considerably between the monsoon rainy season and the dry 
season. During the dry season, peat water can become enriched in 
deuterium through evaporation, which may lead to further enrichment 
of the δDwax of plants using this water. Transpiration does not produce 
isotopic fractionation of peat water (e.g., Gibson and Edwards, 2002), 
but does affect the isotopic composition of leaf water (Sachse et al., 2012
and references therein). Peat water is defined as the water that accu
mulates in wetlands, while leaf water refers to the water contained 
within plant leaves, where n-alkanes are predominantly produced. 
During the late Holocene, this is likely to affect the δDwax values of 
sedges and grasses, which during this period represent a significant 
input of n-C31 alkane. This effect led to a further enrichment of δDwax 
values during a period of already D-enriched δDwax values compared to 
the AHP therefore increasing the range of δDwax values (Fig. 9). Such an 
enrichment in deuterium is recorded in closed basins, such as in a nearby 
lake on the Adamawa Plateau (Lake Tizong) (Abba et al., 2023). A 
strongly deviated regional meteoric water line, indicating a D-enrich
ment of the water in each basin relative to precipitation water, was also 
recorded in south-west Tanzania (Delalande et al., 2008).

Other tropical peatlands evidence similar isotopic enrichments. The 
4-ka δDwax record from the Kyambangunguru peat deposit (Coffinet 
et al., 2018) presents a large range of δDwax values (36–76‰ depending 
on the chain length), which is far above the range of δDwax values in 
other East African lakes. Similarly, the δ18Ocellulose values from the 
Kashiru peatland (Burundi) present a range of around 9‰ for the last 
10ka (Aucour et al., 1996). Using the fractionation coefficient (Aucour 
et al., 1996; Smith and Freeman, 2006; Feakins et al., 2016) and the 

Fig. 8. Proportion of wetland vegetation and Paq ratio. Ecological affiliation for pollen taxa are presented in Table S. 2. Local wetland pollen groups are calculated as 
percent of total local wetland pollen. Ferns are calculated as percent of total palynomorphs identified. Paq ratio is presented in section 2.3.2.2.
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global meteoric water line (Craig, 1961), this range in δ18Ocellulose values 
would correspond to a range of around 60‰ in δDwax (see supplemen
tary material for more information on the method and its validation), 
well above the values observed in other African tropical lakes over the 

same period. In contrast, the Congo peat core analyzed by Garcin et al. 
(2022) shows an interval of δDwax values of 33 and 26‰ for n-C29 and 
n-C31 alkanes, respectively. The Kyambangunguru and Kashiru peat 
deposits are nowadays dominated by sedges and grasses (Aucour et al., 
1996; Coffinet et al., 2018), and pollen records at these two sites indicate 
significant environmental changes over the last 4 or 10 ka, respectively 
(Bonnefille and Riollet, 1988; Coffinet et al., 2018). The Congo peat 
core, on the other hand, is dominated by peat swamp forest, situated in a 
more equatorial region where the contrast between rainy and dry sea
sons and past environmental changes are much less marked than for the 
three other peat deposits presented above.

The δDwax based on sedge-dominated peat deposits can therefore not 
be used to quantitatively record precipitation amounts, as the extent of 
variations can be affected by changes in local vegetation (Fig. 9). 
However, as peat records are particularly sensitive to climatic and 
environmental changes, such a record allows short- and long-term 
changes in precipitation amount or seasonality to be highlighted qual
itatively by overexpressing them.

4.2.2. Constrained hydroclimatic reconstruction at the Ngaoundaba peat 
deposit

D-depleted δDn-C31 values from 9.7 to 5.8 ka cal BP indicate wetter 
conditions (e.g., more precipitation or change in its seasonality) during 
the early to mid-Holocene consistent with the timing of the African 
Humid Period. The mid-Holocene is characterized by a progressive in
crease in the δDn-C31 values (Fig. 10) suggesting a long-term drying 
trend, which associated with simultaneous autochthonous changes (i.e. 
sediment accumulation), triggered significant changes in wetland 
vegetation. The overall signal follows the insolation curve (Fig. 10). Up 
to 5.6 ka cal BP, the presence of semi-deciduous and montane taxa 
suggests a shorter dry season in the Ngaoundaba region. Between 8.9 
and 7.8 ka cal BP, the δDn-C31 values get heavier compared to the rest of 
the African Humid Period, which could indicate a diminution in pre
cipitation or a change in its seasonality. This short “dry” event also 

Fig. 9. Consequences of the changes in peatland vegetation on the range of 
measured δD values in leaf waxes.

Fig. 10. Comparisons between pollen and geochemical data based on the Ngaoundaba peat record. (A) Insolation 0◦N (W.m− 2) from Berger et al. (1981), (B) 
Arboreal over non-arboreal pollen ratio, (C) brGDGT-based temperature reconstruction based on the calibration from Dearing Crampton-Flood et al. (2020) and (D) 
δDn-C31 corrected for vegetation changes.
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impacted in situ vegetation with a highly variable signal in wetland 
vegetation during this period. This “dry” event is unevenly recorded δDn- 

C29 and δDn-C31 as well as between wetland and local vegetation, sug
gesting complex environmental changes during this period. From 5 to 3 
ka cal BP, the δDn-C31 values first get heavier to around 4-3.5 ka cal BP 
and then briefly get lighter around 3 ka cal BP before increasing until 
present. A marked increase in fern spore (Fig. 8) is recorded between 
around 4.5 to 3.5 ka indicating coeval changes in the local environment 
during this period, which is also seen in the pollen record from Mbi 
crater (Lézine et al., 2023).

4.3. Temperature record of the end of the AHP at Ngaoundaba based on 
GDGTs

4.3.1. Untangling influencing factors and temperature variations
To date, producers of brGDGTs remain poorly constrained (Halamka 

et al., 2023 and references therein). While the concentration of brGDGTs 
in peat usually increases with depth, suggesting a production by an
aerobes (e.g., Weijers et al., 2009), some brGDGTs were detected in 
aerobic strains of Acidobacteria (Sinninghe Damsté et al., 2018) and 
incubation experiments suggest a greater production under oxic condi
tions (Huguet et al., 2017). The brGDGT-reconstructed temperature 
varies significantly during the past 1 ka, ranging from approximately 
18 ◦C to as high as 21 ◦C (Fig. 4 D), well above the temperature varia
tions expected during this period of time. The upper part of the record is 
marked by strong decomposition of the organic matter, reflected in the 
rapid increase of TOC values and the decrease in Rock-Eval® I-index 
which reflect thermolabile compounds (Schaaff et al., 2023) (Fig. 4 D). 
Therefore, during the last 3.5 ka cal BP (I-index >0.2), the 
brGDGT-reconstructed temperature values may be affected by strong 
microbial activity within the peat as a result of microbial degradation. 
Deeper in peat deposits, the brGDGTs are predominantly fossils (Weijers 
et al., 2011) and the impact of present-day microbial activity on brGDGT 
assemblages is likely limited.

The variation in temperature reconstructed from brGDGTs may be 
impacted, at the time of their production, by changes in other paleo- 
parameters such as pH (De Jonge et al., 2019, 2021) or water satura
tion (Rao et al., 2022), inducing changes in the microbial community. 
Large pH variations (absolute values of pHbrGDGT z-score >2), high
lighted in grey in Fig. 4 D, underline the periods during which tem
perature variations should be considered with caution.

Rao et al. (2022) proposed that about half of the temperature vari
ation in three brGDGT-based Holocene temperature records from Chi
nese peats with contrasted environmental settings could result from 
changes in hydrology with a higher MBT’5Me ratio in “dry” sites 
compared to “water” sites (Huguet et al., 2010; Rao et al., 2022). They 
further suggested a decoupling between air and water temperatures, 
water temperature being lower than air temperature in summer, or a 
difference in oxygen contents that could impact bacterial communities 
(Rao et al., 2022). On the contrary, in the Ngaoundaba peat deposit, high 
MBT’5Me values and brGDGT-based temperatures are reconstructed 
during the wettest period and vice versa (Fig. 4). In tropical Africa, an 
alternative explanation could be a temperature decoupling between air 
and water, the latter being warmer, due to the high thermal capacity of 
water, similarly to what is modeled in lakes and consistent with mea
surements (Dee et al., 2018, 2021). This different water decoupling 
could explain the difference observed in MBT’5Me between the 
Ngaoundaba peat deposit and peatlands analyzed in the study from Rao 
et al. (2022).

The Ngaoundaba peat deposit is marked by major changes in vege
tation, with a decrease in arboreal pollen after 6-5 ka cal BP and the 
progressive terrestrialization of the peatland. It has been shown that 
vegetation changes in soils and lakes have an impact on brGDGT as
semblages (Liang et al., 2019; Martin et al., 2019). In contrast to soils 
dominated by forest, lower levels of brGDGT-Ia were described in the 
soils dominated by reeds and grasslands of Lake Rotsee in Switzerland 

(Naeher et al., 2014), which is consistent with the changes observed at 
the Ngaoundaba peat deposit. Variations in vegetation may impact mi
crobial communities (Too et al., 2018) and, in turn, brGDGT assem
blages. Forested cover also limits erosion of the catchment area and the 
input of terrigenous brGDGTs to the wetland (Martin et al., 2019). When 
interpreting temperature reconstructed based on brGDGTs, the afore
mentioned confounding factors need to be considered as they can impact 
the variations in TbrGDGTs, particularly in terms of temperature range 
(Figs. 4 and 10).

4.3.2. Constrained temperature reconstruction at the Ngaoundaba peat 
deposit

The temperature values during the early Holocene are similar to 
present-day mean annual air temperature, which is consistent with other 
records (Powers et al., 2005; Baxter et al., 2023). While proxy-based 
records in Africa typically anticipate a warming of up to 2 ◦C during 
the mid-Holocene (8-5 ka) compared to the preindustrial period (Powers 
et al., 2005; Berke et al., 2012), models generally predict minimal 
warming or even a slight cooling in the intertropical zone (Kaufman and 
Broadman, 2023; Marshall et al., 2024 and references therein). Between 
8 and 5.7 ka cal BP, the brGDGT-temperature recorded in the Ngaoun
daba peat ranges from 22.0 to 23.5 ◦C, which is higher than the tem
perature recorded during the late Holocene, supporting a slight increase 
in temperature during the mid-Holocene compared to the preindustrial 
period.

A sharp drop in temperature of approximately 4 ◦C is recorded 
around 5.7 ka cal BP. This large range of temperature variations can 
probably be explained by the significant changes in precipitation and 
vegetation that occurred simultaneously (Fig. 10). Temperature 
remained low during most of the middle and late Holocene, suggesting 
the influence of confounding factors. The temperature minimum around 
5 ka cal BP could be a long-lasting consequence of the abrupt change 
observed around 5.7 ka cal BP. In the section of the core corresponding 
to the late Holocene, the low TbrGDGT values coincide with high values of 
the I-index suggesting active microbial degradation that could affect 
brGDGT-producing microbial community (Fig. 10).

Changes in TbrGDGT are partially decoupled with changes in δDn-alk 
(Fig. 10). The decrease in temperature recorded between 8.9 and 8.5 ka 
cal BP cannot be explained solely by changes in precipitation amount 
and/or seasonality, as the δDn-alk values get heavier during this period, 
but the period of heavier δDn-alk values lasts until 7.9 ka cal BP. On the 
contrary, between 3.5 and 4.5 ka cal BP, the temperature increase 
recorded in TbrGDGT values coincides with more D-enriched δDn-alk 
values.

4.4. An integrated picture of the end of the AHP in Central West Africa

Cluster analyses of the Ngaoundaba peat records consistently indi
cate a significant climatic transition that occurred around 5.7–5.6 ka cal 
BP (Fig. 7). Prior to this period, from the bottom of the core to 
approximately 5.7–5.6 ka cal BP, the region experienced a wetter and 
warmer climate, which favored the development of a floristically com
plex forest environment characterized by seasonal and evergreen forest 
taxa. Elevated peat water levels during this period helped to create an 
open water environment, favoring the development of shoreline and 
aquatic vegetation, along with phases where grasses and sedges 
expanded. Changes in forest taxa are reported as early as 6.1 ka cal BP, 
which is consistent with pollen records from nearby Lake Mbalang 
(Vincens et al., 2010). Despite a distance of only 25 km, the forest 
regrowth recorded at Lake Mbalang between 5.2 and 4.2 ka cal BP does 
not coincide with the decrease in arboreal taxa observed at Ngaoundaba. 
The increase in grass and sedge pollen after 5.6 ka cal BP suggests a 
gradual terrestrialization of the peatland, while the progressive decline 
in the abundance and diversity of arboreal pollen indicates a shift from a 
forest landscape to a wooded savanna. At both Mbalang and Ngaoun
daba, the persistence of Olea capensis up to 3 to 2 ka cal BP is likely 
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linked to the altitudinal position of these sites, as well as to potentially 
shorter dry seasons or variations in cloud cover compared to present-day 
conditions. Consistent with δDn-alk records from lakes Barombi and 
Bosumtwi, the δDn-alk from Ngaoundaba records the African Humid 
Period and the transition toward drier conditions during the middle and 
late Holocene. However, while the records from lake Barombi closely 
follow insolation changes, the Ngaoundaba peat record is affected by 
several short and abrupt ‘dry’ events. Oscillations between an open 
water and vegetation-covered wetland indicated that this site’s hydrol
ogy is particularly sensitive to climate changes compared to lakes. These 
climatic changes may have triggered significant changes in the local 
vegetation, affecting both pollen and lipid biomarker records. Alterna
tively, the position of the Ngaoundaba peat deposit in a wooded savanna 
zone, at the transition between the semi-deciduous forest zone and the 
savanna-woodland zone, may be particularly susceptible to short-term 
changes in climatic conditions. Several major hydroclimatic features 
emerge from the West and Central δDn-alk records. Firstly, a first-order 
signal closely follows changes in insolation during the Holocene, with 
a global decreasing trend between the early and late Holocene. The re
cord of lake Barombi perfectly illustrates this trend (Garcin et al., 2018), 
a pattern observed across all sites in West and Central Africa. Secondly, 
major vegetation changes occurred during the mid-Holocene (e.g., Gir
esse et al., 1994; Ngomanda et al., 2009; Vincens et al., 2010, this study). 
The more abrupt changes observed at some sites (Collins et al., 2017, 
this study) may be explained by vegetation feedbacks, the influence of 
which may have depended on the initial vegetation composition (e.g., 
Hély et al., 2009; Claussen et al., 2017). Lastly, the Ngaoundaba peat 
record highlights several short events that are likely disconnected from 
the insolation changes. The sensitivity of each site depends on numerous 
environmental parameters such as wetland types, latitudinal and alti
tudinal position, vegetation stability, and hydrogeomorphic factors (e.g. 
catchment size). Similarly, a short drought episode might also have 
affected the GeoB9508-5 marine records located off the coast of Senegal 
(Niedermeyer et al., 2010) around 8-7 ka cal BP, while a wet episode 
centered around 5-4 ka cal BP possibly affected the δDn-alk record from 
lake Bosumtwi (Shanahan et al., 2015).

5. Conclusion

Understanding the end of the AHP in Central West Africa has proven 
challenging, ranging from an abrupt end in a few decades to centuries 
(DeMenocal et al., 2000) to a progressive termination closely following 
insolation changes (Garcin et al., 2018). The significant differences be
tween proxies and sites are often complicated by uncertainties in age 
models. This study provides a new continuous, multi-proxy, high-
resolution paleoenvironmental and paleoclimatic record in northern 
Cameroon, spanning most of the Holocene and specifically documenting 
the end of the African Humid Period. All pollen and lipid biomarker 
proxies indicate a transition occurring approximately between 5.7 and 
5.6 ka cal BP. From 9.7 to 5.7-5.6 ka cal BP, microbial lipid biomarkers 
indicate low oxygen availability in the sediment, while bulk analyses 
demonstrate effective preservation of organic matter. This period was 
characterized by a wetter and warmer climate that favored the devel
opment of a closed forest comprising semi-deciduous and evergreen 
taxa, alongside an open water environment. After 5.7-5.6 ka cal BP, a 
decrease in total precipitation and/or changes in seasonality led to 
modifications in regional and local wetland vegetation. The decline of 
the water table resulted in the gradual terrestrialization of the peat, as 
evidenced by the peak in fern spores and subsequent rise in grass and 
sedge pollens accompanying 13C-enriched δ13Cn-alk values. Multiple 
brief ‘dry’ events are documented around 9-8 ka and 4.5-3.5 ka cal BP, 
marked by less D-depleted δDn-alk values and significant variations in 
TbrGDGT, as well as bulk organic proxies like HI and local wetland 
vegetation.

The configuration of the Ngaoundaba site makes it highly vulnerable 
to hydrological changes, resulting in possibly rapid switches between 

open water and a vegetated wetland. This specificity, combined with its 
latitudinal position in the Sudano-Guinean vegetation zone, makes it 
particularly sensitive to capturing short-term, transient climatic and 
environmental variations. The Ngaoundaba peat record documents 
significant regional climatic and environmental changes, as well as 
substantial alterations in local wetland vegetation and peat functioning. 
As shown in this study, a multi-proxy approach comparing the responses 
of proxies that are variably influenced by autogenic changes may help 
disentangle the regional from the in situ forcing.

At this stage, it remains difficult to identify the potential influence of 
human activities in the Ngaoundaba peat sequence. The impact of 
pastoralism, agriculture, or metallurgy on sub-Saharan ecosystems 
during the AHP transition remains a subject of debate (Wright, 2017; 
Brierley et al., 2018). On the Adamawa plateau, archaeological in
vestigations are too limited to provide a global overview of human 
occupation and activities in the region as it was done for the forest block 
to the south (de Saulieu et al., 2021). However, the pioneering work 
from Zangato and Holl (2010) suggests iron production on the eastern 
edge of the Adamawa plateau (situated at 150 km away from the 
Ngaoundaba peat deposit) dating back to approximately 4 ka cal BP, and 
possibly as early as 5 ka cal BP. The acquisition of new sedimentary 
records, specifically lacustrine sequences spanning the entirety of the 
Holocene, in conjunction with additional archaeological investigations, 
will be valuable for evaluating the local or regional nature of climatic, 
environmental, and vegetational changes and potentially clarifying the 
influence of human activities, including slash-and-burn cultivation and 
metallurgy, in a region that plays a key role in the transition between the 
Sahelian and Guineo-Congolian zones.
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Morris, P.J., Page, S.E., Sjögersten, S., Lewis, S.L., 2022. Hydroclimatic vulnerability 
of peat carbon in the central Congo Basin. Nature 1–6.

Garcin, Y., Schefuß, E., Schwab, V.F., Garreta, V., Gleixner, G., Vincens, A., Todou, G., 
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Hély, C., Braconnot, P., Watrin, J., Zheng, W., 2009. Climate and vegetation: simulating 
the African humid period. C. R. Geosci. 341, 671–688.
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Oberhänsli, H., 2010. Biomarker and stable carbon isotope analyses of sedimentary 
organic matter from Lake Tswaing: evidence for deglacial wetness and early 
Holocene drought from South Africa. J. Paleolimnol. 44, 143–160.

Kutzbach, J., Bonan, G., Foley, J., Harrison, S.P., 1996. Vegetation and soil feedbacks on 
the response of the African monsoon to orbital forcing in the early to middle 
Holocene. Nature 384, 623–626.
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Letouzey, R., 1958. Phytogéographie camerounaise. In: Atlas du Cameroun. IRCAM, 
Yaoundé, p. 6.
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